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A set of laboratory experiments are presented that reveal the effect of a surfactant monolayer on the
transport of oxygen across an air/water interface during mixed convection conditions. The experiments
were conducted in a wind/water tunnel where forced convection was imposed via the air flow, and nat-
ural convection by heating the water bulk above the air temperature, resulting in mixed convection con-
ditions. The data acquired during these experiments were used to develop a parameterization between
the Sherwood number for oxygen transport Sh and the Reynolds Re and Rayleigh Ra numbers. This
parameterization was obtained for the case of a clean water surface and for a water surface covered with
a surfactant monolayer. The data reveal that, at a given Ra and Re, the presence of a surfactant monolayer
reduces Sh by approximately one order of magnitude. The elasticity of the air/water interface which
results from the presence of a surfactant is used to explain these results. The data also show that Sh
was not sensitive to Re. For both the clean and surfactant cases, Sh increases with Ra.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The transport of dissolved gases such as oxygen and carbon
dioxide across an air/water interface is crucial to the ecology of
lakes, streams and oceans. Many factors influence this transport
process including wind and the subsurface turbulence generated
by wind [1–7], breaking waves and the concomitant effects of bub-
bles [4,8,5,2,9–11], capillary waves [12,4,8,5,2,13], natural convec-
tion [14–16], rain [17,18,7], and chemical reactions within water
[19–22], to name just a few.

Existing laboratory and field studies of air/water gas exchange
have focused primarily on conditions relevant to air/sea gas ex-
change, which is to say relatively high wind speeds. When wind
speeds are high, forced convection and phenomena such as
waves, wave breaking, and the formation of bubbles and drops
can dominate air/water gas exchange. The literature on oceanic
gas exchange is large and the reader is referred to excellent re-
views by Jähne and Haußecker [23], Wanninkhof et al. [24], Frost
and Upstill-Goddard [25], and Hasse and Liss [26].

While the globally averaged wind speed over the ocean is �7 m/
s (e.g. Thomas et al. [27]), for lakes, ponds and other small inland
water bodies, wind speeds are much smaller. For example, a ten
year study by Lenters showed that the average wind speed over
Lake Sparkling in the U.S. is 2.3 m/s [28]; Klink [29] showed that
for significant portions of the continental United States the average
ll rights reserved.
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wind speed is less than 3 m/s; and similar results were reported by
Deaves and Lines in the United Kingdom [30]. At such low wind
speeds, waves, wave breaking and bubble and drop formation be-
come much less relevant, and gas exchange can be dominated by
forced convection and/or natural convection, depending on the
wind speed and the air-to-water temperature difference. Accord-
ingly, gas exchange at the low wind speeds typical of small lakes
is a mixed convection problem where both natural and forced con-
vection play a role. The goal of the present work is to better under-
stand the transport of a dissolved gas, specifically oxygen, during
these mixed convection conditions that are relevant to lakes.

To reveal the conditions under which mixed convection condi-
tions exist, a heat transfer/mass transfer analogy is employed to
develop an order of magnitude analysis similar to that of Bejan
[31] to show where natural and forced convection have compara-
ble contributions to gas exchange. Assuming a mass transfer
boundary layer develops on the water-side of the air/water inter-
face, two boundary layer thicknesses can be developed, one for
natural convection and one for forced convection. Using the classi-
cal laminar flat plate relation:

d � LRe�1=2Sc�1=3 ð1Þ

a boundary layer thickness for natural convection, can be obtained
as:

dN � LRe�1=2
N Sc�1=3 ð2Þ

where the characteristic length used for ReN is the horizontal extent
of the water body L (the tank length in this experimental study), and
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Nomenclature

A area of water surface
C oxygen concentration
d characteristic depth
D diffusion coefficient
g gravitational acceleration
H Henry’s law constant
k mass transfer coefficient
L characteristic downstream length
_m mass flow rate
_m00 mass flux

Ra Rayleigh number
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
u characteristic velocity
U wind speed
t time
T temperature
V volume of water tank
Z difference ratio of mass transfer coefficient

Greek symbols
a thermal diffusivity
b coefficient of volumetric expansion

d boundary layer thickness
m kinematic viscosity
n unheated starting length

Subscripts
0 initial
1 first point of window
3 last point of window
A air
b bulk
C center
d depth
F forced convection
G gas
i interface
1 ambient
l length
L liquid
M mass
N natural convection
s surface
u unheated starting length
W water
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the characteristic velocity is based on an order of magnitude analy-
sis for natural convection: [32]

uN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bgDTd

p
ð3Þ

where b is the coefficient of volumetric expansion; g, gravitational
acceleration; DT, the temperature difference between the surface
and fluid bulk; and d, the depth of the tank.

The boundary layer thickness for forced convection is:

dF � LRe�1=2
F Sc�1=3 ð4Þ

where the characteristic length for ReF is the same as for ReN, and
the water velocity is taken as 5% of the wind speed [5]. When the
ratio dF/dN is of order unity, mixed convection conditions exist. This
ratio is:

dF

dN
¼ Re1=2

N

Re1=2
F

¼ u1=2
N

u1=2
F

ð5Þ

Using water-side properties evaluated at 25 �C when computing the
dimensionless quantities, and assuming a characteristic DT of 1 K,
gives dF/dN = 5.65 when U = 1 m/s and an extreme value for lake
depth of d = 1000 m. Keeping the same parameters, but using a
shallower depth, d = 10 m, more typical of small lakes [16] gives
dF/dN = 1.79. In both cases, dF/dN is of order unity. Hence, for wind
speeds typical of lakes, gas exchange is a mixed convection prob-
lem. For our experimental facility, typical values of DT are �1 K
and the maximum wind speed is U = 4 m/s. This gives dF/dN = 0.42,
while at the minimum wind speed of U = 1 m/s, dF/dN = 0.84, show-
ing that mixed convection conditions exists in our experimental
facility as well.

While significant research has been conducted on gas exchange
due to natural convection alone, and forced convection alone, few
studies have been conducted on gas exchange across an air/water
interface during mixed convection. Jähne noted that water that is
warmer than the air above it noticeably increases the mass transfer
coefficient of CO2 [33], however the wind speed conditions of this
study are unclear. In a field study of the ocean, McNeil and Merlivat
observed that natural convection had a significant impact on CO2

transport at wind speeds of 4–5 m/s, measured 10 m above the
ocean surface [14]. Laboratory research performed by Schladow
et al. showed that natural convection can increase the mass trans-
fer coefficient of oxygen by 9–40% at a wind speed of 0.1 m/s [15].
Natural convection was shown to have a larger impact on gas ex-
change at low wind speeds in a study of CO2 transport in the ocean
[34], while a later study suggested that this effect is most impor-
tant at wind speeds less than 1 m/s [35]. In field research of gas
transfer in the ocean, water-side convection at low and moderate
wind speeds (<6 m/s) was concluded to be a dominating mecha-
nism controlling the gas transfer of CO2, as a correlation to only
wind speed did not predict gas transfer well [36,37], which was
suggested by previous research concerning wind speeds over lakes
[38]. An excellent study due to Liss et al. explored the effect of
evaporation and condensation on gas exchange in a wind/water
tunnel [39]. During the evaporation portion of their experiments,
the water temperature was warmer than the air, causing natural
convection in the water which occurred in concert with wind
speeds ranging from 0.36 to 9.2 m/s. Unfortunately, in an effort
to make uniform the oxygen concentration in the water-side of
the tank, a recirculation pump was used to mix the water, which
most likely masked the natural convection existing in the water
and preventing an exploration of mixed convection gas exchange.

The paucity of research on gas exchange across an air/water
interface during mixed convection conditions is one of the motiva-
tions of the present study. Another important motivation concerns
the surface conditions of the air/water interface. In any air/water
transport problem, surfactant monolayers can affect the magni-
tude of transport. Surfactant monolayers are single molecule thick
layers that collect at the air/water interface [40]. For the liquid
phase surfactants considered here, the monolayer’s impact on gas
exchange occurs because of its ability to damp subsurface turbu-
lence rather than by creating a barrier through which gas cannot
cross or is restricted from crossing [41,42]. When water is sub-
jected to wind stress, surfactants have been shown to decrease
the mass transfer due to the damping of subsurface turbulence
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[8,43]. Goldman et al. [44] performed experiments using surfac-
tants such as oleyl alcohol and found a 50% decrease in the mass
transfer coefficient of oxygen compared to a clean surface for the
case of mechanically induced turbulence, a result that they attrib-
uted to the damping of subsurface turbulence and reduction in sur-
face renewal by the surfactant. In the research presented here, the
effect that oleyl alcohol has on oxygen transport is investigated for
mixed convection conditions. This is the first study of its kind that
we are aware of.

This study is further motivated by the multiple effects that sur-
factants can have in this situation. Surfactants restrict motion of
the surface fluid at the interface. Hence, mixing of the water bulk
will be reduced in the presence of a surfactant, which should result
in a reduced oxygen transport rate. However, at the same time, this
restriction of surface motion can be expected to result in greater
cooling of the water surface. This is because the monolayer, in
restricting surface motion, forces surface liquid to be subjected to
air cooling for a longer period of time, decreasing the surface tem-
perature, thereby increasing the intensity of natural convection
which should increase oxygen transport. This interesting tradeoff
further motivates the present study.

In the present work, two surface conditions are considered.
First, a water surface covered with a known concentration of the
surfactant oleyl alcohol. The second condition is that of a clean
water surface, devoid of any surfactant. Such clean water studies
are challenging to perform. As demonstrated by Saylor [45], even
the most stringent cleaning procedures may result in the formation
of a surfactant monolayer which, furthermore, may not be detected
by a Wilhelmy plate apparatus. That study revealed that monitor-
ing of the water surface via infrared imaging is needed to ascertain
the cleanliness of the water surface. This has been done in the pres-
ent work, and represents the first study of air/water gas exchange
under mixed convection conditions for truly clean surface
conditions.

The system considered here consists of an insulated water body
with a free water surface in contact with air as illustrated in Fig. 1.
The mass flux of oxygen is into the water bulk, and the water tem-
perature is greater than that of the air, creating natural convection
conditions within the water. Forced convection also occurs, due to
the flow of air over the water surface.

The goal of this work is to develop a relationship between the
dimensionless groups relevant to oxygen exchange across the air/
water interface: the Reynolds, Rayleigh, and Sherwood numbers.
Specifically, the Sherwood number will be parameterized in terms
of the Rayleigh and Reynolds numbers:

Sh ¼ f ðRa;ReÞ ð6Þ
Fig. 1. Illustration of system under consideration.
where Sh is the Sherwood number; Ra, is the Rayleigh number; and
Re, is the Reynolds number. These are defined as:

Re ¼ UL
m

ð7Þ

Ra ¼ gbðTb � TsÞd3

am
ð8Þ

Sh ¼ kLd
D

ð9Þ

where U is the characteristic velocity; L, the characteristic down-
stream length; m, the kinematic viscosity of the fluid; g, gravitational
acceleration; b, the volume expansion coefficient; Tb, the bulk tem-
perature; Ts, the surface water temperature; d, the characteristic
depth; a, the thermal diffusivity of the fluid; kL the water-side mass
transfer coefficient, and D is the diffusion coefficient of oxygen in
the fluid [46]. Eqs. (8) and (9) are ‘‘water-side” equations meaning
that the variables pertain to the water-side of the interface. This
is because the resistance to oxygen transport is primarily on the
water-side, as is demonstrated below. The Reynolds number is de-
fined in terms of air-side conditions because it is the wind speed
that is imposed in these experiments, and the water surface current
is a result of that wind speed.

Herein we assume essentially zero resistance to oxygen trans-
port on the air-side of the air/water interface, resulting in the as-
sumed concentration profile presented in Fig. 2 where the profile
is vertical on the air-side and there is a finite concentration differ-
ence on the water-side. Since conservation of mass requires an
equivalence for the mass flux on both sides of the interface, the
air-side mass transfer coefficient must approach infinity, kG ?1.
The validity of the above assumption can be shown using a com-
parison of the predicted air- and water-side transport coefficients,
kG and kL, respectively, using a laminar flat plate boundary layer
parameterization for Sh [31]:

Sh ¼ 0:664Re1=2Sc1=3 ð10Þ

where Sc is the Schmidt number, and the water velocity is set to 5%
of the air velocity [5]. For the air-side, kG is obtained from the lam-
inar unheated starting length solution for Sh [46]:

Shu ¼ Shjn¼0
L

L� n
1� ðn=LÞ3=4
h i2=3

ð11Þ

where n is the ‘‘unheated length” (the length over which the veloc-
ity boundary layer develops, but where mass transfer is not occur-
ring – see Fig. 3), and Shjn=0 is the Sherwood number for the case
Air/Water
Interface

cA

cA,i

Air

Water

cW,i

cW,b

Fig. 2. Illustration of assumed concentration profiles.



Fig. 3. Experimental apparatus showing wind/water tunnel and measuring equipment.
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where the velocity and mass transfer boundary layers develop from
the same starting point (Eq. (10)). Using Eqs. (10) and (11), values
for kG and kL were obtained using the parameters presented in Table
1. The characteristic length used for Re and Sh was L = 27.9 cm for
the experimental facility on the water-side. On the air-side of the
experimental facility, L = 114.9 cm, and n = 86.4 cm. Using Eq. (10)
to obtain Sh on the water-side and Eq. (11) to obtain Sh on the
air-side and then obtaining the mass transfer coefficients gave
kL = 8.8 � 10�6 m/s and kG = 0.008 m/s. Hence the air-side mass
transfer coefficient is about three orders of magnitude greater than
that on the water-side, justifying the assumptions described above.
Fig. 4. Surface temperature field of a surfactant covered water surface obtained
from an IR image of a tap water experiment. The wind speed is U = 3 m/s, and the
wind direction is from bottom to top. The black line in the upper middle portion of
the image is the oxygen sensor wire.
2. Experimental method

Experiments were conducted in the wind/water tunnel illus-
trated in Fig. 3. The wind tunnel consists of a radial blower, dif-
fuser, flow straightener, and test section. The water tank is
38.1 cm D� 27.9 cm L� 25.4 cm W and insulated with two layers
of 1.9 cm thick polystyrene. In order to calculate an average surface
temperature (Ts in Eq. (8)), a ThermaCAMTM SC1000 infrared cam-
era was used to capture the surface temperature field. A single va-
lue for Ts was obtained from each image by averaging over all
pixels, excluding those corresponding to the tank walls, bad pixels,
and the oxygen sensor wire (see Fig. 4, below). The infrared camera
was mounted above the test section of the wind tunnel with the
lens located 86.4 cm from the water surface and positioned 16�
from vertical so the camera did not image a thermal reflection of
itself. The camera has a resolution of ±0.07 �C and an accuracy of
±2%. The water bulk oxygen concentration and temperature were
measured using a Hach HQ30 oxygen sensor with an integrated
thermistor. The sensor was positioned in the geometric center of
the tank; it was assumed that the bulk water was well-mixed
Table 1
Parameters for air-side and water-side mass transfer coefficient comparison.

Parameter Air-side Water-side

Wind speed (m/s) 4 0.2
m (m2/s) 1.5 � 10�5 8.94 � 10�7

Sc 0.75 356
D (m2/s) 2.1 � 10�5 2.1 � 10�9
and therefore a single measurement was used to characterize the
bulk temperature and oxygen concentration. The wire connecting
the oxygen probe to the data logger hung in the middle of the test
section of the wind tunnel. Examination of the infrared (IR) images
attained from the IR camera revealed no visible disruption of the
surface flow due to the wire (e.g. Fig. 5). The oxygen sensor has a
resolution of ±0.1 mg/L and an accuracy of ±0.2 mg/L, while the
integrated thermistor has a resolution of ±0.1 �C and accuracy of
±0.3 �C.

A total of three surface conditions were explored: oleyl alcohol
(controlled surfactant), tap (indigenous surfactant), and clean. For
the oleyl alcohol case, oleyl alcohol was applied to the surface of
filtered tap water. For the tap water case, filtered tap water was
used, which had indigenous surfactants on the surface. The clean
surface case was created using tap water cleaned using a method
described later in this section. Wind speeds from 0 to 4 m/s were



Fig. 5. Surface temperature field of a clean water surface obtained from an IR
image. The wind speed is U = 3 m/s, and the wind direction is from bottom to top.
The black line in the upper middle portion of the image is the oxygen sensor wire.
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investigated for the oleyl alcohol and tap water cases in increments
of 1 m/s, and wind speeds of 1–4 m/s were investigated for the
clean surface case, also in increments of 1 m/s. The wind speed
was characterized by an average of 9 wind speed measurements
taken by an anemometer at locations uniformly spaced across
the cross-section of the wind tunnel test section.

Water heated to a temperature greater than that of air was used
to cause natural convection. Initial starting temperatures in the
water bulk ranged from 30 to 48 �C for all surface conditions. These
temperatures are all much warmer than the air temperature, nor-
mally around 23 �C. Both hot tap water and/or an immersion hea-
ter were used to attain the desired starting temperature. For all
experiments, once the starting temperature was attained, the
water was allowed to cool naturally for the duration of the run.
Clean surface runs were 15 min in duration, oleyl runs were 1 h
in duration, and tap runs were 8 h in duration. The reason for the
differences in duration is discussed later in this section.

Surface cleanliness was determined by examination of the IR
images using the method described by Saylor [45] who showed
that the presence of surfactant monolayers can be detected by
the change in length scales observed in IR images. A sample IR im-
age of a water surface covered with a surfactant monolayer is pre-
sented in Fig. 4, and an image of a completely clean surface is
presented in Fig. 5. The clean surface is characterized by finer scale
structures compared to the surfactant covered surface. In both of
these images, bad pixels can be observed (unresponsive pixels that
appear black); however, these were not used in calculation of Ts.
The wire connecting the oxygen probe to the data logging unit
can be seen in all images; as noted above, this part of the image
was not used in calculation of Ts either.

Uniform surfactant coverage was required for the oleyl alcohol
experiments. To minimize the formation of a Reynolds ridge [47–
49], the equilibrium spreading pressure, Pe [50] was imposed on
the water surface. This pressure is achieved when an excess of
the surfactant is present on the surface. To attain Pe, a solution
of oleyl alcohol in heptane was created, where heptane was used
as a spreading agent for the oleyl alcohol to ensure that the surfac-
tant covered the entire water surface. In addition to this, oleyl alco-
hol was placed in a reservoir located in the downstream corner of
the tank, at the water surface. In this way, any loss of oleyl alcohol
that might have occurred (due to evaporation, for example) was
replaced via spontaneous spreading from this reservoir. The equi-
librium spreading pressure of oleyl alcohol at 25 �C is Pe = 30.5 d-
yne/cm and has a surface concentration of c = 0.147 lg/cm2 [51],
which was therefore the concentration for all of the oleyl alcohol
experiments presented here. Oleyl alcohol was added to the reser-
voir every 20 min after the initial application to insure that the res-
ervoir remained full and that there was complete surfactant
coverage for the entire experiment.

To create clean water surfaces, the method of Kou and Saylor
[52] was used. Here the water was first cleaned by bubble sparging,
and then swiped. Subsequent to this, a rake consisting of micro-
bore tubes was precisely located at the air/water interface, at the
downstream end of the tank. Suction applied to the tube rake
was used to remove surfactants from the water surface. This meth-
od takes advantage of the tendency of the wind to blow surfactants
to the downstream edge of the tank where the rake was located.
Since wind stress was required for this apparatus to function well,
0 m/s experiments are not presented here for the clean surface
condition. The tap water case was achieved by simply using tap
water without any cleaning, since surfactants indigenous to tap
water completely covered the water surface.

The oxygen concentration difference between the water and the
air was created by sparging the water bulk with N2 for approxi-
mately 40 min before the beginning of each run, thereby removing
oxygen from the water. Once the experiments were initiated, oxy-
gen was transferred from the air to the water. Experimental runs
were 1 h for the oleyl alcohol case, 8 h in duration for the tap case,
and 15 min each for the clean surface case. Clean surface runs were
shorter because the surfactant removal method described above no
longer functioned properly when the water level fell beneath the
tank rim. Because the tube rake removed a small amount of water
in the process of removing surfactants, the water surface was low-
ered and surface cleaning ceased after about 15 min, at which
point data acquisition was stopped. For a typical tap water run,
the initial starting temperature was 42 �C. A typical clean surface
or oleyl alcohol run began at a specified temperature, anywhere
from 30 to 48 �C. The 8 h duration of the tap experiments allowed
all runs to be started at the same temperature, since a satisfactory
decrease in temperature occurred over that period. Oleyl alcohol
runs were shorter due to the required periodic addition of oleyl
alcohol to the surfactant reservoir.

The mass transfer coefficient is defined as:

kL ¼
_m

AðCA
H � CWÞ

ð12Þ

where CW is the oxygen concentration in the water bulk; CA, the
concentration of oxygen in air (assumed to be constant); A, the area
of the water surface; and _m, the mass transfer rate. The ratio of con-
centration of oxygen in the air, CA, to the Henry’s law constant, H, is
equivalent to the concentration of oxygen on the water-side of the
air/water interface CW,i, i.e. CA

H ¼ CW;i, which is assumed to be at sol-
ubility. The solubility data used to calculate CW,i (or CA

H ) was obtained
from Tchobanoglous et al. [53] and varies with both temperature
and barometric pressure. The barometric pressure data used to cal-
culate CW,i was taken from the average pressure reported by the
Clemson University Department of Entomology, Soils, and Plant Sci-
ences weather station for each day that an experiment was run,
while the temperature data was taken from the average water sur-
face temperature Ts. The mass transfer rate can be written as:

_m
V
¼

d CA
H � CW

� �
dt

¼ kL
A
V

CA

H
� CW

� �
ð13Þ

where V is the volume of water in the tank and t is time. Hence, kL

can be expressed as:
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kL ¼ �
V
A

dðCA
H �CW Þ

dt
CA
H � CW

ð14Þ

Separating variables, integrating, and reducing V
A to d gives:

kL

d

� �
t ¼ � ln

CA
H � CW

CA
H � CW;0

 !
ð15Þ

where CW,0 is the initial oxygen concentration in the water bulk. For

a constant mass transfer coefficient, CA
H � Cw

� �
decays exponentially

resulting in a linear plot of ln
CA
H �CW

CA
H �CW ;0

� �
versus time. A sample time

trace is presented in Fig. 6 showing linear behavior for

ln
CA
H �CW

CA
H �CW ;0

� �
, and therefore constant kL for this run. In this work, kL

was computed by obtaining linear fits to the acquired data (as is
done in Fig. 6), and obtaining kL/d from the slope of the fits.

The procedure detailed above was acceptable for the relatively
short 15 min clean surface runs, where the assumption of constant
kL was appropriate. However, the tap runs were 8 h in duration and
oleyl runs 1 h in duration, and hence the assumption of quasi-stea-
dy state was not valid. During this period of time, significant
changes in the water temperature occurred, resulting in changes
in Ra, and hence in kL, thereby invalidating the assumption of expo-
nential decay. To address this, a sliding window of variable size
was applied to the raw data. At each point in the time trace, a value
of kL was computed using just the data in the window surrounding
that point and assuming exponential decay in that subset of the
overall time trace. The window was slid over the Ts time trace,
resulting in a value for kL at each point in that time trace. Because
the temperature decreased continuously during the course of the
experiment, some degree of error exists for any finite window size
used since H must be evaluated at a single temperature. This error
is quantified as:

Z ¼ k1 � k3

kC
ð16Þ

where k1 is the mass transfer coefficient with H evaluated at the
maximum Ts in the window; k3, the mass transfer coefficient with
H evaluated at the minimum Ts in the window; and kC, the mass
transfer coefficient with H evaluated at Ts in the center of the win-
dow. For each point in the time trace, the window size was itera-
tively adjusted until Z = 0.045, and then kL was computed. This
procedure insured that all values of kL had the same (4.5%) error.
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Fig. 6. Time trace of log of concentration ratio for a clean surface run. The slope of
this line is used to calculate kL.
This would not have been the case using a fixed window size, since
the variation in Ts for a fixed sized window decreases as the rate of
tank cooling decreases. The choice of Z = 0.045 was somewhat arbi-
trary; smaller values of Z yielded very noisy time traces of kL, and
larger values of Z blurred the long time behavior of kL. Though a Z
value was not imposed for the clean surface data, it was calculated
for each experiment and varied from 0.96% to 9.1%. Although it
would be desirable to have the same value of Z for the clean, oleyl,
and tap experiments, the short duration of the clean surface time
traces restricted this approach.

3. Results

A plot of Sh versus Ra is presented in Fig. 7 for all of the clean
and oleyl alcohol runs and for all wind speeds investigated. At a gi-
ven Ra, the oleyl data and clean surface data are separated by
nearly an order of magnitude in Sherwood number. These two data
sets are each well-fit by a single power law expressing Sh in terms
of Ra without employing Re, viz. these gas exchange results show
little dependence on wind speed. The power law fit for the oleyl
data is:

Sh ¼ 354:7Ra0:2475 ð17Þ

while the power law fit for the clean surface data is

Sh ¼ 1:202� 10�6Ra1:302 ð18Þ

These two power laws differ significantly: the exponent is a factor
of 5 larger for the clean surface case and the prefactors differ by 8
orders or magnitude. Careful examination of the clean surface data
presented in Fig. 7 reveals that the U = 1 m/s points cluster beneath
the fit and do not appear as well-fit by the power law as for the
other wind speeds. This can be explained by the fact that for these
runs complete elimination of the surfactant monolayer, as de-
scribed in Section 2, did not occur. Typically about 3 cm remained
on the downstream end of the tank. It is likely that this caused these
1 m/s data points to drop below the fit (and, as expected, closer to
the oleyl data).

For the clean surface data, the uncertainty in Ra is ±9.66 � 108,
the uncertainty in Sh is ±6.42 � 106, and the applicability bounds of
the fit using a 95% confidence interval is log(Sh) = ±0.5983. For
oleyl data, the uncertainty in Ra is ±5.69 � 108, the uncertainty in
Sh is ±1.54 � 103 and the range of applicability of the fit using a
95% confidence interval is log(Sh) = ±0.0984.
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Fig. 7. Sherwood–Rayleigh plot of oleyl alcohol (�0 m/s, j 1 m/s, N 2 m/s, �3 m/s, J
4 m/s), and clean surface (h 1 m/s, M 2 m/s, � 3 m/s, / 4 m/s), data and fits. Every
20th oleyl data point is shown.
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4 m/s), and clean surface (h 1 m/s, M 2 m/s, � 3 m/s, / 4 m/s), data and fits. Every
20th oleyl data point is shown.
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Fig. 10. Plot of mass flux of oxygen and overall temperature difference between
water bulk and air temperature for oleyl alcohol (�0 m/s, j 1 m/s, N 2 m/s, �3 m/s,
J 4 m/s) and clean surface (h 1 m/s, M 2 m/s, � 3 m/s, / 4 m/s) data. Every 20th oleyl
data point is shown for clarity.
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The clean surface data and oleyl data are replotted on semi-log
coordinates in Fig. 8. Individual fits are provided for each wind
speed. This plot shows that the oleyl data is much less wind speed
dependent compared to the clean surface data. Indeed, an increase
in Sh with wind speed seems to exist in Fig. 8 for the clean case.
However, no statistically significant separation was found in the
fits for each wind speed using a 95% confidence interval for this
clean surface condition.

A plot of Sh versus Ra for oleyl alcohol and tap water data can be
seen in Fig. 9. The data reveals that the tap water case does not dif-
fer in behavior from the oleyl alcohol covered surface. Computa-
tional work due to Handler et al. [54] may explain the similarity
in the behavior of the oleyl alcohol and tap water data presented
here. In their work, direct numerical simulations of a vortex pair
impinging on a free surface from below were investigated for sev-
eral values of the Marangoni number Ma, defined as

Ma ¼ � @r
@c

c
r

ð19Þ

where r is the surface tension at a surfactant concentration c. These
simulations showed that, for Ma > 10�2, the dynamics of the subsur-
face hydrodynamics are virtually identical to those of a surface
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Fig. 9. Sherwood–Rayleigh plot of oleyl alcohol (�0 m/s, j 1 m/s, N 2 m/s, �3 m/s,J
4 m/s), and tap water (e 0 m/s, h 1 m/s, M 2 m/s, � 3 m/s, / 4 m/s), data and fits. For
clarity, every 20th oleyl and every 500th tap water data point is shown.
having a no-slip boundary condition (viz. a solid wall), and behavior
similar to a completely clean surface is not observed until
Ma < 10�4. For oleyl alcohol at the concentration c = 0.147 lg/cm2

explored here, Ma is significantly above the 10�2 value where Han-
dler et al. [54] found that no-slip behavior is a reasonable approxi-
mation. Although it cannot be demonstrated, it is possible that the
same was true for the tap case, viz. both surfactant cases considered
here gave behavior reasonably close to that of a no-slip boundary
condition. Further studies would be needed to demonstrate this
conclusively.

In applications, one is often more interested in actual mass
fluxes and temperature differences, rather than the dimensionless
groups, Sh and Ra. To reveal trends in these terms, a plot is pre-
sented in Fig. 10 of the oxygen mass flux versus the bulk water
to air temperature difference Tb � T1. This plot shows that, for all
wind speeds, the clean surface data gives significantly larger mass
fluxes than its oleyl counterpart for all Tb � T1. There also appears
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Fig. 11. Plot of mass flux of oxygen and water-side temperature difference (Tb � Ts)
for oleyl alcohol (�0 m/s, j 1 m/s, N 2 m/s, �3 m/s, J 4 m/s) and clean surface (h
1 m/s, M 2 m/s, � 3 m/s, / 4 m/s) conditions. Every 20th oleyl data point is shown for
sake of clarity.
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to be a general trend of increasing mass flux with wind speed for
the clean surface case, though there is no such behavior for the
oleyl case. These mass flux data are replotted in Fig. 11 in terms
of oxygen mass flux versus the bulk to surface temperature differ-
ence Tb � Ts. This plot results in a partial collapse of the clean sur-
face data set, not seen in Fig. 10. That is, when plotted in this way,
the wind speed sensitivity for the clean surface data is essentially
eliminated. This plot also shows much larger mass fluxes for the
clean surface case.

The range in Tb � Ts is much larger for the oleyl case than for the
clean case in Fig. 11 in spite of the fact that the range in Tb � T1 is
very similar for both cases, as evidenced by Fig. 10. This point is
further explored in Fig. 12 where Tb � Ts is plotted against Tb (since
T1 is essentially constant, plotting against Tb instead of Tb � T1 re-
sults only in a shift of the x-axis) for the clean surface and oleyl
cases. The oleyl data show an increase in Tb � Ts with Tb, particu-
larly at the higher wind speeds that is not seen for the clean surface
data. Also, Tb � Ts increases with wind speed to a greater extent for
the oleyl case than for the clean surface case. This plot reveals,
among other things, that the water surface is more effectively
cooled by the wind when the surface is covered with a surfactant
monolayer, and that without such a monolayer, increasing the
wind speed does little to cool that surface.
4. Discussion

The main result of these experiments can be seen in Fig. 7 which
shows that the removal of a surfactant monolayer from a water
surface results in a one order of magnitude increase in the Sher-
wood number for oxygen transfer, at a given value of Ra. Since kL

is essentially the only variable in Sh that changes in these experi-
ments (Eq. (9)), this result shows that the presence of a surfactant
significantly reduces the mass transfer coefficient. This point is re-
vealed in a different way in Fig. 11, where the mass flux is shown to
be dramatically reduced in the presence of a surfactant monolayer
at any given value of Tb � Ts. The power law fits of Sh to Ra pre-
sented in Eqs. (17) and (18) for the oleyl and clean data sets,
respectively, show that the surfactant reduces the overall magni-
tude of the gas exchange, and the rate at which Sh increases with
Ra. These are the first results of their kind, obtained for mixed con-
vection conditions.

As noted in Section 1, the resistance to gas exchange exists al-
most exclusively on the water-side of the air/water interface.
Hence, transport will be determined by the degree to which the
water-side turbulence reduces the boundary layer thickness. Sur-
factant monolayers impart elasticity to the water surface [55,50]
reducing the ability of subsurface motions to penetrate to the
interface, thereby impeding transport. This mechanism is clearly
at play in these experiments, where we see dramatic reductions
in the Sherwood number and in the mass flux when a surfactant
monolayer is present.

The analysis provided above does not, however, provide a com-
plete picture of the transport processes. It is true that the elasticity
of a monolayer can, and does, reduce transport. However, as shown
in Fig. 12, for the surfactant case, Tb � Ts is larger at a given value of
Tb than for the clean case, and Tb � Ts increases more with wind
speed than for the clean case. Since Ra is proportional to Tb � Ts

(Eq. (8)) this means that the presence of a surfactant increases
the Rayleigh number (for a given Tb), and hence increases natural
convection motion. It could be argued, therefore, that the presence
of a monolayer, while reducing transport by suppressing turbu-
lence near the interface, may also increase transport by increasing
the intensity of natural convection. Stated in another way, at a gi-
ven value of Tb, and at a given wind speed, the deposition of a sur-
factant monolayer will serve to increase Tb � Ts and Ra. This does
indeed occur, however this effect is a minority player as can be
seen in Fig. 7 which shows that for the entire range of Ra explored
here, the values of Sh for oleyl alcohol are much smaller than those
for the clean case, even though the range in Tb is about the same for
these two cases. Hence, adding a surfactant will increase the natu-
ral convection, but this effect does not compete with the damping
of subsurface turbulence that also occurs with the deposition of the
monolayer.

Fig. 7 also shows that gas exchange shows little sensitivity to
wind speed, for the conditions explored here. This is not surpris-
ing for the oleyl case where the monolayer restricts motion at
the air/water interface and, therefore, reduces the impact of
forced convection induced by shear imposed on the air-side of
the interface. However, for the clean case, one might expect that
the lack of surfactants would result in an increasing degree of
mixing of the water and therefore gas exchange, with wind
speed. This effect does not seem to dominate, however, and there
is only a slight wind-speed sensitivity apparent in the clean sur-
face data (Figs. 7 and 8), and this difference is not statistically
significant. However, it is greater than for the surfactant case
shown in Fig. 8.

It is noted that these results were obtained for a fixed size water
surface and a fixed upstream region over which the air-side bound-
ary layer develops. Variation of these parameters could change the
results obtained here.
5. Conclusion

The effect of surfactants on gas exchange were observed un-
der the condition of mixed convection. A parameterization of Sh
in terms of Ra was obtained for clean surface, oleyl alcohol, and
tap water conditions. The original goal was to parameterize Sh in
terms of Ra and Re, however Sh was found to be essentially
insensitive to wind speed for the conditions investigated here.
The results showed that gas exchange is much more effective
with a clean water surface than a surfactant covered one. The
clean surface data also revealed much greater sensitivity of Sh
to Ra than for the surfactant-covered case. The cause for these
differences can be attributed to the elasticity imparted to the
air/water interface by a surfactant monolayer. On the water-side
of the interface, the surfactant reduces the subsurface turbu-
lence, which in turn reduces mixing from the water surface to
the bulk.
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