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Abstract—The hydrocarbon seeps emitting buoyant bubble plumes from seafloor vents—gas flares have been
actively investigated in different regions of the World Ocean, in particular, on the Sakhalin slope in the Sea of
Okhotsk. The gas flares can be easily detected by regular echo sounders, because the scattering cross section
of a gasbubble is large. Within the gas-hydrate stability zone—for high hydrostatic pressures and low temper-
atures, methane-hydrate ice skins are formed on rising seep bubbles which are typically methane. The objec-
tive of the present study was to develop a suitable model describing rheological characteristics of gas-hydrate
shell and to analyze acoustic manifestations of such bubbles for the frequency range used in marine field

experiments.
PACS numbers: 43.30.+m, 92.10.Vz
DOI: 10.1134/81063771009060128

INTRODUCTION

During the last decade, gas flares—bubble plumes
of methane (CH,) rising from the seabed into the
water column were detected and actively investigated
on the Sakhalin slope in the Sea of Okhotsk [1—5].

The persistence of methane gas bubble plumes in
the ocean rising as much as hundreds meters in the
water column is remarkable because the ocean is
under-saturated in methane, and the bubbles should
quickly dissolve. A probable explanation was proposed
by Merewether et al. [6] who inferred that the bubbles
were protected by a coating of oil or gas hydrate. The
latter was suggested to cause the reduced shrinking
rate of methane gas bubbles. Gas hydrate is an ice-like
solid that results from the trapping of methane mole-
cules—the main component of natural gas—within a
lattice-like cage of water molecules. Gas clathrates
(conventionally named gas hydrates) are crystalline
solids, in which small non polar molecules (in this
case—methane molecules) are trapped within a lat-
tice-like cage of water molecules. The regimes of a
hydrate skin formation on methane bubbles and
dynamics of dissolution of such encapsulated bubbles
have been the subjects of laboratory [7], as well as field
[8] experiments.

Different types of echosounding systems were used
during the experiments on the Sakhalin slope in the
Sea of Okhotsk. However, most of the acoustic data
were obtained for the systems operated at the frequen-
cies of 12 and 19.7 kHz. Sonar proved to be of use for
imaging these bubble plumes in the water column, and
aided in locating and sampling of vent sites. Acoustic
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techniques allow the efficient location of the upper
boundary of gas flares.

The dissolution rate of rising bubbles is controlled
by partial pressure difference, sea water concentra-
tion of the dissolved gas, bubble size, and rise veloc-
ity. The formation of hydrate shells on gas bubbles |9,
10] can relate the observed difference in the vertical
sizes of the acoustic plumes and the upper limit of the
gas-hydrate stability zone (GHSZ). The gas hydrate
skin will dissolve soon after the bubble rise above the
stability zone and the subsequent methane flux from
the bubble into the surrounding seawater increases
considerably.

Figure 1 shows an example of the comparison of
the height of the acoustic backscatter image of the gas
flare at the frequency of 12 kHz and the upper bound-
ary of the gas hydrate stability zone. The position the
upper boundary of the stability zone has been evalu-
ated on the basis of the method proposed in [9] for
pure methane gas using the temperature profile taken
at the seep site [3]. Acoustical observations have been
made by Salomatin [4, 5] and we express him our grat-
itude for the possibility to use the echogram in our
study. From this figure, it follows that there are corre-
lations between the vertical size of the GHSZ and the
height of gas flare determined on the base of the acous-
tic backscattering image. At the same time, this issue
requires more detail investigation. In order to find the
solution of this problem, the behavior of the bubbles
coated by hydrate skin should be determined. In par-
ticular, one should analyze the peculiarities of their
interaction with acoustical pulses transmitted by
sonar. The preliminary results of this study have been
presented at the RAS session [11].
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Fig. 1. Relationship between the height ofthe acoustic backscatter images and the upper boundary ofthe gas hydrate stability zone

for the Obzhirov seepage.

The purpose of the present study was to develop a
suitable model describing rheological properties ofthe
hydrate shell. Such a model should be applicable fora
wide range of various shell structures which include
both a thin layer ofice and essentially more thick snow
or pancake layer. A solution to the problem ofacousti-
cal pulse scattering from such encapsulated bubble
should reveal prominent features on which basis it
would be possible to make the conclusion regarding the
presence (or absence) ofthe hydrate shell on the rising
bubble. Along with the conventional (active) methods
ofbubble detection within the plume, the development
of passive methods ofanalysis is of a definite interest.
To characterize acoustic emission of oceanic bubbles,
very picturesque expressions are used: “their birthing
wails” [12], “seep bubble music” [13], etc. Thus, to
find out the characteristic features ofbubble emission
attributed to the presence ofthe hydrate shell was also
an objective ofthe present study.

SCATTERING FROM THE BUBBLE
IN CONSOLIDATED SHELL

In orderto analyze acoustic scattering from encap-
sulated bubble, we w ill use a clear similarity between
acoustic manifestations of the hydrate shelled bubble
and ultrasound contrast agent— microbubble whose
surface is occupied by lipid or polymer molecules
forming a shell and whose scattering signature provide
a method ofenhancing effectiveness ofmedical ultra-
sonic diagnostic [14—19]. The approximations based
on the smallness of the bubble size R in comparison
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with the wavelength X of the probing acoustical pulse
are traditionally used in all works devoted to the prob-
lem ofultrasound scattering from contrast agents. The
approximation ofthe incompressible shell being satis-
fied for the rubber like media, where sound speeds of
the longitudinal and transversal waves are markedly
different and where it is assumed that R < X. However,
for the rheological characteristics ofthe hydrate shells,
the elastic modulus ofwhich are very close to ones of
the common ice and the modulus ofshear p coincides
on the order ofmagnitude with the bulk modulus K, the
approximation ofincompressible shellis inapplicable.

In fact, for the given condition R < X, the behavior
ofthe shellis described by the quasi-static equilibrium
equation— the biharmonic equation [20]:

AAU = O, )

where u—is the displacement of the shell element
during deformation. Since the problem assumes
spherical symmetry, the displacement vector is
directed everywhere along the radius and depends upon
the radial coordinate r only. Therefore [V x u] = 0, and
Eq. (1) reduces to Vdivu = 0. Its solution has the form

1d(r ur-
r2 dr

divu const = 3a

()

b
ur ar 41—2,
r

where a and b are constants to be determined from
boundary conditions. It is justified to neglect deforma-
tionsleading to com pressibility ofthe shellmaterial— the
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term containing the multiplier a, only in special cases, for
example, for the rubber like media. On this reason, even
though following the approach proposed in the papers
[14—19], we need to present the details of calculation
accounting for the corrections arising at p1/K ~ 1.

The linear problem of scattering of plane sound
wave P(r, 1) = p,,cos(kz — o?) (here o is the frequency,
k= o/c; is the wave vector, ¢; is the sound speed in lig-
uid, and p,, is the amplitude of the wave) from a bubble
of radius R coated by visco-elastic shell of thickness #
has an exact, but very cumbersome solution [21]. On this
reason, we should use ad initial a number of approxima-
tions adherent to the problem. Based on currently avail-
able optical and acoustical data on the distribution of
bubble sizes generated by marine seeps [13, 22], a crude
model for this distribution can be used. It has a bell-like
shape and is centered at R ~ 2.5 mm in the space of sizes.
In the same time, the working frequencies of ship-board
and research echosounding systems used for imaging
these gas flares are in the frequency range from 3.5 till
hundreds kHz. Thus, the wave length of imaging signals
inwater is always greater then bubble sizes. Moreover, the
consideration of far-field (scattering amplitude) data is of
interest. Therefore, we can take into account only the
monopole component and neglect the contributions of
higher multipoles. The solutions of the Helmholtz equa-
tion in liquid (L) and gas (G), and equations of the elas-
todynamics in shell (S) can be written in the form
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where j,(kgr), h ,51) (kpr), y,(kpr) are the spherical Bessel
functions (here the index P takes values: L—for lig-
uid, G—for gas, [—for the longitudinal wave numbers
in the shell); P,(cos3) are the Legendre polynomials;

. . G LS
the spherical coordinates (r, 3, o) are used; u, and

Pe, 1, sare the radial displacements and density of the
media in the bubble, in the outer liquid and in the
shell; ,,is the radial component of the stress tensor;
Kand p are the modulus of compression and shear;

cl2 = (K + 41/3)/ps is the speed of longitudinal
waves in the shell. Owing to the symmetry of the

problem, the oscillation displacements are directed
along the sphere’s radius and have a single compo-

G LS . .. . .
nent u, . Moreover, since vorticity vanishes in

this case [V x u] = 0, transverse oscillations are not
excited in the shell.

The constants a,, b, c,, d, are determined from the
conditions of continuity of the radial displacement
and the stress at the interfaces between the shell and
gas ¥ = R, and the shell and liquid » = R + A. By per-
forming direct calculations, the scattering amplitude
from the bubble covered by hydrate shell f; = —iay/k;
can be worked out in the following form

2

‘fO = _R 9 203 ) )
o —Qy(1-ik;R) )
2 h 1 2.1
Qy = (3 P, +12 ——) R .
0 Y£ MR1+4},L/3K(pL )

In derivation of this Eq. (4), we assumed that the

behavior of the gas core is polytropic cé = YPyu/Ps
where P, is the equilibrium gas pressure in the bubble,
v is the polytropic index. For given conditions, the ine-
quality 2 << Ris fulfilled with a large stock, thus allow-
ing one to neglect the inhomogeneties of deformations
and stresses within the shell. Equation (4) is distin-
guished from those that are used for description of
scattering from contrast agents [17] by co-factor (1 +
4u1/3K). For rubber like shells |1/K <€ 1, and in this case
Eq. (3) takes the usual form [19]. However, for the
hydrate shells, the elastic modulus of which are very
close to ones of the common ice (K~ 7.5 x 10° Pa, pu ~
3.5 x 10° Pa), [23] the correction factor should be
accounted.

In considering scattering from consolidated shell
(4) we did not account dissipative effects in liquid,
shell and gas. This approximation is justified, since the
zone of stability for gas-hydrates is located at depths in
hundreds meters and high hydrostatic pressure in tens
atmospheres provides that the dominant mechanism
of losses near the resonance (jo — Q,|/Q, <€ 1), where
they should only be accounted, is the radiation damp-
No. 6
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ing. This type oflosses has been accounted in deriva-
tion of Eq. (4).

Another peculiarity, that distinguishes cardinally
the behavior of the scattering amplitude (4) from
one for the conditions ofthe laboratory experiments
with contrast agents, is the high equilibrium pressure
in the bubble, which is near hydrostatic Ph(z) =

Ph(0)(1 + z/H), (Ph(0) - 105Pa, H - 10 m), large, and
varies with the depth z.

Figure 2 illustrates the variation of the back-scat-
tering cross-section

= ANR2Q4[(1- a 22+ (R/cL)2-1,
g =10/q0

with the driving frequency for the frequency rangef =
t0/2qa: 3.5—135 kHz used at the field experiments on
the Sakhalin slope in the Sea of Okhotsk, and for the
interval of bubble sizes R: 0.1—5 mm. The values of
physical parameters required to calculate the cross
section (5) were chosen as follows: the sound speed in
water was set equal to cL = 1453 m/s, the depth was
taken to be z= 500 m, the shell has thickness h = 2 pm,
the bulk modulus K and the shear modulus p were
taken tobe K = 7.5 x 109Pa and p = 3.5 x 109Pa. The
results presented above have been based on the values
of the elastic modules measured at laboratory condi-
tions for the pure mono-crystal samples which are very
close to the values for common ice [23]. The thickness
of the hydrate layer h is the parameter which value is
not reliably known. According to the laboratory obser-
vations [8], the optical properties of the hydrate layer
on the bubble are similar to that of aluminum powder
with crystallites seems to be of the order of a few
microns. The calculations have been carried out
within the wide range ofthe thickness, but for illustra-
tion (Fig. 2), ithas been chosen equalto h= 2 pm cor-
responding to experimental conditions [8]. As it fol-
lows from formula (5) and Fig. 2, the character ofscat-
tering from a bubble with size smaller than 1 mm is
already affected by the presence ofa thin hydrate shell
(one order of magnitude smaller than thickness of
human hair). The maximum scattering cross section,
corresponding to the resonance condition Q = 10 /a0= 1,
does not follow the curve fR = 3.26 in a plane of
parametersf (in kHz), R (in mm) as it occurs for a
common bubble near the sea surface, but has the fol-
lowing asymptotic behavior in the range of the small

sizes and high frequenciesfR32 = (12ph)12pL12(1 +
4p/3K)-1/2. Note, that the quality factor of the bubble
ceases to depend on the depth, since the radiation
damping is now determined by the difference in
impedance characteristics of shell and liquid, which,
unlike of gas, are very weakly varied with the hydro-
static pressure.
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Fig. 2. The variation of scattering cross-section normal-
ized on the bubble area (a”/4nR?2), with driving frequency
f = w/2u (in kHz) and bubble radius R gn mm) at the
depth 500 m. The shell has thickness h = 25 pm and the
shear modulus is equal to p = 35 GPa.

The gas-hydrate shell is formed in a few minutes [9]
in natural conditions, however, within several seconds
a seep bubble formed at the seabed will become cov-
ered by a layer of surface active substances. This means
that the shell will contain a large number of impurities
and defects, thus, as in the case of usual sea ice, the
values ofthe elastic modulus can decrease on an order

ofmagnitude K - 6.5 x 108Pa, p - 3 x 108Pa [23].

SHELL RUPTURE

In evaluating the scattering cross section (Fig. 2),
we neglected the difference between hydrostatic
pressure Ph(z) and gas pressure in the bubble Pg0. This
approach isjustified at the stage not too far away in
time from the moment when shell formation is fin-
ished. Decreasing of hydrostatic pressure acting
upon awall ofthe rising bubble will lead to the differ-
ence between internal Pg and external Ph(z) pres-
sures, therefore the condition of mechanical equilib-
rium for the shelled bubble requires an additional
research.

Let at the depth zOthe bubble is in equilibrium state:
P@ = Ph(z0. The internal and external radiuses of the
shell are R10 and R20, correspondingly. Note, that the
shell is deformed at this state: RO —R2- RI0—R k=
—R10(Ph(z0)/3K), where R2 and RZeare the equilib-
rium radii ofthe nondeformed shell [15, 19]. Param-
eters of the state at the depth zi ((z0—zi)/z0 1) are
defined by an equilibrium condition within phases
and a continuity of pressure and displacement on
interface surfaces. According to [20], the stretching
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stress in the shell at the depth z; will be defined by the
expression (2), where
3 3
3K(R, — Ry)

R\ R -R
P, = PgO(ﬁ) zPh(Zo)(l —3“/%)),

10

_ (P~ Pyz))RIR;

b
3 3
4u(R; - Ry)

u(R)) = Ri— Ry, = (R, —Ryp) + (Ryy—Ry,),
U(Rz) = Ry—Ry = (RZ_R20)+(R20_R2e)'

After introducing dimensionless variables

E=(R —Ry))/Ryy, M=(R,—Ry)/Ry,
T=(Ry— Ryo)/ Ry,
which, under our assumption, are small parameters,

and expanding deformations in a series in these vari-
ables to a first order accuracy, we obtain

g = [P(z0) — Pp(z1) — 3y P(20)E]

9K(t+n-§)
+ [Py(z0) — Py(zy) — 37Pu(20)E] _ (Py(z1) — Pi(z))
R2u(t+n-%8) 3K ’
_ [Pi(z0) — Pi(z1) = 37P4(2y)€]
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Whence it follows, that in the main order these vari-
ables are defined by the following equations

[Pz - Poa)(1+ 2)

n=¢& &= :

[Qm + 3YPh(Zo)(1 + ;‘:—KH

The parameters @ and b defining the stress and strain
values within the shell at the horizon z; take the form

a(zy) = 1 —P(z) + 4n[Py(z) - Py(z))] ’

3K 4p
[IZMI + SYPh(ZO)(l + 3K):|

b(z,) = [P4(20) = Py(z)] Ry .
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Tensile strength of ice is near 10° Pa. The stretching
stress in the shell is defined by the following expression

G5 = Ogq = 3Ka + Z_L;b ~—Py(z))
r

OU[Py(2) — Py(z1)]

[Qm + 3'YPh(ZO)(1 + g_]@}

Therefore, rising over the distance

3vyPyzy+ H( 4“):|
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the shell will rupture. The values of physical parame-
ters required to evaluate (6) were chosen as follows:
Zo=500m, A =2 pm, R;;=2.5mm, K~ 6.5 x 10% Pa,
and p ~ 3 x 10% Pa (dirty ice) [24]. Substituting these
into (6) yields (z, — z;) ® 9 m. Thus, during the main
time on their way to the boundary of gas-hydrate sta-
bility zone, the shell represents pancake ice. There-
fore, along with the model of the consolidated layer
considered above, rheological properties of which are
defined by Kelvin—Voigt model, there can be more
appropriate to use the model of unconsolidated
medium that is a layer of snow.

SNOW SHELL

The rheological properties of snow and ice (under
nondestructive loading) are described in terms of the
Burgers model [25—27]. This model involves a linear
relation between stress (and its first derivatives with
respect to time) and strain (together with its time
derivatives). There are strong experimental evidences
that this model applies only to the dissipation of the
shear energy, i.e. the stress and strain tensors in the
Burger model are the deviatoric tensors. It is assumed
that there is no dissipation of the compression energy,
i.e. the traces of stress and strain are related by a tradi-
tional way:

c; = (K/3)uy, 7

by the bulk modulus K. When writing this formula (7),
the usual convention of implicit summation over
repeated indices has been adopted. The relationship
between the deviatoric components of the stress and

strain tensors c; = o; — (1/3)d,0u4, u; = uy; —
(1/3)8 4 is used to determine the Burgers model

)+ (“—M+ Har M—?c’s;j+ Eube s,
My Mx M MMk

MyMg ..
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)
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where the dots denote first and second time derivatives.
The parameters entering into this equation are shear

modulus and viscosity L, 1, for the Maxwell unit &;;

+ (W/Mu) S = Myt (which we used earlier to

describe properties of the gas-hydrate shell [4], see also
[14, 19]), and shear modulus and viscosity L, Ngforthe
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Kelvin—Voigtunit 6;; =2ugu;; + 2ngi); . These are two
limiting cases of the Burgers model. Thus, equation (8)
represents the four-parametric approximation for esti-
mation of rheological properties of snow.

'

For periodic external forcing o; , u; ~e ', calcu-
lations in the Burgers model (8) are reduced to

Gi'j(o‘)) = zr’LM(O‘))ui'j(o‘))a
c(w) = KSijull"'zﬁM(w)(uij—(l/:S)Sijull)a %)

1+i/(o0tg)

(o) = p

where, for convenience, the relaxation times 1, =
Na/ M Tk = Nx/ Mk have been introduced.

The experimental determination of the parameters
of the Burgers model is carried out under conditions
which make it difficult to separate the contributions of
purely shift and bulk deformations. On this reason, the
results of measurements, as a rule, are Young’s modu-
lus and Poisson’s ratio. The vast majority of the data
refer to dry snow. Over the density range p ~ 0.3—
0.6 g/sm’, the real part of Young’s modulus F,,
obtained on the basis of measurements of propagation
rate of acoustic impulses varies from 2 x 107 to 2 x10° Pa
with variation of Poisson’s ratio ¢ from 0.2 to 0.3, cor-
respondingly. The coefficient of viscosity 1,, changes
from 2 x 10° to 107 Pa over the same density range [25—
27]. The elastic bulk modulus K,,= F,,;/3(1 — 2c) and
the shear modulus y,, = F,,/2(1 + ) may thus vary
between the following limits: 1.1 x 107 < K< 1.7 x 10° Pa,
8.3x 106 << 7.7 x 108 Pa.

The dependence of Young’s modulus and coeffi-
cient of viscosity on snow microstructure: the charac-
ter of the basic structural units, the geometrical
arrangement of the structural units and the pore
spaces, the nature of the bonds between the structural
units is not so strong as its density dependence and
corresponds to variation over a few times, instead of a
few orders of magnitude [28, 29]. Bonds between ice
crystallites and contact pressure, which is the main
parameter characterizing bonds, decreased in wet
snow. As a result, the ability of material to resist shear
stress decreases, and the effective shear modulus can
be of about one order magnitude smaller than the
given values.

For the frequency range of interest in the current
study 10—40 kHz, the Maxwell relaxation time t,, =
N/l considerably exceeds the period of oscillation
0.013 <14,<0.024 s. It is therefore possible to neglect
in the leading order the term 1/(wt,,) in formula (9)
for the effective shear modulus. The Kelvin—Voigt
relaxation time Tx = Mg/l is significantly shorter.
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M+ i[1/(0ty) + (1+ my/10)/(01)] - 1/(0t)(01,)

According to [26], its value lies within the interval
1073 <1< 10 3s and is of the same order of magnitude
as the dielectric relaxation time in a single ice crystal-
lite, thus in this case, 1/(w1g) < 1, and for a rough esti-

mate it is possible to put [, () = .

For a considered case of linear oscillations and for
periodic external forcing, calculations in the Burgers
model are reduced to the expression (4) provided the
shear modulus p,, is changed to renormalized one.
Figure 3 illustrates the behavior of the scattering cross-
section as a function of equilibrium radius and fre-
quency. The values of other physical parameters were
the same as used for calculation of Fig. 2 with two
exceptions: the thickness of the shell was set equal to
A =25 pm and the shear modulus was taken equal to
Ly = 20 MPa. This value 1), corresponds to rigidity of
not consolidated shell (wet snow). We did not account
dissipative effects in the shell due to the smallness of its
thickness and large depths where gas hydrates can only
exist. In this case, the radiation damping of the bubble
is the dominant loss mechanism. The rate of mass
transfer is enhanced significantly in non-consolidated
shell, since this process is not limited by a very slow
diffusion of methane molecules to the external surface
and water molecules to the internal surface of the gas
hydrate shell. Accordingly, the thickness of the shell
can be larger, therefore, for the estimation, we have
chosen the value # = 25 pm.

Comparison of the scattering cross sections (Figs. 2
and 3) shows that the choice of the model of the shell
is most important for the range of the small bubble
sizes and to a lesser extent affects the character of scat-
tering from larger bubbles for which the dominating
factor is the compressibility of gas, instead of elasticity
of shell. One should emphasize that presence of the
shell affects the character of the scattering only for
near resonant bubbles. For smaller bubbles the scatter-
ing follows to the Rayleigh law and they are irresolv-
able in the back scattering. The scattering cross section
of greater bubbles is defined by their geometrical sizes.
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Fig. 3. The variation of scattering cross-section normal-
ized on the bubble area (a"/4nR2), with driving frequency
f = w/2n (in kHz) and bubble radius R (in mm) at the
depth 500 m. The shell has thickness h = 25 pm and the
shear modulus is equal to p = 20 MPa.

SOUNDS PRODUCED
BY BUBBLES AT SHELL RUPTURE

Till now, we only considered the acoustic manifes-
tations of the hydrate shelled bubbles by using active
methods, which mean the transmitting and receiving
the scattered signal. However, bubbles at the birth and
during their rise to the surface can produce sounds by
itself and, thus, allow to use the passive methods for
diagnostics of gas flares. For the free bubbles (without
shell), the noise spectrum emitted by marine hydro-
carbon seeps was a subject both theoretical [30], and
experimental studies [13]. The specific mechanism of
acoustic emission attributed to the shelled bubble is
realized at the moment of shell rupture. The subse-
quent radiation of the energy which was accumulated
in the compressed (in comparison with external
hydrostatic pressure) gas is accompanied by cavity
pulsations. This mechanism is similar to one used in
pneumatic seismic sources—air-gun [31] and is real-
ized at underwater explosions [32].

The thin shell can sustain only some bars (some
tens meters ofrising) (Pg(R) —Ph(z))/Ph(z) ~ 1, there-
fore pulsations of the released cavity at the depth in
hundreds meters will not be of a large amplitude. For
the same reason the velocity of the bubble wall during
the initial moment ofshell rupture (after occurrence of
cracks expanding over the shell) is essentially less than
the sound speed in the surrounding liquid. As a result,
we can neglect nonlinearity in the equations of state
and conservation of mass for the liquid phase, and use
the Rayleigh equation for the description of the
dynamics ofa cavity disengaged from the shell [32]

rr +3R2 = [p*-Phiz)- +RpR,
2 pL pLQL
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herep(R) is the pressure on the liquid side ofthe cav-
ity wall. One can not use the model ofincompressible
liquid in the derivation ofthe initial conditions to this

equation. For this reason, the values of R(0) and
p(RO, 0) are determined from the so-called p—u dia-
gram [32].

After the shell has ruptured, a contact discontinuity
is generated at the cavity interface where the pressure
on the gas side of the interface is equal to Pg(R0) and
that on the liquid side is Ph(z). The contact disconti-
nuity decays into the compression shock wave
launched in the liquid and the rarefaction wave prop-
agating in the opposite direction—in the gas. The
pressures in the liquid before and behind the shock-
wave front are Ph(z) and p 2, respectively. The pressures
in the gas before and behind the rarefaction front are
Pg(RO) and p2. We consider a short time interval after
the discontinuity decay over which it is possible to
neglect curvature ofthe interface and to analyze a one-
dimensional problem. Liquid and gas flow rates at the
interface coincide with the velocity of the moving
interface u2.

The presence of Riemann invariants for simple
wave equations of one-dimensional motion allows to
determine, on the base of the given equations of state
for liquid and gas, the jumps of the particle velocity,
density and pressure across the front ofthe shock wave
in the liquid and the front of the rarefaction wave in
the gas. The velocity of the contact discontinuity on
the liquid side is given by [32]

Hzgp-~ph@-
P1CiI

(10)

where we restricted analysis to the first order approxi-
mation in the Mach number. The velocity of the con-
tact discontinuity on the gas phase side has a similar
form

WP Pg<R») -p 2.
pGG

(11)

The continuity of pressure and particle velocity
across the contact discontinuity after its decay, which
leads to equality of the right hand sides of Eqgs. (10)
and (11), solves the initial conditions problem. Since
the impedances of liquid pLcLand gas pGGdiffer sig-
nificantly, the initial pressure on the liquid side of the

cavity p(RO, 0) and the velocity of the interface R (0)
are given by the following simple expressions

R(0) = W- Pg(Rci)- Ph(z), p(RQ 0)p Pg(RO).
P1G

For the difference between external and internal pres-
sures in a few bars (Pg(RO) —Ph(z)) = (1—3) x 105Pa
leading to shell rupture, the initial velocity gained by
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the bubble wall is R (0) ~ 7—20 cm/s, which coincides
in order of magnitude with the bubble rise velocity.

There are two circumstances: relatively low pres-
sure (P(R) — Py(2))/P(2) < 1required to rupture the
shell and small initial velocity of the bubble wall
R(0) < Ry, [(P(Ry) — Py(@))/prec]l < 3vPy/pys
which enable us to describe the transition of the bub-
ble from the initial into the final state (corresponding
to the equilibrium bubble size at hydrostatic pressure
P,(z)) by use the linearized form of the Rayleigh
equation.

R+ Q(?R = (Ph_PO + RROQ@.
pr R, cr
The solution of Eq. (12) has the form
R=R_+ aeistcos(Qot— a),

R w1+ g Bt
3yPy(2) 3yP,(2)

o = f3yP§’
(144

The acoustic signal radiated by a bubble after
destruction of the shell:

12)

5 = RO /2c;.

RR(t—r/c))
L—
' (13)
= —(Py- Ph(z))%COS[QO(I— rler) - ale "

p(r,0)=p

is much more intensive, than the sounds emitted
from entrained bubbles (at the same depth d under
the sea surface) after impacting of a rain drop (or sea
splashes) a liquid surface. Bubbles entrained by rain
impact will be near a water surface, which will cause
the emission to take dipole form. The radiated pres-
sure is given by [33]

p(r,6,1) = (%F + pLgd) (z—dcose) &
0

Cr r

x cos[Qu(t—r/c;)]e o r/CL),
where 0 is the observation angle measured relative to
the surface normal, ¢ is the surface tension coeffi-
cient, g is the acceleration of free fall, the depth of
bubble formation 4 coincides in order of magnitude
with its size.

The acoustic trace following bubble injection from
anozzle in laboratory studies (as a rule, at atmospheric
pressure) has amplitude of orders magnitude smaller
[33—35] than the radiation arising after destruction of
the shell (13).

This effect—intense acoustic radiation accompa-
nying shell fragmentation—can lead to the significant
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growth of noise level near a gas flare. The gas plume
region represents an effective acoustic waveguide [30],
which provides detection of this radiation against
ambient ocean noise.

CONCLUSIONS

In the present study, definitive correlations have
been established between the upper boundary of the
gas hydrate stability zone and the heights of gas flares
detected on the Sakhalin slope. This is an argument in
favour of the formation of a gas-hydrate skin on rising
methane bubbles. Several models for prediction of
rheological behavior of gas hydrate shell have been
proposed and analyzed in a wide range of characteris-
tics: from clean ice to wet snow. The possibility to
detect the presence of a shell on the bubble wall and to
evaluate its parameters exists only if resonant scatter-
ing becomes dominant. It is shown that difference of
hydrostatic pressure in some bars destroys the consol-
idated shell. Analytical expression for the shape of the
acoustic signal radiated by a bubble after rupture of the
shell has been derived. This radiation appears intensive
enough, exceeding in orders of magnitude the noise of
a rain or “birthing wails” of the bubbles as they depart
from the vent.
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