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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 gas bubble 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/S1063771009060128

IN TRODU CTIO N

During the last decade, gas flares— bubble plumes 
of m ethane (CH4) 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 m ethane gas bubble plumes in 
the ocean rising as m uch as hundreds meters in the 
water colum n 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 m ole­
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 o f such encapsulated bubbles 
have been the subjects o f 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

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 o f the dissolved gas, bubble size, and rise veloc­
ity. The form ation o f hydrate shells on gas bubbles [9, 
10] can relate the observed difference in the vertical 
sizes of the acoustic plumes and the upper lim it o f the 
gas-hydrate stability zone (G H SZ). The gas hydrate 
skin will dissolve soon after the bubble rise above the 
stability zone and the subsequent m ethane flux from 
the bubble into the surrounding seawater increases 
considerably.

Figure 1 shows an example of the comparison of 
the height o f 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 m ethod proposed in [9] for 
pure m ethane 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 of the acoustic backscatter images and the upper boundary of the gas hydrate stability zone 
for the Obzhirov seepage.

T h e  purpose o f the present study was to develop a 
su itable m o del describ ing rh e o lo g ica l properties o f the 
hydrate sh e ll. S u ch  a m odel should  be ap p licab le  fo r a 
w ide range o f vario u s sh e ll structures w h ich  in clu d e  
both a th in  laye r o f ic e  and essentially m ore th ic k  snow 
or pancake layer. A  so lu tio n  to the p roblem  o f aco u sti­
c a l pulse scattering from  such encapsulated bubble 
should  reveal prom inent features on w h ich  basis it  
w ould be possible to m ake the co n clu sio n  regarding the 
presence (or absence) o f the hydrate sh e ll on the risin g  
bubble. A lo n g  w ith  the co nventio nal (active) m ethods 
o f bubble detection w ith in  the p lu m e, the developm ent 
o f passive m ethods o f an alysis is o f a defin ite interest. 
To characterize acoustic em issio n o f o ceanic bubbles, 
very p icturesque expressions are used: “th e ir b irth in g  
w a ils” [12 ], “seep bubble m u sic” [13 ], etc. T h u s, to 
fin d  out the ch aracte ristic features o f bubble em ission 
attributed to the presence o f the hydrate sh e ll was also 
an objective o f the present study.

S C A T T E R IN G  F R O M  T H E  B U B B L E  
IN  C O N S O L ID A T E D  S H E L L

w ith  the w avelength X o f the probing aco u stica l pulse 
are tra d itio n a lly  used in  a ll w orks devoted to the prob­
le m  o f ultrasound scattering from  contrast agents. T h e  
appro xim atio n o f the incom pressib le sh e ll being satis­
fied fo r the rubber lik e  m edia, w here sound speeds o f 
the lo n g itu d in a l and transversal waves are m arked ly 
different and w here it  is  assum ed that R <  X. However, 
for the rhe o lo g ical ch aracte ristics o f the hydrate shells, 
the elastic m odulus o f w h ich  are very close to ones o f 
the com m on ice  and the m odulus o f shear p co in cid es 
on the order o f m agnitude w ith  the b u lk  m odulus K, the 
appro xim atio n o f inco m pressib le sh e ll is in ap p licab le .

In  fact, fo r the given co n d itio n  R <  X , the behavior 
o f the sh e ll is described by the q u a si-sta tic  e q u ilib riu m  
equation— the b ih a rm o n ic equation [20]:

A A u =  0, (1)

w here u— is the d isp lacem ent o f the sh e ll elem ent 
during deform ation. S in ce  the p rob lem  assum es 
sp h e rica l sym m etry, the d isp lacem ent vector is 
directed everywhere along the radius and depends upon 
the ra d ia l coordinate r  only. Therefore [V  x u] =  0, and 
E q . ( 1)  reduces to V d iv  u =  0. Its so lu tio n  has the form

In  order to an alyze aco u stic scattering from  encap­
sulated bubble, we w ill use a c le a r s im ila rity  between 
aco u stic m anifestations o f the hydrate shelled  bubble 
and u ltrasound  contrast agent— m icrob ub b le w hose 
surface is o ccup ied  b y lip id  o r p o lym er m olecules 
fo rm ing a sh e ll and w hose scattering signature provide 
a m ethod o f enhancing effectiveness o f m e d ica l u ltra ­
so n ic d iagno stic [14 —19 ]. T h e  app ro xim atio ns based 
on the sm allness o f the bubble size R  in  co m p ariso n

d ivu
1 d(r ur- 
r2 dr

const =  3 a

ur
, b ar +— ,2’r

(2)

where a  and b are constants to be determ ined from  
boundary conditions. It is ju stified  to neglect deform a­
tions leading to com pressib ility ofthe shell m aterial— the
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term  containing the m u ltip lie r a, o n ly in  special cases, for 
exam ple, for the rubber lik e  m edia. O n  this reason, even 
though follow ing the approach proposed in  the papers 
[14 —19], we need to present the details o f ca lcu latio n  
accounting for the corrections arising at p /K  ~  1.

T h e  lin e a r p rob lem  o f scattering o f p lan e sound 
wave P (r, t) =  p m co s(kz — ю?) (here ю is  the frequency, 
k  =  ю /cL is the wave vector, cL is  the sound speed in  liq ­
u id , and p m is  the am p litud e o f the wave) from  a bubble 
o f rad iu s R  coated by v isc o -e la stic  sh e ll o f th ickn ess h 
has an exact, but very cum bersom e solution [21]. O n  this 
reason, we should use ad in itia l a num ber o f approxim a­
tions adherent to the problem . Based on currently avail­
able optical and acoustical data on the distribution o f 
bubble sizes generated by m arine seeps [13 , 22], a crude 
m odel for this d istribution can be used. It has a b e ll-lik e  
shape and is centered at R  ~  2.5  m m  in  the space o f sizes. 
In  the same tim e, the w orking frequencies o f sh ip-board 
and research echosounding systems used for im aging 
these gas flares are in  the frequency range from  3.5 t ill 
hundreds k H z . Th u s, the wave length o f im aging signals 
in  water is always greater then bubble sizes. M oreover, the 
consideration o ffa r-fie ld  (scattering am plitude) data is o f 
interest. Therefore, we can take into account o n ly the 
m onopole com ponent and neglect the contributions o f 
higher m ultipoles. T h e  solutions o f the H elm holtz equa­
tio n  in  liq u id  (L ) and gas (G ), and equations o f the elas- 
todynam ics in  shell (S) can be w ritten in  the formда
Pl = Pm ^  ( 2n +  1)  i"\J„(kLr) + anh (P(kLr) ] P„(cos h )

n = 0

~  Pm \/0( kLr) +  a0h01] ( kLr)]

w here J„(kpr), h ^ 1 (k pr), y n(k pr) are the sp h e rica l Bessel 
fun ctio ns (here the in d ex p takes values: L — fo r liq ­
u id , G— fo r gas, l— fo r the lo n g itu d in a l wave num bers 
in  the sh e ll); P n(cos h ) are the Legendre p o lyn o m ials;

the sp h e rica l coordinates (r, h , a )  are used; u .’L’S and 
P G, L , s are the ra d ia l d isp lacem e n ts and d e n sity  o f the 
m e d ia in  the b ub b le, in  the o uter liq u id  and  in  the 
sh e ll; a rr is  the ra d ia l co m p o nent o f the stress tensor; 
K  and p are the m o d u lu s o f co m p ressio n  an d  shear;

2
cl =  ( K  +  4 p /3 ) /p S is  the speed o f lo n g itu d in a l 
waves in  the sh e ll. O w ing to the sym m etry o f the 
p rob lem , the o s c illa t io n  d isp lacem e nts are d irecte d  
alo n g  the sp h ere’s ra d iu s and have a s in g le  co m p o ­

nent u. L S . M oreover, s in ce  v o rtic ity  van ish e s in  
th is case [V  x u] =  0, transverse o sc illa tio n s are not 
excited in  the sh e ll.

T h e  constants a 0, b0, c0, d0 are determ ined from  the 
co n d itio n s o f c o n tin u ity  o f the ra d ia l d isp lacem ent 
and the stress at the interfaces between the sh e ll and 
gas r  =  R , and the sh e ll and liq u id  r  =  R  +  h. B y  p er­
fo rm ing d irect ca lcu la tio n s, the scattering am p litud e 
from  the bubble covered b y hydrate sh e ll f 0 =  —ia0/k L 
can  be w orked out in  the fo llo w ing fo rm

f0 = -R
ю

Ю2 -  G 02( 1 -  ikLR )

G 0 =  l 3yP0 +  12  p
h 1
R 1 +  4 p /3  K

( P lR 2 )-1

2

(4)

*  p m
1 ( kLr)
1 -  L -  +  a0 

3! 0

Pg = pm ^  (2  n + 1 )  ind„jn (kGr) Pn ( cos h )

n = 0

^m dc 1 - ( V )
3!

( 2 n +  1 ) *Ф =  - _
^ ю n = 0 

X \ bnJn ( k lr) + cJ n  ( k lr)] Pn ( cos h )

да

да

*  J m .
P s ю 2

b0 ( k r ) +  c0
k f

k_A'2-J

G, L 
ur

a rr

1 d p G- us = dd-p

P g, l ю2 dr ’ r 5 r ’

-  ( K  -  § p)  k l  Ф +  2 p ̂ ,

In  d erivatio n  o f th is E q . (4 ), we assum ed that the
2

b eh avior o f the gas core is  p o lytro p ic cG =  yP^o/PG, 
w here P ^  is the e q u ilib riu m  gas pressure in  the bubble, 
Y is the p o lytro p ic ind ex. F o r given co n d itio n s, the in e ­
q u a lity  h < R  is  fu lfille d  w ith  a large stock, thus a llo w - 

(3) in g  one to neglect the inhom ogeneties o f deform ations 
and stresses w ith in  the sh e ll. E q u a tio n  (4) is  d istin ­
guished from  those that are used for d escrip tio n  o f 
scattering from  contrast agents [17 ] b y co -fa cto r (1 +  
4 p /3 K ). F o r rubber lik e  sh ells p /K  <  1 , and in  th is case 
E q . (3) takes the u su a l fo rm  [19 ]. How ever, fo r the 
hydrate sh ells, the elastic m o dulus o f w h ich  are very 
close to ones o f the com m on ice  ( K  *  7.5 x 10 9 Pa, p *  
3.5 x 10 9 Pa), [23] the co rre ctio n  facto r should  be 
accounted.

In  co nsid erin g  scattering from  co nsolidated sh e ll 
(4) we d id  not acco u nt d issip ative effects in  liq u id , 
sh e ll and gas. T h is  ap p ro xim atio n  is  ju stifie d , sin ce  the 
zone o f sta b ility  fo r gas-hydrates is located at depths in  
hundreds m eters and h ig h  hyd ro static pressure in  tens 
atm ospheres provides that the do m inant m e ch anism  
o f losses near the resonance (|ю — |/Q 0 <  1), w here
they should  o n ly  be accounted, is  the ra d ia tio n  d am p -
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ing. This type of losses has been accounted in deriva­
tion of Eq. (4).

A nother peculiarity, that distinguishes cardinally 
the behavior o f the scattering am plitude (4) from 
one for the conditions o f the laboratory experiments 
w ith contrast agents, is the high equilibrium  pressure 
in  the bubble, which is near hydrostatic Ph(z) =  
Ph(0)(1 + z/H ), (Ph(0) -  105 Pa, H -  10 m), large, and 
varies with the depth z.

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

=  4nR 2Q 4[ ( 1 -  a 2)2 +  (юR/ cL)2]- 1,

q  = ю/ q 0

with the driving frequency for the frequency range f = 
ю/2я: 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 to be K  =  7.5 x 109 Pa and p =  3.5 x 109 Pa. 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 comm on ice [23]. The thickness 
of the hydrate layer h is the param eter 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 of the thickness, but for illustra­
tion (Fig. 2), it has been chosen equal to h =  2 pm  cor­
responding to experimental conditions [8]. As it fol­
lows from formula (5) and Fig. 2, the character of scat­
tering from a bubble with size smaller than 1 m m  is 
already affected by the presence of a thin hydrate shell 
(one order of magnitude smaller than thickness of 
hum an hair). The maximum scattering cross section, 
corresponding to the resonance condition Q =  ю /а 0 =  1, 
does not follow the curve fR  =  3.26 in a plane of 
parameters f  (in kHz), R  (in mm) as it occurs for a 
comm on bubble near the sea surface, but has the fol­
lowing asymptotic behavior in the range of the small

sizes and high frequencies fR 3/2 =  (12ph)1/2 pL1/2 (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.

aS/4nR2 
80­

60 -

40 - 

20

50 

f ,  kHz
100 R, mm

150 0

5

Fig. 2. The variation of scattering cross-section normal­
ized on the bubble area (a ̂ /4nR2), with driving frequency 
f  = ш/2и (in kHz) and bubble radius R (in mm) at the 
depth 500 m. The shell has thickness h = 2.5 pm and the 
shear modulus is equal to p = 3.5 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 of the elastic modulus can decrease on an order 
of magnitude K -  6.5 x 108 Pa, p -  3 x 108 Pa [23].

SHELL RU PTU RE

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 is justified at the stage not too far away in 
time from the m om ent when shell form ation is fin­
ished. Decreasing o f hydrostatic pressure acting 
upon a wall of the rising bubble will lead to the differ­
ence between internal Pg and external Ph(z) pres­
sures, therefore the condition of m echanical equilib­
rium  for the shelled bubble requires an additional 
research.

Let at the depth z0 the bubble is in equilibrium state: 
Pg0 =  Ph (z0). The internal and external radiuses of the 
shell are R 10 and R20, correspondingly. Note, that the 
shell is deformed at this state: R20 — R2e -  R10 — R1e =  
—R10(Ph(zo)/3K), where R2e and R1e are the equilib­
rium  radii of the nondeform ed shell [15, 19]. Param ­
eters o f the state at the depth zi ((z0 — zi)/z0 1) are
defined by an equilibrium condition w ithin phases 
and a continuity o f pressure and displacement on 
interface surfaces. According to [20], the stretching
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stress in  the sh e ll at the depth Z1 w ill be defined b y the T e n sile  strength o f ice  is near 10 6 Pa. T h e  stretching
expression (2 ), w here stress in  the sh e ll is defined b y the fo llo w ing  expression

a = R  3 Ря -  r 2 Ph (z  1 ) b =

3 K (R 23 -  R j3)

Pg = Pg0 ( R f *  Ph( Zo)

(Pg -  P  (Zi)) R  3 R23
4 p( r 2 -  Rj )

a SS =  a aa =  3 Ka +  — T  ~  - P h( Zi) 
r

+ 6 и [ Ph (Zo ) -  Ph (z  1 ) ]

12  px +  3Y Ph (Zo) ( 1 +  4KK)

U ( R 1) =  R 1 -  R 1e = ( R 1 -  R 10 ) +  ( R 10 -  R 1e ) ,

U(R 2) =  R 2 -  R 20 =  (R 2 -  R 20 ) +  (R 20 -  R 2e) ■

A fte r in tro d ucin g  d im ensionless variables

5 =  (R 1 -  R 10) / R 10, n  =  (R2 -  R20)/ R20 , 

t  =  (R20 -  R 10) / R 10,

w h ich , un d er our assum ption, are sm all param eters, 
and expanding deform ations in  a series in  these v a ri­
ables to a first order accuracy, we obtain

5 =  [ Ph (Z0 ) -  Ph (Z 1 ) -  3 YP h(z0 ) 5 ]
9K (t  +  n  -  5)

+  [ P„ (Z0 ) -  Ph (Z 1) -  3 Y P„ (Z0 ) 5 ] (P h (Z1 ) -  Ph (Z0) )
1 2 р (т  +  n -  5 ) 3K

n =  [ P„ (Z0 ) -  Ph (Z 1) -  3 YP h (Z0 ) 5  ]

9K ( t  +  n  -  5)

+  [ Ph (Z0 ) -  Ph (Z 1) -  3 YPh (Z0 ) 5 ] (P h (Z1 ) -  Ph (Z0) ) ■ 

1 2 р (т  +  n  -  5 ) 3K

W hence it  follow s, that in  the m a in  order these v a ri­
ables are defined b y the fo llo w ing equations

[ Ph( Z0) -  Ph( Z1) ] ( 1 +  4kk)  

n  =  5 , 5 = ------------------------------------------------------■
1 2 p t  +  3 YP h (Z0) ( 1 +  4KK)

The re fo re, risin g  over the d istance

3y  P 0 Z0 +  H
(Z0 -  Z1 ) >  2(Z0 +  1 1 H) t  +

12p H 1 + 4h)3K)J
, (6)

the sh e ll w ill rupture. T h e  values o f p h y sica l param e -  
ters req uired to evaluate (6) were chosen as follow s: 
Z0 =  500 m , h =  2  p m , R 10 =  2 .5  m m , K  ~  6.5 x 10 8 Pa, 
and p ~  3 x 10 8 Pa (d irty  ice ) [24]. Sub stituting these 
in to  (6) y ie ld s (z 0 — Z1) ~  9 m . T h u s, during the m a in  
tim e on th e ir w ay to the bo und ary o f g as-h yd rate sta­
b ility  zone, the sh e ll represents p ancake ice . T h e re ­
fore, along w ith  the m odel o f the co nsolidated layer 
considered above, rh e o lo g ica l properties o f w h ich  are 
defined b y K e lv in —Voigt m o del, there can  be m ore 
appropriate to use the m o del o f unco nsolid ated  
m e d ium  that is a la ye r o f snow.

S N O W  S H E L L

T h e  rh e o lo g ica l properties o f snow  and ice  (under 
nondestructive lo ad in g ) are described in  term s o f the 
Burgers m odel [25—27 ]. T h is  m odel involves a lin e a r 
re la tio n  between stress (and its first derivatives w ith  
respect to tim e) and stra in  (together w ith  its tim e 
derivatives). T h e re  are strong exp erim ental evidences 
that th is m o del app lies o n ly  to the d issip a tio n  o f the 
shear energy, i.e . the stress and stra in  tensors in  the 
Burger m odel are the d eviato ric tensors. It  is assum ed 
that there is no d issip a tio n  o f the com pression energy,
i.e . the traces o f stress and stra in  are related b y a tra d i­
tio n a l way:

a ,  =  ( K /3 ) u „  (7)

T h e  param eters a and b d efin ing the stress and strain  
values w ith in  the sh e ll at the h o rizo n  Z1 take the form

a fe ) 1
3K

4 p [P h (Z 0) -P h ( Z i) ]  

12 p T  +  3y  Ph( Z0) ( 1 +  ^K^

b (Z1)
[ Ph (Z0) -  Ph (z 1 ) ] R 10 

1 2 p t  +  3 YP h (Z0) ( 1 +  I K

b y the b u lk  m odulus K . W hen w ritin g  th is fo rm ula (7), 
the u su a l co nventio n o f im p lic it  sum m ation over 
repeated in d ice s has been adopted. T h e  re latio n sh ip  
between the d eviato ric com ponents o f the stress and 

stra in  tensors a j  =  ay — (1/3 )5 ,-/стЙЬ uj  =  Uy — 
( 1 / 3)8 j ukk is used to determ ine the Burgers m odel

a  'y+ p ^  . p ^  p K| •. . p ^ p r  ,
—  +  —  +  — )a  iy + ----------a y
Пм nK n K  Пм nK

=  2 p m u iy + p M~p J- U
П м  nK

iy’

(8)
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w here the dots denote first and second tim e derivatives. 
T h e  param eters entering into  this equation are shear 

m odulus and visco sity  pM, nM for the M axw ell u n it o  j  

+  (pM/n M) o j =  2 pMUj  (w hich we used earlier to 
describe properties o f the gas-hydrate sh ell [4], see also 
[14 , 19 ]), and shear m odulus and v isco sity  pK, n K fo r the

K e lv in —Voigt u n it o j =  2p Ku;j  +  2цк й j  . These are two 
lim itin g  cases o f the Burgers m odel. T h u s, equation (8) 
represents the fo ur-p aram etric approxim ation for esti­
m ation o f rheo lo g ical properties o f snow.

F o r p e rio d ic external fo rcing  o j , uj  ~  e-mt, c a lc u ­
la tio n s in  the Burgers m o del (8) are reduced to

Oj (№) =  2 ~  m( « )  u 'ij{ю ),

Oj -ю) =  K 5 jU „ +  2 рм(ю)( Uij -  ( 1 /3  )S jUii),

~ 1 +  i/(axK )
P м(ю) =  Pm 7— 7777------- 1— (-j— -------- T - ^-r---------7;—Г77-------- U ---------- )

1 +  i [ 1 / (и тм ) +  ( 1 +  Pm/ P k ) / (® T k )] -  1 / (юхк)(юхм)

(9)

w here, fo r co nvenience, the relaxatio n  tim es tm  =  
Пм/р м , tk =  n K/p K, have been in tro d uced .

T h e  experim ental determ inatio n o f the param eters 
o f the Burgers m o d el is  ca rrie d  out un d er co n d itio n s 
w h ich  m ake it  d iffic u lt to separate the co n trib utio n s o f 
p u re ly  sh ift and b u lk  deform ations. O n  th is reason, the 
results o f m easurem ents, as a ru le , are Y o ung ’s m o d u­
lu s and P o isso n’s ratio . T h e  vast m a jo rity  o f the data 
refer to d ry snow. O ver the den sity range p ~  0 .3— 
0.6 g /sm 3, the re a l part o f Y o ung ’s m o dulus Em 
obtained on the basis o f m easurem ents o f propagation 
rate o f acoustic im pulses varies from  2  x 107 to 2  x 109 Pa 
w ith  va ria tio n  o f P o isso n’s ratio  o  from  0 .2 to 0 .3, c o r­
respondingly. T h e  co e ffic ie n t o f v isco sity  n M changes 
from  2 x 10 5 to 107 Pa over the sam e density range [25— 
27 ]. T h e  elastic b u lk  m o dulus KM =  E m/ 3 (1 — 2o ) and 
the shear m odulus p m  =  E m/ 2 (1  +  o) m ay thus vary 
between the follow ing lim its: 1 .1  x 107 <  K <  1.7  x 109 Pa, 
8.3 x 10 6 <  p  <  7 .7  x 10 8 Pa.

T h e  dependence o f Y o ung ’s m odulus and co e ffi­
c ie n t o f v isco sity  on snow  m icro structu re: the ch a ra c­
ter o f the b asic structu ra l u n its, the geom etrical 
arrangem ent o f the structu ra l u n its and the pore 
spaces, the nature o f the bonds between the structu ral 
u n its is not so strong as its d ensity dependence and 
corresponds to v a ria tio n  over a few tim es, instead o f a 
few orders o f m agnitude [28, 29]. Bonds between ice  
crysta llite s and co ntact pressure, w h ich  is  the m a in  
param eter ch aracte rizin g  bonds, decreased in  wet 
snow. A s a result, the a b ility  o f m a te ria l to resist shear 
stress decreases, and the effective shear m o dulus can 
be o f about one order m agnitude sm alle r than the 
given values.

F o r the frequency range o f interest in  the current 
study 10 —40 k H z , the M axw ell re laxatio n  tim e tm  =  
Пм/р м  co n sid erab ly exceeds the perio d  o f o sc illa tio n  
0 .0 13  <  tm  <  0.024 s. It  is  therefore possible to neglect 
in  the le ad in g  order the term  1/(ю х м) in  fo rm u la (9) 
fo r the effective shear m o dulus. T h e  K e lv in —Voigt 
re laxatio n  tim e tk  =  n K/p K is s ig n ific a n tly  shorter.

A c c o rd in g  to [26 ], its  v a lu e  lie s  w ith in  the in te rv a l 
10 -5  < тк  < 10 -3  s and is o f the sam e order o f m agnitude 
as the d ie le ctric  re laxatio n  tim e in  a sing le  ice  crysta l­
lite , thus in  th is case, 1 / ( юхк) < 1, and for a rough esti­

m ate it  is possible to put p м  (ю) =  pM.

F o r a considered case o f lin e a r o scilla tio n s and for 
p erio d ic external fo rcin g , ca lcu la tio n s in  the Burgers 
m o del are reduced to the expression (4) provided the 
shear m odulus pM is  changed to ren o rm alize d  one. 
F ig u re  3 illustrates the b eh avio r o f the scattering cro ss­
sectio n  as a fu n ctio n  o f e q u ilib riu m  rad iu s and fre­
quency. T h e  values o f other p h y sica l param eters were 
the sam e as used for c a lcu la tio n  o f F ig . 2  w ith  two 
exceptions: the th ickness o f the sh e ll was set equal to 
h =  25 pm  and the shear m odulus was taken equal to 
pM =  20 M P a. T h is  value pM corresponds to rig id ity  o f 
not co nsolidated sh e ll (wet snow ). W e d id  not account 
d issip ative effects in  the sh e ll due to the sm al l ness o f its 
th ickness and large depths w here gas hydrates can  o n ly  
exist. In  th is case, the ra d ia tio n  dam ping o f the bubble 
is the do m inant loss m e ch anism . T h e  rate o f m ass 
transfer is  enhanced s ig n ific a n tly  in  n o n -co n so lid ate d  
sh e ll, sin ce  th is process is  not lim ite d  b y a very slow  
d iffu sio n  o f m ethane m olecules to the external surface 
and w ater m o lecules to the in te rn a l surface o f the gas 
hydrate sh e ll. A cco rd in g ly, the th ickness o f the sh e ll 
can  be larger, therefore, for the estim atio n, we have 
chosen the value h =  25 Pm .

C o m p ariso n  o f the scattering cross sections (F ig s. 2 
and 3) shows that the ch o ice  o f the m odel o f the sh e ll 
is m ost im p o rtant fo r the range o f the sm a ll bubble 
sizes and to a lesser extent affects the ch aracte r o f scat­
tering from  larger bubbles fo r w h ich  the d o m inating 
facto r is  the co m p re ssib ility  o f gas, instead o f e la stic ity  
o f sh e ll. O ne should  em phasize that presence o f the 
sh e ll affects the ch aracter o f the scattering o n ly  for 
near resonant bubbles. F o r sm alle r bubbles the scatter­
in g  fo llow s to the R a y le ig h  law  and they are irre so lv ­
able in  the b ack scattering. T h e  scattering cross section 
o f greater bubbles is defined b y th e ir geo m etrical sizes.
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aS/4nR2

4

250 

f, kHz
R, mm

Fig. 3. The variation of scattering cross-section normal­
ized on the bubble area (a^/4nR2), with driving frequency 
f  = ш/2и (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 RU PTU RE

Till now, we only considered the acoustic manifes­
tations of the hydrate shelled bubbles by using active 
methods, which m ean 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 of rising) (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 of shell 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 of a cavity disengaged from the shell [32]

r r  + 3 R2 = [ p ^ - P h i z ) -  + R p R ,
2 pL pLCL

herep(R) is the pressure on the liquid side o f the cav­
ity wall. One can not use the model of incompressible 
liquid in the derivation of the initial conditions to this
equation. For this reason, the values o f R(0) and 
p(R 0, 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(R0) and p 2. We consider a short time interval after 
the discontinuity decay over which it is possible to 
neglect curvature of the 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 m otion 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 of the 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]

u P p - ~ p h(z- u2 P
P l Cl

(10)

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

U2 P Pg<R») - p 2. (11)
pGCG

The continuity of pressure and particle velocity 
across the contact discontinuity after its decay, which 
leads to equality of the right hand sides of Eqs. (10) 
and (11), solves the initial conditions problem. Since 
the impedances of liquid pLcL and gas pGcG differ sig­
nificantly, the initial pressure on the liquid side of the
cavity p(R0, 0) and the velocity of the interface R  (0) 
are given by the following simple expressions

R(0) = U2 -  Pg(Rci)- Ph(z ) , p (R 0, 0) p  Pg(R0). 
PlCl

For the difference between external and internal pres­
sures in a few bars (Pg(R0) — Ph(z)) =  (1—3) x 105 Pa 
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 o f magnitude with the bubble rise velocity.

There are two circumstances: relatively low pres­
sure (Pg(R) -  Ph(z))/Ph(z) <§ 1 required to rupture the 
shell and small initial velocity of the bubble wall

R(0) ^  R(Po, [(Pg(Ro) -  Ph(z))/PzG] ^  V W p L , 
which enable us to describe the transition o f the bub­
ble from the initial into the final state (corresponding 
to the equilibrium bubble size at hydrostatic pressure 
Ph(z)) by use the linearized form  of the Rayleigh 
equation.

R + Q q2 R = Ph -  P 0 + RR0Q 0
pLR0 cL

The solution of Eq. (12) has the form

(12)

-StR = + ae cos(Q.0t -  a ) ,

R <» =  R o 1 +
3YP h(z) J ’

a = R Pq- P k(.z ) 
' 3YPh(z)

a =
pLcL

5 =  r qQ q 72  cl .

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

, . R0 R ( t -  r7 cL)
p ( r, t) = p L

r

= - ( Pq -  Ph(z )) — cos [Q q( t -  r7Cl) -  a ] e 
r

(13)
-5(J - r 7 cl)

is m uch m ore 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 
im pact 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, 0, t) = f ^  +  ppgd \f  — cos0] —
Y Rq ]Y Cl ]  r

x cos[Q q( t -  r7cL)]e ( 1 L ,

where 0 is the observation angle measured relative to 
the surface normal, a  is the surface tension coeffi­
cient, g is the acceleration of free fall, the depth of 
bubble formation h coincides in order of magnitude 
with its size.

The acoustic trace following bubble injection from 
a nozzle 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

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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