Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

2 LERERMAIAFIFLER T B AYSE MR

24 EEXL NeH EAW

Propagation of elastic waves in saturated porous medium containing a small amount of bubbly fluid
Wang Ting Cui Zhi-Wen Liu Jin-Xia Wang Ke-Xie

5| F{% K Citation: Acta Physica Sinica, 67, 114301 (2018) DOI: 10.7498/aps.67.20180209

7 2% %13 View online:  http://dx.doi.org/10.7498/aps.67.20180209
2114 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/111

AT RERH B BB S &
Articles you may be interested in

LT it [R5 K R 3 2 47 5 2 PR SR AR I B
Acoustic focusing lens with near-zero refractive index based on coiling-up space structure
PP 27 H%. 2017, 66(24): 244301 http://dx.doi.org/10.7498/aps.66.244301

TR ) P A P e i b P g MR 3 1 23 A R AT 5T
Acoustic field and convection pattern within liquid material during ultrasonic processing
Y22 H%.2017, 66(19): 194303  http://dx.doi.org/10.7498/aps.66.194303

BT IR RS 1) P SR AR RN
Acoustic focusing by thermoacoustic phased array
PP 22 4%.2017, 66(15): 154302  http://dx.doi.org/10.7498/aps.66.154302

AU A o U TV ) A R R
Propagation properties of interface waves at fluid-coated solid interface
PP 2EH%.2017, 66(8): 084302  http://dx.doi.org/10.7498/aps.66.084302

I ZR MR BT B ALK VLA 22 FL AT S5 75 A 38 1Y) 5
Effect of linear bubble vibration on wave propagation in unsaturated porous medium containing air bubbles
YyHE 2 4.2016, 65(23): 234301 http://dx.doi.org/10.7498/aps.65.234301


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20180209
http://dx.doi.org/10.7498/aps.67.20180209
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I11
http://wulixb.iphy.ac.cn/CN/abstract/abstract71327.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract70849.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract70571.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract69839.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract68917.shtml

) I8 ¥ 48  Acta Phys. Sin.

Vol. 67, No. 11 (2018) 114301

2OERIERAIEFFLER T B AR MR

IE EAEX

x| & &

IR

(EHREHE T, K3 130012)

(201841 A 28 HU&F; 2018 4 3 A 8 HULFIMELF )

% &L A B A A BRI, HAGRAE AR R VIR, WFFC S AR X A LB 5 b A SR R
ARG AR o SR DT FE R AL R 0 S AR s /o R R HE G TS A GRIE B i S U5 R
FERC BB U S T R AP (AR AR 23 2 18] S5, 2] Commander U E MR 1E T AR AR 73
A 1A 3 205 U s R ) A O &R, TR 2 7B IEK) Biot JENHBHIELSNE TR, SR 4 & Biot 27
FOTRERAS T 5B N7 U5 R, (E AT 15 2 PSRN S — SRME ( 75 SA R k. S PR 18 A (1 43
HI TR S P SRIE S EE IO A 78 5 [ AR RS 50 R 25 52, R B/ B AU (A A X BR A D AR 208 1) 1 B

LR AL N

KR fLBRA T, SR IA, Biot Big, #iEY

PACS: 43.35.+d, 91.60.Lj

15 =

H AR TR 2 W) A AESLER, e+ A
5, NFRX LW A 2 AL . 2 AL s 2 D
BB TR PAE 2 AL 5T AP A 3 A, X fL
858 1 J5 38F AP 5 PR AT SR 6 9k Y 0 8 ok A5 AL B
RS SRR E. Biot ) gL T IR A M AL
B A 2 B i, 2B AT AR AR AN 2 FLA 5
HAFAE =R PRI 1B A R . B S X
HYF LI TCE X 2 TREAT TR B0

B E R FL R A A — FBAE, 1M sk B
0 FL RSN A AT 35 A AR A R S R A i BA
WA V2 W0 B0 TR F S BAE =R B
R 7. Santos 5 ¥ & BN HJIMEH, A
FHAMEE K D Ji BRI R A% B AR 73 Ji S ST 1
ANFH I AR A LB A B B B i, i R 1
FLERA B A ARG = PP AN — FEde. 252 ot
25 P12 87 AR TR (R SRR A, R FLBR AN It

DOI: 10.7498 /aps.67.20180209

Z B R AR TR HES T A
RS AR AN 2 5L BRI sh 5 #2. 2=k 10)
5T T AR AN T FLBR AR S A SR RS O,
FLBR K () A RS B 5 LB AR () AR RS 55 RUOCH
— PP B, 15 H D B SR I AE AR 0 AL BR N 5 )
SRR B R e AR K, H At I A 25 R AR IR
). White %5 M @7 7 —Fh Y 35AL 5 S0 AMEE
7K B ERTE 38 5 M A0 L B A AL -t B ke o A A5
A4 Johnson "2 & J& 7 White 25 () FHi¢, R T —
AN B2 FLBR BB A B A X PR A 2,
A BRI, SRR AEAE R 75 IR AL R R2 0 IF A
K. {HH Keller Fl Miksis [ $2 H () S 1 4R 3h BL 8
ATRA, /D8 AR 2 LA TR A AR AR K
Wa. AT AR SC g S 1 FLBR A i S A AR R D =
A B ARAE FE BAE R B IR BN (1 AL i
. H AT E A AR AR S SRR T AL A
MR Z B 7e 14200 % 75 ol 7 B S TR AL IS A 5 11
WF S AT /. Anderson Al Hampton 1 S 45T
AR AR S & DTS A& K B A i

* ERERRIAHES (MHES: 414740098, 11134011) HMARHER R IR (it 5 20180101282JC) Fl 17515 KUIE 5K 5 i St g0 =

TFICHE & 55 B URE.
T EEVEH. BE-mail: cuizw@jlu.edu.cn
© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

114301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180209
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 11 (2018) 114301

PRI ENR, FEFIN & SRS P R AL HR
K5 M Yang il Church P2 #F 70 7 B AN S 76 B 4
L 3R 3h B Mantouka %5 231 SR T Yang
A1 Church Y HLS, BFF T P AL & U S I
&4, R SR L B2 R 2 3 N K FH 1) 22 Comman-
der Al Prosperetti ') & S A& o iH 5 B A 1)
Tk, BV R ENFLEES. B A S AE 2
F &SI TFLBR AR T, BT R B b AR
FE AL TR P B A% %, 1L DRI SR FH 55 003 FE AR AR
LR B — P BRIk )AL 3R AU, AN R [R5 ¢
B IRYPP——1B Yk R AL B, A
CEL AR R IE T RE ) ER i S T SRR
1B LB IMIESNE TR, AL SRR 85 TR
A i 77 B 9 ZR I AN SR FH 45 2580 B i A A 2R 3k AT Ak
M2 BN, BT AT DAL 2 SR A S i
{1003 FEE ARUHIORN 38 55 75 2R e, 2R Pl LB 55 D
B AR RN FLBR A 5T R I A R R I — R
.

2 RRILRRESRESETE

1 Biot HAR MBS E T FEH, FLER A IR
2B R AUR AR, M0 AS Y p ZEHE T (B I SRk
Jike R AL LA & A D BRI L.

TR R E TR PO RO

200) 9 (- ou =0, ()

HooRRILB B, pe N A BB, ulR
[ A B BRI, we = Ou/ot; q NB I E L,
q = poU /ot, U RnFLBRImAR I 2.

(1) K&t
¢ Ops | 00 _
EE“F&"‘V"U%—O, (2)
K wRRBREMYS TEROMEE, w =
¢(Ut*’ut)-

FLBR P BB 55 B RN AR o AR I 77 ko
56 % 0 6]
dP

d¢ = ade + ok (3)

Horh PRORALBE AR 715 e NH BN, de =
Veu; a=1-Ky/Ks, Ky, K738 AR

B 5 = " - T3

W ¢ T EIIERRRII L, pu, pg 73 AIFRTRIR
RRVAR I TE, 24 pg IR/,

pr=(1- ¢g) Pw + Pgpg R (1- ¢g) pw- (4)

TR K, SR TR0 1K &
dpy, dP
e K )
B (3)—(5) AN (2) AT AR 25 A L
WAL SRS RIS 5 R
—P=CV -4+ MV -1—Mép-¢g, (6)

Hrr €, M Jys e, b i) s 3R om0 I A

3 REHEMGEE B ERN K R

XF T AL AR A, ARG 1) R
Al HLAE i iR b 29 20 3 Ay 2) SRR ROV B R
AR, I N ZRIRI R 3) SRR A AN
W AR B g TUARIR N

V;
bg = ?iv (7)

Hp VR BT IBENERE 1V, =
AMR®*N /3, RSB KBRS 42, N A $AL AR
PR, Vi — dma® /3 267 A FLI AL,
o MALBERR
1 (7) AT R RAR AR R B o 5 IR I
B RINKFEN
3
¢g = ]\;7]3%

Keller 1 Miksis 3] S 042 )35 3 4R 5h 5 Fe

R . 3 R\ .
1-—=|RR+=-[1-=|R?
1

X e RARTMEFHIFE, ¢ = \/Ky/pw, Pz R
TR AR I TR — M e ok, p s O SR T
P B A AER R, p = P + P, 2R
P FRRTRERS ok, Py 328U 75 3 A1
IX )75 1 BN, AR E H LB A BRI 4 s 5.
MRS, fEwRy/c < 1), ¥ (9)
K4k, Commander F1 Prosperetti 19 45 H!

1 P,
1
(wg — w? + 2ibw) pr%> . (10)

(®)

R:Ro<1—

114301-2


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 11 (2018) 114301

P

2 in0

2 Ref .
0 ,OWR(Q) ( ]EO mO)

pw R2 2 2pwwR3 mp;
_ 3y '
1=3(y = Vi [(i/%)"? eoth (i/0'* = 1]
D
X = 753
wRZ

Ro /ML ¥ 06 - 4 Pao ER R ERE T
LA BB B JE 3R, E I 3L R 4 R R Py =
Pa + 20/ Ro, o F7UHR I MR T3 1 R ¥ 1
RILBRA B R, D AR AT A,
NI

B (8) A1 (10) S ATSR A

_ N s ! Y
()
HIECE BN T 1, 18

1
wg — w? + 2ibw WR2
ZTB LRI, A
3N Ry

Gu =  pwad (W2 — w? + 2ibw) "
B e AT A 2R AR 2 B [a) 5 K 5 T o (A
IR ERA
3NRy

0s = e (WE — w? + 2ibw) P. (12)
730 7 AR 7 FO [A) 5 £ 5 s R (A 3
KA A, g4 (6) 3015 213U Biot £ 1

BIRESLTTE, A
—P=C'V i+ MV 1, (13)

ﬂﬂ}

SR

He, ¢ = aM’, I/M' = 1/M + &, € =
3NRy &
pwa® (w3 — w? + 2ibw)

& R T Biot L #8477 A2

Biot (2] # 37 7 IA0 44 1 R FL A R R 38 B
PG JE AR Z N Biot #i2. Biot PG I
IR T 5P Y A A R I A R AN L BR A T A R
PIFEAKEE, CIF 2Bk Z M. Biot Bt
RS A3z 50 77 RE A FL B A 5 R S ) AR G 2RO

VT = pii + prei, (14)

VP = priv + 2Py + Ty, (15)
10} K

Tij = )\beéij + 2Gb€ij

b NZANTRIIN ) p NEZ AN FHIR S
B oo NE M, 1 NIBER; My, Gy ﬁﬂﬁ”hff
(8

- aPéij, (16)

BESL (13)—(16) 2, BI AT 45 3] & S0
Biot {7 #8377 1%
[H' — Gu)V (V- u) + G, V2u + C'V (V- w)
= pu + pw, (17)
CV(V u) + M'V (V- w)
= prii + 2Pl ¢ Zw (18)
HA H = Ky, +4Gy/3 + o2 M. ¥ (17), (18) K5

Biot (#8375 fExtth, KM s —8, RE
H', C', M' 5 Biot FJAR, BAITERMEERRES
TR s
B R R AL et BEI R AE 1k, 34T 7 A2
[H' — Gy V (V- u) + G, Viu
+C'V (V- w) +w’pu+wipw =0, (19)
C'V(V-u)+ MV (V-w)
+ w?pru + w?pw = 0, (20)

Hrb b = aoopi/d — in/(wk).

XSEALFE K w, w BEAT Z W B 2% (Helmholtz)
I3fE, BINBRR BN (19), (20) AT 152903
I FI R s AR B0)) Ak . For ) S8
£ s Wi 2 I T FE R

(H'M = %) s* + (20C" = pM' — ') 5
+ (5= p?) =0, .
AT ARG AR T P 15 B KR
V; = 1/Re(s;), (22)
Q7' = 2Im (s;) /Re (s;). (23)

Py 18 BB AL A AR R 5 A A7 2 IR 1

LA R

H,SJQ- —p

C's% —pt’
AT E2 R A2 A LR A 72 5 A

RBIRIELLER B = 1+ /¢, FH j = p1, pe

Iy AR R BN

(24)

Oéj:—

114301-3


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

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 11 (2018) 114301

RN PL s i A2 IR T REA

(p—Guvs) p—pi =0. (25)
ARG (AR T 5 0 R A

Vs =1/Re(ss), (26)
Q7' = 2Im (s5) /Re (s5) . (27)

RRBHE AR IR 55 [ AR 7 8% IR I 1 BB N
0 = ,LGng_ (28)

143

R B IR AR AL 5 ] A AL iR T 1 AR N Bs =

1+ as/¢.

H1 (25)—(28) TURT 50, B ) A 2R b %
MBIYIBEE A O, MR DB, pr, p &
WHERE/N, BBV R AN A Ak, R T R 14 75 2
PEARA LN, BT LAA SCIAT X R AT v ST A

5 WEERGAM

o R R AT L. P E S T
=03 k=9x10"19m? n=1.0x10"2 Pas;
Qoo = 2.15; py = 1000 kg/m?; ps = 2690 kg/m?;
pg = 1.3 kg/m3; P = 1 x 10° Pa; 0 = 72.75 x
1073 N/m; v = 1.4; Gy, = 2.61 x 107 Pa; K}, =
4.36 x 107 Pa; K, = 3.6 x 10'° Pa; K,, = 2.0 x
10° Pa; Rg = 2.0 x 107 m; D = 2.4 x 1075 m?/s.
THAEE R B 1T —E4, HAE 1 PRk Ak
AT AR A 4 2 D1 A IR R i 52 0 2 ik
thk, B3 B4 7l i s A% 5 AR AL A% B4R 1
ECAR R R INATAR AL

SRR 5 FE IR E S IR RE R
INESHAE R P RSCGEBUN ST, MRk

104 |

Vp,/mes™!

103 |

L Al ul Al ul ul ul ul ul
10-! 10° 10! 102 103 10% 105 106 107 108
Frequency/Hz

FUFH0R 0—0.001 G P, SRR 2 A 75
400—10000 kHz. 1 AT LA H: BRI IRM
AL, A PRI A R FE SRS S I v T R AR A,
X5 30k [24) 45 R — 2 A FEEOR. AT
0 [P SR N HR L I A Z b B ER S, AR
B LR 2% 22 JL+T-#1 %%, BT DA SCHE JS B aiX —
AR B b B SRR OB S R 0 A%
PR, BT ATCUR B, SRR E0h 0
Z 485 Biot #8345 1 —5, iX MBS A At m]
DLEH: Mo, = 0B, SIENHEN =0, £ =0, N
(17), (18) :IB1L A Biot (#8377 2. BEE S ARk
R HC 3G 0, DRI A B AR R AR K. 4
BRZRARART, PRI RS A A X

1 4G M
Vo, = |- |Kp+ 3b+ T
1+ M— P8 %
Poc + 40 /(3R0)

(29)

2 ¢ 43 A4 0, 0.00001, 0.0001, 0.001 FF, H
(22) R HAF B W& E(f = 10 Hz) 5> 7 R
1663.3, 1573.9, 1133.7, 497.53 m/s, 1M KA AL
(29) ARG 1035 & 4> 51 8 1653.3, 1564.5, 1127.3,
495.9 m/s. IIA G T ARGF R IEAME, I B0
ST AR BBGE TE 5 A 5 S HURE 2 5 AR AR AR
DESIERRIE R, HE L (b) AR AR
I, PR ) 3 DR A Bl A SRR AR 7 H 39 N T i
BRI, AR BEAR /N, BLRT LR B ARSI AL 1
sty T4 VR AL XoF S P 00 2 A B o AU AR AR 40 B AR 4
AL,

101 F

b ! ! ! A ! A A
10-1 10° 10' 102 103 10* 10° 105 107 108
Frequency/Hz

1 BRI AT AT

Fig. 1. Phase velocity and attenuation of the fast compressional waves.
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Abstract

It is very important to understand the acoustical properties of porous medium. To study the relationship between
acoustical and other physical properties of porous medium will help us to use acoustical tools for determining the physical
properties of porous medium. Many researchers have paid much attention to the properties of acoustic wave propagation
in the gassy marine sediments based on the Biot model which is popularly used to predict the dispersion and attenuation
of sound in saturated porous medium. The patchy model which contains gas inside the spherical water predicts that the
existence of gas just has little effect on the propagation of acoustic wave in porous medium when the gas content is very
small. However, the presence of a small number of bubbles in a fluid saturated sediment will lead to different acoustic
responses. As is well known, the bubble vibration theory proposed by Keller and Miksis shows that a small number
of bubbles existing in the liquid will have a great influence on sound velocity and attenuation. Therefore, in order to
study the effect of a small amount of gas existing in fluid saturated porous medium on the property of acoustic wave
propagation, we investigate a bubbly liquid saturated porous medium and consider the case of the bubbles vibrating
linearly under the action of sound waves. First, we derive the continuity equation of the seepage according to the mass
conservation of the pore fluid and the relationship between porosity differentiation and pore fluid pressure differentiation.
Then, the bubble linear vibration theory given by Commander is used to deal with the time derivative of gas volume
fraction in the continuity equation of the seepage, The bubble linear vibration theory gives the relationship between
instantaneous bubble radius and background pressure of the medium. Through this relationship, we obtain the equation
of time derivative of gas volume fraction and time derivative of pore fluid pressure. Then, we combine the obtained
equation with the continuity equation of seepage, and obtain the modified continuity equation of seepage whose form is
similar to that of Biot model. Finally, the modified Biot’ s equations for fluid saturated porous medium containing a
small amount of bubbly fluid is obtained. As is well known, an effective density fluid model for acoustic propagation in
sediments, derived from Biot theory, just can predict the acoustic properties of the fast compressional waves. However,
the present model can predict the acoustic properties of fast, slow compressional waves and shear waves propagating in
sediments. Through numerically calculating the dispersion, attenuation, amplitude ratios of pore fluid displacement to
solid displacement for fast and slow compressional waves, it is found that the existence of a small number of bubbles has
an influence on the acoustic properties of both the fast compressional waves and the slow compressional waves, especially
the velocity of the fast compressional wave. In addition, the low-frequency speed approximation formula for the fast
compressional wave is also presented. The approximate formula directly indicates the relationship between the velocity
of fast compressional wave and the parameters of porous medium such as the gas volume fraction and the bubble radius.
This study shows that the influence of a small number of bubbles in fluid saturated on acoustic wave propagation is
noticeable. The modified Biot model presented in this paper provides one model to study the properties of acoustic
waves in fluid saturated porous medium with a small number of bubbles.
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