BOJIHbI B I1Y3bIPbKOBbIX
AKUAKOCTAX
(0T aKYCTHKHM 10 TEPMOSIICPHbIX MCKP)

P.A. HurmaTtynuH

MOCKOBCKWUU rOCYJAPCTBEHHbIA POCCUUNCKASTI AKAOEMUS HAYK

YHUBEPCHUTET um. M.B. JlomoHOCcoO8a UHcmumym okeaHosio2uu

MexaHuko-mMamemMamu4ecKuu um. I.11. Wupwoea
¢ghakynbmem .

nigmar@ocean.ru

BOJIHbI B HEJIMHEWHBIX CPEJIAX
Huxnu HoBropoa
01.03.2018



Kasuramnus

HO:xHbIN 0€,1000KUH JAeab(puH



B3aumopeuncrteue ¢ nperpagamMmm aKkyCtu4eCKmnx BOJ1H B NYy3bIPbKOBbLIX XXUAOKOCTAX
I'IpaKTqucme NPUNOXEeHUs.

! P T L el

P T, oA 5 ? ';l-r L By ._i!'
MEILED I s N
4 7% I L R

8 e v I % s i.'.
: h 1y . k ; ;:_ -.,h' wt "l‘.:'..:_
LI 1 - ét ' ] :,,.: ;_
£i3 ol s Tr R
it s g
X L . 3 ; ."" ar
i 5 T
3 TR B 1 y I':"
iy | ‘
y Ao
Bes ]
& gt
"
Figure 5 Four whales insonify an annular bubble net e i
having the sound speed profile of Figure 4a, and the launch i :
conditions of Figure 4b. 4 W]
BLEw: DaFine

Figure 1 Schematic of a humpback whale creating a bubble
net. The whale dives beneath a shoal of prey and slowly
begins to spiral upwards, blowing bubbles as it does so,
creating a hollow-cored cylindrical bubble net. The prey
tend to congregate in the centre of the cylinder. Then the

whale dives beneath the shoal, and swims up through the

bubble-net with its mouth open to consume the prey (‘lunge
feeding’). (Image courtesy of cetacea.org)
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Bubbles might have helped start Life on Earth, forming of
Basic Organic Chemicals
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Thin 'Bubble' Coatings Could Hide Submarines from Sonar
By Charles Q. Choi, Live Science Contributor | February 4, 2015 06:54am ET

w

Sailors aboard the USS Topeka (SSN 754) prepare the mooring
lines as the submarine enters port on Nov. 24, 2004. Credit: DoD
photo by Petty Officer 2nd class Johansen Laurel, U.S. Navy.

Bubble-filled rubbery coatings may one day assist make
submarines virtually undetectable to sonar, researchers
say.

To avoid detection by sonar, military submarines are
often covered with sound-absorbing tiles called anechoic
coatings. These perforated rubber tiles are typically
approximately 1 inch (2.5 centimeters) thick.

In the past decade, research has suggested that the same
degree of stealth could be provided by much thinner
coatings filled with vacant cavities. When hit by sound
waves, empty spaces in an elastic material can oscillate
in size, "so it will dissipate a lot of energy," said lead
study author Valentin Leroy, a physicist at the
University Paris Diderot in France.

However, figuring out how to optimize such materials
for stealth applications previously involved time-
consuming simulations. To simplify the problem, Leroy
& his colleagues modeled the empty spaces in the elastic
material as spherical bubbles, with each giving off a
springy response to a sound wave that depended on its
size & the elasticity of the surrounding material. This
simplification helped them derive an equation that could
optimize the material's sound absorption to a given
sound frequency.

The researchers designed a "bubble meta-screen," a soft
layer of silicone rubber that is only 230 microns thick,
which is a little more than twice the average width of a
human hair. The bubbles inside were cylinders
measuring 13 microns high & 24 microns wide, &
separated from each other by 50 microns.

In underwater experiments, the scientists bombarded a
meta-screen placed on a slab of steel with ultrasonic
frequencies of sound. They found that the meta-screen
dissipated more than 91 percent of the incoming sound
energy & reflected less than 3 percent of the sound
energy. For comparison, the bare steel block reflected 88
percent of the sound energy.




BUBBLES MIXING BY VIBRATION
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V=1/p



p =1 bar
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p=11 bar

p =11 bar
HYDROSTATIC

PUZZLE

pIC’

2. Channel wall is non - deformable

1. a>10"2 (oc>> pJ

p; — density of the liquid (103 k_%j
m

C, — sound speed in the liquid (1500 ?j

p =11 + 10 = 21 bar



Thermophysical parameters in bubbly liquid

ad -radius of the bubbles (monodispersed mixture)
N - number concentration of the bubbles

Og = %naSn - volume concentration of the bubbles (05 < 0,1)
pi - density of the liquid (pC’L zloskg/m?’)

p; - density of the gas (POL ~10° kg/m3)

PP, =p, (l—aG ) - density of two phase mixture

7\4 - thermal conductivity of the liquid (i =L) and gas (i = G)
C; - heat capacity of the liquid (i =L) and gas (i = G)

Ci -sound speed in the liquid (i =L) and gas (i = G)
Y — adiabatic exponent of the gas

K, — viscosity of the liquid

2. - surface tension



CONTINUA MECHANICS of BUBBLY LIQUIDS

Vi =V, =V,
4
3
o[ nvk .
on | ( ):0 psa° = const
ot ox"

Py =pg << p;=p. p=p;i(l-o,)



Opy0y 8(p ialvk)

=0
ot " oxK
0p,0. 8(p§oczvk)
+ =0
ot ox "
dw p,-p;,—2x/a 4pw 3w?
a(l- = — 1-
(1-0) G = PP T (1) P
da
— =W
dt
(P:(P(az)
pi—\tlz—ﬁerpg P= p1+0c2(1 ay)le
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dp, 30,1 4 31,P,W, Py~ Pro =CE (P1 i)
dt a 2 a

P,=p, R, T,



If o, << op > & 107
P CL

Vkvkp — Fp(p1 p21 Ly, a, W)

if v=v® VvV = F (o, a, W)

P, _ ¢(p2)
dt

da, _
preb
dw
e

(p’ p2’a21a1w1812)
f(o‘z)(p, Dy, 0,8, W)

f(W)(p’ pz’o‘z’a’w)

da

— =W
dt



Hydrodynamic Equations for Bubbly Liquids

M+Vkpa Vk -0 Mass conservation equations for the liquid
ot L (no phase transitions)
0P 0 VKoo VK 0 Mass conservation equations for the gas
ot PUsY = (no phase transitions)
o +og =1
on K Kk Bubble number conservation equations
E+V nv: =0 (no coagulation and breaking of the bubbles
dvk _vXp 4 ogK Momentum conservation equations
P—qr — Y P*PY (no slip velocity of the phases)

p=a, p_+os(pg-2Z/a)=p, — Averaged pressure for the mixture

Jdw _Pg =P —22/a 4y W 3w’ Raijleigh-Plesset equation for the joint

dt P P 2 deformation of the phases

dpG _ B(YG _1) 8 B BYG pGW
at a L& a bubble

Equation for the pressure of the gas in the



Classic Equation of State

p=F(p,T)

Local Deformational Inertia of Bubbly Liquids

p @ pPp=F(p,p, WP, .., Vg), V(LT))_



For Compressible Bubbly Liquid with Incompressible Liquid Phase
p, =const

POISSON equations for Pressure
and for Velocity Potential

V"Vkpz Fp(p, Ps:Ogr & W)

vKVKD = Fcp(ae , a, W) (vk :VkCI))
dp
dtG = fp(pG,a, W, SLG)
do
G _
=T (a, w)
dw
Gt = fw(P Ps.a w)
da



LOCAL DEFORMATIONAL INERTIA
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ATTENUATION COEFFICIENT A
OF BUBBLE FREE OSCILLATION

(CO,, AIR, HELIUM) DUE TO
THERMAL CONDUCTIVITY
(N™), VISCOSITY (A(5)

He

L Viscosity
4

107! 100 0

Bubble radius, mm
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Theorem: The Bubbly Liquid is the Most Paradoxical Fluid
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THERMAL RELAXATION

THERMAIL RELAXATION OF SHOCK WAVES
IN BUBBLY LIQUIDS

Experiment Theory A/ij; rnaz"{(!c'n)
Water+CO -

IE

=
2ms

To=300 K ; ppo=1,2bar; cg= 1% ; Qg=1mm




| —

a.1a

x
- O

Figure 6.7.8 Predicted (A. A. Gubaidullin) and experimental (V. V. Kuznetsov et al., 1977
data on the attenuation of a triangular impulse whose reference oscillogram at r = 0 is shown
by line X (intensity of the original impulse A, = Apo/po, = 0.48, duration (length) Az, = 1.0
microseconds) related to water with bubbles of carbon dioxide (CO.), helium (He), and hy-
pothetical adiabatic (A) gas. The mixture parameters: po = 0.01 MPa, 7, = 293 K, ax =
0.01, a, = 1.4 mm. Figure 6.7.8a shows variation of maximum pressure with depth r; Fig.
6.7.8b shows both predicted and experimental pressurz oscillograms p(r) for the CO, bubble
case on depth r = 0.6 m.

Ao =004 a 4.9 mm



AMPLIFICATION OF SHOCK WAVES
WHEN REFLECTING FROM BUBBLY SHIELDS
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AMPLIFICATION OF SHOCK WAVES IN CLAY SUSPENSIONS

WATER+MONTMORILLONITE

p,MPa

p,MPa
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Burgers-Korteweg-de Vries Equation

2 3
op op (ef)a p+B5_p:O

Ty
ot p OX ox®  ox3

For Simple Waves

(Ap)z« Po



1. Jlopp Panen 2. Akagemuk E.N. 3a6a0axun (Bsasxocts
(Baskoctb v, =0, p, = const) v, >0, p_ =const, PMM, 1960)

4

P,
APy = Py~ Py = const

3. I'a3 njam map B my3bIpbKe

Apo - TeruionpoBOAHOCTH
-  CKuMaeMOCTh KHIKOCTH
PL - KoHaeHcanus wim UCrapeHue
- YJIAPHBIE BOJIHBI
- Jluccoumanms

- DKCTpMaJIbHBIC JABJICHUS
- DKCTpeMaJbHbIE TEMIEPATYPHI
-  Hounwnzarmuga

- HEYCTOMYUBOCTH
chpepuueckoii poxkycupoBkmu !!!!




OnHONy3bIPHKOBASA COHOJIIOMHUHECHCHIIUA




N®PATOKCHI OTHOMY3LRIPRLKOBOU COHOJIIOMUHECHEHIIUU

[Be ctaguu nepuoaa:
e MEOJIEHHOE pacwwupeHue n HayanbHaA

R A cragus ckarus * PaBHOBeCHBIII pa3Mep My3bIpbKa

« YPE3BbIYANHO BbICTPbIN konnanc ¢ ay~ 3 -5 MKM

S LRI * AinadaTuyeckKasi TeMieparypa rasa

t, T ax ~ 9000 K (?1)
* I dexT npumeceii 0J1aropoaHbIX ra3oB
e 3P deKT XxonoaHou BoAbI
Y
Apjpl=====- x '''''' i >
\ t,~50us — t
o~ UM T St ~50 ns T a. YO
Thax ~ D000 K (agmadarnyeckoe] cxxaTue) — =( — j
! ! To A
HN3iayuyenne E i =

cBeTa ! ! YPE3BbIYMAUHO KOPOTKMUE cBeTOBbIE BCMNbILWKKA!

A

(uHOTA!)

8t~ 50 ps = (5 - 10) x10™"'s

dt. ~ 50 ps t,~50us —> 5days
— ot ~ 50 ns—> 7 min
ot ~50ps —» 0,4s

v




The first approximation for the bubbles collapse in the cluster

I /- Lagrangian coordinate for two phase continuum in the cluster,

I — Eulerian radial micro-coordinate for testing bubble,

X(r', t) — Eulerian radial micro-coordinate for two phase continuum in the cluster
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R. Nigmatulin “Dynamics of Multiphase Media”, Hemisphere, 1990

R. Nigmatulin, et al. The Theory of Supercompression of Vapor Bubbles and Nano-Scale
Thermonuclear Fusion, Physics of Fluids, Vol. 17, 107106, 1-31, 2005.



1. ITy3bIpBKOBBIM KJIACTEDP U 3-X KOHILEHTPHUYECCKHU
BJIOKEHHBIX JIOACKA3IPOB

2. Tot xe 00BeM Ki1acTepa, H ¢ XaOTHYECKUM BO3MYIIICHHE
y3bIPbKOB



R/Ry

P/P,

[{eHTpanbHBINA My3bIPEK

].6 I [ |

1.4
1.2 |-

1
0.8
0.6
0.4

op Lt
0 5 10 15 20

500

450 | |

400 SE—— .

350 -

250 |
200 |
150 |
100 |

O I | llll;“-‘;

0 5 10 15 20

#*

t/t

t* =2.7-107°s, Ry

P/P,

[Tepudepuiinniii my3bIpeK
1.6 —
1.4 |

02

500 —T T
200

100

t/t

= 0.25mm, Py = 0.1MPa,

AP = 0.3MPa, Ty = 293K, ¢; = 1500m/s.



P/P,

10 15 20 25 30

LleHTpanbHBIN My3bIPEK

35

[lepudepuitHbIil My3bIpeK

40 0 5 10 15 20 25 30 35 40

250 |

200 ~

100 -

50

|

- 200

P/P,

100 — | | é | | | _

i

10 15 20 25 30
1"

35

40 0 5 10 15 20 25 30 35 40
t/t

t* =2.7-107°s, Ry = 0.25mm, Py = 0.1MPa,
AP = 0.3MPa, Ty = 293K, ¢, = 1500m/s.



DISTERBANCES OF SPHERICAL SHAPE DURING INTENSIVE COLLAPSE of
VAPOR BUBBLE
a

& = aij/R— amplitude of disturbance (Legedre polynomial power i)

Absolute
si”}ax / S?j
| = 3

instability
104
4 5

Puc.1. Disturbanses
gi. /€]

109
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0
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Puc.3. Relative amplitude growth for bubhl
cepuueckoii popmMbl My3pIpbKa C AJIMHONH BOJHBI A
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compression depending on i

Biiusinue BSI3KOCTH JKUAKOCTH (JeTepMPOBAHHOIO ANETOHA) MPH CKATHM HA POCT AMIUIMTYAbI BO3MYIIEHMId
HecymecTBeHHO npu A > R/3;
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YMCHBIIIACTCH,

BO3pacTaeT Mo Mepe YMeHbIIeHusi A Tak, 4ro mnpu A < R/6 (i > 40) poct aMmIATYAbI T0BOJIBHO OBLICTPO
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OEDOOPMALUU MY3bIPbKOB NMPU COBMECTHbIX KONIEBAHUAX
B NYYHOCTU OABJIEHNA CTOAYEN BOJIHbI

Bozayuinbie my3bIpbKH B BOJ€ < z z
P, =P, — P, Sinmt,
p, =10ap,
° X V X y X ¥
p, =1.26ap,

Jluneinasn Ilnhockan Ilpocmpancmeennasn
o/ 21 =20
Puc. 1. Tpu koHpurypauuu ny3bipbKoB
R., MKM
12
Hput=_0: !
ny3bIpbKH OIMHAKOBBIE, g
chepuueckue
¢ paauycom R = 3 MkmM,
PaccTosiHMEe MeKAY HEeHTPAJIbHBIM i _
U 0OKOBBLIMH IY3bIPbKAMM i
d = 200 mxm 0 : I . | . I .
0 0.25 0.5 0.75 to/2n

Puc. 2. PaguanbHbie KO0JIe0OaHus HCHTPAJIbHBIX
IIY3bIPbKOB (BO BCEX KOH(l)I/IpraIII/IﬂX OI[I/IHaKOBI)I)




dedopmaunm ueHTparbHOro ny3bipbKa

=R 14X DO (00)| o= |3 (&)

n=2 m=-n —
|8n| m=-n
101 5
? Jun. kong., N =2 ( ! H\HW‘ ITnoc. kongh., N =2
103 o | lIl
- |
/ -
10° 4
E
107 -
. Ipocmp. Kong., N = 4 " [| LJL‘H Hpocmp. xongp.
10- | ; l ' P Puc.4. IleHTpajbHbIe
0 0.2 0.4 0.6 0.8 to/ 27 Ny3bIPpbKH B MOMEHT MX
Puc.3. U3MeHenne aMILUIMTYAbI TAPMOHMK, ONIPEACIAI0IUX HeCHEePHUIHOCTD MaKCUMATbHOI
HecepUYIHOCTH.

LHEeHTPAJbHBIX My3bIPHKOB B paccMarpuBaeMbiX KOHurypanusx (puc. 1).

B JuHeHHON M NJIOCKOM KOHQUIrypauMsx HEHTPAJbHbIe NYy3bIPbKH CUJIbHee 1eGopMHPYIOTCH 1O BTOPO
rapMOHHUKeE (MCKAKEHHs M0 APYTMM FAPMOHHUKAM HA HECKOJIbKO MOPSIAKOB MEHbIIIE).

B npocrpaHcTBeHHOM KOHQUIypauMH NEHTPAJbHBIN Ny3bIpek aedopMupyeTcs CHJIbHee M0 YeTBEpPTOH
rapMoOHHKe (MCKAKEeHUs 10 BTOPOil rapMOHHMKe OTCYTCTBYKT, a M0 APYIMM OHH HA HECKOJIbKO NOPSAKOB MEHbIIe).
MakcumyMm 3THX AedopManuii Ha 4 MOPSAKA HHMMkKE, YeM Yy HEHTPAJIbHBIX NY3bIPbKOB B JIMHEHHOH W IJIOCKOM

KOH(Urypanusx.
HccaenoBanue noaaep:xkano PH® (mpoekt Nel7-11-01135, pykoBoautesb akagemuk P.A. Hurmaryiann).




KOJUTAIIC KABUTAIIMOHHOTI'O ITY3bBIPHKA B AIIETOHE U TETPA/IEKAHE

p., 6ap Ps, 0ap I K C, mlc
Aneron 50 10.3 419 226.4
Terpagexkan 50 10.3 663 128.6
AleToH Terpanekan
1200 130000
l 900001-::::::::::::::::::::::::
1000— Temneparypa (K) 1000 _ Temneparypa (K)
800"
6001 — };E
Ty E—
12007 1200
1000_ ILioTHOCTD (KIr/M°) 1000
8007

600 :
400; i
200

0 100 200 300 500 r, mxm O 100 200 300 500 r, Mkm




KOJIJIAIIC KABUTAIIMOHHOTI'O IT1Y3bIPBKA B ALIETOHE U TETPAIEKAHE

POCT MAJIBIX BOSMYIIEHUNA COEPUYHOCTMU IY3bIPbKA

IToBepxHOCTH My3bIPpbKA 100 gnmax /
r=R(t)[1+¢, (t)P,(coso)] 5 £.°|
/R 'i' aﬂ 10
€, = a, A
0
8no — & ‘ ’ _______
|8nmaxq \ / 1 soos
max |e, |
0000 170 102 10°
n= 3 4 5 N

Qum)l UCKAKCHUN
POCT HeC(l)epl/l‘lHOCTI/I KaBUTAIIMOHHOI'O l'[y3LIpLKa B BH/IC

OTAEJIBHBIX C)ePUYECKUX FTAPMOHHMK CTENEeHHU N MPH KOJLJIAICe

Hechepuunocts ny3pipbka B ALIETOHE Bo3pacraer npu xosuiamnce B 65 pas
cuiabHee, YyeM B TETPAJIEKAHE.



JTE®OPMAIINU YIAPHOH BOJIHBI B ITOJIOCTH KABUTAIIMOHHOT O ITY3BIPBKA
ITPU EI'O PACIHIUPEHUU-C)KATUU B CTPUMEPE
A.A. Aranun, A.W. Jasaermnn, T.®. Xaaurosa, UMM KazHIIl PAH

Crpumep 13 3-X OJHHAKOBBIX MY3bIPHKOB Aueron, P, = Po—Ap sin(et + n/2)

| = 2R 3 p, = 1 6ap, Ap = 15 6ap, T, = 273 K,
_._@._.._._._ ©/21 = 19.3 kTn, R ~450 Mxm
— d 37 d >
d=7R__ d=9 d=11R__
MOBEPXHOCTH

ny3BIPbKA C) F \
= O O

ylapHasi BOJIHA
Puc.1. ®opma HeHTPAJbHOIO MY3bIPbKAa M YIAPHOI BOJHBI B €r0 MOJIOCTH B MOMEHT
HAYaJ1a CMbIKAHMS YIAPHOI BOJHBI IIPH TpeX 3HaYeHusnx d

B npuHATBHIX yca0BHAX (POKYCHMPOBKA YIAPHOW BOJHBI B LEHTPe IMYy3bIpbKa 3aBeplIaeTCs
CTOJIKHOBEHHEM BepXHeil M HH/KHEH 4YacTedl ee IMOBEPXHOCTH, IMOJ00HO CTOJKHOBEHHIO
IUVIOCKUX YIAPHBIX BOJH. C yMeHbIIEHHMEM PACCTOSSHHUA MEKAY Ny3bIpbKaMH INOIepeYHbIN
pa3Mep yIapHO# BOJHbI B Ha4aJjie CTOJIKHOBEHHMS BO3PACTAET.



ANHAMWKA MNMAPA B LEHTPAJIbHOM MY3bIPbKE B
CDMHA{IE ErO CKATUA

Pmax=1.5 kbar T,=924 K Pmax= 14 kbar T a= 5500 K

Pmax= 60 kbar T a= 11000 K Prax= 140 kbar T = 40000 K

max™—
Puc.2. Iloast naBjieHusl M1 TeMIIEPATYPbI B Iy3bIPbKe U
OKPYKAKOLIEH KUAKOCTH B 00j1acTAX ' < 35 MKM (BepXHUU Psia)
U< 8 MKM (HH:KHMH PsiI)

MOBEPXHOCTDb My3bIPbKAa

CTOoJIKHOBeHHE BepxXHed H
HUKHE!l 4YacTed MOBEPXHOCTH
YAApHOiIl BOJIHBI peaju3yercsi
IpU TONEpPeYHOM pa3Mmepe
ynapHoii BoiHBI Ol = 6 MKM,
YyTO0 3HAYMTEJbHO 00JiblIIE,
yem pa3Mepbl obJs1acTH
CBepXropsiuero siipa B ciayvae
OAMHOYHOTI0 chepuueckoro
ny3bipbka (~ 100HM).

HUccnenoBanue nmoaaepxaHo
PH® (mpoext Nel17-11-01135,
PYKOBOIMTEJb aKaJeMUK
P.U.Hurmarynun)



WAVES from SPACE

[MpuxopAaT BONHbI K HAM U3 Aariv CUHeN,
B3anetaroT B Opbi3rax, yMmmparoT neHomu.
Baneput bprocos
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