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Abstract: The evaluation of dispersant effectiveness used for oil spills is commonly done using tests conducted in laboratory flasks. The
success of a test relies on replication of the conditions at sea. We used a hot wire anemometer to characterize the turbulence characteristics
in the swirling flask (SF) and the baffled flask (BF), the latter is being considered by the Environmental Protection Agency to replace the
prior. We used the measurements to compute the velocity gradient, G and the energy dissipation rate per unit mass, €. The study shows
that the mixing in the BF is more uniformly distributed than that in the SE. Flask average energy dissipation rates in the SF were about
2 orders of magnitude smaller than those in the BF. The sizes of the microscales in the BF were found to be much smaller than that in the
SE. Also, in the BF, the sizes of the microscales approached the size of oil droplets observed at sea (50-400 wm), which means that the
turbulence in the BF closely resembles the turbulence occurring at sea during breaking waves. Hence, the BF is preferable for dispersant

testing in the laboratory.
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Introduction

The adverse economic and environmental effects of offshore oil
spills are greatest when the oil slick reaches the shoreline. For this
reason, much effort is put on preventing offshore oil spills from
reaching the shoreline. In calm seas, use of skimmers and booms
to collect the oil at sea is the conventional method of cleanup and
recovery. In situ burning is also used in such a situation, but it has
its limitations. In rough seas, skimming or burning the oil is not
effective, and the use of chemical dispersants appears to be the
promising approach for cleanup (Naess 1979; Delvigne et al.
1987; NRC 1989; Fingas 2000).

A dispersant is a mixture of surfactants and solvents that
causes the oil slick to break into small droplets in a process
known as dispersion. (The term “dispersion” used here is from the
oil literature and is different from the spreading of chemicals due
to the spatial variation of velocity.) The generated small oil drop-
lets get transported or transferred into the water column due to
wave action and sea turbulence. They subsequently move away
from the contaminated area due to prevailing currents. They
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could eventually adhere to suspended particulate matter and/or
biodegrade.

Dispersion of oil droplets is enhanced by turbulence due to the
mixing energy imposed by waves, especially breaking waves
(Delvigne 1993). This means that the artificial dispersion of oil is
a chemico-physical process that depends both on the type of
dispersant/oil pair and on the sea state. Typically, light and heavy
oils are not easily dispersible. In the case of light oils, the formed
droplets have to be very small to overcome buoyancy. Hence, a
high dosage of dispersant is required to cause the formation of
such small droplets. Heavy oils are much more resistant to dis-
persion because their high viscosity prevents the dispersant from
penetrating them, which is a necessary condition to produce dis-
persed oil droplets. The use of dispersants in very calm or very
rough sea is not effective. In very calm seas, the applied dispers-
ant tends to run off the oil and gathers in small pools within the
slick. The use of dispersants in very rough seas might not be
needed because a high degree of dispersion occurs naturally due
to the high energy at sea.

Various field studies and laboratory experiments have been
conducted to evaluate the effectiveness of dispersants under vari-
ous sea conditions. Field studies are accompanied by large experi-
mental uncertainties in the sea; replicates are usually difficult to
achieve due to constantly changing climatic conditions and for
economic reasons. Hence, smaller scale testing is extensively
used to study dispersant effectiveness. Fingas (1991) reports that
there are about 50 different laboratory test methods available for
determining the effectiveness of dispersants on oil. Examples of
commonly used tests include the Swirling flask (SF) test method
(Fingas et al. 1987b, 1991; Clayton et al. 1993; Fingas 2000), the
Warren Spring Laboratory test method (Byford and Green 1984,
Martinelli 1984; Lunel 1993; Lunel and Davies 1996; Fingas
2000), and the Exxon dispersant effectiveness test method (Nor-
dvik et al. 1993; Fiocco et al. 1999; Canevari et al. 2001).

The SF [Fig. 1(a)] test consists of placing a mixture of oil,
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Fig. 1. Schematic cross section of: (a) swirling flask and (b) baffled
flask

seawater, and a dispersant in the SF positioned on an orbital (cir-
cular motion) shaker (Fingas et al. 1987a, 1997; Clayton et al.
1993; Fingas 2000) then mixing the contents for a specified
amount of time, allowing a short settling time, and then extracting
the contents from the SF and measuring the concentration of oil
dispersed in the water. The claimed advantages of this test are its
ease of use and simplicity. Experiments with the SF test have
come under scrutiny by the U.S. Environmental Protection
Agency (EPA), because of the lack of reproducibility in the hands
of different analysts (Venosa et al. 2002), and because it was
suspected that the mixing does not resemble the mixing occurring
at sea, especially due to breaking waves. The EPA will soon be
adopting a new flask, the baffled flask (BF), which has four
baffles in it [Fig. 1(b)]. The irregular geometry of the BF results
in an apparent over-and-under motion of water flow somewhat
more characteristic of the type of mixing that occurs from break-
ing waves at sea.

As dispersion of oil into fine oil droplets takes place at the
smaller scale (i.e., below the 1 cm scale), simulation of these
interactions in laboratory experiments is possible because the
smallest eddies in the flask are similar to those at sea. This means
that, following the work of Delvigne et al. (1987), the energy
dissipation rate per unit mass, &, can be used as an appropriate
scaling parameter. The units of & are watts/kilogram, which is
equal to meter?/second?.

The dissipation of kinetic energy occurs due to laminar and
turbulent shears within the water. The shear is directly propor-
tional to velocity gradients, which play an important role in the
mixing of chemicals, such as oil and dispersant. A well known
relation exists between e and the absolute velocity gradient
G (s7!) at every location in the fluid (Camp and Stein 1943;
Tennekes and Lumley 1972; Anderson et al. 1984)

e=vG? (1)

where v=kinematic viscosity of water (107 m?/s at 20°C).
Hence, knowledge of ¢ is equivalent to knowledge of velocity
gradient, and subsequently the intensity of mixing of chemicals.
Alternatively, one may use velocity measurements in a selected
water body to compute the velocity gradient, and subsequently
the energy dissipation rate. This is the approach that we adopt in
this work to evaluate energy dissipation rates in the SF and the
BF. We used a hot-wire anemometer (HWA) to measure the in-
stantaneous water velocity distributions in the flasks.

Theory

In turbulent mixing, large eddies carry the energy obtained from
the general motion of the fluid (Batchelor 1970; Hinze 1987,
Frost 1977; Patterson and Zipp 1991). These eddies break into
smaller eddies, which in turn break into smaller eddies down to a
scale where molecular viscosity effects become dominant. As hy-
pothesized by Kolmogorov (1962), there is a cascade of kinetic
energy from the large eddies to smaller ones down to the so-
called Kolmogorov scale (less than 1 mm in this work) where the
kinetic energy is dissipated by viscous forces due to friction of
water molecules on each other.

The small-scale structure of turbulence tends to be indepen-
dent of any orientation effects, and is thus locally isotropic. In
isotropic turbulence, the dissipation rate per unit mass is simpli-
fied to (Tennekes and Lumley 1972, p. 66)

2
e= 15v<%) (2)

(9)([

where u; (i=x,y,z)=instantaneous velocity in any “/” direction.
The mixing due to turbulence is much larger than that due to the
spatial variation of the velocity. For this reason, only the turbu-
lence contribution is considered in the evaluation of & (Rao and
Brodkey 1972; Wu and Patterson 1989; Kaku et al. 2002). Con-
sidering the orbital motion of the flask, one may write

u(s,1) = [U(s) + iti(s,0)]+ u] (5,1)

i=x,y,2 (3)

where E=time—averaged (mean) velocity that depends solely on
location; i1;=oscillatory component due to the oscillatory motion
of the flask (it depends on both location in the flask and time); and
u; =component due to turbulence. The oscillatory component
could be obtained as a moving average of the time series of u;
(essentially a smooth line that would exist even in the absence of
turbulence).

The evaluation of & in this work will be done using the auto-
correlation function approach. The energy dissipation rate per unit
mass may be written as (Wu and Patterson 1989; Kresta and
Wood 1993)

r\2
o= altm) )
TEi

where u, =root mean square (RMS) value of the turbulent com-
ponent of velocity, A=constant of order unity; and TEi=integral
time scale obtained by

TE[ZJ R, dt (5)

0

where REi=temporal autocorrelation function, viz.

B u! ()u(t+T)
Ty

where T=time lag. Note that R is assumed to be the same in all
directions, a direct consequencé of the isotropic turbulence as-
sumption. In practice an upper limit of o is impractical in Eq. (5),
so the point of first zero crossing may be used (Wu et al. 1989)
(Fig. 3).

(6)

E
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The Kolmogorov scale, 1, provides an estimate of the smallest
eddy that can exist prior to the dissipation by (molecular) viscous
friction. It is estimated based on dimensional arguments (Ten-
nekes and Lumley 1972, p. 67) as

V3 1/4
m= (—> (7)

€

The velocity gradient is estimated by rewriting Eq. (1)

12
G=(E>l (8)

The above equation of G represents a local velocity gradient,
since € is estimated as a function of position. The flask average

velocity gradient, G is obtained by taking average of local
G values.

Not all turbulent flows manifest churning and foaming. Hence,
a quantitative means to detect the presence of turbulence is
through evaluation of the Fourier spectrum, which represents the
kinetic energy content at various scales. The spectrum in turbulent
flows has the following property (Kolmogorov 1941):

Exk™ ©)

where k=wave number (inverse of length). For a time series
of measurements at a point, a turbulent flow has the following
spectrum:

Eocf‘—5/3 (10)

where f represents the frequency of velocity fluctuations. Eq. (10)
is valid in situations where Taylor’s “frozen turbulence” hypoth-
esis is applicable (Monin and Yaglom 1975, p. 11; Hinze 1987,
p. 41). The hypothesis stipulates that turbulent eddies are ad-
vected without a change in their statistical properties, allowing
one therefore to infer these properties from a time series at a
point.

Experimental Setup

The experimental setup consisted of a 150 mL SF [Fig. 1(a)], a
200 mL baffled trypsinizing flask, BF [Fig. 1(b)], and an orbital
shaker (3518, Lab-Line Instruments Inc.). Each flask contained
120 mL of tap water as the working fluid. The flasks were held in
place on the orbital shaker using flask holders. Two rotation
speeds of the orbital shaker were considered: 150 and 200 rpm.
The diameter of the circle traced by the shaker was 1.9 cm. Dur-
ing rotation, the location of the flasks was measured using a po-
sition transducer (PN150-0121, SpaceAge Control Inc.). A HWA
(TSI 1210-20W, with single cylindrical sensor) was mounted on
the orbital shaker to measure the water speed in the flasks. All
measurements were interfaced to a computer using a data-
acquisition board (DAS 1401), by Keithley Instruments, Inc.
(Cleveland, Ohio) with a built-in analog-to-digital circuit. The
data logging software LABTECH Notebook Pro (Laboratory
Technologies, Inc.) was used.

The radial and tangential (i.e., azimuthal) velocities were mea-
sured using the HWA. The HWA is essentially an electric resistor
that cools upon passage of water flow. The change in temperature
alters the voltage that passes through the resistor. Hence, voltage
reading across the HWA provides a surrogate measure of the
water velocity. The HWA was calibrated in the velocity range
(0-50 cm/s) (see Appendix). The output voltage from HWA at
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Fig. 2. Magnitude of average radial and azimuthal velocities, |V],
at various elevations in swirling flask and baffled flask for 150 and
200 rpm

zero velocities fluctuated from 2.8 to 2.85 V throughout the du-
ration of the experiments. Hence, the uncertainty in measure-
ments is expected to be less than +4%.

The velocities were measured in the center vertical plane of
both the flasks at a spatial interval of 2 mm in the horizontal (i.e.,
radial) direction and 5 mm in the vertical direction. This totaled in
70 locations in the SF and 80 locations in the BF. The data col-
lection frequency was 1,000 Hz, but the response of the whole
setup was estimated at about 400 Hz, as noted from the spectrum
in Fig. 4(b) where noise was present at frequencies larger than
400 Hz. The sampling duration was 10 s for each velocity com-
ponent. This resulted in a time series of 10,000 measurements for
each component. Although one flask rotation took about 0.4 s at
150 rpm and 0.3 s at 200 rpm, the long measurement duration
(10 s) was intended to increase the reliability of the experiments
by having enough replicates: 25 replicates at 150 rpm and 33
replicates at 200 rpm.

Results

The average radial and azimuthal water speeds, U [Eq. (3)] are
reported in Fig. 2 at select locations. The speed (i.e., magnitude of
velocity) is used because it is not possible to ascertain the sense
of the radial velocities. The sense of the azimuthal is known be-
cause the direction of rotation is known. The speeds values in
Fig. 2 represent averages over 10 s at the reported locations.
Fig. 2 shows that the speeds in the SF increased with elevation
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Fig. 3. Autocorrelation (azimuthal) plots at elevations of 3.6 cm in swirling flask and 1.4 cm in baffled flask. Integration of Eq. (7) occurs until

first zero on time lag axis.

(i.e., when approaching the free surface) at both 150 and 200 rpm.
There was a tendency for the azimuthal speed to increase with
distance from the center, which is expected. The increase is clear-
est at 200 rpm. The radial water speed in the SF was practically
independent of the distance from the center at 150 rpm, but dis-
played a slight increase with it at 200 rpm.

The speeds in the BF increased with elevation at 150 rpm, but
the pattern reversed at 200 rpm. They tended to decrease out-
wards from the center at 150 rpm but increased at higher dis-
tances at 200 rpm. A large increase in the speed is noted in the
center of the flask at 200 rpm at the highest elevation (2.4 cm).

At 150 rpm, the average of all speeds (azimuthal and radial)
were 0.046 m/s in the SF and 0.27 m/s in the BF. At 200 rpm,
they were 0.101 and 0.533 m/s for the SF and BF, respectively.
Hence, the average speeds in both flasks almost doubled as the
shaker rotation speed increased from 150 to 200 rpm.

The azimuthal speed in the SF at 200 rpm is very low in the
core relative to the outer areas (Fig. 2). This is known as “solid
body motion,” where shear flow (i.e., velocity gradient) is essen-
tially absent (i.e., mixing is small). The speeds in the BF tended to
be more variable in space displaying high and low values
throughout the flask. In addition, while the speed in the SF de-
creased with depth, the speed profile in the BF displayed no
discernible pattern, especially at 200 rpm. Note that the maximum
speeds in the BF were about three times larger than the corre-
sponding ones in the SF.

Fig. 3 shows plots of the autocorrelation function [Eq. (6)] as
a function of the time lag T between pairs of measurements. The
periodic behavior of the motion is obvious in the SF at both
RPMs and in the BF at 150 rpm; R takes alternating positive and
negative values at lags coinciding with the rotation speed of the

flasks. Periodicity is also present in the BF at 200 rpm, though it
is weaker.

To further investigate the effects of turbulence, in Figs. 4 and
5 we plotted the natural logarithm of the Fourier spectrum as
function of the natural logarithm of frequencies of eddies for the
azimuthal velocity. The spectra were computed by averaging the
spectral amplitudes at all locations corresponding to the same
frequencies. Figs. 4 and 5 also show the theoretical —5/3 slope
based on Kolmogorov theory [Eq. (10)]. The observed spectra
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Fig. 4. Average one-dimensional energy spectra in swirling flask and
baffled flask for 150 rpm based on azimuthal velocity. Peak on
dashed line shows orbital shaker frequency of 2.5 Hz.
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Fig. 5. Average one-dimensional energy spectra in swirling flask and
baffled flask for 200 rpm based on azimuthal velocity. Peak on
dashed line shows orbital shaker frequency of 3.33 Hz.

displayed periodicity, which is to be expected due to the periodic
nature of the motion. The highest peak occurred at the frequency
of rotation (150 or 200 rpm). The peaks that followed occurred at
multiple frequencies of the main one. The spectra of radial speeds
were similar and are not reported for brevity. The similarity indi-
cated that the assumption of isotropic turbulence was valid. The
peaks of the spectra in the BF were higher than that in the SF,
indicating higher kinetic energy in the BF system. Also, the peaks
of the spectra at 200 rpm were higher than those at 150 rpm,
which indicates that there is an increase in energy dissipation of
the system with the increase in orbital mixing speed.

For all spectra, one could stipulate the existence of a scaling
regime (straight line behavior) that has periodicity superimposed
on it. The periodicity is due to the large-scale flow (i.e., the flask
motion), and it could be removed from the velocity field only if
an analytical solution for the average velocity i is available, as
done in the work of Kitaigorodskii et al. (1983) while evaluating
turbulence behavior below waves.

The flattening of the spectra at high frequencies is due to
dominance of noise, especially at 150 rpm. But as the rpm in-
creased to 200, the range of scaling appears to reach frequencies
that were dominated by noise at 150 rpm. In other words, the
smallest eddies at 200 rpm are smaller than the smallest eddies at
150 rpm. The spectra of the BF at 200 rpm provide clear evidence
that the flow is turbulent, as the spectral slope approaches the
—5/3 slope behavior.

Table 1. Average Parameters for Flasks at 150 rpm

The integral time scale [Eq. (5)] was numerically evaluated
using Simpson’s method (Kreyszig 1999; Press et al. 1992) by
integrating from time zero to the time of the first zero crossing of
the autocorrelation function. Data series at each location were
smoothed, and these smoothed data were subtracted from the ac-
tual data to obtain turbulence data of 10,000 data points. The root
mean square (RMS) value of the data series was obtained by
squaring these turbulence values, then averaging them, and finally
computing the square root of this average value.

Tables 1 and 2 report the flask-averaged root-mean-square
values along with the flask-averaged integral time scale. The en-
ergy dissipation rate, &, was estimated using Eq. (4) with the
coefficient “A” set equal to 1.0. One value of ¢, in azimuthal and
radial direction, was computed at each location. The average of
these two values was then obtained, and it is considered as rep-
resentative of the energy dissipation at that location. Figs. 6 and 7
show these values in the SF and the BF, respectively, for two
rotation speeds. The decimal logarithm was used for ease of vi-
sual interpretation of Figs. 6 and 7. The values of ¢ in the SF were
higher at the surface and decreased rapidly with the increase in
depth. The values of & in the BF were much higher at the edges
due to the presence of baffles. The flask-averaged value of €, &, is
reported in Tables 1 and 2.

The velocity gradient G was computed from Eq. (8) at each
location using the local & value for each velocity component. The
local G value was obtained as the average of the two radial and

azimuthal values. The flask-averaged velocity gradient, G, is re-
ported in Tables 1 and 2. Also reported is the value of G that
corresponds to &, denoted by G;. The Kolmogorov scale m was
computed using water viscosity that corresponds to a water tem-
perature of 20°C. The local m value was obtained as the average
of the two values. The flask-averaged Kolmogorov scale, 7, was
obtained by taking the arithmetic average of the local m values.
The values are reported in Tables 1 and 2.

Discussion

The speeds in the BF were on the average five times larger than
those in the SF for the corresponding rotation speed. This might
be surprising considering that the two flasks contained the same
water volume. However, we believe that two nonexclusive rea-
sons caused the difference. First, the radius of the BF is 2.2 cm
which is larger than the SF’s radius of 1 cm. Hence noting that the
azimuthal velocity could be approximated by the quantity (radius)
x (rotation speed), one would expect the speeds in the BF to be,
on the average, 2.2 times those in the SF. Second, the geometry of

Average
Mean Root mean Integral velocity Kolmogorov Velocity
velocity square velocity time scale Dissipation rate gradient microscale gradient of
Type of flask Ugyg (M/s) u/ o (m/s) 75 (8) £ (m?/s%) G (s7h 7 (pnm) £G5(s")
Swirling Flask 0.0466 225X 1073 0.073 (6.5%X107) 11.56 409.11 21.04
443 %107
(2.0x107%)
Baffled Flask 0.272 1.62X 1072 0.0332 (1.9x1073) 96.97 115.66 124.49
1.55Xx 1072
(1.1x 107"

Note: Values between parentheses represent minima and maxima of e.
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Table 2. Average Parameters for Flasks at 200 rpm

Average
Mean Root mean Integral velocity Kolmogorov Velocity
velocity square velocity time scale Dissipation rate gradient microscale gradient of
Type of flask Ugyg (M/s) u/ o (m/s) T (8) £ (m?/s%) G (s7h 1N (pm) £Gs(s™")
Swirling Flask 0.1013 5.41x1073 0.062 (1.9X 1079) 28.84 245.28 45.49
2.07%1073
(7.5%107%)
Baffled Flask 0.533 4.95% 1072 0.0218 (2.3x107?) 349.86 57.90 403.73
1.63x 107!
(1.0)

Note: Values between parentheses represent minima and maxima of e.

the BF engendered high vertical velocities (observed visually).
Based on the conservation of water mass [Eq. (11)], high vertical
differential velocities result in high horizontal differential veloci-
ties. This could be simply noted if the spatial increments are made
equal to each other, which indicates then that if the variation of u,
is large in the vertical direction, it would engender high velocity
changes in the horizontal direction

d d d
E(ux)+a—y(uy)+&—z(uz)=0 (11)

The value of the Kolmogorov scale, 1, represents the size of the
smallest eddies. If the smallest eddies are larger than the oil drop-
lets, they tend to entrain oil droplets within them without breaking
them. However, if the smallest eddies are smaller than an oil
droplet, they would ‘“‘share” it between them causing it to break.
The size distribution of dispersed oil at sea was observed to range
from 50 to about 500 pwm (Delvigne 1983; Delvigne 1984; Byford
and Green 1984; Mackay et al. 1986; Delvigne et al. 1987). The
value of 1) in the SF at 150 rpm is about 410 wm. This implies
that the mixing in the SF at 150 rpm does not theoretically create
a high number of oil droplets whose sizes are smaller than
410 pm. This discrepancy indicates that there might be theoreti-
cal objections to using the mixing in the SF at 150 rpm to repre-
sent the mixing at sea. The average Kolmogorov scale in the BF
at 200 rpm is about 50 wm, which should cause breakup of oil
droplets approaching that scale.

Evidently, increasing the rotation speed of the SF would result
in a decrease in the Kolmogorov scale, as noted in Tables 1 and 2.
However, there are logistic limitations to increasing the speed.
First, note that m is inversely proportional to & to the power 1/4.
Second, our own calculations showed that increasing the speed by
50 rpm resulted in a decrease in m to only 250 wm. Hence, the
sought 50 wm in N might require a rotational speed of as high as
1,000 rpm.

Tables 1 and 2 report the flask-averaged velocity gradient, G,
along with G; the velocity gradient corresponding to the flask-
averaged energy dissipation rate, €. The two quantities are signifi-
cantly different. Some writers (Cleasby 1984; Clark 1985; Han
and Lawler 1992) favor the use of one over another. We believe
that the use of £ is more physical due to the fact that & represents
an energy rate, while G represents a velocity gradient. Hence, &
could be stipulated based on the law of conservation of energy.
There is no counterpart for G (i.e., there is no law that requires
the conservation of velocity or its gradient).

By accepting the conservation of & as a necessary condition
for replicating the mixing at sea, it is important to know the sea
state corresponding to the values that we found in this study.
Terray et al. (1996) conducted velocity measurements in the top 2

m of Lake Ontario and found & to vary between 107 and
1072 m?/s®. The significant wave height in that study was about
0.25 m. Drennan et al. (1996) conducted similar measurements in
the Atlantic Ocean off of the Maryland Coast. They found & vary-
ing between 107 and 5.0 X 10™* m?/s®. The significant wave
height was about 1.0 m. These values are smaller than those re-
ported by Terray et al. (1996) despite the fact that the wave height
was four times larger. However, as discussed by Drennan et al.
(1996), the measurements of Terray et al. (1996) were in strongly
forced fetch-limited waves, whereas those of Drennan et al.
(1996) represent fully developed sea with an almost infinite fetch
(the Atlantic Ocean). Delvigne and Sweeney (1988, p. 6) reported
that & varies between 107> and 1072 m?/s? for the surface layer
and between 1 and 10 m?/s> for breaking waves. However, they
do not define the “surface layer” nor did they explain the type of
wave breaker. It appears therefore, that additional studies are
needed to quantify and define & at sea. But the flexibility in ob-
taining high values of ¢ in the BF makes using it preferable to
using the SF.

The use of an average value of & is probably more plausible
for the BF than for the SF; when one uses a spatially averaged
value, such as &, as representative of the mixing regime, it is
preferable that the spatial distribution does not follow a pattern.
The mixing in the SF is greatest at the outer edge near the surface
and decreases with depth and/or when approaching the center (see
Figs. 2 and 6). In essence, there are several zones in the SF with
different mixing characteristics. A spatial average might not have
much physical significance in such a case. The velocities (and

150 rpm

Elevation (Z), cm

-1.0 -0.5 0.0 05 10 -1.0 -0.5 0.0 05 10

Distance from the Center (X), cm Distance from the Center (X), cm

Fig. 6. Contour plots of log(e) in Erlenmeyer flask at 150 and 200
rpm. Label represents values of log().
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Fig. 7. Contour plots of log(e) in baffled flask at 150 and 200 rpm.
Label represents values of log(e).

subsequently the local & values) in the BF were distributed more
evenly throughout the flask, such that a clear pattern did not exist
(Figs. 2 and 7).

Conclusions
Two components of instantaneous velocity were used to charac-
terize turbulent flow in the SF and the BF using an HWA. General

flow patterns, turbulent flow parameters, and local dissipation
rates were determined. The study shows that the mixing in the BF

140

R?=0.998

100 ]

Square (Voltage)
3

40 -

is more uniformly distributed than in the SF. The approximation
of local isotropy was supported by (—=5/3) slope of the turbulence
frequency spectra in case of the BF.

Flask average energy dissipation rates in the SF were about 2
orders of magnitude smaller than those in the BF. The sizes of the
microscales in the BF were found to be much smaller than that in
the SE. Also, in the BF, the sizes of the microscales approached
the size of oil droplets observed at sea (50-400 wm) (Delvigne
1983; Byford and Green 1984; Mackay et al. 1986; Delvigne
et al. 1987). This could be used to infer that the turbulence in the
BF closely resembles the turbulence occurring in the top few
centimeters of a breaking wave. Hence, the BF is preferable as a
laboratory surrogate for dispersant testing.
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Appendix. Calibration of Hot-Wire Anemometer

The hot-wire probe was calibrated against the velocity values
obtained by a pitot tube in a recirculating type water channel. The
theory of cooling of hot wire is known as King’s law (King 1914),
which states that the square of HWA output voltage, E, varies
linearly with the square root of the fluid’s speed, u. The fit in
Fig. 8 gave the constants, resulting in the equation

E2=150.71\u +29.497 (12)

The high R? value of the fit along with visual observation of
Fig. 8 indicate that the fit was excellent.

Notation

The following symbols are used in this paper:
= constant of order one;
= local velocity gradient (s™');

= flask average velocity gradient (s™');

= flask velocity gradient based on £ (s7!);
= integral length scale (m);

= orbital shaker speed (rpm);
autocorrelation coefficient function;

= time-averaged (mean) velocity;

= instantaneous velocity;

= randomly fluctuating velocity;

= regular oscillatory component of velocity;
= local energy dissipation rate (m?/s?);

= flask average energy dissipation rate (m?/s%);

00

T

02
Sqrt (Speed)

0.4

Fig. 8. Calibration curve of hot-wire anemometer

08

a
I
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local Kolmogorov microscale (pwm);
flask average Kolmogorov scale (um);
kinematic viscosity (m?/s);

time lag (s); and

integral time scale (s).
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