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Abstract. The evaluation of dispersant effectiveness used for oil spills is commonly done
using tests conducted in laboratory flasks. We used a Hot Wire Anemometer (HWA) to
characterize mixing dynamics in the Swirling Flask (SF) and the Baffled Flask (BF), the
latter is being considered by the EPA to replace the prior to test dispersant effectiveness
in the laboratory. Five rotation speeds of the orbital shaker carrying the flasks were con-
sidered, =50, 100, 150, 175 and 200 rpm. The radial and azimuthal water speeds were
measured for each Q. It was found that the flow in the SF is, in general, two-dimensional
changing from horizontal at low @ to axi-symmetric at high Q. The flow in the BF
appeared to be three-dimensional at all rotation speeds. This indicates that the BF is more
suitable for representing the (inherently) 3-D flow at sea. In the SF, the speeds and energy
dissipation rates ¢ increased gradually as the rotation speed increased. Those in the BF
increased sharply at rotation speeds greater than 150 rpm. At 200rpm, the Kolmogorov
scale (i.e., size of smallest eddies) was about 250 and 50 um in the SF and BF, respec-
tively. Noting that the observed droplet sizes of dispersed oils range from 50 to 400 um
(hence most of it is less than 250 um), one concludes that the mixing in the SF (even at
200rpm) is not representative of the vigorous mixing occurring at sea.
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Nomenclature

A a constant of order one

f frequency of velocity fluctuations, s
G local velocity gradient, s~!

k  wavenumber, m~!

L integral length scale, m
Rg autocorrelation coefficient function
U; time-averaged (mean) velocity

u; instantaneous velocity
randomly fluctuating velocity
; regular oscillatory component of velocity

Greek Symbols

local energy dissipation rate, m?/s>

flask average energy dissipation rate, m?/s’
local Kolmogorov microscale, um

flask average Kolmogorov scale, um
kinematic viscosity, m?>/s

orbital shaker speed, rpm

time lag, sec

integral time scale, sec

A< 33 o o>

<
(o]

1. Introduction

The adverse effects of oil spills are more severe when the slicks reach the
shoreline. For this reason, much effort is placed on mitigating the spills off-
shore. In agitated seas, a promising approach is to apply chemicals known
as dispersants on the oil slick that cause the slick to break into droplets
that penetrate deep in the sea due to the action of waves. This process
is termed in the oil literature as dispersion (to be distinguished from the
spreading of chemicals due to the spatial variation of velocity such as pre-
sented by Taylor [1, 2], Fischer et al. [3]). Dispersion of oil is a chemico-
physical process that depends both on the type of dispersant/oil pair and
on the sea state. The dispersed oil droplets get carried away from the con-
taminated area due to prevailing currents, and eventually adhere to sus-
pended particulate matter and/or biodegrade [4, p. 3].

Various field studies and laboratory experiments have been conducted to
evaluate the effectiveness of dispersants under various sea conditions. Field
studies are accompanied by experimental uncertainties in the sea; replicates
are usually difficult to achieve due to constantly changing climatic condi-
tions and for economic reasons. Hence, smaller scale testing is extensively
used to study dispersant effectiveness. Examples of commonly used tests
include the Swirling flask (SF) test method [4-7], the Warren Spring Lab-
oratory (WSL) test method [7-11], and the Exxon dispersant effectiveness
test method [12-14].
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The Swirling Flask (SF) (Figure la) test consists of placing a mix-
ture of oil, seawater, and a dispersant in the SF positioned on an orbital
(circular motion) shaker [4], then mixing the contents for a specified
amount of time, allowing a short settling time, and then extracting the con-
tents 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.

The U.S. Environmental Protection Agency (EPA) is considering adopt-
ing a new flask, the Baffled Flask (BF), in a context of a new (improved)
testing protocol for dispersants. The BF has four baffles in it (Figure 1b)
that induce three-dimensional motion. The rational for the selection of
the BF along with the regulatory aspect of dispersant effectiveness are
thoroughly addressed by Sorial et al. [15, 16] and references therein.
Chandrasekar et al. [17] evaluated dispersant effectiveness in the BF under
various simulated environmental conditions.

This study focuses on the hydrodynamics of the BF for conducting dis-
persant testing. Although one rotation speed is used in the standard flask
test (150rpm for the SF test and 200 rpm for the BF test), we selected
five rotation speeds to better understand the mixing characteristics in both

(a)

Section A-A Section B-B

| 4.6 cm |
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F 6.1 cm—;" |l' 7.6 cm

Figure 1. Schematic cross-section of (a) the Swirling Flask (b) the Baffled Flask.
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flasks. It is understandable that these rotation speeds could be related to
various sea states. But such a linkage is left for future work.

The five rotation speeds were =50, 100, 150, 175, and 200 rpm. A Hot
Wire Anemometer (HWA) was used to measure the instantaneous water
velocity distributions in the flasks. These measurements were then used to
evaluate the overall hydraulics in the flasks, and to compute turbulence
quantities, such as the energy dissipation rate per unit mass, ¢ and the Kol-
mogorov scale, 1.

2. Theory

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 simi-
lar to those at sea due to the fact that the small-scale structure of turbu-
lence is universal (i.e. independent of the system) [18, 19]. This means that
the energy dissipation rate per unit mass, ¢, can be used as an appropri-
ate scaling parameter [20]. The units of & are watts/kg, but ¢ is commonly
expressed as m?/s® in the oceanography literature.

The dissipation of kinetic energy occurs due to laminar and turbulent
shears within the water. The shear is directly proportional to velocity gra-
dients, which play an important role in the mixing of chemicals, such as
oil and dispersant. A well-known relation exist between the local ¢ and
the local absolute velocity gradient G(s~!) at every location in the fluid
[21, 22]:

e=vG?, (1)

where v is the kinematic viscosity of water (107°m?/s at 20°C). Hence,
knowledge of ¢ is equivalent to knowledge of velocity gradient. Alterna-
tively, one may use velocity measurements in a selected water body to com-
pute the velocity gradient, and subsequently the energy dissipation rate.
This is the approach that we adopt in this work to evaluate average energy
dissipation rates in the SF and the BF. We hypothesize, as commonly done
in most environmental flows [23, 24], that the energy dissipation occurs
predominantly due to turbulent shear, and that the laminar shear can
be neglected. For this reason, we present the methodology for evaluating
energy dissipation rates based on turbulence theory.

In turbulent mixing, large eddies carry the energy obtained from the
general motion of the fluid [25, 26]. These eddies break into smaller eddies,
which in turn break into smaller eddies down to a scale where molec-
ular viscosity effects become dominant. As hypothesized by Kolmogorov
[27], there is a cascade of kinetic energy from the large eddies to smaller
one down to the so-called Kolmogorov scale (less than a millimeter in this
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work) where the kinetic energy is dissipated by viscous forces due to fric-
tion of water molecules on each other.

The small-scale structure of turbulence tends to be independent of any
orientation effects, and is thus locally isotropic. In isotropic turbulence, the
dissipation rate per unit mass is simplified to [22]:

a2
8:151)(%> , 2

1

CC

where u; (i =x, y, z) is the instantaneous velocity in any “i” direction, and
the overbar indicates temporal average. The mixing due to turbulence is
much larger than that due to the spatial variation of the velocity (i.e., the
mean gradient of velocity). For this reason, only the turbulence contribu-
tion is considered in the evaluation of ¢ [28-30]. Considering the orbital
motion of the flask, one may write:

ui(s,t)=(Ui(s)—l—ﬁi(s,t))—l-u;(s,t); i=x,y,2, 3)

where U; is the time-averaged (mean) velocity that depends solely on
location, #; is the oscillatory component due to the oscillatory motion of
the flask (it depends on both location in the flask and time), and u; is
the component due to turbulence. The oscillatory component, i;, 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 is done using the autocorrelation func-
tion approach [29, 31]. The energy dissipation rate per unit mass may be
written as:

(Ums)”

EIA—’ (4)
TE;

where u;,( 15 the root mean square (RMS) value of the turbulent compo-

nent of velocity, 4 is a constant of order unity, and tg, is the integral time

[T

scale of the velocity in the direction “i”:

o0
TEI-:/ RE,. dt, (5)
0
where Rg, is the temporal autocorrelation function, viz:

_ui(Oui(t+ 1)

Rr
(u)?

i

(6)

where 7 is the time lag. Note that Rg, is assumed the same in all directions,
a direct consequence of the isotropic turbulence assumption. In practice an
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upper limit of oo is impractical in Equation (5), so the point of first zero
crossing of the autocorrelation function is used [32].

The Kolmogorov scale, n, provides an estimate of the smallest eddy that
can exist prior to the dissipation by (molecular) viscous friction. It is esti-
mated based on dimensional arguments [22] as:

3 1/4
n= (”—) : (7)
&

The spectrum of velocity in turbulent flows has the following property [18]:
E k™3, (®)

where k is the wave number (inverse of length). For a time series of mea-
surements at a point, a turbulent flow has the following spectrum [33]:

Eof7?, )

where f represents the frequency of velocity fluctuations. Equation (9) is
valid in situations where Taylor’s “frozen turbulence” hypothesis is appli-
cable [26, 34]. The hypothesis stipulates that turbulent eddies are advected
without a change in their statistical properties, allowing therefore to infer
these properties from a time series at a point.

3. Experimental Set-Up

The experimental setup (Figure 2) consisted of 150-ml Swirling Flask (SF),
200-ml baffled trypsinizing flask (BF), and an orbital shaker (Model #3518,
Lab-Line Instruments Inc.). Each flask contained 120ml of tap water as
the working fluid. The flasks were held in place on the orbital shaker using
flask holders. The shaker has an orbital diameter of 1.9cm. During rota-
tion, the location of the flasks was measured using a Position Transducer
(PN150-0121, SpaceAge Control Inc.). A Hot Wire Anemometer (HWA)
(TSI 1210-20W, with single cylindrical sensor) was mounted on the orbi-
tal shaker to measure the water speed in the flasks in two horizon-
tal directions, radial and azimuthal. The radial direction was along the
radius of the flask while the azimuthal direction was tangential to the
wall of flask and normal to radial direction. The HWA was moving with
the orbital shaker and flask, such that the HWA readings are of water
speed. Location and speed 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 log-
ging software LABTECH Notebook Pro (Laboratory Technologies, Inc.)
was used. Figure 2 is a schematic of the experimental setup.
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Figure 2. Schematic of the experimental setup.

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 (0-50cm/s). The output voltage from HWA at zero veloci-
ties fluctuated from 2.8 to 2.85 volts throughout the duration of the exper-
iments. Hence, the uncertainty in measurements is expected to be less than
4%. More information on the calibration procedure can be found in Kaku
et al. [35].

The velocities were measured in the center vertical plane of both the
flasks at a spatial interval of 2mm in the horizontal (i.e. radial) direction
and Smm in the vertical direction. This totaled to 70 locations in the SF
and 80 locations in the BF. The data collection frequency was 1000 Hz,
but the response of the whole setup was estimated at about 400 Hz, above
which noise overpowered the signal (discussed below). The sampling dura-
tion was 10 seconds for each velocity component. This resulted in a time
series of 10,000 measurements for each component. Although one flask
rotation took about 1.2 second at 2 =50rpm and 0.3 second at Q =
200 rpm, the long measurement duration (10 seconds) was intended to
increase the reliability of the experiments by having enough replicates:
8 replicates at 50rpm and 33 replicates at 200 rpm. The increase in the
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number of replicates with the rotation speed is a welcome outcome, as the
flow becomes more random with an increase in 2, and a large number of
replicates minimizes sampling errors.

4. Results
4.1. AVERAGE SPEEDS

For each rotation speed of the orbital shaker, the average radial and azimuthal
water speeds, |U;| (i =x, z in Equation 3) were computed by taking the average
over 10 seconds of the time series at the measurement location. The speed of
water (i.e., magnitude of velocity) is used because it was not possible to ascertain
the sense of the radial velocities. The sense of the azimuthal velocity is known
because the direction of rotation is known. Figures 3 and 4 report contours of
the speeds in the SF and BF, respectively.

Both the radial and azimuthal speeds in the SF (Figure 3) appear to
be symmetric (within experimental errors) with respect to the center axis.
These speeds are also stratified at rotation speeds 2 < 150 rpm, with the
largest speed values occurring near the surface. For Q> 150 rpm, a zone
of relatively low speed occupies the central portion of the flask. One could
talk loosely of a “stagnant core” in the SF at =175 and 200 rpm. The
flow in the SF appears to be quasi-two-dimensional at the extreme values
of Q, switching from horizontal at low Q to axi-symmetric at high Q.

The radial speed contours of the BF (Figure 4, left panel) show that
the zone of high speed remains essentially in the center portion of the
flask, moving downward as 2 increases. For the azimuthal speed in the BF
(Figure 4, right panel) one notes that as the rotation speed increased, the
high speed values moved from the high center portion to the lower outer
portions of the BF.

For each flask, the radial and azimuthal speeds seem to be comparable
for the same Q. At Q=50rpm, the speeds in both flasks were comparable,
but the difference between speeds in flasks increases with the rotation
speed. At Q = 200rpm, the maximum absolute values of speed (i.c.,
max |U;|) are 16 and 60cm/s, in the SF and BF, respectively.

For each €2, the flask-averaged radial and azimuthal speed were obtained
by averaging the values reported in Figures 3 and 4. Figure 5 reports these
averages as function of . The BF plots show a sudden increase for Q>
150 rpm. This is probably because a fully turbulent regime was reached
around those rotation speed values. This is further addressed in the Dis-
cussion Section. For the SF plots, the azimuthal speed of the SF became
double the radial at € =200rpm, but the values were relatively small. Fig-
ure 5 clearly shows that the water speeds in the BF are much higher than
those in the SF for > 100 rpm.
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Figure 3. Contours of the average (left) radial and (right) azimuthal velocities in the
SF for five rotation speeds of the orbital shaker; 50, 100, 150, 175, and 200 rpm.
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Figure 4. Contours of the average (left) radial and (right) azimuthal velocities in the
BF for five rotation speeds of the orbital shaker; 50, 100, 150, 175, and 200 rpm.

4.2. SPECTRA

Figures 6 and 7 contain plots of the natural logarithm of the Fourier
spectrum as function of the natural logarithm of frequencies. The spectra
were computed by averaging the spectral amplitudes at all locations corre-
sponding to the same frequencies. The figures also show the theoretical —2
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Figure 5. Variation of the average radial and azimuthal speeds as function of the
rotation speed for both flasks.

slope based on Kolmogorov theory (Equation 9). The observed spectra dis-
played periodicity, which is to be expected due to the periodic nature of the
motion. The highest peak occurred at the frequency of rotation. The peaks
that followed occurred at multiple frequencies of the main one. The period-
icity could be removed from the velocity field only if an analytical solution
for the average velocity u is available, as done in the work of Kitaigorodskii
et al. [36] while evaluating turbulence behavior below waves.

The similarity between the radial and azimuthal spectra indicated 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. For both flasks, the peaks of the spectra increased with
the rpm, indicating that there is an increase in energy dissipation of the
system with the increase in orbital speed, an expected result.

For all spectra, one could stipulate the existence of a scaling regime
(straight line behavior) whose range increases with the rotation speed of
the shaker. The flattening of the spectra at high frequencies is due to dom-
inance of noise, especially at low Q values. But as @ increased, the range
of scaling increased to encompass frequencies that were dominated by noise
at lower Q. At the maximum rotation speed (i.e, 200 rpm), noise appears to
be present only at frequencies larger than 400 Hz.
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Figure 6. Spectra of radial and azimuthal velocities in the SF for all rotation speeds.
The peak on the dashed line shows orbital shaker frequency of €2/60 Hz, where Q
is the rotation speed expressed in rpm.
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Figure 7. Spectra of radial and azimuthal velocities in the SF for all rotation speeds.
The peak on the dashed line shows orbital shaker frequency of €2/60 Hz, where Q
is the rotation speed expressed in rpm.
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Figure 7 indicates that the spectra of the Baffled Flask at 150 rpm
resemble those of the 175 and 200rpm. However, the spectra of the
100 rpm resemble more those of the 50 rpm. This could indicate that a fully
developed turbulent regime is reached at 2 =150rpm and increasing the
rotation speed does not greatly increase the range of scaling.

4.3. ENERGY DISSIPATION

The energy dissipation rate, £, was estimated at each measurement location
using Equation (4) with the coefficient “A4” set equal to 1.0. The integral
time scale (Equation 5) was evaluated at each measurement location by
integrating from time zero to the time of the first zero crossing of the auto-
correlation function. The Simpson’s method was used [37] for the numeri-
cal integration. One value of ¢ was computed for each velocity component.
The average of these two values was then obtained, and it was considered
as representative of the energy dissipation at that location. Figures 8 and
9 report the decimal logarithm of ¢ for the SF and BF, respectively. These
figures should be compared to the corresponding average velocity figures,
Figures 3 and 4. In general, higher energy dissipation in Figures 8 and 9
occurred at locations where |U;| (i =x,z, Equation 3) is high (Figures 3
and 4). The values of ¢ in the SF were higher at the surface and decreased
rapidly with depth. The values of ¢ in the BF were much higher at the
edges, most likely due to the presence of baffles.

The flask-averaged dissipation rate, g, was computed for both flasks at
each rotation speed. It is reported in Figure 10 as function of . For
the BF, £ increased by about three orders of magnitude for Q increasing
from 50 to 200 rpm (a logarithmic representation on the ordinate axis was
needed for clarity of presentation). The & values for the SF increased by
approximately one order of magnitude. The maximum g value for the SF
(i.e., at 200rpm) is about an order of magnitude smaller than that of the
BF at 150 rpm.

4.4. THE KOLMOGOROV SCALE

The Kolmogorov scale was computed in the flasks according to Equation
(7), assuming the water at 20 °C. Hence, two values were obtained at each
measurement point, one in each direction. The local n 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 n values.
Figure 11 shows, expectedly, that i decreases with 2. The decrease of 7
is sharp initially, but becomes milder for Q > 150 rpm. At Q = 200 rpm,
n=250um and 50um, for the SF and BF, respectively.
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5. Discussion

The value of the Kolmogorov scale, 77, represents the size of the small-
est eddies. If the smallest eddies are larger than the oil droplets, they tend
to entrain oil droplets within them without breaking them. However, if
the smallest eddies are smaller than an oil droplet, they would stretch it
between them causing it to break. The size distribution of dispersed oil at
sea was observed to range from 50 to 400 um [8, 10, 20, 38, 39]. The value
of i in the SF at 150 rpm was about 400 um. This implies that the mix-
ing in the SF at 150rpm does not theoretically create a high number of
oil droplets whose sizes are smaller than 400 um. This discrepancy indicates
that there might be theoretical objections to using the mixing in the SF at
150 rpm to represent the mixing at sea. The average Kolmogorov scale in
the BF at 200rpm was about 50 um, 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 Figure 11. However, there
are logistic limitations to increasing the speed. First, note that n is inversely
proportional to ¢ to the power 1/4. Second, our own calculations showed
that an increase by 50 rpm over the speed of 150 rpm resulted in a decrease
in n to only 250 um from 400 um. Hence, the sought 50 um in 7 might
require a rotational speed as high as 1000 rpm.

Figure 7 indicates that the spectra of the BF at 150 rpm resemble those
of the 175 and 200 rpm. However, the spectra of the 100rpm resemble
more those of the 50 rpm. This could indicate that a fully developed tur-
bulent regime is reached at =150 rpm, and increasing the rotation speed
does not greatly increase the range of scaling. This is further confirmed by
the fact that the Kolmogorov scale in the BF did not decrease greatly going
from 150 to 200 rpm (Figure 11).

We believe that the use of an average energy dissipation rate € is more
physical than using an average shear rate G due to the fact that & repre-
sents an energy rate, while G represents a velocity gradient. Hence, € could
be stipulated based on the law of conservation of energy. There is no coun-
terpart 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 repli-
cating the mixing at sea, it is important to know the sea state correspond-
ing to the values that we found in this study. Terray et al. [40] conducted
velocity measurements in the top two meters of Lake Ontario and found ¢
to vary between 107> and 10~2m?/s®. The significant wave height in that
study was about 0.25m. Drennan et al. [41] conducted similar measure-
ments in the Atlantic Ocean off of the Maryland Coast. They found ¢
varying between 10~ and 5.0 x 10~*m?/s3. The significant wave height was
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about 1.0m. These values are smaller than those reported by Terray et al.
[40] despite the fact that the wave height was four times larger. However,
as discussed by Drennan et al. [41], the measurements of Terray et al. [40]
were in strongly-forced fetch-limited waves, whereas those of Drennan et al.
[41] represent fully-developed sea with an almost infinite fetch (the Atlan-
tic Ocean). Delvigne and Sweeney [42, p. 6] reported that ¢ varies between
103 and 10~2m?/s® for the surface layer and between 1 and 10m?/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
obtaining 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 dis-
tribution does not follow a pattern. The mixing in the SF at high rpm
is axi-symmetric with a quasi-stagnant core (Figures 3 and 8). In essence,
there are two zones with different mixing characteristics. A spatial average
might not have much physical significance in such a case. The velocities
(and subsequently the local ¢ values) in the BF (Figures 4 and 9) were dis-
tributed more evenly throughout the flask, such that a clear pattern did not
exist. Thus, using an average value of ¢ to represent the mixing in the flask
is more meaningful.

6. Conclusions

The velocities and energy dissipation rates in two eccentrically rotated
flasks were evaluated using a HWA. The flasks are the Swirling Flask (SF),
Figure la, a standard Erlenmeyer flask, and another that contains baffles
in it, and is thus designated the Baffled Flask (BF), Figure 1b. Five rota-
tion speeds of the orbital shaker were considered and they were = 50,
100, 150, 175 and 200 rpm. The radial and azimuthal speeds were measured
for each 2, and used to evaluate the overall water motion and to quan-
tify turbulence characteristics in each flask. It was found that the flow in
the SF is in general two-dimensional changing from horizontal at low
and to axi-symmetric at high Q (Figure 3). The flow in the BF appeared to
be three-dimensional at all & (when the results of Figure 4 are used along
with visual observation). The average speed in the SF increased slowly with
Q while that in the BF increased sharply when € reached 150rpm and
above. The spectra of the SF speeds were dominated by periodicity at all
2 while those of the BF manifested a decrease in periodicity as 2 was
increased. The energy dissipation rate, ¢, in the SF decreased sharply with
depth while that in the BF was uniformly distributed throughout the flask.
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The flask-averaged ¢ in both flasks was practically the same for Q2 smaller
than or equal to 100 rpm. For higher values of 2, ¢ of the SF was in gen-
eral two orders of magnitude smaller than that in the BF. For > 150 rpm,
the Kolmogorov scale in the SF was about five times larger than that in
the BF. In particular, the sizes of the Kolmogorov scale in the BF at Q>
150 rpm approached the size of oil droplets observed at sea, which is 50—
400 0 [8, 10, 20, 38, 39]. Based on the observed three-dimensional motion,
and the Kolmogorov scale, it appears that the BF is more representative of
mixing at sea due to breaking waves than the SF.
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