Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

SR MR & SIAKIEMZFLN REEENE

L W 1:2

Effect of linear bubble vibration on wave propagation in unsaturated porous medium containing air bub-
bles

Zheng Guang-Ying Huang Yi-Wang

5| 115 & Citation: Acta Physica Sinica, 65, 234301 (2016) DOI: 10.7498/aps.65.234301
1E 251515 View online:  http://dx.doi.org/10.7498/aps.65.234301
AP 4% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/123

AT RE RSB B L&
Articles you may be interested in

B AFE AR RE
Optimization of the performance of quantum thermoacoustic micro-cycle
YE = 4.2016, 65(16): 164303  http://dx.doi.org/10.7498/aps.65.164303

7 37 A S T B ALK 2 A R IR B o
Velocity analysis for collapsing cavitation bubble near a rigid wall under an ultrasound field
VI3 2242016, 65(4): 044304  http://dx.doi.org/10.7498/aps.65.044304

BT AR B2 73 A1 B T8 AT SRR RN
Broadband acoustic focusing effect based on temperature gradient distribution
VP22 4%.2016, 65(4): 044303  http://dx.doi.org/10.7498/aps.65.044303

T RN LY R i /I — eIk 1) 22 5 AR A1 RS AR 2R AN AR e RO B 1%

Adaptive weighted constrained least squares algorithm based microphone array robustness beamforming
algorithm

YH % 4.2015, 64(17): 174303  http://dx.doi.org/10.7498/aps.64.174303

SIBRE 70 K B B 5 R
Effect of magnetic field on single-bubble in water
Yy 22422015, 64(12): 124301  http://dx.doi.org/10.7498/aps.64.124301


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.234301
http://dx.doi.org/10.7498/aps.65.234301
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I23
http://wulixb.iphy.ac.cn/CN/abstract/abstract68065.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68065.shtml
http://dx.doi.org/10.7498/aps.65.164303
http://wulixb.iphy.ac.cn/CN/abstract/abstract66640.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66640.shtml
http://dx.doi.org/10.7498/aps.65.044304
http://wulixb.iphy.ac.cn/CN/abstract/abstract66639.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66639.shtml
http://dx.doi.org/10.7498/aps.65.044303
http://wulixb.iphy.ac.cn/CN/abstract/abstract65094.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65094.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65094.shtml
http://dx.doi.org/10.7498/aps.64.174303
http://wulixb.iphy.ac.cn/CN/abstract/abstract64467.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64467.shtml
http://dx.doi.org/10.7498/aps.64.124301

3 % R Acta Phys. Sin. Vol. 65, No. 23 (2016) 234301

SBG MRS SRR EME LA R
e oA

F el

*T

(MR /RIETRERY:, KA HORE AR =, IR/RIE 150001)
(M RV AR KK 8 LR 22, PE /R 150001)

(2016 4F 6 A 20 HYEl; 2016 £ 9 A 7 HIRIETR )

N T BTSRRI 2 FLA 5T A R A 4, ASSCAE Biot AL, K AL ESK A A AR
IRBhF G 2 2 AN BRI ALBR RSB RUESENE DT RE T, AT A2 T 25 8 R AR IR 3 I LB A B S T
FE. FESLIEA b, AR R VEIRE) T BRI AR B SR IR R, DR 2 AN Bz sl 5 ALk
S EIRE, T T R T 2 AL AL R BT R, AL T AR KA 2 S o S S EOMI S
PR, SRR AR R T LUK R 5, S EUS TR 2 LA B RS, S5 PR T
TSRS, £ AR T, /o R s e, HALBUK b B A 3R, o ik Bl ok, 2
FLA A7 SR AR B B oK. SR BUE T RAIE 1 EIR S5, W] TR R N RIS A S A R e
WAL S DB R KN 2 P BT b A% 3 1) 2 AR

KR RLEIRS), ML, I, Biot #lig

PACS: 43.35.4+d, 91.60.Lj

1 5 =

H M Biot 2] B4R H LUK, Biot i) 12
MR T HOBR B 0 TR L R TRE i AR,
1SN 2 FLA T P AR FR A A A B T2
K. BIRFH a2 LN AR AR, JL
T RTE BA A BCE I A S R, S
PRI . TR ] P A R K 2 3 TR 22 AL A
J AR R T R E R AT

o B A )T 2 W /& Domenico PO £
Gassman [ B 1§ 3 At b 52 HY A0 25 2008 44 158 A
F H Domenico ¥ £ 5] A BGG L6 H iy 77 1
BGGD 4,

1B R BT N WU A R AL, Santos 25 15
I8 T BAER J1sem, R EAR RIS 7 E, S
T LB A A PR (A A 1 = A 2 AL
277 #2. Santos FIHFFTFUI 1 Biot = #H A1 it o A7

* ERHRRIERES (HHES: 11274078) BB
T #{E/E#H. BE-mail: huangyiwang@hrbeu.edu.cn
© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498/aps.65.234301

E = Fh R 45 0 — A BY U1 9%, Ravazzoli 25 1) Al
Carcione %5 1] 73 5 #E Santos B [ Fehib BT T
=M FLA R I O R 2 R R D2
ST AFMAE T AL A 2 FLA 5T I AL 7 A
B FREAH T AN FIANAS T A R o R AR AR
FNAE.

SRS T AL BRAK 7 2 B S D BT )X
AR AIRZS, BUAF 10 Biot = A i E g AN &
FH, AT DA FH S5 500 A 28 ] Bt o . SR T S AL
TR I T 187 5 A REmf D) Hh R IR SR AR FLBR /K
HHHRBN .

X A AR S SRR TR AR R, B NSNS
R Z2EHRAR T RERH 7R, Commander
A Prosperetti '3 B }2 Prosperetti 25 14 45 1 7 2%
JEA LR MR IR BN ¥ 75 I AL SR AR, T 5 2 115,160 )
H Kerry (S VEIRSNR Y I 25 526 B S 2 (R [
HH LA FH 55508 2 M 78 30 AE 5 AU Hh ) A% R A

http://wulizb.iphy.ac.cn

234301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.234301
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 23 (2016) 234301

T PRI AT, JRAE SRR B XY IR R A
ALK HIAE SR EAT T TS, Bedford Al Stem [7)
FIR AR EHES T & /b 8BSV UTAR JZ 1) 45
B IRge T AR SRR AN A BT 7 A R IR AR A
4. Anderson Al Hampton '8 BTk o i<,
YA R, BT RO SRR A R O EOR
RS AY H B AR ATI AR 4 TR TR 2 R8P AR Y
T, g T AKMEAZ LA B S AR

N T 7 FEAL R K A B IR B0 I A B )
Wi, 7 Biot A8 (LA b, A SIRARFR 7 20
I TE) 23 51N B 22 LAY o2 B L BRI A4 8 Tt 0 8 1
JrRE, DL R IR AR S, R4 Comman-
der 5 SR A MRS T IR RS RE
SRR R, LA Z AL iz 3 5 FE R AR A
BENTTHE, AR T 2 I 2 LA AL
REWHFITFE. BT Commander 25 HH S IEHRE)
B B8 T ) AR R i DA S #0808, R AR S 7
BB TT R T RIS B IR B 5] R Y] AR
R AR SR, ST AR A L KD BRI
BN S SR K RN 22 FL A T3 A% 36 1 52 1 R
BT

2 FLREAEREE ZINFEEE
B

2.1 BiotiEZFIHTE
E— " Biotizs) T REAEZ N TRIREYINIE
BT FE
Tij.g = Pl; — peoi, (1)
Ho v, = B (us — Vi) R FLBR AR AR X T [ A AE
BRI N R R B v (R T M =, B fLBR R,
w; MV, 53 3R BE RS LR AR I e XS AL 8 2R &,
VIEi TR E; pe2 N BUREYIREE; pr
e fLBRRR T E; 7155 R Z LA BN ).
2B /> Biot 12 8 J7 #2425 [ AR E 186 FE 1
B E
—0ip = pril; — %1& + gi&', (2)
Hrp, p 2 LB I, n R FLBRmAAR N R4 o
NEME, v BB,

2.2 BHUNHRIE
Z FLA R BN AR R B

Tij = Aedij + 2puei; — v04;p, 3)

Forb, N p IR R, e R R AR R N AE,
& SR SR BY REAZ,
FLBUK AR N AE R IR

dpw  dp
—dey = — = =, 4
€ e K. (4)

Hr | po NFLBRKEE B, Ky, NFLB/K AR

Ve [ A B B 7K 52 (17 38 45 28 T (effective
mean pressure) A p/, W [ 44 B 42 R0 F0ORL ) 44 AR
LA 5 RN R
AW dp

—dey, =V - u = , 5a
Pd Kb Ks ( )

dps dp dp’
—deg=—=—+ ————, 5b
Ps K (1-8)Ks (50)

Hh, pa = (1= 8) ps, dpa = (1 — B)dps — psdf,
Ky, N R E BR AR R & K [ 4R SR P A
FitE, pe AR % .

2.3 fLERRIFERESRMETLIE

AFEHIARES T, FLBK AL BRI A7 R TR
AR, BG5Sl T FLER KR FLER AR 2 Ui
Ji AL XSRS A RIS I, B
BOITA B EA M FEFRN, IF BAE AR
RED AR TR R BRE T, <
HAESLBUK RS, FFREH FLER K AE FLER i 2h.
AR 30 R LB AL A P AL B AR S R
fEa, SN TR B oy, LORERR
S RARRIRSN, W52 T 25 8RR AR RS
FLBR B IE ST T

AR B WL s R A 14 22 AL A BRI B 1)
U2 EZ AL TR — ARG R 0, FLIRIE N
B, BB AR A LR R 45 A © (¥ AR 2R T
N Q. AESNRIEAER AT de2, HANEL T
N n. AtIFEIA, WAEE TR N V. AL
I T6i) PAY VA S 3 T T PR PR RN BV - md 02, G
TLEEAS SRR T 02 3 H HRL A S R

#5,{%‘/ -ndf2.
9]

g5, EERE P ER Mot de, i T
FERA SR FLBR IR 3 LB I (R 32 k. At i a] A,
HY T BEAR A SRR AR 1 5 B B d (Bpr) dO,
PR 71 28 42 1) A2 PAY 48 i O

/@// d (Bpr) dO.

234301-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 23 (2016) 234301

B s SR LR AR B e T AR
TCVEF AN, AR 5T R A, A2 A N AR
B % A T IE R R A B, B

///d(@pf) d(—)+ﬁﬁpfv-nd9:o, (6)
e (9}

:/E\:E'ja Pt = (1 - 5g> Pw + 5gpg ~ (1 - Bg) Pw ﬁg%%
TSR AR T LB A4 AR AR 7 %
P S A=, A rTA AR 25

J[[ @@ +v-@ovijae—o. @
€

T R, PR MO 5, 2
AR ST TURR IR WRERANE, L%
R B T R, TR AR BT SRR T R

dﬁ—i—ﬁdppf—Vm—i-BV-u:O. (8)
i

G TAR  E AR BN B B SR e =
(1 = Be)pw + Bepg = (1 — Bg)pw, RANESNETT
T (8) B

dﬂ—i—ﬁi}pw—ﬂdﬂg—v-'zH—BV-u:O, (9)

T 855 72 S 55 — I d 8 9 FLIR L OIS ) ol oy, 3%
TNTEFE R BN T, FLBR B R AR ARk, IF B AR H
ZEANGR AR A (5) S5 FLRR AR L R A —
e, T AL B ARk R B A R 11 9 A% DA
e [ AR BRI AR R B (9) R B 25 RS T AR AT
[T A 5 7 38 R AR AL

¥ (4) 2R (5) AN (9) AF B2 S F2 A 1)
& IR T R B LB LA S L 2L 1 7 72

—p = Cdive — Mdive — MB - Bg,  (10)
o, O A1 M g Stoll 0] 25 i i Biot #i PR, B,

TR TR B ) 3 4, AR IR 3)
I

2.4 1BIEWEEEKEME I N FEBiot
7tz
BeOL T RE (1), (2), (3), (10), 1321 1E #3
B2
pNV2u+ [H — 2]V (V -u) — CV (V - v)

82
~ BOVB = 55 (pu — puv)., (11)

CV (V-u)— MV (V- v) — BMVB,

0? APy nk Ov
= o (”w" - Z”) T (12)

NALER (11) 200 (12) 2 A B AR oy B
FE V By, GIANIKHLFN YD o S5 20000 A4 55 o AR v 1) 55
WAL pogr, SR LA Uerr = u — v, HHERIL
R R HIIE 3 5
Vet = Petilbets = pett (b — V), (13)
A S R AR 2

by 2
PP — Py
=t P 14
P 0 20 14
. apy iF7m
=— - —. 15
Po 3 o (15)

{EIX B 5] X\ Commander 7 (wRp) /c < 1 11E
DU, g R IR S I R 4 R AT
SEATUE R RN, BN NERGRIEE NS
SRy, kD AR B IR ARRR 7 B B AR R
pete (IR 5 (16) 3, PR b Ry ZHb /41 1 (16) 30
. 4T[NRO

VP = (W — w? + 2ibw
e (16) AR (11) A (12) 1, FF4 6 (13) Kf3

uV3iu+ [H —2u]V (V- u) — CV (V- v)
2
= O o+ (et D)), 17)

CV (V-u)— MV (V- v)

0? . Qpyw . nF ov
=9 <(P+Pw)u (ﬁ +P) U) e

(18)

) V Pett, (16)

/\E‘j’
AMN RoM B pett _ Ky,
Wi — w? + 2ibw) py = K’
SRS
H -2
I vV2u [ q

ratios ratios

¢ V (V- v)

ratios
_® ( (p+p)
ot2 \ (pw +p

C vwow- M gw.w

ratioq ratioq

02 apw 1
T o2 <pwu a <5 + p> ratio; 'v>
nEF  Ov
 ratiogk Ot

P

o= pwv> : (19)

(20)

234301-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 23 (2016) 234301

% Fratio; = pw-l-p’ ratio, = pw+’yp7 W
P p

R B R, HONBUE R T 1= 5. W%
(19) =0A1 (20) AT LRI, SIBMAE S SR Z 5L
AR B, B SO T 2 AL R A 1 46
PE, SR I MIAELE ) LA SR 2 AL TR &
SRR, RIS MATES SR AN E 2
FHEAC. Hlh TR R 5 LB K 2 T8
IS A FI 3L T8 51 S T BN RE SR B FE, iX
WA BAERR SRR (17), (18) h pHIRERR. Mt
AR H ALK B SR 2 AL A 5P D I 3 R
MUER LG SV -5 FL IR K 1 i A % S 8087 DL
FLBRAKANF BEAR T 12 B (R 8N, Ji5 4 9 Biot 4
IR 28 30 1) 22 FL A T S IR

ERERERR, A5IENEE 5 B, NEN,
BAER I N NE, §15 5 AF, T7EE (17),
(18) i& Ji /K AN 2 FLAr i ) Biot J7 72

3 FRMFRIKMENFE

ERRLNEIRS) (WRo) /e < 1, HIHAET R
HILIRIUR KIS OL T, 205005 Bt FA ] EARR
BT PSR E R AR, DL SR AR )
HONERS, BN Biot BEALAYIE L. 417 BB I 2 (1
TR SR IR 1, 7 30 7 SR Ul B A0 F AR Ak
2 I 1A 2. ATRUREL, & BAR A,
PR R TR K, JLF- B SRS 18 SR 5 4
R EIHRMR I, S By, SRR
SIS T 10701, &k 5EENE
I L5, 1T LA A B S0 6 K AR 22 FL A iR
FR) P A SR SR DR TG R T

2000

1800 i ]

1600} —— Bubble volume fraction 0.001
- - - Bubble volume fraction 0.0001
1400 Bubble volume fraction 0.000001

- = No bubble
1200

1000
800 |

Velocity/m-s—1

600 |

400
200 |

0 —
102 103 104

Frequency/Hz
K1 (WD) AR SRR3R A R (122 1k
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Abstract

Biot model has widely been used in geophysics, petroleum engineering, civil engineering, and ocean engineering
since it was presented, and thus the research on the wave propagation in saturated porous medium has made much
progress. However, fully saturated porous medium is rarely found in nature. Almost all the rocks or soils contain two
kinds of fluids, such as gas and petroleum. Many researches have been done on the wave propagation in unsaturated
porous medium. As is well known, a small volume of gas bubbles existing in a liquid can greatly change the velocity and
attenuation of acoustic wave in the liquid. Evidences are beginning to be accumulated that the velocity and attenuation
of acoustic wave in a saturated marine sediment can be affected by the gas bubbles existing in the saturated liquid. To
investigate the sound propagation in a porous medium when the pore water contains a small number of air bubbles,
in this paper we integrate the volume vibrations of bubbles in pore water into the continuity equation of pore-fluid
filtration in porous medium based on Biot theory, so as to obtain the continuity equation of pore-fluid filtration with
bubble volume vibration. On this basis, according to the relationship between the instantaneous radius of bubble and
the background pressure of the medium under the linear vibration of bubble, as well as the equations of motion of the
fluid medium and porous medium, a new displacement vector wave equation of porous medium under the influence of
bubble is derived, which establishes the model for the sound velocity dispersion and attenuation prediction under the
unsaturated porous medium. The presence of air bubbles increases the compressibility of pore fluid, which leads to the
decrease in the sound velocity of the bubbly saturated porous medium. When the wave frequency equals the resonance
frequency of the bubbles, the bubbles in pore water will produce resonance; the medium will present high dispersion
and the velocity can greatly exceed the gas-free velocity. However, these have not been measured in field data. The
absorption cross section of the air bubble can reach a maximum value, which leads to the maximum attenuation of the
porous medium. It should be noted that the attenuation coefficient calculated with this model is related to the damping
of the bubble motion due to radiation, thermal and internal friction, and the dissipation of the relative motion between
the pore water and porous solid frame. The obtained numerical analysis is consistent with the above conclusion, which
indicates that the volume concentration, the bubble size and the excitation frequency of the sound field are important

parameters affecting the sound wave propagation in the saturated porous medium containing few bubbles.
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