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In this paper results of laboratory studies of damping of gravity-capillary waves due to emulsified oil films (EOF)
are presented and compared to crude oil films (COF). A laboratory method based on measuring the damping
coefficient and the length of parametrically generated gravity-capillary waves is applied to a 50% EOF and to
crude oil films. Measurements of wave damping were carried out in a range of surface wave lengths, corre-
sponding to Bragg waves of X- to Ka-band radars. The obtained dependences of wave damping coefficient on EOF

thickness have demonstrated the existence of a damping maximum at thicknesses of about 1-2 mm, and the
maximum is approximately twice the one for COF, the damping maximum for EOF is located at larger film
thicknesses than for COF. Theoretical calculations of wave damping have been performed and viscoelastic
parameters of EOF have been estimated from comparison between theory and experiment.

1. Introduction

It is well known that increased contamination of the ocean en-
vironment with hydrocarbons is associated with intense oil mining and
transportation. The contamination can appear as oil films covering vast
areas of the ocean surface. New opportunities of detection of oil pol-
lutions using satellite radar/optical techniques are widely discussed in
the literature (Alpers and Huehnerfuss, 1989; Ermakov et al., 1992;
Scott and Thomas, 1999; Gade et al., 1998; Brekke and Solberg, 2005;
Minchew et al., 2012; Migliaccio et al., 2015; Fingas and Brown, 2015;
Fingas, 2018). Satellite methods of ocean remote sensing are based, in
particular, on the surface roughness variations in the areas covered
with mineral oil films - oil slicks. Oil slicks can be seen in microwave
radar or/and optical images as dark or bright patches (the latter occur
for optical observations at low grazing angles), because of two effects:
suppression of wind waves and change of the reflection coefficient due
to oil film. The first effect is usually more important, particularly for
thin films which thickness is about 1 mm and less. Suppression of wind
waves due to surface films is determined by their physical character-
istics. The latter for monomolecular surfactant films are the surface
tension and film elasticity (Levich, 1962; Lucassen-Reynders and
Lucassen, 1970). Wave damping, as well as the surface tension and film
elasticity for films of fatty acids/alcohols, and for some polymeric
surfactants were investigated in detail in Dysthe et al. (1986),

Huehnerfuss et al. (1984), Hiihnerfuss (1986), Scott and Stephens
(1972), Pogorzelski et al. (1984) and Ermakov and Kijashko (2006).
Mineral oil/oil products spilled on water form films of finite thickness
and wave damping in the presence of such “thick” oil films is de-
termined by a larger set of parameters, which are the volume viscosity,
surface and interfacial tensions, elasticities and viscosity coefficients
(Jenkins and Jakobs, 1997). Some results on wave attenuation due to
mineral oil films and estimated film elasticity are described in
Pogorzelski et al. (1984) and Ermakov et al. (2006). More in depth
studies of wave damping due to crude oil films (COF) at different film
thickness and wave frequencies were carried out in Ermakov et al.
(1996), Henderson (1998), Ermakov et al. (2013), Sergievskaya et al.
(2016), Sergievskaya et al. (2017), Rajan and Henderson (2017) and
Sergievskaya and Ermakov (2017), and dependences of some physical
characteristics of COF on oil viscosity, thickness, temperature etc. were
investigated.

The studies (Ermakov and Kijashko, 2006; Ermakov et al., 2013;
Sergievskaya et al., 2016; Sergievskaya et al., 2017; Sergievskaya and
Ermakov, 2017) were conducted using an original method of para-
metric waves for measuring damping of capillary-gravity waves on the
water surface covered with surface films (Ermakov et al., 1996;
Ermakov and Kijashko, 2006). The method is based on the effect of
parametric excitation of standing gravity-capillary waves in a vertically
oscillating container, so-called Faraday ripples. This method gives
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much more reliable results concerning the damping coefficient values
since films are not distorted (“blown out”) due to the Stokes drift that is
usually a problem when measuring the damping for progressive surface
waves (Scott and Stephens, 1972; Pogorzelski et al., 1984). It has been
shown in Ermakov and Kijashko (2006) that the relative wave damping
coefficient (i.e. the damping coefficient normalized by its value for a
clean water surface) for films of fatty acids and alcohols (oleic acid,
oleyl alcohol, dodecyl alcohol) as a function of surfactant concentration
has a maximum in the vicinity of saturated monolayer concentrations,
while for polymer films of (poly) oxyethylene glycol (“Emkarox”) two
maxima occur (Ermakov and Kijashko, 2006), see also Scott and
Stephens (1972). Accordingly, the film elasticity retrieved when com-
paring theory and experiment was obtained as monotonically growing
and tending to some limiting values for “oversaturated” films of oleic
acid, oleyl alcohol and dodecyl alcohol. The elasticity for Emkarox
polymer films was obtained having a maximum at intermediate con-
centration values and tending to small values at high surfactant con-
centrations. Later, wave damping due to films of crude oil and some oil
derivatives was investigated mostly at small film thickness using the
parametric method and new peculiarities of wave damping and surface
tension were revealed (Ermakov et al., 2012). Namely, Ermakov et al.
(2012) reported about the existence of a maximum of wave damping for
crude oil, although the conclusion was based on rather limited volume
of data.

Physical properties of EOF such as stability, viscosity etc. have been
described in the literature (see, e.g. Fingas and Fieldhouse, 2011 and
references therein). However, characteristics of EOF, particularly, film
viscoelasticity, in application to the problem of oil slicks remote sen-
sing, were investigated insufficiently to describe quantitatively wave
damping in oil spills. These characteristics are extremely important in
the context of the problem of wind waves damping in oil spills for
correct interpretation of observations, including satellite remote sen-
sing. In particular, information about physical parameters of films used
in special remote sensing experiments is crucial for quantitative inter-
pretation of the experiments and for elaboration of the models of radar
and optical imaging of film slicks. In the most of experiments on oil
slick remote sensing (see, e.g. Hansen et al., 2016 and cited papers) the
authors operated with such “categories” of films as “plant oil”, “oil
emulsion”, “crude o0il”, “biogenic” films. There is practically no physical
meaning in this classification, since characteristics of films even within
the same category can be strongly different, being determined not only
by a chemical composition, but also by surfactant concentration or
thickness (for monomolecular films) for oil/oil derivative films, the
degree of emulsification, water temperature, volume viscosity, etc.
Accordingly, suppression of wind waves and slick signatures cannot be
characterized just by the nature of a film, and interpretation of ex-
periments in terms of such film “categories” can be ambiguous.

This paper is focused on results of extended studies of wave
damping due to EOF and comparative analysis of wave damping due to
films of crude oil “Urals” and oil emulsions prepared from the crude oil
in a wide film thickness range. The paper is organized as follows. First,
a parametric wave method used for measuring waves damping and
methodology of the measurements are described in Section 2. Experi-
mental results on wave damping are presented in Section 3 for both
bulk oil/oil emulsions and for COF/EOF. Results of theoretical (nu-
merical) analysis of wave damping due to films of finite thickness and
comparison between theory and experiment are given in Section 4.
Results finally are summarized in Section 5.

2. A parametric wave method and methodology of experiment

Laboratory measurements of wave damping in the presence of COF
and EOF were carried out using a method of parametrically generated
waves (see, Fig. 1) developed in Ermakov and Kijashko (2006) and
Ermakov et al. (1996).

The wave damping coefficient is proportional to the threshold
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acceleration Ag for parametric generation of standing gravity-capillary
waves (GCW) in a vertically vibrating container with water, so called
Faraday ripples. The Faraday ripples are excited most effectively if the
wave frequency w is equal to half the vibration frequency w,;. The
relation between Ag and the damping coefficient can be obtained when
analyzing the equation for oscillations ¢ of the water surface under the
conditions of the variable acceleration of gravity. This equation de-
duced from the basic equations and can be presented as following

dx d¢ ( Aw )

— +y—= 4+ 0?14+ —cos2wt|¢=0,

ac " w ¢ @)
where Aw = Agk%:h(kh), v denotes the damping coefficient of the os-

cillations of the water surface, h is water depth. This oscillatory system
is known to be unstable and having a growing solution if y < AT“’, while
in the opposite case the perturbations of the water surface dissipate.
When analyzing parametrically excited standing waves in a container
one should also take into account that the condition (y < AT“’) should be
fulfilled for those standing wave modes for which the boundary con-
ditions at the walls of the container are satisfied. For the case of one-
dimensional waves in a rectangular container the number of half-wave
lengths must be equal to the container length. Assuming that the
threshold acceleration amplitude Ag is small compared to the accel-
eration of gravity g, the wave damping coefficient of parametric waves
can be written as

_ Ag-k-tanh(kh)

Yoor = Aw (2)

where w = w,3/2 and k denote the frequency and the wavenumber of
Faraday ripples, respectively. The k-values can be measured using
photographs of Faraday ripples in the container.

The effective surface tension 0.4 (EST) of water covered with film
can be retrieved from the dispersion equation of linear GCW which
reads

w(k) = (gk + Ue—ﬁ-k3) tanh (kh)
2 3)
Note that o5 depends in general on the surface tension coefficients
of the “air-film” surface and of the “water-film” interface, as well as on
a parameter kd (d is the film thickness). For “thick” films (kd>> 1) o is
close to the surface tension of the upper surface only, for a “thin” film
(kd < 1) 0. tends to a sum of the surface tension coefficients of both
the surface and the interface. If there is no film on the water surface
then the EST is simply equal to the surface tension of clean water. Note
that the method is not applicable for the measuring of very large
damping coefficient values. This occurs for films with extremely high
viscoelasticity and/or for GCW of high enough frequencies, when
Ag = g and parametric waves cannot be excited.
The total damping coefficient y,, can be written as a sum of two
components, namely

Yot =7 + Yvall (4)

The first component, vy, is due to wave energy dissipation in the
viscous boundary layers beneath the surface and the interface, and
another, vy,q, due to dissipation in the viscous boundary layers at the
walls of the container. In Eq. (4) we omitted a component associated
with effects of capillary meniscus on the walls (Miles, 1991) assuming
them small. The component vy,,; was theoretically analyzed in
Henderson (1998). We consider a particular case of parametric standing
waves in a rectangular container with sides a and b. Standing GCW with
wave crests parallel to side a have wavenumbers k,, = nst/b (the integer
n is the number of GCW half-wavelengths along the side b), and y,qy
can be written in the following simplified form (cf., Ermakov and
Kijashko, 2006)

w(k)v* 2b+a
Yovall = T T

(5)
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Fig. 1. A scheme of the method of parametrically generated waves (a), and a snapshot of parametric waves on water in a vertically vibrating tank (b). The vibration

frequency is about 50 Hz.

Here v is some effective viscosity of water with film. For the case of
monomolecular films or films which thickness is small compared to the
thickness of a viscous boundary layer the effective viscosity v is simply
equal to the kinematic water viscosity v. In the opposite case when the
film thickness is larger than the surface wave boundary layer, the ef-
fective viscosity v+ is close to the kinematic viscosity of bulk oil.

The amplitude wave damping coefficient vy in the case of a very thin,
e.g., monomolecular film of an insoluble surfactant can be written in
the form (cf., e.g., Lucassen-Reynders and Lucassen, 1969)

] X
where E = F-S—;, T is concentration of surfactants on the water surface, o
is the surface tension coefficient, pis the fluid density. Eq. (6) can be
used for films which thickness d is small compared to the thickness of
an oscillatory wave boundary layer that is d < < Jv/w.

When measuring the threshold acceleration Ag at a given k, one that
is able to retrieve y and the film elasticity from Egs. (2)-(6). Note,
however, that Eq. (6) can be satisfied in general for two E-values. The
way to remove this uncertainty is to measure the damping coefficient at
several (at least, two) wavenumbers and to compare with theory. One
should emphasize that measurements at several wavenumbers are
needed for the elasticity retrieval in the case of soluble surfactant films.
Practically, however, measurements as several frequencies may not be
useful if the error of measurements is rather high.

Measurements of wave damping were carried out with a small
rectangular container of 3.8 cm in width, 11.8 cm in length and 4 cm in
height. The container was mounted on a vibration table oscillating at
selected frequencies in the range from about 20 to 50 Hz (see Fig. 1).
Each of the frequencies was chosen from the condition that a ratio of
the container length to the half wavelength is an integer and fine fre-
quency tuning was then made to find a minimum threshold excitation
value. The tuning is needed because the effective length of the con-
tainer which determines k, is a little less than the geometric length
because of meniscus.

Highly purified water passed through a set of membrane and carbon
filters was used for the experiments. The water quality was checked
when measuring the wave damping coefficient at several wavelengths.
From the measured damping coefficient the water viscosity was re-
trieved when compared to theory. The water was considered as clean if
the retrieved surface tension was close enough (within 15-20% accu-
racy) to its table value. To create oil/oil emulsion films of a given
thickness some known amounts of the substances were dropped on the
water surface. One should emphasize, however, that the film thickness
evaluated simply as a ratio of the volume of spilled surfactants to the
water surface area is in fact larger than the real thickness. This is mostly
because some uncontrolled amount of the substance is contained within
the wall capillary meniscus, which volume is difficult to estimate pre-
cisely.

In the laboratory experiments we used oil which was a mixture of
Urals and Siberian Light (the density of 860-871kg/m® and
845-850 kg/m>, respectively) which was provided by the staff of the

_ER
- (2w3v*p2)1/2

Ek

1-X+XY Y=
4pwv*

1—2X + 2X?

y = 2v*k? Re[
(6)
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Kstovo oil refinery (Nizhny Novgorod region, Russia). The COF or EOF
of different thicknesses was created on the water surface in the ex-
perimental container in two ways. The first one was to drop a given
amount using a calibrated pipette to produce a film of a given thickness.
To produce a film of another thickness the procedure was repeated from
the beginning with another amount of oil. The second way was to carry
out measurements at one thickness, then to do measurements after
addition of a calibrated amount to the previously created film, etc. We,
however, did not notice any significant difference between these two
experimental procedures. All the experiments were carried out at the
temperature of 24 °C-25 °C. The 50%-emulsions were prepared from the
crude oil using an ultrasonic dispenser with cooling, and could be
characterized as a “chocolate mousse”. The emulsion and crude oil were
stored in hermetic tanks and were spread on the water surface just
before experiment. The emulsion was quite stable and its properties
practically were not changed after a month or even longer, so one could
consider the emulsion characteristics unchanged during the period of
the experiments.

3. Results

3.1. Damping of gravity-capillary waves on the surface of bulk crude oil/oil
emulsion

Let us present results on damping of gravity-capillary waves on the
surfaces of crude oil and crude oil emulsion. The wave damping coef-
ficient values with removed damping due to walls and divided by 2k?
are shown in Fig. 2a in a wavenumber range from about 3 to 8 rad/cm.
Thus defined “effective” viscosity for pure water is presented for com-
parison, too. The “effective” viscosity values for pure water within the
error of measurements are well consistent with table values of kine-
matic viscosity of pure water at room temperatures, i.e.,
0.009-0.01 cm?/s. The “effective” viscosity of crude oil and oil emul-
sions are at least one order of magnitude greater than the pure water
viscosity, besides the “effective” viscosity of the oil emulsion is 2-3
times larger than those for crude oil at the low wavenumbers of about
3rad/cm.

The surface tension coefficient (see, Fig. 2b), which we further refer
to an “effective surface tension”, o, was retrieved from the dispersion

. . . w? (k) / tanh(kd) — gk

relation of gravity-capillary waves o5 = 8,
suring the frequency and wavenumber of parametrically generated
waves. The “effective surface tension”, EST, is practically constant for
pure water and is very close to table values of the surface tension for
pure water. For bulk crude oil and oil emulsion one can expect that g
should be constant, too, although this is only roughly valid (see,
Fig. 2b), the mean o, values are about 32-34 mN/m for both the
substances.

when mea-

3.2. Wave damping in the presence of films of crude oil and oil emulsion on
the water surface

Let us now present results of parametric wave measurements for the
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Fig. 2. Effective viscosity (a) and “effective surface tension” (b) for 50%-oil emulsion (red symbols), crude oil (black symbols) and pure water (blue symbols). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Wave damping coefficient (a), and effective surface tension (b) for film thickness 0.01 mm. Red symbols - 50% - oil emulsion, black ones - crude oil. Curves
correspond to the damping coefficient theoretically calculated according to Eq. (5) at the elasticity values 20 mN/m (black) and 40 mN/m (red). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

cases of films of crude oil/oil emulsion on water. At small film thick-
nesses the damping coefficient and the effective surface tension are
shown in Fig. 3. It is worth noting that the damping coefficient de-
creases with wavenumber in the range from about 3 rad/cm to 8 rad/
cm, and its values are not strongly different for COF and EOF. The
surface tension is nearly independent on wavenumber, and the surface
tensions for thin COF and EOF in Fig. 3b are different from each other,
for EOF the surface tension drops stronger than for COF unlike the case
of bulk oil and oil emulsion. Note, that both surface tensions in Fig. 3b
are larger than for the bulk liquids, particularly for COF.

The most interesting results concern the dependences of wave
damping and EST on film thickness (see, Fig. 4 for COF and Fig. 5 for
EOF for the case of wave frequency of 10 Hz). The damping coefficient
achieves a maximum at the film thickness values of about 0.8 mm for
COF and about 1.5 mm for EOF. The damping coefficient maximum for
oil emulsions is about twice the one for COF. At the thicknesses cor-
responding to the damping maximum, the EST dependences demon-
strate more complicated “zigzag” behavior, namely, the occurrence of a
local minimum and an adjoining maximum both for EOF and COF. One
should emphasize that the general behavior of the dependences of wave
damping on film thickness is similar at different wave frequencies (see,
in particular, our previous measurements for oil films by Ermakov et al.,
2012).

Note that films with thickness comparable to or larger than the

209

wave lengths can be considered practically as bulk substances. This is
because the orbital motion in surface waves is limited by a surface layer
with thicknesses of about wave length. As such, the relative damping
coefficient in the considered wavenumber range for EOF/COF of 5-10-
mm thickness and larger should be consistent with the damping for the
bulk crude oil and oil emulsion. Similarly, EST at large film thickness of
COF and EOF should be close to the values shown in Fig. 2.

4. Theory

The damping of short gravity-capillary waves was investigated in
the frame of a two-layer fluid model. The system consists of an upper
layer of Newtonian viscous fluid of finite thickness floating on water of
infinite depth (the latter assumption is taken for simplicity and is valid
for the studied wave frequency range). The system is described by the
continuity equation and linearized Navier-Stokes equations

Uy + Wiz =0 (@]
Ust + P/, = VU (8)
We + b /o, + 82 = v, VWL, 9)

respectively.
The kinematic and dynamic boundary conditions at the upper film
surface z = d are
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Fig. 4. Wave damping coefficient normalized by its value for clean water (damping ratio), and EST vs. film thickness for COF. Wave frequency is 10 Hz.

U+ = §+p W{- = §+t’ (10)
o (Upg + W) = B, an
b — 20 W + (04/0)8 4 = O- (12)

and at the oil/water interface z = 0 are (see, e.g. Jenkins and Jakobs,
1997)

WF =W = g_[: U+ = U_ = g_p (13)
o Uiy + Wo) + E£ = pv (U + W), (14)
p+ (p+ - ZV+W+—Z) = p_(p— - 2V_W_z) + U—g—)oc' (15)

In Egs. (7)-(15) W. and U . denote vertical and horizontal wave
orbital velocities, respectively, p . is pressure, the subindexes corre-
spond to the upper (+) and lower (—) fluids, ¢ . and & . are vertical
and horizontal displacements of liquid particles, respectively, at the
upper surface (+) and at the interface (—), g is acceleration of gravity,
p is fluid density, v . is kinematic viscosity, o .. is surface tension, E
is elasticity of films on the upper surface and on the interface, low in-
dexes z, x, t denote partial derivatives for corresponding variables.

The system (Egs. (7)-(15)) contains several physical parameters:
kinematic viscosity of material of the upper and lower layers, film
thickness d, the surface tension and elasticity coefficients for the free
upper surface and for the interface. In general, the elasticity coefficients
can be complex, e.g. for the case of a soluble film substance, thus de-
pending on wave frequency. In our calculations below, however, the

100
90
80
70
60
50
40
30
20
10

0

Damping ratio

¢

iﬁ@é

0.10 1.00
Film thickness, mm

0.01 10.00

(@

elasticities are assumed as constant values.
The solution of Egs. (7)—(15) was seeking in the form of progressive
surface waves, propagating along the x-axis

(Up, Wayeor) & (U (2), Wi (2),....)-eR5 00 (16)

The wavenumber in Eq. (16) is considered as a real value, while the
frequency w is complex which imaginary part is equal to the wave
damping coefficient. The vertical structure of the wave variables, e.g.,
for vertical velocity component, has the following form

The dispersion relation relating the frequency and wavenumber of
surface waves can be obtained from Egs. (7)—(17) in the form of the 8-th
order determinant equal to zero, when seeking a nontrivial solution for
the coefficients c; . . Some results of numerical calculations are shown
in Fig. 6, where the relative wave damping coefficient, i.e. the damping
coefficient normalized by its value for the case of pure water, and the
effective surface tension values are shown as functions of oil film
thickness as some selected parameters of the upper and lower fluids.
Fig. 6 shows that the damping coefficient can have a maximum over a
wide range of oil thickness (0.1 mm to 1 mm) and varying elasticities
from 10 to 40 mN/m. In the same range the EST values demonstrate
zigzag behavior. The mentioned peculiarities are qualitatively con-
sistent with experiment, and more detailed analysis will be given in the
next section.

Wy = ¢1.eR + e + cyiels 4 oqueiE I + k2

vz a7

80 —
70 —

0.10 1.00
Film thickness, mm

0.01 10.00

(b)

Fig. 5. Same as in Fig. 4 for oil emulsion films.
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Fig. 6. A relative wave damping coefficient (a) and effective surface tension (b) vs. film thickness for the case of no elastic upper surface and varying elasticities from
5 to 40 mN/m. Wave frequency of 10Hz, v, = 0.09 cm?/s, p, =0.85g/cm> p_ = 1g/cm® v_ = 0.0085cm?/s, 0, =30 mN/m, o_ = 20 mN/m, E, = 0.

5. Discussion
5.1. Gravity-capillary waves on the surface of bulk crude oil/oil emulsion

Let us discuss first the results on wave damping and surface tension
for bulk crude oil and oil emulsions. The obtained values of the “ef-
fective viscosity” ves = v/2k? are shown in Fig. 7. The “effective visc-
osity” for pure water in Fig. 7 is practically constant and the measured
viscosity values about 0.009 cm?/s are well consistent with the table
kinematic water viscosity values at room temperatures of 25 °C.

The “effective viscosity” for crude oil, although being slightly de-
creasing with wavenumber, can be nevertheless considered within the
error of measurements as a constant value close to 0.09 cm?/c. On the
contrary, the decrease of the “effective viscosity” with wavenumber for
EOF is larger than the error of experiment and cannot be ignored. This
result can be explained under the assumption that a thin (very likely,
quasi monomolecular) film is formed on the surface of the oil emulsion
layer. This film appears due to accumulation of the “third”, most sur-
face-active agent which is responsible for oil emulsion stability and
which comes from the oil fraction decreasing the interface tension be-
tween water and oil fractions (see, e.g. Adamson, 1982). The

1.00

0.10

Effective viscosity,cm?/s

0.01 . . . , . , :
2 4 6 8
Wavenumber, rad/cm

Fig. 7. Effective viscosity vs. wavenumber for EOF and COF (red and black
symbols, respectively). Red curves - theoretical dependences of the “effective
viscosity” for a fluid with the bulk viscosity of 0.1 cm?/s and film elasticities of
20, 30 and 40 mN/m (from top to bottom). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

assumption is supported by Fig. 2(b) which indicates that the surface
tension coefficients are practically the same for both bulk oil emulsions
and crude oil. This assumption seems to be realistic because the water
particles in the surface microlayer of the oil-water emulsion should be
covered with a film to minimize the total surface tension of the emul-
sion. Theoretically calculated “effective viscosity” dependences at dif-
ferent film elasticity values and at the oil emulsion bulk viscosity of
0.1 cm?/s are shown in Fig. 7. Comparison with the experimental values
indicates that the elasticity of a thin film presumably covering the EOF
surface varies in the range of about 20 mN/m and 30 mN/m. From a
physical point of view the existence of a quasi monomolecular film on
the oil emulsion surface may not be very surprising. An oil emulsion is a
heterogeneous fluid in which small droplets of pure water in the oil
emulsion coexist on the free surface with small oil droplets on the free
surface. Therefore, surfactants contained in the oil phase tend to cover
the surface occupied by the droplets of pure water.

Concluding one can state that crude oil and oil emulsions can be
approximately described as ordinary liquids characterized by constant
viscosity and surface tension values, with an elastic film on the surface
of oil emulsion.

5.2. Wave damping in the presence of COF and EOF

The wave damping coefficient as a function of thickness of COF and
EOF, as mentioned in Section 3, demonstrates the occurrence of a
maximum at some intermediate film thickness values. Since numerical
calculations demonstrate similar peculiarities of the damping coeffi-
cient (see, Section 4), one can try to select film parameters in order to fit
experiment and theory.

In Fig. 8 theoretical dependences of the damping coefficient and the
effective surface tension for COF, calculated with the volume viscosity
and surface tension coefficients for the upper surface and for the in-
terface taken from experiment at the surface elasticity equal to zero are
presented and compared with experiment for crude oil films. It is seen
that theory both for the damping coefficient and for EST is roughly
consistent with experiment for the interface elasticity values of 20 or 30
mN/m, although the maximum value at E = 30 mN/m is larger than
that in the experiment. One should note, however, that the location of
the maximum and of the EST zigzag corresponds to smaller thicknesses,
is up to half of the values obtained in the experiment. This discrepancy
can be explained by rather large errors of estimation of the film
thickness in experiment. The errors are associated with several effects.
The first is the concentration of some amount of oil in the wall me-
niscus; this amount was estimated using a theory for the meniscus shape
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(see, Landau and Lifshitz, 1987) under the assumption of the zero edge
angles. The overestimation of the film thickness due to the meniscus
was obtained about 20%. Another error is due to sticking of oil on the
walls of the container. According to our observations the stack oil is
contained in a layer of about 3-4 mm in height along the walls. If the
thickness of the stuck oil is about 0.5 mm, this gives us the overestimate
of COF/EOF of about 30% at the concentrations corresponding, for
instance, to the damping maximum. The third error is due to film non
uniformity. For mean film thicknesses more than about 0.3-0.5mm
some colored “patches” of larger thickness appear. According to our
preliminary estimation the thickness variations can be about 50-100%
of the mean thickness, or even larger. These estimates were based on
measuring the oil amount added on water and the area of colored oil
“patches”. One should emphasize that the “patches” do not contribute
strongly to the total damping coefficient unless the relative “patches”
area is smaller than 50% or so. More in depth analysis of wave damping
for the case of non-uniform oil films is to be presented elsewhere. Here
we assume the error of thickness estimation for COF/OEF of about
100% in total, these error bars are depicted in Figs. 8 and 9. Note that
the damping maximum in Figs. 8 and 9 occurs at film thickness com-
parable with the thickness of the gravity-capillary wave viscous
boundary layer in oil film. From the physical point of view the
boundary layers in oil film as well as in water beneath the film are
strongly modified due to elasticities of the surface and interface simi-
larly to what happens for the case of monomolecular elastic films on
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water. When the oil thickness becomes comparable to the thickness of
the boundary layer the strong orbital velocity gradients in the film are
formed thus resulting in strong dissipation and consequently in strong
wave damping. Concerning the zigzag particularity of EST one should
emphasize that the latter is not real, but effective surface tension, which
is a function of the surface/interfacial tension coefficients and wave
length and which can be clearly explained physically only in the lim-
iting cases of thick and thin films (see, above). Mathematically, the
damping maximum and the zigzag are related to the intersection of the
imaginary parts of the dispersion curves for two wave solutions (modes)
and these wave solutions will be discussed elsewhere in more detail.

Results of comparison between theory and experiment for EOF are
shown in Fig. 9. From Fig. 9 one can conclude that at the surface
elasticity of about 30 mN/m and the interface elasticity of 60-70 mN/m
the damping maximum value is satisfactorily, although not perfect,
consistent with theory, as well as the EST behavior. The main dis-
agreement between theory and experiment however is in film thickness
values that may be caused by the error of experiments (see, above).
Namely, the film thickness corresponding to the damping maximum
and the EST zigzag feature in experiment is about twice the theoretical
thickness. This conclusion is similar to the case of COF.

Now we try to use the obtained characteristics of COF and EOF to
interpret some experiments on radar probing of oil slicks using L-band
UAVSAR (see, Minchew et al., 2012; Skrunes et al., 2016). To estimate
radar contrasts — the radar cross section (RCS) damping ratio, we used a
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simple model of wind wave spectrum (Ermakov et al., 1992) in com-
bination with a Bragg model of radar backscatter from the sea surface.
Although the applicability of the Bragg model is not obvious, as it has
been extensively discussed in the literature last years (see. e.g.,
Kudryavtsev et al., 2003, Ermakov et al., 2018), it can be approximately
used for the cases of radar probing at the vertical (VV) polarization and
at moderate incidence angles of microwave radiation (Ermakov et al.,
2018; Sergievskaya et al., 2019). Then, according to Ermakov et al.
(1992) the damping ratio can be expressed as

DR = B(kbragg, usk) — 2y (kbragg, 0)
ﬁ (kbragg 5 u*) - 27 (kbragg s ﬁlm) '

(18)

where B(kpragg, u) is the wind wave growth rate, ux is the friction ve-
locity, y(kpragg, film) is the wind wave damping coefficient, which de-
pends on the surface/interface tension coefficients and film elasticities,
oil thickness and viscosity.

Theoretical dependences of the damping ratio (Eq. (18)) for the
characteristics of EOF and COF films which were retrieved above, for
small thicknesses (less that 0.1 mm) and for wind velocities ranged from
6m/s to 8m/s are shown in Fig. 10a as functions of Bragg wave
number. Results of experiments by Skrunes et al. (2016) on radar
probing of oil films using L-band UAVSAR at wind velocities pre-
sumably corresponding to the above range (in fact, wind velocity
measurements in the experiment were not perfectly co-located) are
shown in Fig. 10 for comparison. One should emphasize, that the film
thickness in the experiments by Skrunes et al. (2016) was estimated as
=~ 0.1 mm. One thus can conclude that the experiment is consistent with
theory for thin films. Another comparison has been made with UAVSAR
observations of the Deepwater Horizon oil spill of 2010 (Minchew et al.,
2012) where presumably thick, but of unknown thickness, oil/oil
emulsion films appeared on the sea surface. Model calculations for oil
film thickness ranged from 1 mm to 1 cm indicated satisfactory agree-
ments with experiment (see, Fig. 10b).

6. Conclusions

Damping of gravity-capillary waves and the effective surface tension
on the surface covered with crude oil and oil emulsion films have been
investigated in a wide range of film thickness, as well as on the bulk
crude oil and oil emulsions using an original method of parametric
wave excitation.

The kinematic viscosity and surface tension of crude oil retrieved
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from experiment are characterized as constant values, so that crude oil
can be considered as ordinary fluid. The effective viscosity of emulsified
oil films is obtained to depend on wavenumber and it is assumed that a
thin surfactant film is formed on the surface of oil emulsions.

It is shown that a strong maximum of the wave damping coefficient
occurs for films of crude oil and of oil emulsions floating on the water
surface at some film thicknesses typically in the range from 0.1 mm to
1-2 mm. The effective surface tension demonstrates rather complicated
zigzag dependence in this thickness range.

Numerical analysis of the dispersion relation for surface waves in
the presence of viscoelastic films of finite thickness confirmed the main
peculiarities of the wave damping coefficient and EST as functions of
film thickness. From comparison between theory and experiment the
main parameters of crude oil and oil emulsion films were retrieved,
particularly viscosity and elasticity, which are mostly responsible for
wave damping. In particular, crude oil films can be characterized by
interface elasticity values of about 20-30 mN/m and negligible surface
elasticity. The oil emulsion films should be described by both interface
elasticity (of about 60-70 mN/m) and the surface elasticity (of about 30
mN/m).

Detailed physical explanations of the peculiarities of wave damping
due to oil/oil emulsion films will be done elsewhere.
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