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The nonaxisymmetric acousto-electric field excited by an eccentric acoustic source in the borehole based on Pride

seismoelectric theory is considered.

It is shown that the acoustic field inside the borehole, converted electric and

magnetic fields and coupled fields outside the borehole are composed of an infinitude of multipole fields with different

orders. The numerical results show that both the electromagnetic waves and the seismoelectric field in the borehole,

and the three components of both electric field and magnetic field can be detected. Measurements on the borehole axis

will be of advantage to determining shear velocity information. The components of the symmetric and nonsymmetric

acoustic and electromagnetic fields can be strengthened or weakened by adding or subtracting the two full waveforms

logged in some azimuths. It may be a new method of directly measuring the shear wave velocity by using the borehole

seismoelectric effect.
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1. Introduction

The acoustic waves in solids have attracted many
scientists’ attention! =4 due to their important appli-
cations in various technical and engineering processes.
The study of wave propagation in a fluid-saturated
porous medium is of considerable interest in acous-
tics and geophysics.>~8 One of the major findings of
Biot’s theory® =19 is that there exists a compressional
slow wave in a fluid-saturated porous medium. The
first clear experimental observation of this slow wave
was reported by Plona.l'!] Biot!'?! predicted the slow
waves should have an important bearing on electroki-
netic effect. This predication has been quantitatively
confirmed by Pride et all'3 and Hu.['¥ Elastic waves
propagating in fluid-saturated porous media can gen-
erate a movement of the ions in the pore fluid, and
such a movement induces an electromagnetic (EM)
field.!'®! Pridel'¢! derived the governing equations for
the coupled acoustics and electromagnetic waves in
fluid-saturated porous media. Pride and Haartsen'”!
analysed the basic properties of seismoelectric waves.

In order to detect the acoustoelectric signal effectively,
Haartsen and Pride!™®! suggested measuring the verti-
cal electroseismic profile. Mikhailov et al!'®! measured
and analysed the electric field converted from low fre-
quency Stoneley waves in a borehole. Seismoelectric
effect is also called acoustoelectric effect in acoustical
logging frequencies (kHz). Acoustoelectric well log-
ging method has been proposed to detect deep target
formation. Zhu et all?% conducted laboratory exper-
iments in model wells. Acousto-electric well logging
methods based on the excitation and reception of ax-
isymmetric wave phenomena in a fluid-filled borehole
have been investigated.[1420—-23]

In the present paper we consider the nonaxisym-
metric acousto-electric field excited by an eccentric
acoustic source. We theoretically formulate and nu-
merically simulate both axisymmetric and nonaxi-
ally symmetric waves in a fluid-filled borehole. The
full waveforms of acoustic waves and electromagnetic
waves in the time domain propagation in the borehole
are analysed and simulated.
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2. Acoustic field and electromag-

netic field in the borehole fluid

Acoustic field.
associated with an eccentric sourcel?¥ located at

The displacement potential
(r0,0,0) is given by

o(r, 0, k,,w)

Z renk

n(Mro), f = mer, v > 1o and €,
is Neumann’s factor (¢, = 1 for n = 0; €, = 2

f) cos(nd), (1)
where v = Vp(w)I,

otherwise), Vo(w) is the source spectrum, and nf =
k? — w?/v? is the radial wavenumber with respect to
K, is the
nth-order modified Bessel function of the second kind.

the acoustic velocity of borehole fluid wvy.

For r < rp, we interchange r and ro in Eq.(1). The
total acoustic field inside the borehole is given by

Z”yA L.(

x cos(nb), (2)

(r,0,k.,w) = [) +enKn(f)]

where A,, is the reflection coefficient. The radial com-
ponent of the displacement field is given by 9&/dr
and borehole fluid pressure P(r,0,k,,w) is given by
pw? ®. pg is fluid density.
Electromagnetic field. In cylindrical coordi-
nate system(r,#,z), it is convenient to take the z-
components of vectors E and H, and they satisfy

the Helmholtz-type wave equations without an elec-

tric current SOHFCG,[25]
V2E, - K’E, =0, (3)
V?H, - k*H, =0, (4)

where k2 = w?puer, & = er(l + iog/wer), &r is the
borehole fluid’s electrical permittivity, o¢ is the bore-
hole fluid’s electrical conductivity, p is the magnetic
= /-1

ation conditions, which prescribe that the reflected

permeability, and i Considering the radi-

electromagnetic field should be finite on the axis of

the borehole, we can take the solutions for E, and
H,, respectively, as

Z”yA (kz,w)1,
Z”yA (ky,w)1,

k2. AE and AY are the re-

flection coefficients. Transverse field components are

(r,0,k,,w) = n(x)cos(nd), (5)

(r,0,k,,w) = n(x)sin(nd),  (6)

where x = ner, 12 = k2 —

obtained from Maxwell’s equations,

o0

EH(Tv 97 kZ; w) =

n=

OW{AEI: 7: n(X )+AH1;}”
x [an )+ elns1 ()] } sin(no), (7)

e e

(1,0, k-, w) Z { ap ke [TI (x)+nc1n+1(x)}

+ A8 1_“"62‘ “L(x) feos(nd), ()
H, (7,0, bz ) = nf%v{AS = (2100 + m i ()
AEli"Ef P I(x )}sm(ne), 9)

(r,0, ks, w) = i {AHi (X)+A51_“’$

x [§In<x>+ne.rn+l (0] } cos(nf).(10)

Reflected electromagnetic field inside the borehole
in the space-time domain is given by

H(r,@,z,t)z%/ / II(r,0,k,,w)
™

x expli(k,z — wt)]dk,dw, (11)

where we use II(r, 0, k,,w) to denote any component
of electric or magnetic field given by Eqgs.(5-10).

3. Seismoelectric waves in the
porous formation

According to Pride’s theory, 517 without the ap-
plied force and electric current sources existing, we
may write the equations for the coupled electromag-
netic and acoustics in fluid saturated porous media as
follows:

V.1 =—iw(pu + prw),

Vx E=iwB,
VxH=-iwD+J,
= L(Ww)E + (=VP + w?pru)k(w)/n,

J =0(w)E + L(w)(~VP + w?pru),

7= (H—2Gp)(V-u)I+C(V- -w)I
+ Gp(Vu + Vul),

—p=CV-u+ MV - w,

D= €0 i(gﬁr - Esr) + Esrj|Eu

Qoo

B =_uH. (12)
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Those governing equations are the Biot equations
for porous medium acoustics along with the Maxwell
equations for the electric and magnetic fields E and
H. Here 7 is the bulk stress in the porous medium,
p is the pressure in the pore fluid, u is the displace-
ment in the solid, and w is the relative fluid—solid
motion. The symbol p denotes the bulk density of the
porous medium, p = (1 — ¢)ps + ¢pr, where ¢ is the
porosity of the medium, ps is the solid density and p¢
denotes the fluid density. The fourth and fifth equa-
tions are in the form of Darcy law and Ohm’s law,
through which acoustic and electromagnetic fields are
coupled. Here, J is the electric-current density; —iww
is the Darcy filtration velocity; H,C, M, and G}, are
four moduli of isotropic porous media;[2% a. is tor-
tuosity; e¢ is vacuum permittivity; e and e are
the relative permittivities of the fluid and solid re-
spectively; o(w) is the frequency-dependent electri-
cal conductivity of the medium; k(w) is the dynamic
permeability; 7 is the fluid dynamic viscosity; L(w) is
the frequency-dependent electrokinetic coupling coef-
ficient. The expressions for o(w), k(w) and L(w) are
given in Refs.[16-18].

The solution to the coupled equations of seismo-
electric waves motions can be obtained by separating
the basic fields uw, w, E into their compressional, ver-
tically and horizontally polarized shear components,
and further expressing them in terms of scalar poten-
tial functions as

u= Y Vo4 Y Vx[Be.+Vx(Le.),

j=pf,ps

w = Z CYjVQj

j=pf,ps

+ 3 4V [wjez+V>< (I}ez)},

j=sh,em

j=sh,em

E= Y BV,
Jj=pf,ps

+ > BV x [wjez +V x (I ez)}, (13)

j=sh,em

where &; is the compressional wave potential; e, is
the unit vector in the z-direction; ¥; is the horizon-
tal polarized shear potential; I'; is vertically polarized
shear wave potential. Each of these potentials satis-
fies Helmholtz-type wave equation. The formulas of
factors «;, B; (j = pf, ps, sh, em) can be found in
Refs.[17,21,27].

Outside the borehole, because the radiation con-
ditions prescribe no incoming waves existing at the

position where r tends to infinity, the solutions are as
follows:

@ =Y yBLK(n;r) cos(nb),

n=0
oo

v = Z yCY K, (n;7) sin(nf),

n=0
oo

Iy = S DK, () cos(n),  (14)
n=0

which are similar to those in the presence of only
acoustic fields with respect to an nth-order multipole
source.?829 Here, 17]2 = k2 - kf (k]2 = w%?) are
the radial wavenumbers of the seismoelectric waves,
whose complex slowness s;(j = pf, ps, sh,em) expres-
sions can be found in Ref.[17]. Here, BJ,CJ, and D,
which characterize the outgoing seismoelectric waves,
are functions of the axial wavenumber k. and the an-
gular frequency w. Once u,w and E are known,
all other quantities such as stress tensor, pore fluid
pressure and magnetic vector can be deduced from
Eq.(12). The components of seismoelectric field can
be written in terms of the potentials using Egs.(13)
and (14). The detailed expressions of those formula-
tions can be found in Ref.[27].

4. Boundary conditions and reso-

lution
The boundary conditions of seismoelectric
waves!!7] for a cylindrical interface at the position

r = a between a fluid and a fluid-saturated formation

are
u}“ = wz + u%a _p% = 7’7"27“5 0= sza
0:7—7?97 P1:p27 E;:E‘g?
E;=E, Hy=Hj H; =H, (15)

where the superscripts 1 and 2 represent the media in-
side and outside the borehole, respectively. With the
expressions of Wy, Ur, Trry, Trzy Tre, Fo, E,, Hy, and
H, deduced from Egqs.(12)—(14), the boundary equa-
tion may be written in the form of matrix as

MA = B, (16)

where M represents 9 x 9 complex matrices, whose
elements can be found in Ref.[27], and

A= {4, By, B, G} Dy Ci Dy AR AT,
B :{bb b27 O; 07 b57 Oa 07 05 O}Ta
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where by = €,[nKpi1(nea) — nKy(npa)/al and by =
bs —pfw2enKn(nfa). The unknown coefficients of
interest, A,, AL, A can be obtained from Eq.(16).

5. Numerical results

In this section we present synthetic acoustic waves
and electromagnetic field in the borehole excited by an
eccentric acoustic monopole source. The model input
parameters are the same as those in Ref.[22], but for
the slow formation, we choose Ky = 33.40 x 10° Pa,
Ky = 2.61 x 10° Pa, and G}, = 2.83 x 10° Pa. The
point monopole source is of a cosine pulse.27:29]

In the space-time domain, the acoustic wave field
and electromagnetic wave field have the following
forms: P(r,6,z,t) = po+p1 cos0+ps cos(20)+- - - and
Hy(r,0,z,t) = hysinf + hysin(260) + hs sin(360) + - -.
In form FE,, FE,., Hy are similar to P, and H,, FEy
are similar to H,. In the nonsymmetric fields pi, Ay
and pg, ho are similar to those in the fields excited by
dipole and quadrupole sources?” respectively. It is of
advantage to obtaining the information about shear
waves from the nonsymmetric field, especially in the
low frequency ranges. If the acoustic transducer, elec-
trode, and Hall effect magnetometer are positioned in
the borehole fluid, one could measure acoustic, elec-

P/ Pa

E2/(V/m)

MAX
3.0

23.03
1.562x10~*

34 34
19.95
1.283x10~4
3.8 3.8
17.26
1.003x10~%
L 1 1 L J 1 L 1 1 J
0 2 4 0 2 4
(a) t/ms (b) t/ms
Fig.1.

tric and magnetic fields, respectively. For example,
we choose only some positions to record the full wave-
forms.

The electric and magnetic fields produced by
dipole sources (n = 1) were mistaken as zero on bore-
hole axis in Ref.[27], and recently, Guan et al have
given it a correct explanation (see Egs.(51) and (52)
in Ref.[30]). In the present work, the electric and mag-
netic fields on the borehole axis are expressed as

Er =y (k. AP + wpAll,

Hy = —vo(k. AT + wer AY), (17)
where vo = Vo(w)ili(ner0)/(2ne). Since Ip(0) =1 and
I,(0) = 0 for n > 1, we can see that, on the bore-
hole axis, only po, E.o, F1 and H; can be recorded.
Figure 1 shows the 2 kHz fast formation waveforms
recorded on the borehole axis. The stronger Stoneley
wave packets can be seen only in Figs.1(a) and 1(b),
however, the wave packets, whose speeds are very close
to those of shear waves, can be found in Figs.1(c) and
1(d).
shear velocity on the borehole axis by recording Ej
or Hi.
Fig.1(d) arrive at all receivers simultaneously, which

It shows that, if possible, we can measure the
Also we can find that EM wave-packets in

corresponds to the EM wave of the formation."!

E1/(V/m) Hi/(A/m)

MAX MAX

3.0

1.385%106 ' 9.499x 1010

1.279x106 8.774x10~10

1.187x10~6 8.149x 1010

t/ms

(©)

t/ms

Waveforms of acoustic and electromagnetic fields received on the borehole axis for a fast formation with the

parameters being. ro = 0.05 m, » = 0.0 m, and the central frequency 2 kHz: (a) is for P, (b) for E-, (c) for E1, (d) for H;.
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Figure 2 shows the 1kHz slow formation wave-
forms recorded on the borehole axis. The stronger
Stoneley wave packets can be seen only in Figs.2(a)
and 2(b).

packets whose speeds are very close to those of shear

However, in Figs.2(c) and 2(d), the wave

waves can be found. It shows that, if possible, we

can obtain the shear velocity on the borehole axis

P/ Pa E./(V/m)
z/m
MAX MAX
43.06
3.667x10~%
4.0 4.0
35.88
2.789x10~4
5.0 5.0
\ ’ 2954 2.087x10~4
| I T I N — L 1 & 1 1 |
0 2 4 6 8 0 2 4 6 8

(a) t/ms (b)

t/ms

Also we can find that EM
wave-packets in Fig.2(d) arrive simultaneously at all

by recording F; or Hj.

receivers. The above numerical examples show that
one can obtain shear wave velocity by recording the
converted nonsymmetric electric field and magnetic
field on the borehole axis at low frequencies.

E1/(V/m) H;/(A/m)
MAX MAX
8.2521x10~7 6.21x10710
4.0
6.838x10~7 5.153x10~10
5.0
5.902x10~7 4.460x 1010
1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1
0 2 4 6 8 0 2 4 6 8
(c) t/ms (d) t/ms

Fig.2. Waveforms of acoustic and electromagnetic fields received on the borehole axis for a slow formation with the
parameters being ro = 0.05 m, » = 0.0 m, and the central frequency 1 kHz: (a) is for P, (b) for E., (c) for E1, (d) for Hy.

Figure 3 shows electromagnetic fields received at
/2 azimuth for the fast formation, where the adopted
parameters are z = 3 m, rg = 0.05 m, » = 0.06 m,
and the central frequency 6 kHz. From Figs.3(a—c)
we can find that the waveforms are similar to those of
monopole waves, however, the waveforms of Figs.3(d)-
3(f) are similar to those of dipole waves. In such a
case, acoustic field P is described by pg —p2+ps+---,
and magnetic field H, by hy — hs + hs + - - . Due
to the small contribution from ‘hexapole (n = 3)’
and high-order terms, the waveforms of Figs.3(d—f)
are very close to those of dipole waves. It indicates
that one could obtain dipole waves by logging Fy, H,,
H, at 7/2 or 3w /2 azimuth. It may be a new method
of directly measuring the shear wave velocity.

Zhang et all® provided an effective improved
method of separating the components of the nonsym-
metric and symmetric acoustic fields from the full

waveforms. This method holds true for acoustic P and
electromagnetic fields F,, E, and Hy in the present
paper. Here, we do not display the separation pro-
cess. We pay our attention to obtaining the dipole
waves from electromagnetic fields Fy, H,., and H, bet-
ter than those of Figs.3(d—f) and quadrupole waves.
For example, the radial component H, of magnetic
field for a fast porous formation is shown in Fig.4,
where the parameters are the same as those in Fig.3.
If the two waveforms of H, are logged at 7/3 and 47/3
or 2 /3(r and z are not changed), because of sin(360) =
0 for 8 = w/3, 2n/3, 4n/3, and 57/3, the wave-
form obtained by [H,.(7/3) — H,(47/3)]/(2sin(7/3))
or [H.(mw/3) + H.(27/3)]/(2sin(7/3)) is even closer
to that of dipole wave than the above obtained (see
Fig.3(e)), and the error is smaller than the term
sin(50). If the two waveforms of H, are logged at /4
and 5m/4 or 3m/4, because of sin(46) = 0 for § = 7 /4,
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3r/4, 5mw/4, and Tr/4, the waveform obtained by  fields from the full waveforms excited by an eccentric
[Hy(w/4)+ H,(57/4)]/2 or by [H,(w/4)— H,(37/4)]/2  source. Of course, such a method require us to make
is closer to that of quadrupole wave,?”3% and the  the receivers different from the usual tool. For the
error is smaller than the term sin(60). The results  slow formation case, we can conduct similar operation
show that adding and subtracting method is a better  but it is omitted here.

method of separating the dipole fields and quadrupole

B /(V/m) ViAX By /(V/m) ViAX
1.413x10~5 4.438x10~6
(d) ‘ . .
3 4

(a)

0 1 2
Er/(V/m)
8.181x10~6
® | | | | | |
0 1 2 3 4 0 1 5 3 B
Hg/(A/m) H,/(A/m)
—‘/\N\/v\/\/\’w 3.359% 109 1.039x10~9
(c) ‘ . . | ()
0 1 2 3 4

1.412x10~°

0 1 2 3 4
t/ms t/ms

Fig.3. Waveforms of electromagnetic fields at 7/2 azimuth for a fast formation with the parameters being z = 3 m,
ro = 0.05 m, r = 0.06 m, and the central frequency 6 kHz: (a) is for E., (b) for E,, (c) for Hy, (d) for Ey, (e) for H,, (f)
for H,.

Hy /(A/m) Hy /(A/m)
MAX MAX
1.394x10~9 1.218x10~?
0 1 2 3 4 0 1 2 3 4
1.512x10~9 1.333x10~°
0 1 2 3 4 0 1 2 3 4
1.408x10~° - 4.552x1010
0 1 2 3 4 0 1 5 s 4
t/ms
(a) / (b) t/ms

Fig.4. Waveforms of H, for a fast porous formation with the parameters being z = 3 m, r9 = 0.05 m, r = 0.06 m, and the
central frequency 6 kHz. (a) The first curve(from top to bottom) is for H,(m/3), the second is for H,(47/3), the third is
obtained by [H,(n/3) — H,(47/3)]/(2sin(xr/3)), (b) The first curve (from top to bottom) is for H,(w/4), the second is for
H,(5m/4), the third is obtained by [H,(7/4) + H(57/4)]/2.
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6. Conclusion

In this paper, an acousto-electric well logging
method is presented based on the excitation and re-
ception of the nonaxisymmetric acousto-electric field
in a fluid-filled borehole embedded in permeable for-
mations, excited by an eccentric acoustic source. The
frequency wavenumber domain representations of the
acoustic field and associated seismoelectric field are
formulated. It is shown that acoustic, electric and
magnetic fields are composed of an infinitude of the
multipole fields with different orders. The numerical
results show that two kinds of seismoelectric fields can

be generated by acoustic waves in a fluid-saturated

borehole. One can measure three components of both
electric field and magnetic field. Measurement on
the borehole axis will be of advantage to determin-
ing shear velocity information. One can obtain wave-
forms closer to those of dipole waves by recording
electromagnetic components H,, H, and Ey at 7/2
or 3m/2 azimuth. We can use the subtracting and
adding method to separate the dipole fields from the
full waveforms of H,., H, and Ey received at w/3 and
47 /3 or 2m/3 with a smaller error and quadrupole
fields received at w/4 and 57/4 or 3w/4 from the
full waveforms excited by an eccentric source. Bore-
hole seismoelectric conversion many provides a new

method of logging shear wave.

References

[1] Wang G, LiuY Z, Wen J H and Yu D L 2006 Chin. Phys.
15 407

[2] Liang B, Zhu Z M and Cheng J C 2006 Chin. Phys. 15
412

[3] Qin B, Chen J J and Cheng J C 2005 Chin. Phys. 14 2522

[4] Zhang B X, Wang C H and Anders B 2005 Acta Phys.
Sin. 54 2111 (in Chinese)

5] Wu K'Y 1999 Acta Phys. Sin. (Overseas Edit.) 8 s100

[6] ZhouY F, Wang Y J, Ma L and Gao T F 2000 Acta Phys.
Sin. 49 480 (in Chinese)

[7] Geng HY, Wu Q, Tan H, Cai L Q and Jing F Q 2002
Chin. Phys. 11 1188

8] Cui Z W, Wang K X, Cao Z L and Hu H S 2004 Acta
Phys. Sin. 53 3083 (in Chinese)

| Biot M A 1956 J. Acoust. Soc. Am. 28 168

] Biot M A 1962 J. Appl. Phys. 23 1482

1] Plona T J 1980 Appl. Phys. Lett. 36 259

] Biot M A 1962 J. Acoust. Soc. Am. 34 1254

] Pride S R and Garambois S 2002 J. Acoust. Soc. Am. 111

697

(14] Hu H S 2003 Acta Phys. Sin. 52 1951 (in Chinese)

[15] Thompson A and Gist G 1993 The Leading Edge 12 1169

[16] Pride S R 1994 Phys. Rev. B 50 15678

[17] Pride S R and Haartsen M W 1996 J. Acoust. Soc. Am.

100 1301

[18] Haartsen M W and Pride S R 1997 J. Geophys. Res. 102
24745

[19] Mikhailov O V, Queen J H and Tokséz M N 2000 Geo-
physics 65 1098

[20] Zhu ZY, Haartsen M W and Toks6z M N 1999 Geophysics
64 1349

[21] Hu H S and Wang K X 1999 Well Logging Technol. 23
427 (in Chinese)

[22] Hu H S and Wang K X 2000 Well Logging Technol. 24 3
(in Chinese)

[23] Hu H S, Liu J Q, Wang H B and Wang K X 2003 Chin.
J. Geophys. 46 362

[24] Kurkjian A L and Chang S K 1986 Geophysics 51 148

[25] Weng Cho Chew 1992 Waves and Fields in Inhomoge-
neous Media (New York: Van Nostrand-Reinhold)

[26] Biot M A and Willis D G 1957 J. Appl. Mech. 24 594

[27] Cui Z W 2004 Theroretical and Numerical Study of Mod-
ified Biot’s Models, Acoustoelectric Well Logging and
Acoustic Logging While Drilling Excited by Multipole
Acoustic Sources. Ph.D thesis, Jilin University, China (in
Chinese)

[28] Schmitt D P, Zhu Y and Cheng C H 1988 J. Acoust. Soc.
Am. 84 2230

[29] Zhang B X, Wang K X and Dong Q D 1996 J. Acoust.
Soc. Am. 99 682

[30] Guan W, Hu H S and Chu Z T 2006 Acta Phys. Sin. 55
267 (in Chinese)



