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1 INTRODUCTION

Attenuation of Stoneley waves at their propagation along a borehole is currently considered as an
important information source about porosity and permeability of surrounding layers, which are
crossed by a borehole. Usually the attenuation mechanism is associated with a fluid flow between
borehole and porous permeable surrounding medium. But there are some other mechanisms which
lead to attenuation of wave field in a borehole. In particular, the attenuation of Stoneley wave can
be occurred due to it's scattering on a rough surface of borehole. Hence, there is the necessity to
estimate the contribution of scattering at data interpretation of Stoneley waves attenuation in a
borehole.

The method used in the report for evaluation of attenuation coefficients is analogous to the one of
the work’, where the attenuation factor due to scattering on the rough surface of empty borehole
was estimated. The main difference of the report is existence not the only Rayleigh mode but also a
set of additional modes describing waves propagated mainly inside a borehole.

Applicability of the method corresponds to the small ratio of roughness amplitude to wave length.

2 PROBLEM STATEMENT

The scheme of a borehole is shown on Fig.1. The well
W roughness is described as random function r=n(z). The
point monochromatic source radiating longitudinal waves is
placed on the borehole axis.

Wave field outside the borehole is completely described by
scalar and vector potentials. Wave field inside a borehole is
completely described by scalar potential only. These poten-
tials are governed by the wave equations. The problem is
solved in cylindrical coordinates. The boundary conditions

on the surface » =1, +77(z) with arbitrary function 77(z )
consist of: 1) equality of forces applied to the both sides of a
borehole surface; 2) equality of normal to the borehole sur-

face components of displacements of fluid and solid; 3) ra-
diation conditions on the infinity; 4) the source singularity on

the borehole axis » =1).

3 SOLUTION

Figure 1. The scheme of borehole
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Since roughness is considered as a small in comparison with the wavelength, the boundary condi-
tions are expanded in the Taylor series in the vicinity of the mean well radius » = r;, taking into

account terms of zero and first orders only. Thus, the initial problem is reduced to the one for the
wave field propagation in the perfect fluid-filled borehole but with complicated arbitrary boundary
conditions. After Fourier transformation by variables z (z—k) and t (t—®), the solution of system can
be written in the following form:

A
¢>f(r,k,a))=—5ﬂ;K0(vfr)+ Cily(v,r)

p(rik,0)=C,K,(v,r) '
w(r,k,o)=C,K,(v,r)

where @ r is scalar potential, describing wave field in fluid, @,y are scalar and vector potentials,

1 .
describing wave field in elastic medium; v, =+/k> —k at lk\ > or v, =ik} —k” at

¢

w
|kl < —, ¢;— waves velocities.
C.

1

Substitution of the solutions to the boundary condition leads to the matrix integral equation for coef-
ficients C4,C,,C;3 in the following form:

Lo(k)@(k) =L (k% )p(k )+ O(k)

R U N ™
L' (kE) = [dkn(k )Lk )

—00
where @(k) =(CI,C2,C3)- vector consists from coefficients of eigen functions of the solu-

tion, Ly, L; are matrixes of dimension 3x3, Q(k) - vector describing source, 77(k) - space Fourier

spectrum of rough surface; k =k — k' with wave number k.

To solve the system (1), the mean field approach is used. In the framework of this method the field
is presented as a sum of mean and random fields ¢ =< > +@'. By averaging procedure of initial

random operator equation (1) in the framework of mean field approach the following averaged ma-
trix equation for the mean field can be derived:

|Lo(k)-62L, |< 5= 70"

+00
L, =51_ j AWk )L (k)L™ (R )L (F.k) ,
T

0" = Z{fﬁ KW (K L (6F )L™ (k)0 (K )+ < O(k) >

Vol. 25. Pt 5. 2003

256



Proceedings of the Institute of Acoustics

where O - roughness amplitude, W(k) — Fourier spectrum of correlation function:

o’ W(z—2")=<n(z)n(z") >.

In difference with the case of the empty borehole [1], the dispersion equation
det[LO(k)—aszJ:O )

has finite number of roots at the given frequency.

4  ATTENUATION FACTOR

Since, in the considered case of weak scattering the condition ”LOH >> 0'2[|L2 ” is required, to
solve the dispersion equation method of small perturbation was applied.

Thus, the solution of dispersion equation can be written as following k; = k,,; + k;, where k
are solutions of unperturbed dispersion equation for perfect borehole. For example, kmO = kSt is
wave number corresponding to the Stoneley wave, k,,, i=1,... are the wave numbers correspond-

mi 1

ing to the higher quasi-Rayleigh modes. Expression for the correction 67@. can be written as follow-

ing
Sk, =c’H(k,,) MI ,
ok k.

where

Mk,E N
MEE) | Mk, F)= YL,
det L, (K)

and notation minor(ZL, (k)y) is used for minor of matrix L, corresponding to its jj component.

H(k)= % Tdk’ W (k") (k, k)minor(L, (k),),

Attenuation coefficient is an imaginary part of the dispersion equation solution kl.. Since kmi are

pure real wave numbers, therefore the attenuation coefficient is an imaginary part of 67{,. .

The imaginary part of the correction ¢k, to the wave number is appeared due to the following fea-
tures:

1) The pole of Stoneley wave k, =tk

a (w) = O-ZkS4 W(km’ — kSt )M(‘x'm' s X g ) + W(kmz + kSt )M(xmi X ) y
Sti -
ddet Ly (x) Odet L, (x)
ox x Ox Xg

mi

where x —dimensionless wave number defined as k =k x, with k, - shear wave number wave,
i=0,....
Vol. 25. Pt 5. 2003

257



Proceedings of the Institute of Acoustics

2)  The poles of quasi-Rayleigh waves k =tk

mi

( ) 0'sz4 W(kmi - kmj )M(xmiﬂxmj) + W(kmi + kmj )M(xmi’_xmj) !
Opi\ @) =
odetLy(x)| |7 9detLy(x))
ox X ox xmj

where i=0,..., =1,....

3) The cuts {k‘ <—, lk' < — corresponding to longitudinal and shear body waves

¢ Cs
P 4 egley +1
o k M(x,x
o)== s Tm  [dx 'W(k')—(—:)—,
2 bdetLy (k) e /e, 1 detL, (%)
ok ey
where i=0,....
Only the shear waves ive  contribution to attenuation in the domain

xele,je, —Le, /e, —c,Je [Ule,/en + ¢/ s¢, [ +1] and the main contribution to
attenuation due to scattering into longitudinai waves comes from domain
JC'E[CS/Cmi _cs/cl ;Cs/cmi +Cs/cl]'

In connection with these features, the attenuation coefficient can be written as a sum of partial at-
tenuation coefficients &, = &g, +p; + &,;, due to Stoneley to Stoneley (St—St) and Stoneley to
quasi-Rayleigh (St—>R;) waves scattering processes as well as due to Stoneley to the body (St—P,
St—»8) waves scattering processes.

The frequency dependencies of partial attenuation coefficients due to (St—St), (St—>Rj), (St—>P,
St—S) waves scattering processes are shown on the fig.2 for different values of correlation lengths:
0,02,0,1,1,0 m.

The left plots show partial contributions to attenuation due to scattering into other eigen modes

(Stoneley and first quasi-Rayleigh), the right plots represent contributions of body shear and longi-
tudinal waves. The Gaussian correlation function was used for calculations:

2/ 2 2
W(x)=e /a W (k) = a~/me 4 ,
where a is correlation length.

It is possible to see on the fig.2, what with increasing of correlation length the main contribution to
attenuation comes from scattering of the eigen mode into the same eigen mode.
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Figure 2. Frequency dependencies of partial attenuation coefficients of Stoneley wave due
to different scattering processes. The left plots show attenuation due to scattering into
other eigen modes: to Stoneley wave (solid line), to the first (dotted line), to the second
(dashdot line), to the third (dashed line) quasi-Rayleigh waves. The right plots show at-

tenuation due to scattering into the body waves: to longitudinal wave (solid line), to shear
wave (dotted line).

5 SUMMARY

The problem about Stoneley and quasi-Rayleigh waves attenuation due to their scattering on the
well roughness is considered in this report. The solution of problem is obtained in framework of
small perturbation approximation and with use of the mean field approach technique.
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The dispersion equation describing Stoneley and quasi-Rayleigh waves propagation along borehole
with rough surface is derived. Its explicit solution is obtained in the form of correction to wave num-
bers of the undisturbed problem. The real and imaginary parts of these corrections describe the
dispersion and attenuation factor of waves correspondingly.

The total attenuation coefficient can be represented as a sum of partial attenuation coefficients due
to Stoneley to Stoneley (St—S) and Stoneley to quasi-Raileigh (St—R;) waves scattering processes
as well as due to Stoneley to body (St—P, St—S) waves scattering processes.

The numerical results showing the frequency dependencies of the attenuation coefficient for differ-
ent correlation functions and different correlation lengths are presented. It is shown that for large

correlation length the main contribution to attenuation of some eigen mode comes from the scatter-
ing into the same eigen mode.
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