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ABSTRACT

The electromagnetic field about a conducting cylinder in
uniform space is investigated for the case of an infinitely
long linear current source and for magnetic dipole sources.
The asymptotic behavior of the fields is discussed in both
the frequency domain and in the time domain.

By comparing the secondary and the normal fields, the
optimum ranges of frequency and time are obtained. From
the results of the numerical evaluation, it is found that
the resolving capability of the methods in the frequency and
the time domains are very much different. The time domain
method possesses a much higher resolving caéability than the
conventional frequency domain methods. Even in the frequency
domain there is a big difference between measuring the in-
phase and the quadrature component. Measuring the inphase
component provides higher resolving capability than measuring
‘the quadrature component. However, the resolving capability
of the methods in the frequency domain can be increased
'significantly by measuring the quadrature component at two
different frequencies. The calculation results show that the
maximum ratio of the secondary to the normal field of this

method canlmecompéfable to that of the time domain method.
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INTRODUCTION

The electromagnetic methods are the most successful
tools in mining geophysics (FParasnis, 1966). These methods
were first used more than 50 years ago in Sweden (Parasnis,
1966). Since then many‘different inductive methods have been
developed. Conventionally, these mefhods can be classified
into the foliowing three groups.

Group 1. Frequency methods in the near zone.

The transmitter is a loop carrying a harmonically time-
varying current. Measurements are performed in the near zone;
that is, thé ratio of the separation to the skin depth of the
medium is less than one. The following methods are included
in this group:

a. Two coil system: Slingram and tilt angle methods
(Keller, et al, 1966). Some of these methods are based on de-
termining the azimuth and tﬁe dip of the ellipse of the polar-
ization. Other methods mesure only the amplitude and the phase
ofAthe magnetic field at different frequencies.

b. Airborne systems.

Group 2. Frequehcy methods in the wave zone; that is,
the ratio of the separation to the skin depth is large. The
methods in which measurements are carried in the wave zone

are as follow:
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a. VLF

The antenna of a VLF transmitter constitutes a
vertical electric dipole. Measurements are carried out by
using a coil tuned to the frequency of the selected VLF
station.

b. AFMAG

This method uses the natural magnetic fields at
audio frequencies.The space between the ionosphere-and the
earth's surface acts as a wave guide for these fields with
the result that their vertical components are normally very
small. A receiver coil at any point will show that the plane
of polarization tilts out of the horizontal (Ward, 1969).

¢c. Turam Method (wave zone)

The primary field of this method is produced by a
long cable or a lérge loop and the receiver consists of two
coils. For each measurement the ratio of the intensities at
two points is measured (Parasnis, 1966).

Group 3. Transient methods

a. Ground systems:

There are several kinds of transienﬁ methods, in-
cluding those of Sirotem (1977), Crone (1977), Newmont (1955).
These systems are used in the ground surveys. Usually the
energy of these methods is supplied inductively by pulses in
an insulated cable loop and a receiver coil measures the
signal when the current is turned off. The advantage of
these methods is that only the secondary field needs to

be measured.
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b. Airborne system:

The induced pulse transient (INPUT) system has
been employed for aerial electromagnetic survey. In this
system, pulses are sent through a horizontal loop at a
repetitioh rate of several hundred‘times a second, using

a small 'bird' towed on a cable about 150 m behind air-

. eraft. This bird houses a coil which detects the second-

ary decaying signal from the ground. Measurements are made
at times from about 100 U s after the current is turned off
to about 2000 Jis (Parasnis, 1966).

The interpretation of all the above mentioned methods
is mainly based on the frequency and transient responses
which are obtained through calculation or physical modeling
for the case of an ore body surrounded by an insulator. It
is usually assumed that the influence of the surrounding
medium is negligible.

An extensive amount of theoretical work has been done
on the induced electromagnetic fields of conducting bodies.
The analyticai model of a conducting sphere has been inves-
tigated by Wait (1951 , 1953 and 1960), Ward (1959 and 1967),
and Fuller (1971), and others. The above literature mainly
discusses the derivation of secondary fields in the fregency
domain and their behavior in a conducting medium. Negi
(1969), Nabighian (1970 and 1971), and Verma (1972), inves-

tigated the conducting sphere in the time domain.
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Most previous investigators studied the behavior of the
secondary field, which is primarily due to the induced
currents in the conductor, without considering the influence
of the surrounding medium. The influence of the surrounding
medium is defined as geological noise which comes from the
induced currents in the surrounding medium and sometimes from
the galvanic part of the secondary field. Neglecting the
influence of surrounding medium, the depth of investigation is
controlled by the ratio of the useful signal to the ambient
noise. Ambient. noise consists of telluric noise, industrial
noise, and measuring error due to unstable orientation of a
transmitter and a receiver. This problem can be solved by
developing better instruments. However, the maximum depth of
investigation of the orebody is restricted by the ratio of
the useful signal to the geological noise. If the geological
noise is greater than the useful signal, it is impossible to
gét reliable information about the orebody. Thus the main
concern in EM prospecting is to find the optimum conditions
which allow one to get the maximum ratio of the useful signal
to the geological noise (Kaufman, 1961} Kaufman (1961)
investigated the galvanic and the inductive part of the secon-
dary field of a conducting sphere in the frequency domain.

In this dissertation the influence of the surrounding
medium is investigated for the quadrature and the inphase com-
ponents, in the frequency domain, and the time domain due to an

infinitely long cylindrical conducting body excited by; (i) an
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infinitely long line source, and (ii) a magnetic dipole source.
Comparing the normal and secondary fields, the optimum

ranges of time and frequency are obtained for the model being
considered. The influence of electrical charges on the secon-

dary field is also considered.
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CHAPTER 1. INFLUENCE OF THE SURROUNDING

MEDIUM IN CASE OF TWO DIMENSIONAL MODEL

Introduction

A horizontally elongated body is here modeled as a
cylinder. This cylinder is exicited by an infinitely long
line source, which is parallel to the axis of the cylinder
(Fig. 1-2).

The line source carries harmonically time-varying
current I =1, e ivt (1-1)

where w is frequency, in radians per second, I, is the

amplitude of the sinusoidal current, and t is time.

In this case the changing source current generates an
inductiVe current in the surrounding medium and in the con-
ducting body. The field due to the current in the surround-
ing medium is called the normal field and the fieid due to the
current in the conducting body is called the secondary field.
Thus, the resulting electromagnetic field is the sum of the
normal and the secondary field.

Frequency Response of Normal Field

The system of field equations can be constructed from

Maxwell equations.



T-2253

l eiwt

>

Figure 1-1. Linear current source in uniform space

X

Figure 1-2. Configuration of line source 0 and observer P

in equatorial plane of cylinder.
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For the case of a harmonically varying source and
quasistationary field behavior, Maxwell's equations can

be written as:
\

curl E = iwlfﬁ, Div E = 0.
curl H = vE , Div H = 0 (1-2)
where ) is the conductivity of the medium and Y is mag-
netic permeability.
From equation (1-2)
curl curl E = iwp curl H
2= 2 =
or V°E + K =
E 0. (1-3)
By analogy
VZHE+ kR =0 (1-4)

where k is the wave number of the medium:

K =\Viwuy
(Note that displacement currents are neglected).
If the source current is directed along the Z-axis
(Figure 1-1) , it can be shown using the Helmholtz theorem
that the resultant electric field has only a Z-component.

Therefore, equation(1-3) can be written as:
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d"E dE 5

Z
3R + K EZ =0

&
N
+
el

where R, ® , Z are a cylindrical coordinate system.

The solutions of the above equation are linear com-
bination of modified Bessel functions Ky(kR) and Io(kR)
(Wait,1960). Considering the fact that the electric
field should go to zero as R approaches infinity and the

behavior of the functions K, (kR) and I5(kR),

lim K

R->x " © (KR)

]
o

lim
= 00
R—»>00 IO (KR) ’

the proper solution of the above wave equation is

ta
n

M K (KR). (1-5)

To determine the constant M, the field in the vicinity of the
source is considered. At a point which is very close to the

source, the magnetic field is defined mainly by the source
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current. From equation ( 1-2 )

lim § H.dl =1

RO ©
or
Io
lim H, = (1-6)
RO ¢ 2TR
The relation between H¢ and E, is
N - (1-7)
¢ iwu oR
From the above equations,
lim M d Io
rr0 Twr ar Ko (KR = 373
or
iwp Io
M= - R (1-8)
Thus, the corresponding electric and magnetic fields are
iwp Io
EZ = - > KO(KR) (1-9)
Io
H¢ = 57 " KK (KR) (1-10)
Defining e, and h, by
pI ¢
¢ __0°
Eg = 7 €z
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and
s Lo
Hy = 53R By

where p is the resistivity of the medium one obtains

e, = K2R2-Ko (KR) (1-11)

and
h, = KR Kb (KR) . (1-12)

In the above equation KR can be written as:

KR (l+§)R

where § is the skin depth of the medium,

§ = .._2_
SV oYuw
Frequency responses are calculated using eqguations (1-11)

and (1-12). These results are shown in Figures(1l-3) and

(1-4) as a function of R/S.

Current Density

According to'Equation (1-9) the current density, jZ’

in the medium is

Io K2
Iz = T T3 Ko (KR)
or I
O
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field.
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Thus the current density has the same behavior as the

frequency response of electric field. From Figure (1-4),

it can be noticed that the location of maximum current

density is shifted farther from the source as the frequency

decreases,

The total current in the medium is

wW.S

where w.s represents "whole space"”. Hence

[}

J=2ﬁngRdR
or (o)
Jd=-1I Kz K_ (KR)-R dR
() (o] )

o

Substituting x = KR

This result can be interpreted as follows:

(1-14) .

The terminal

of the linear source is located very far from the observa-

tion point and the current IO flows through the closed path

in the surrounding medium.
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Behavior of the Frequency Responses of the Normal Field

At the low frequency, R/§ <1 or KR<1l, the Bessel func-

tion in equations (1-11) and (1-12) can be approximated by:

n
N

Ko (KR) 1n TRR (1-15)
o

where Yo = 1.781072 (Euler's Constant)
If |KR|<< 1,

KO(KR) = - 1n KR
and

~1 _ KR -
K, (KR) = = + 3= 1n KR (1-16)

Substituting the above expressions into equation (1-11)

_ 1 .22 2.2
€z = - 5 K°R” 1n (K°R7)
= - 2 wurr? 1 urR?) + T ouurr? (1-17)

Thus, the inphase component of the electric field is

IOIJ w
Re[EZ] = -—7;——— (1-18)

and the quadrature component is

2
I yuw YUW R
_ "o (1-19)
Im[EZ] = 1n 5

4T
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Similarly, the magnetic field becomes

R [H,] = —I° (1- —— R?) (1-20)
elfp! = 7R g v

I,V kv R? Yuw R2 (1-21)
I [Hyl = = 1n "

Thus at the low frequencies,the inphase component of the elec-
tric field does not depend on the conductivity of the medium.
Asusual ., the quadrature component of electric field is
bigger than the inphase component at the low frequencies.
In a real case, the guadrature component is proportional to
w at the low frequencies. However, in this case, due to the
infinitely long line source the gquadrature component of the magnetic
field is proportional to w 1ln w.

Now, let us investigate the high frequency part of the

spectrum. If the magnitude of KR is bigger than unity,

=/ T —-KR
KO(KR) ‘Vﬁ e ,

-KR
~ m
and Kl (KR) ﬁ/ﬁ' e

Thus ey and h¢ in equations (1-11) and (1-12) become

-KR
ez = KZR2 ki )
2KR ’
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and

=3
©
n
b
el
N
H-
j’
[y o}
|
=
~

oo g MM Jnp (1-22)
pA 27 2KR ’
. -KR
H, & 52 “;R e (1-23)

Thus, by increasing the frequency the fields decay very rapidly.

The following facts can be recognized:

i) Due to the skin effect, at the high frequencies

most of the current is concentrated near the

source. Thus, the field does not depend on the

conductivity of the medium.

ii) Decreasing the frequency, the skin depth increases.
In other words, the location of maximum current
density moves farther from the source, and the fields

start to feel this current in the medium.

Transient Responses of Normal Field

Transient response of the field due to step on current
source is discussed.

I(t) =0 t <0

In>equation5(l—9) and (1-10), transformation of vari-

able as
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KeR = aVs with a =/uy R , we get

a’s K, (a Vs),

ez

For the response to the step function

-1
ey &) =, {ez(s)/s}

or
- L
1 4T
ez (v) = 57 e
1
pl Ty
s 1 4t
E, () = ——9% L € i
Z Zsz 27 ' (1-24)
where T = tz
uy R
By analogy _ 1
I 4T (1-25)
H(r) = _F% e
or 1
hir) = & 47

Fig. (1-5) shows the transient response of the normal
electric field and Fig. (1-6) showsthe transient response

of the normal electromotive force.
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Figure 1-5. Transient response of the normal electric
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Current Density

From equation (1-13) and figure (1-5), it can be seen
that the location of the maximum current density is shifted
farther from the source as time increases. This phenomenon
can be explained by the skin effect in the time domain. At
the early stage, induced current mainly concentrates near
the source, and, as the time increases, the current diff-

uses farther from the source in the medium.

Behavior of the Transient Responses

At the lage stage, T>”1l, equations (1-24) and (1-25)

can be written as

pI

E(7) = -——52’—_(—1, (1- I;LT (1-26)
4T R » and
I

Z 0 (1.1
R(T) £ 5 (- )
or

I 2

H(b) ¥ 52 (1 - H (1-27)

14

Usually the measurement is carried out after the source current

is turned off. From equation (1=-25)

1

I -

H. (D =32 1- & % (1-28)
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where H_(7) denotes the field after the source current is
turned off. From equation (1-28), the following facts are
found:

i) The field approaches the primary field as the
time decreases.

ii) For the case of T>1.

I
x _© _1
or ,
I Ru
~ O
H_(t) = BT Y .

Thus at the late stage the magnetic field is proportional
to the conductivity of the medium. The above mentioned
phenomenon also can be recognized by considering the behavior
of the current density.

From the above discussion, it should be noted that
(i) the guadrature component of the magnetic field is pro-
portional to Yln Yy at low frequencies. (ii) At the late

stage the magnetic field is proportional to y .

The Frequency and the Transient Responses of the

Secondary Field

To find the secondary fields, it is required to estab-
lish a set of boundary conditions which can determine
the proper solution from the general solution of the wave
equation (1-3). These conditions are continuity of tan-

gential components of the electric and the magnetic field.
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To facilitate applying boundary conditions and to
find the form of the secondary field, the normal field is
expressed in cylindrical coordinates (r,¢,z). of which the
Z-axis is along the axis of the cylinder(Fig. 1-2).

In equation (1-9)

1/2

R = [r2 + r02 - 2rro cos (¢-¢o)]

Applying the addition theorem (G.N. Watson) , we get

K (K_R) = nﬁo 0, ¥, (K.ry) (K, rlcos n (¢-¢°). (1-29)
where qb =
T = 2 forn=2,3,4,...~ and

Kn (Ker), In (Ker) are Bessel functions.,

Now the normal field can be written as

iWu,Ib' ©
Egy = - 37— I @, K, (Kero)In(Ker) cos n (¢-¢) (1-30)
n=o

The above equation suggests the secondary field has the fol-

lowing form

E. = - ——= An Kn (Ker) cos n (¢-¢O) (1-31)
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Taking into account the fact that the field has a finite
value at the position r = 0, the field inside the conductor
should have the following form as

iw qu

, o0
E, = = —5—2 %

i o . BnIn(Kir)Acos n (¢-¢o)- (1-32)

0

In the above egquations, Ke is the wave number of the sur-
rounding medium and Ki is that of the cylinder. An and Bn are
the coefficients which are determined through applying boundary

conditions.

or

ngo[thn(Xero) In(Kea) + AnKn(Kea)] cos n (¢—¢o)

= i B, I (Kia) cos n (¢-¢O) (1-33)

or

® L T -
n-§-o Ke[G‘I’lKn(Kero)I n (Ke a) + A K n (Ke a)]l] cosn & ¢O)

= io Ki Bn I'n (Ki a) cos n (¢~ ¢o) (1-34)
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Taking into account the orthogonality of the trigono-

metric functions, equations (1-33) and (1-34) become

_ ' ' =
¢, Ky (Rorg) I' (K, a) +A K'_ (K &) =B I (K a)

' ' = '
Ke vh Kn (Ke ro) I n (Ke a) + An K n (Ke a) Ki Bn I n (Ki a)
From the above two equations A, is defined as

I' (p) I_ (mp) - mI_ (p) I'_ (mp)
A = - K'n ) In o) = Kn y I'n 3 T K_ (op)
n n (p n e m K (p n (mp n n

where

m =\/Yi/ye, 0 =,Ke a, a = ro/a.

Thus, the secondary fields are

p I .
Es = . > Ke R 5 Ty A n Kn (ap) Kn(Ker)cosn (o ¢o) (1-35)
TR n=o
IO © .
—-— o 1 - -
Hg iﬁﬁ_-KeR nio ¢hA n Kn (ap) K n (Ker) cos n (¢ ¢o) (1-36)

where Pe is the resistivity of surrounding medium

= ° :
An A n Gh Kn (ap)

The secondary fields consist of the fundamental and
harmonics. From equation(1-35), the fundamental part of

the field is
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_ _ _.eo 252 o0 , _
E =~ = 5 K "R A°J K (ap) Ko\(Ker) (1-37)

Comparing equation (1-37) with (1-11), it can be recognized
that this part of the field is caused by the linear source
with current, Io A°O (ap) , which is distributed parallel to
the axis of the cylinder. It also can be imagined that this
current flows throughout the surrounding medium. Corres-
pondingly this part of the field must depend on the electrical

properties of the surrounding medium,

Fundamental Part of the Secondary Field

As is shown in equation (1-37), this part of the field
does not depend on ¢. .In other words, this part of the
field is caused by the linear current. Thus, the magnetic field
has only ¢-component and the electric field has only a Z-component.

Freguency Responses.

From equation (1-36) the magnetic field of this part

becomes
I
S _ _"o ° -
Ho = 3% KeR A o Ko (ap) Kl (Ker) (1-38)
where
A I, (p) I  (mp)=m I, (mp) I, (p) (1-39)

o T K (p) I_ (mp) + m K_(p) I; (mp)

Substituting r = Ba, R = ua and

Writing
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I
S o S
Ho 2TR ho
Then
s _ 2 2
€, = u P Ao° K (ap) Ko (Bp) (1-40)
and
s ,
ho = up A°° Ko (ap) Kl (Bp) (1-41)

Using equations (1-40) and (1-41), the frequency responses of
electric and magnetic fields are calculated. These results
are shown in Fig. (1-7) and (1-8).

The low frequency part of the spectrum is considered.
If the magnitude of the argument of the Bessel function in
equation (1-40) and (1-41) is less than one, [mp|< 1, |ap|<l
and |Bp|<1,the function A ° becomes

2 2 |
o o p~ (1-m7) -
A = —m—— (1-42)

Thus the eos and hos are

2 2
eos =1 E——L%:E—L p4 (Ina 1In B8 + 1In af 1ln p + lnz o) (1-43)
or
S ~ IO wu Yi az . 2
Eo < = [In @ In B + 1/2 1n aB 1ln (lWUYe a“)
+ 1/4 ln2 (i WHY az)]
S u(mz-l) 2

h = — (In ¢ + 1n p) (1-44)

o T 28 P
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Figure 1-7. frequency response of the fundamental
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For the case of m2>>l and p<<1

N

S ~ um 2
or
S~ u .. _ 2 ; . 2 _
ho =1 (iwp Y; @ ) 1In (iw Hy, @ ) (1-45)

At the low frequencies, from equations (1-43) and (1-45), it
can be noticed that the fundamental part of the field depends
on the conductivities of the cylinder and the surrounding
medium.

Table (1-1) and (1-2) give results of calculations of
the electric and magnetic field by using the full expressions
and the asymptotic expressions for cases d=20, B=15, u=25,
and m=10.

From these two tables, it can be recognized that at the

low frequencies, R/5e <:0.16, the asymtotic expressions (1-43)
and (1-44) give very similar values for the fields.

Transient Response

The transient response due to step function can be obtained

through Fourier transform. From equation(l1-40) and (1-41).

L S
. 2 Im[eo ]
T S — cos wt dw

g (t)

o

-]

2

or e, (t) = —% g HY R Re [Ao° KO (ap) Ko (Bp)] cos wt dw

(o}
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Table

1-1. Comparison of the normalized electric field in

the frequency domain computed from exact formula
and asymptotic expression.

|_Invhase component of & Quadrature component of Cs
Fall Full
Ribe . | Asymptote . Asymptote
Lo BJCPI'BSSIOH EXPI‘QSSJ.OII
T.01 |0.692x10°7 |0.652x1077 |-0.236x10"7 | -0.236x10"7
0.02 {0.798x10-6 |0.758x10-6 |-0.322x107¢ | -0.322x10~8
0.04 |0.860x10™5 |0.860x10~5 |-0.428x10~5 | -0.428x10-5
0.08 |0.835x10~% | 0.834x10~%|-0.543x10~% | -0.547%10"%
0.16 [0.667x1072 | 0.661x10-3|-0.640x10=3 | -0.657x10">

Table

1-2. Comparison of the normalized magnetic field in

the frequency domain computed from exact formula
and asymptotic expression.

Inphase component of h, | Quadrature component of hy
Rbe [ Full FUIT
Asymptote Asymptote

expression expression
0.01 -0.207x10'4 -0.207x10~u -C>.121:n{10-3 -0.121x10'3
0.02 |-0.833x10~% [ -0.831x10~% | -0.421x102 | -0.421x10"2
0.04 |-0.335x10"2 | -0.334x10"2 | -0.135x10"% | -0.136x10~2
0.08 |=0.137x10~2 --0.135x10°2 -0.423%x10"2 | -0.425%x10~2
0.16 |-0.564x1072 | ~0.557x1072 | -0,120x10"1 | -0.123x10"2
0.32 [-0.226x10"1 | -0.235x10"1 | -0.271x107% | -0.294x1072

28
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Through transformation of variables as

X=uyeR2wandT=——t———2- (1-46)
HY R
© e
2
o, (0=2 S Re (A ° K_ (ap) K_ (Bp)]COS TXdK (1-47) ~

o

where Im and Re mean the imaginary and the real part respec-

tively. 1In the same way, the magnetic field becomes

O

h_ (t) = —% cos wt dw.

o w

® S
S Im [h_ ")
o

In a'real case usually the electromotive force is measured.The

electromotive force and the magnetic field have the relation,

e =2 a -
§E.af = - 5% 5 B.ds.
Thus the derivative of the magnetic field with respect to

time is considered.

©

h'o (t) = = % S 1m[h°S] sin wt dw

o

or

8

, _ 2 A S, .
h O(T) = Im [h,”] sin 7x dx

&l
o N
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writing h'o (t) = ——-l;——i-. F (t)
4u y_ R
e
Then o
F (1) = - 8 Im(h S] Sin X dX (1-48)
o T o ‘
o

Using equations (1-47) and (1-48), the transient responses are
calculated numerically (see appendix). These results are
shown inFig. (1-9) and (1-I).

Behavior of the transient field at the late stage is

discussed. Asymptotic expressions for the transient field

are obtained from the -asymptotic expression at low frequencies.

Substituting p2 = kzs, kz = Uvg a2 in equations (1-43)
and (1-44)
S u? (l-m2) 4 .2 ‘ 2
eo=—-7'——-—ks (In ¢ In B + 1/2 1n aB 1ln k“S

+ 1/4 1n? % s)

Using the following relations in the Laplace transform,

Ll {ms} =-1/e

L™ {10%s] =2/t 1n &, ©)
or

1 {i% 1n k%) = 142 1/ro2



T-2253

2 2,06
A

Normalized electric field
_ 0}0 5 €ol(t)

s

v l g L ng

1

r—r
10

t n ‘R’

1

Figure 1-9. Transient response of the null fundamental
part of the secondary electric field.
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L {x%s 1n? k%) = k%= E—1n (v 1) + =)
T o'o 762
A “

-

=t
where To = 5 -

HY @

The transient responses due a step current are

2 _ 2 In (Y, T.)
8o (To) = = él m) (in 38 - 2° o 4 12 ] (1-49)
To To Tb
h (t) = -u (m*-1) 1
(o] (o] —4—8——— — (1-50)
To
If m2>>l.
v, ny_ a°
.0 _1_ €
ho(to) - 4B v t
a2
S Sl (1-51)
- 48 t
From equation (1-50)
u(m?-1) 1 (1-52)
ho' (to) = 5 5
48y Yo @ To

Tables (1-3) and (1-4) show the results of the calculation of the
numerically integrated values and the .asymptotic values.
Through the above investigation, the following facts

are found;
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Table 1-3. Comparison of the normalized electric
field in the time domain computed from
exact formula and asymptotic expression.
. Integrated
TYeR® values Asymptote
2.253 | 0.674 x 1072 | 0,776 x 1072
4,995 | 0.318 x 1072 | 0.304 x 1072
12,54 | 0.774 x 1072 | 0.715 x 107>
19.88 | 0.330 x 1072 | 0.327 x 1077
Table 1-4. Comparison of the normalized magnetic

field in the time domain computed from
exact formula and asymptotic expression.

'%lyeﬂl Integrated Asymptote
value
2.503 | 0.515 x 1071 0.421 x 1071
4.995 0.130 x 107 0.106 x 1071
12.54 | 0.183 x 1072 0.168 x 1072
19.88 | 0.707 x 107 0.669 x 103

33
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i)At low frequencies, the magnetic field depends
on the conductivities of the cylinder and the surrounding

medium.

1i)At the late stage, the magnetic field does not

‘depend on the conductivity of the surrounding medium.

Linear Harmonic Part of the Secondary Field

The secondary fields consist of many harmonics. From
equation (1=-35), the linear harmonic part of the secondary

field can be written as

p I © :
S = - 52;%- 2k, 2R”® I A° K (ap) K (B) cos n (¢-6,) (1-53)
it n=I
or
s _ 2.2 % .,
e, = 2K, R" I A ° K (ap) K (Bp) cos n (¢-9,) (1-54)
n=1
where
] - 1
Ao oo I (p) I (mp) m I (p) I (mp) (1-55)
n

Kn' (p) I (mp) = m K (p) In' (mp)

Unlike the case of the fundamental part of the secon-
dary field, the linear harmonic part of the magnetic field
has two components.

According to equation (1-2),

R S 1
r iwur 3¢
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writing
I
_ o
Then
= - 2u - ° i - -
hr 3 niln An Kn (ap) Kn (Bp) sin n (¢ ¢o) (1-56)

From equation (1-36)

o
= o
h =upll An [Kn

(Bp) + K
¢ n=1

(Bp)1 XK (ap) x cos n (¢-¢.)

-1 n+1

(1-57)

Frequency Response.

For the case of |Ke al<<| , the Bessel function in equa-

tion (1-55) can be expressed as

n
In (p) = o for n > 1
2041 -
-1
~ (n-1)12" forn > 1

Correspondingly the function An° becomes

pZn
A ° = - — T (mp) (1-58)
n 2°"4ny (n-1)1 P
with (
1 mp) -
T (mp) = ntl (1-59)
n 14 (mp)
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Substituting the above results into equation (1-53),

the linear harmonic part of the secondary field becomes

S iwu IO © an ( (80)
E," = —— I T (mp) K _(ap)K_(Bp
1 2T p=1 222725 (-1 n n n
XCOS n (¢-¢O) (1-60)

Considering the field in near zone respect to the source
and the cylinder, |ap|<|and |Bp|<|, the first term in equa-
tion (1-60) can be written as

iwp I 2

o . T a
27 1 (mp) ro r

This term corresponds to an electric field due to eddy cur-
rent, closed in a cylinder, when the primary field is uniform
in vicinity of the cylinder. At the same time, currents

flow in one direction in areas:

v i
iT andfid)}-(b

’respectively. This is an electric field of the linear dipole.
The following terms of equation (1-60) correspond to fields
caused by higher order poles.

For the case of very low frequencies as |me|<i{ , the

function Tn (mp) becomes
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m2p2 (4n+8+m2p2) (1-61)

4 (n+1) (n+2) (4n+m%p?)

T, (mf) =

Thus, the fields in this range are

s iwy I 22 ® cos n (¢=-9 ) (m202+4n+8)
E.° = ——2 m%p° = o -
1 2m n=1 4;Kn+l)(ﬁ+2)an8n (m292+4n)
(-1)"* 162" (a*48%") cos n (90 ) 2 e
+ - In p 1-62
22n+2 n(n!)z(n+l)an8n
or
oS o W2n2pd 5 o8 79o) _ (m®p%+4n+8)
1 n=X 4n(n+l)(n+2)an8n (m2p2+4n)
(_l)n+l p2n (a2n +82n)cos n (¢-¢o) , e
+ In o -
228%2 1 (n1) 2 (n+1) oPB°

In the above two equations, the first term is the dominant

one. Thus, at low frequencies

_ iwu IO 5 9 ° cos n (¢-¢O)
E;” = 57 ™ e L 7) non
n=l 4n“(n+l)a B

(1-64)

ta 22 = sinn (9-¢)  (4n+8+ mPp?)

n=1 (n+1) (n+2)a™8® (4n+m2p?)

(_l)n+192n(a2n + gzn)sin n(¢-¢,) 2
. 1n p (1-65)

22n n.(n!)2 (n+l)otnBn
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or
© sgsinn (¢-¢o) (1-66)
hy € —= mp z
n=1 n(n+l)a

an

© { cos n (¢-¢o) (m2p2+4n+8)

h, = unmnp z
n=1 ‘4(n+1) (n+2)o™e™"1  (m%p%+4n)

n+l 2n 2n
o]

(-1) (82°-0°")cos n (6=0,)

220%2 (411 (n-1) 1 oMpPHL

-+

}ln p2 (1-67)

or

® cos n (¢-¢o) (1-68)

L 4n (n+1) PP tL

n=

From equations (1-64), (1-66), and (1-68), it is found
that (i) the linear harmonic part of the secondary fields do
not depend on the conductivity of surrounding medium at
low frequencies. (ii) The quadrature component of the magnetic
field is porportional to the conductivity of the cylinder.

Taking into account the fact that, at low frequencies,
this part of field is created by eddy currents which
flow through closed paths inside the cylinder, it is op-
vious that this part of field mainly contains information
about the cylinder.

Transient Responses

The asymtotic expressions of the transient field are
obtained in the same way as what was done for the fundamental

part of the field.
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39
From equation (1-63), (1-65), and (1-67), the fields
at the late stage are,
_ gu® cos n (¢-¢) - 4n/n? T
e;(ty) = —>3 I : n,n °©
m° n=1 (n+l) Mm+2)a B
2 © (a2n+82n)cos n (¢-¢o) m?
+ z
u ne1 22n+2nm!an8n T;n+2 (1-69)
@ —4n/m2 T
= -4 8 e o
hr(.'l_'o) = - '4—{3 z {
n=1" (n+1l) (n+2)
. (020421 2 } sin n (¢9-9_) (1-70)
2°" n ni(n+l) = 71 a"p"
h. (t.) = u ; | —4n/m2"[‘o
¢ 'To L e D e €
n=1
. (g2 - 421, 2 cos n (¢=¢,) (1-71)
22n+2(n+1)(n-l)! Tn+l cxn8n+l

o

The series in the above three equations converge very

fast. Thus the transient field at the late stage can be

expressed by first one or two terms. Considering the first

term of the series and noting that
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It should be noted that the exponential terms of the fields at
the far late stage become negligible compared to the poly-
nomial of inverse power of'to. Hence, at the far late

stage, the influence of the surrounding medium increases.

4

Discussion about the Secondary Field

Through the above investigation, the following facts
are found.

i) At low frequencies, the fundamental part of
the magnetic field is proportional to iw uyi~a2 In iwu Yo 2
and the linear harmonic part is proportional to iw MY az.
Thus the linear harmonic part depends only on the conductivity
of the cylinder but at the same time, the quadrature compon-
ent is dominant.

ii) At the late stage, the fundamental part decays as

MYy az/t and the linear harmonic part decays as
2 4
. 2 uy.y. a
O

Thus at the late stage,the fundamental part prevails.

iii) Through the numerical way, it is found that the fun-
damental part of the secondary field is much greater than
the linear harmonic part. Fig. (1-11) and (1-12) show the

frequency responses of zero harmonic part of the secondary
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magnetic fields and figure (1-13) and (1-14) show the same

for the total magnetic field.

Influence of the Surrounding medium '

To find the range of frequency in which the influence
of the surrounding medium is minimum, the ratio of the to-
tal magnetic field to the normal magnetic fiéld is calculated.
Fig. (1-15) demonstrates the ratio of the inphase component,
hT/(hy-1). From this figure, it can be seen that the influ-
ence of the surrounding medium is minimum at a/<5i = 0.3. Com-
paring Fig. (1-13) and (1-15), it is found that the frequency,
which allows one to measure maximum useful signal is differ-
ent from the frequency which allows one to get the maximum
ratio of the useful signal to geological noise.

Fig. (1-16) shows the ratio of quadrature components.
Measuring the quadrature component, the influence of the sur-
rounding medium is increased as the frequency increases. By
decreasing the frequency, the ratio of the useful signal to
the geological noise increases and approaches some constant.

Fig. (1-17) shows the ratio of the total electromotive
force to the normal emf in the time domain. Regardless of
the conductivity ratio, the location of the maximum ratio

remains the same, t/uy; a’ = 6.7.
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In the

part of the

L6

time domain the normal field and the fundamental

secondary magnetic field decay as 1/T at late

stage. The ratio of these two fields at late stage is
S
HN BU
or
S
o zm
Hy BU
Taking into account the fact that the fundamental part

is the dominant

term of the secondary field at the late

stage, it can be seen that the ratio of the useful signal

to geological noise at the late stage does not depend on the

time.
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CHAPTER II

THE ELECTROMAGNETIC FIELD OF A CONDUCTING CYLINDER

WHEN THE SOURCE IS A MAGNETIC DIPOLE (SURROUNDING

MEDIUM IS AN INSULATOR)

The secondary field of a conducting cylinder energized
by a magnetic dipole is investigated. It is assumed that the
surrounding mediumis not conductive. The analysis of the ele-

ctromagnetic field is based on the solution given by Wait(1959).

Derivation of Formulae

The problem is to find the magnetic field inside and
outside the cylinder. Since the conductivity of surrounding
medium is zero, there is no current in the surrounding medium.
Thus from equation(l1-2), the magnetic field outside the con=-
ductor satisfies the following eguation.

Curl H = 0
e
From the above equation the magnetic field can be expressed

by .the gradient of a scalar potential

H = - vQ (2-1)

where He denotes the magnetic field outside the conductor.
As is known, the field due to a magnetic dipole in free space
can be derived -from the fictitious field due to a magnetic

charge (Fig. 1l). Unlike the field outside the conductor, the
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fields inside the conductor are the solution of the wave
equation and can be derived from a magnetic vector potential
* and an electric vector potential T with only Z-components .

These potentials are introduced as

,?»3‘1 iwy Curl =+ (2-2)

Tiz Curl 7 (2-3)

From equations (1-2) and (2-2), one part ofthe magnetic field

can be expressed using the magnetic type vector potential.

Curl'ﬁi = K2 Curl T*
where 2
K™ = iwuy
or .ﬁl = Kz'ﬁ* - Grad U* (2-4)

where U* is a scalar potential. Substituting eguations (2-2)
and (2-4) into (1-2)

2

Grad Div T* - VZF* = K°T* - Grad Div U* (2-5)

In order to simplify the above equation, the Lorentz condition
is introduced as

U* = - Div T* (2-6)
Thus, equation (2-5) becomes
V2% + K2F* = 0 (2-7)

and'ﬁi can be expressed only in terms of the potential T* as

H, = K%7* + Grad Div 7* ) (2-8)
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The part of the electric field,which is a function only of the
electric type vector potential, can be obtained as follows:

From equations (1-2) and (2-3)

Curl E(z)'= iwpy curl 7

or

ta|,
[

(2) iwy T - Grad U (2-9)

Substituting (2-3) and (2-9) into (1-2)

Grad Div 7 - V2% = k%% - y Grad U

Using Lorentz condition, the above equation becomes

P+ RSP =0 (2-10)

with .
- 1/y Div 7 (2-11)

a
]

Thus the one part of the electric field is

-

E, = iwpyT™ + Grad (1/y Div ™)
Using the above equations, the electric and the magnetic field
inside the conductor can be written as

e () T E2

&
N
t)

—3

iwy (Curl 7* + @) + 1/y Grad Div @ (2-12)

and

= —_

al
]

Curl 7 + Kzﬁ * + Grad Div T* (2-13)
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The next step is to apply boundary conditions to de-
rive. the proper expressions for the field. To simplify the
i process of obtaining solutions, the field due to the magnetic
charge is considered. As is shown in Fig. (2-1), the magnetic
charge m is located at point Po' In this system the primary

component of the scalar potential, QP, is

QP - I
~ 47R (2-14)

where R is the distance between source and observation point.
/
Equation (2-14) is expressed in a cylindrical coordinate system

to apply boundary conditions.

Using a formula (Watson, 1945)

[}

1/R = 1/m § k(B e (B0l (2-15)
52 2,1/2
where R = [xr" + (z-zo) ]
. x 2, 2 1/2
with r = [ro + r° - 2rro cos (¢-¢o)]

and addition theorem

K (AE) ¢, K (Ar)) I_(Ar) cos n (¢-¢)

I
W8

n=0

where To 1

2 for n > 1.

9
e}
i
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The equation (2-14) can be written as

o -iA(2-2 )
P_m o 1 -0
Q" = -4-;-2- . O 5 Kn()\ro) [In()\r)e dil]
-in(¢-¢o) (2-16)
‘e
for Ty > r
or
of = & ; q S K _(Xr )I _(Ar) cos A(Z-Z_)dA
21T2 n n o'™n o
n=0 (o)
. +COS n (¢-¢O) (2-17)

For the convenience of the algebraic operation, the following

operator is introduced(Wait,1959).

oF =1 I (Ar) (2-18)

In equation (2-1), the scalar potential can be considered as

the sum of primary and secondary components.

Q=Q +Q

It is natural to find the secondary field as a similar form
as the primary. The expression in equation (2-18) suggests
the secondary potential outside the cylinder as

S
Q" =T A () K, (Ax) (2-19)
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where A (A) is an unknown coefficient. Thus the expression

of scalar potential Q becomes
Q = P[In (Ar) + A K (Ar) ] (2-20)

The next step is to find the field inside the conductor.
Assuming‘the vector potentials have only-a Z component, the
wave equation (2-7) becomes

;2

Ve wn,* + K2 T,* = 0.

7 Z

In cylindrical coordinate system, the above equation is

*
am, 1 3mg* 3w, 2
or ) + 3
r’ 9¢ 2z

Rl

o
3t (%

Considering the fact that the potential outside the cylinder
is periodic in the Z-direction, the proper solution of the

above differential equation is a linear combination of I_(Ur),
i i . 2 2 .2
K (ur), e in(¢-¢,) and e ix(2 Z2,) with U

= A“-K®. However,since
the potential should have a finite value at the origin (r=0),

the potential inside the cylinder can be written

"z* =T a (\) In (ur) ] (2-21)

By analogy, the electric type vector potential Ty has the form

=T bn (}A) I (ur) (2-22)

»

Ty
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The unknown coefficients An(k), a_ (A), and bn(K)‘are deter-

n
mined by boundary conditions. These conditions are the con-
tinuity of the tangential components of electric and
magnetic field on the surface of the conductor. However,

in this case, only the magnetic field is considered.Thus, in-
stead of the continuity of E¢v the continuity of the normal

flux of magnetic field is used as one of the boundary conditions.

These conditions are

i) H¢9 = H¢l at r = a.
or
5 32 o _*
1239 - - 2,1l 2,
I VS, or r 9¢32° L,

Using equations (2-20), (2-21), and (2-22), the above egquation
becomes

in
-T -y [In (ra) + A, Kn (ra)]

=T [-Ub_ I'_ (ua) - 3—3 a_ I_ (ua)] (2-23)

-in(¢-4))
Taking into account the orthogonality of the function

in the operator T, equation (2-23) can be written as

in — ] A_Il ‘ -
= [In (ra) + An Kn (L a)] = u bn I n (uva) + 2 2n In (va) (2-24)
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i

.. Q=
ii) Hz‘ Hz

IN[I_ (Aa) + A K (Aa)]= - ul a, ) I_(ua)

i

.o e _
11}) Hr Hr

x[zn' (ra) + A Kn" (ha)]

P - [ - _i_l'_l_
= il u a, \) In (ua) 2 bn (A) In (ua)

From the above three equations An is found to be

_ o~ + nZKZ e 1
A O) = - ;9 (ka)-I%}ua) a4kzu4 n(ua) In(Xa)
n nO\a) - n(ua)+ n2K2 Kn(la)
a*i“u ‘fn(ua;
where
- In'(la)
I,a) = &= I_(xa)
Kn'(ka)
Kn(la) = xa Kn(Aa)
Substitute
Aa = m, ua = my . K2a2 = lpz
then
.2
in —_—
? m - % ()t A2 Tam Iy m
A =D n 1 1 —
n ~ ~ m
Kn(m) - In(ml)+ i nzp 1
mzm 4 I (m,)

55

(2-25)

(2-26)

(2-27)

(2-28)
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“Thus the secondary magnetic field due to a magnetic charge is

7 = - veS

or
H¢ = 1/r [ in An Kn (Ar)
Hr = =T A An Kn' (Ax)
H, =T ix A_ K (ir).

Electromagnetic Field Due to a Magnetic Dipole

‘Magnetic fields of a magnetic dipole can be calculated

by taking the gradient of the field of the magnetic charge.

Axial Magnetic Dipole

In the case of a Z-directed magnetic dipole at Fy,

(Fig. 2-1), the potential at P is

_ af
Qo = dl Y
(o]

The magnetic field due to this dipole is

afl

A-. a—
HDZ = - Grad (dl 3'2;)

and the radial component of the secondary magnetic field

’ S
become ro. . 0L
B DZ vr(dl 92 ).
o
Defining
Hr a mdl h ,
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it now readily follows that

«©

-‘—g—l}— ©
hr - m s Tq g m2 An Kn'(Bm) Kn(am)sin 2m dm
n=o o

"ecOS N (¢-¢o) (2-29)

.

By analogy, the corresponding é-and r-components are

[+

3 o . »
_ 4u 2 . . A . -
h¢ = 1B nil n S AnKn(Bm) Kn (am) sin Zm dm sin n (¢ ¢o)
o (2-30)
3 o 2
h, = - 25_ ;g Th S m? AnKn(am) Kn (Bm) cos Zm dm cos n
n=0 fo)
($=0,) (2-31)
where z2 = (Z—Zo)/a

According to the above three equations, it can be found
that the q»and r-components of the secondary magnetic field .

do not exist on the plane Z=z .

Transverse Magnetic Dipole

The secondary magnetic field due to the y-directed
magnetic dipole is immediately obtained as

- S

- a0
Hoy = Grad (d1l 5;;)
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Noting that

it follows that

0

3 = ' : ' -
hy = 2u” 0 S mA K ' (Bm)[m sin ¢ K '(om) cos n(¢=¢.)
m n=0 o)
+ 3 cos ¢o Kn(am) sin n (¢-¢Q)] cos 2 m dm (2-32)
_4ed = Ok (em) [-mn si i (6=0_)
h¢ = B nél S An n fm) [-mn sin ¢O sin n o
o
, n? G 2-33)
K (am) + 5 cos ¢o cos n (¢-¢0) Kn(am)]d? cos Zm dm (2-
3w ®
2u
hZ = niaTn An S -m Kn(Bm)[m sin ¢o Kn' (am) cos n~(¢-¢o)
o
+ 3K (am) cos ¢_ sin n (¢-¢_)] sin Zm dm (2-34)

In this case the Z component of the field does not exist
on the plane z=z . Using r- and ¢-conponent, the vertical com-
ponent of the secondary magnetic field on the plane z=2g9 is cal-
culated as

h

(hr sinf + h cosf) (2-35)

¢
2,2 2
-1 (B +u”-a )

where 6 = cos 28u .
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Vertical Magnetic Dipole

The secondary magnetic field of a conducting cylinder due

to a vertical magnetic dipole is obtained as

S
= -}9]
HDX = - Grad (dl '—a—i-;) ,

Taking into account the fact that

= cosé 3%-+ sin f%—

9 _
oX %,

" Three components of the corresponding field are

3 @ e o]
hr = Z%_'nioqh g. m An Kn' (Bm) [m cos ¢0Kn'(am) cCos n (¢—¢o)
o
+ % sin ¢0 Kn {am) sin n (¢—¢o)] cos Zm dm (2-36)
3 0 =
h¢ = é%? nil S An Kn (Bm) [-nm cos ¢o sin n (¢-¢o),Kn' (am)
o
+ 2 sin ¢_-cos n-(¢=¢_) K_ (am)] cos Zm dm (2-37)
R , :
hy = g%_ nio Tn 5 -m Kn(Bm)[m cos ¢ K, (am) cos n (¢-¢o)

O

n . . . A
+ 35 K (am) sin ¢o sin n (¢-¢o)] sin Zm dm ‘(3-38)
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Unlike the case of the infinite line source, the fiéld
due to a magnetic dipole source is expressed as integral form.
This fact makes it difficult to figure out the behavior of
the field. However, considering the field expressions, the fol-
lowing facts can be recognized.

i) The frequency and the conductivity dependence in the
integrand is only in function An. In other words, the behavior
of the frequency response is the same as that of function An'

ii) If ro/a>>1, the secondary magnetic field is mainly
defined by small value of m. In other words, in this case
the primary field in the vicinity of the éylinder can be con-
sidered as a uniform field.

iii) If r/a>>1, the secondary magnetic field is also de-

find by small values of m. This statement can be explained as

.follows: Increasing the value of m, the eddy currents in the

cylinder increase in oscillation in the Z-direction so that

this current is the same as the one due to the higher order
electric pole. The magnetic field due to the higher order
pole decay very fast with respect to distance r.

iv) In case of small values of m,with increasing n,due to
the factor In(m)/Kn(m),the integrand decreases rapidly. This

follows from the following approximation

I,m m?1 for |m|<1

2n-1

R

Ky (m) n! (n-1)12
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Analysis of Function A  (m)

An(m) in equation (2-28) is a function of spatial fre-
quency, m, wave number, and n. The behavior of this function

is discussed with respect to these variables.

Small Value of m

Writing the function A as

_ % I_ (m)
An = An n
K, (m)
then in2
o~ g + _7_'21!_ v
y __ ™ - Ihm) mm T, (my) (2-39)
n ) ~ _
Kn(m) In(ml) . inzp 1
2_ 4 = ,
m“my In(ml)
For small valuesof m, |m|< 1.
n
~ M n>1
In(m) T .n -
2'n!
n-1
n mn .
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Substituting these relations into equation (2-39), X’n becomes

| ]
_n _ In'(my) + inp TlIn(ml)
1]
G; _ m2 mlIn(ml) m2m14 In (ml) (2-40)
= . l
n % . I! (.ml) ln2p m I (ml)
2 4 '
m mlI (ml) m my I (ml) .
In case of m2<<K2a2, ml2 = - ip
and
inzp ‘mlIn(ml) ~ n2 In(ml)'
2 4 3 - 2 ]
m°m, " I ¢ (ml) m'my I (ml) ,

The numerator of equation (2-40) is

n_ _ In'(ml) _ n2 In(ml)
m2 m, I (m) mzml' I, ' (my)

: n[mlln' (ml) -n In(ml)]

m2m1 ' (my)

e

Noting the identity

' = 1
In (,ml) = my In('ml) + In+l(ml)

The numerator of egquation (2-40) becomes

n
2
m

L
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With the same approximation, the denominator of equation(2-40) is

n[m1 In' (ml) + n In(ml)] _ n[2n In (ml) + my In+l(m1)]

2 - 2
mmlI'(ml) mmlI

n ' () :

Using the relation

) - I (m.)

I-1 (my n+1 (Mg

1 2n

In (ml) =m

then the denominator is

n Eg-l (ml)
[]
m2 In (mlf

Thus, at small valueg 9f m the function 35 is

I (m.)
A=t 1 (2-41)
n-1" 1

or with further approximation as

2 .2 2

m, = m--K"a = 1iKa
Then
¥ o InnURa) I, (Ka) (2-42)
n I 1Ka I Ka
n-1 n-1
This result is the same as function T, in equation (1-59). It

means, through the above-mentioned approximation, the field due
to a magnetic dipole becomes very similar to the field due to

an infinite line source.
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Low Frequency Approximation

At the low frequencies, }Ka’ < 1, equation(2-42)

becomes as follows

n=1
~N IZ (Ka)
Al = e ceeee——
Io (Ka)
2.2
~ _ K‘a 1 .22 )
= - ) (1 3 K a’) (2-43)
¥ ow Kal (. __Kia?)
n 4n (n+1) 2n(n+2) (2-44)

Investigating the above two expressions, it is found that the
guadrature component of the magnetic field is porportional to
2 ' 22

wpYa® and the inphase component is proportional to (wp/a

at low frequencies.

Frequency Responses of the Magnetic Field

Frequency responses corresponding to axial and transverse
magnetic dipoles are investigated numerically.

Axial Magnetic Dipole

Using equation (2-31), the z-component of the secondary
magnetic field was calculated for several different geometries.
From numerical calculation, it is found that the integrand
converges very fast with respect to n. Fig, (2-2) and (2-3)

show the ratio of the secondary to the primary magnetic field.
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Increasing the distance from the conductor, this ratio mono-
tonically decreases. The magnitude of the inphase components in-
creases as frequency increases. The gquadrature component of

the field has a maximum value at the point around a/éi = 1.9.

Increasing the distance from the conductor, the Aaénitude de-
creases but the maximum ratios appear at the same frequency.

At low frequencies, the secondary magnetic field can
be expressed as

2)2 2)4 ‘..

S
Re[H ] al(waa + az(wﬂYa

) (2-45)

Im{HS] bl(yﬂ7a2) + bZ(Wﬂ7a2)3 +... (2-46)
Considering the field with respect to conductivity, theoretically,
the inphase component is more sensitive than the quadrature
component but usually the inphase component of the secondary
field is relatively small compared to the primary field. In
other words, to differentiate the secondary field, very acc-
urate measurements are needed. In equation(2-46), the first
term is the dominant term. This term can be eliminated by the
following operation. _
Y1

LH = H (wl) - G; H (w) (2-47)

Itvreadily follows

I {aB} = b2wl(w12 - w22) (,uYaz)3 (2-48)
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Through the above operation, the gquadrature component
of the field becomes proportional to 73 at low frequencies.
By measuring at two different frequencies the resolving cap-
ablity is increased. Figure (2-4) shows the computed results

for this operation.

Transverse Magnetic Dipole

Using equation (2-35) the vertical component of the
secondary magnetic field is claculated. As can be seen from
equations (2-31), (2-32), and (2-33), the behavior of the
fields with respect to frequency is the same. Frequency
response of the magnetic field is shown in Fig. (2-5) and
(2-6). Comparing with the figures (2-2) and (2-3), it can
be noted that the frequency responses due to two different mag-
netic dipoles are the same except for the difference of the
magnitude. The vertical component of the magnetic field due
to a transverse magnetic dipole is larger than the horizontal
component of the magnetic field due to an axial magnetic
dipole. Fig- (2-7) shows the difference of magnetic field
at two different ffequencies. This corresponds to Fig. (2-4)

in the previous section.

Discussion About the Magnetic Fields in Frequency Domain

The seéondary magnetic fields, due to different excitation,
are considered. It was known that the secondary magnetic field

for a conducting cylinder due to the uniform primary magnetic
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Figure 2-4,Frequency response of the quadrature
component of magnetic field with the
leading term of the low frequency
asymtote removed.
(Source is an axial magnetic dipole)
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field has the some form as (Fig. 2-8)

L2 1, (Ra)

H. = H_ (;) f‘;—TK—a) cos B 2 (2-43)
a 2 IZ (Ké) .

Hq, = HO (if-) TO—TKZ) sin 92 (2-50)

where y is the distance between the center of the cylinder and

the observation point.
H is the primary magnetic field. Thus, at low frequencies

quencies, this secondary field behaves as (see equation 2-43)

HEG [iw[{y)(a2 - 1/s (wﬂ}’az)zl
where G is a geometric factor.
The secondary magnetic field due to a magnetic dipole
.is investigated numerically. From the numerical results, it
is found that the asymptotic behavior of the secondary magnetic

field, regardless of the different excitations, is

H = G—[iwﬂyaz - 1/6.2 (Wﬂyaz)zl

For the case of r/a > 4 and r /a > 4.
Comparing the above two expressions, the following fact

can be recognized:



T-2253

Figure 2-8. Configuration of the observer P and cylinder
when the primary field,in the vicinity of the
cylinder, is uniform
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If the source and the observation point are located rela-
tively far from the cylinder, the secondary magnetic field has
similar behavior to the one due to the uniform primary field.
To examine this, the vertical component of secondary magnetic
field due to a transverse magnetic dipole is considered.
Suppose the primary magnetic field is uniform in the vicinity
of the cylihder and the magnitude of this field is the same
as the primary field due to the magnetic dipole at the center

of the cylinder.
Then the secondary magnetic field can be calculated using

eguations (2-49) and (2-50). For the case of the geometry shown

in Fig. (2-5),

s 5 I (Ra)
H = HJ (a/r)” ————— cos 221°

I (Ka)

o "

.sin 221°
Io(Kai

Thus the vertical component of the field becomes

S
H, = - 1.081 B  (a/r)? Iz (X%

I, (ka)

According to the above expression, the value of HVS/HO at

high frequencies is HVS/Ho g - (a/r)2 (2-51)
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Ffom Fig. (2-5) it can be seen that the inphase components
of the field approximately approach the value of -a2/r2 at the

high frequencies.

Transient Response of the Magnetic Field

The secondary magnetic field is calculated in time domain
through Fourier transform. For the case of the source is a

step-off current, the transient field is calculated as

5 ‘é" I_(F(w)]
f(t) = T ——;——— ¢cos wt dw (2-52)
o

Applying the above operation to equation (2-31), the
Z-component of the magnetic field becomes

| 2 S Im(h, (w)] ’
hz(t) =X = cos wt dw (2-53)

o

Through transformation of integral variables as

X §u7wa2 and T= t[uYaz (2-54)
it follows that ® Tnih (X) ]
A
ho( = 2 g . cos TX dx (2-55)
s I8
o

Fig.m(2-9) shows transient response of magnetic field due
to an axial magnetic dipole. By analogy, using equation (2-35)
the transient response for the case of a transverse magnetic
dipole is calculated and this result is presented in Fig.(z-lo).
As is shown in the above two figures, at the early stage the mag-

netic field approaches the value of the inphase component at the
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high frequency. As the time increases the field monotonically
decays, The magnetic fields due to two different excitations
have similar behavior in the time domain. As in the frequency

domain, the only difference is the magnitude.

The Asyvmptctic Behavior of the Magnetic Field at the Late Stage

The behavior of magnetic field at the late stage is in-
vestigated. It was known that the transient field at the late
. stage can be expressed exponentially if the low frequency part
of the spectrum is described as the sum of integer powers of w
(Kaufman, 1978). There is a relation between low fregquency
part of the spectrum and the late stage of the transient field,

If the low frequency part of the spectrum is

Dw) = i C;(dw a’) = ¢y (wa®)? +...

then the transient field at the late stage is

t
-q; Va2
D(t) = A e 1 Ma
with
Cy
q =g foray _t 5,
2 YuaZ -

Through numerical calcuation, regardless of the change
of geometry (r/a 2> 4, ro/a 2 4), it is found that the value
for q; remains around 6.2 infrequency domain. This value q4
agrees with the coefficient of the exponent at the late stage.
For the case of uniform primary magnetic field, this coeffi-

cient is 6 (see equation (2-43)).
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Thus it should be pointed out that the frequency response
of the magnetic field due to a magnetic dipole is very similar
to that of a uniform primary field if the distance from the
cylinder is a few times greater than radius of cylinder (r/ayk,
r,/a24). Transient responses of the magnetic field due to an
axial magnetic dipole and a transverse magnetic dipole are
shown in Fig. (2-9) and (2-10) , respectively. From the above
figures, it is found that the field decays as ETG'Z‘ZW%Y for

the range of t[ayaz 2 1.2,

The Horizontal Prbfiling

To figure out the shape of curves corresponding to hori-
zontal profiling, the magnetic fields are calculated at
several different locations on the horizontal plane with
fixed separation of transmitter and receiver. The profiling
is investigated at two different frequencies. Figures (2-11,
12, 13, 14) show these results in case of an axial magnetic
dipole. As can be seen from the above figurés, the inphase.
component has minimum value and the quadrature component shows
makimum value over the conductor.

The corresponding horizontal profiling for the case of
a transverse magnetic dipole are presented in figures (2-15,
16, 17, 18). 1In this case, the characteristics of the curves

are similar to the previous case. However, in this case

\
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the curveS’fbrm a narrow peak above the conductor.

Figures (2-19) and (2-20) show: the same profiling results

for a transverse magnetic dipole source with the assumption
that the primary field in the vicinity of the cylinder is
uniform. In this case the magnitude of primary field is
assumed to be the same value of the primary field at the
center of cylinder due to this magnetic dipole. These figures
show the vertical component of the magnetic field. As can be
seen from the figures,if the ratio of separation to the depth
is small (L/D < 0.25), the curves are symmetrical to the axis
of the cylinder. If,this ratio increases, the shapes of

the curves are distorted from symmetry: Fig. (2-21) and
(2-22) show the profiling results for measurements of horizontal

component of the magnetic field.
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CHAPTER III

INFLUENCE OF SURROUNDING MEDIUM ON THE FREQUENCY AND THE

TRANSTENT RESPONSES IN THE PRESENCE OF A CONDUCTING CYLINDER

(The Axial Magnetic Dipole)

Derivation of field equations

Unlike the previous chapter, in this case, due to the
presence of the conducting surrounding medium, in other
words, the.currents in the surrounding medium, the magnetic
field outside the cylinder can't be expressed as a gradient
of a scalar potential. Now two kinds of vector potentials
are used for deriving fields inside and outside the cylin-
der. To find the proper form of the vector potentials
for this problem, primary component of the vector potential
is considered. The normal field of the magnetic dipole can

be expressed by only one vector potential

AKR (3-1)
¥ = ME |
4 TR
To . facilitate applying boundary condition, the above

equation is presented as an integral

-4

mf:—j—’i—zg K. (Ael-) Cos A(Z-Z) dA

o
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with )\e= /\2 - Ké

K‘e ; wave number of surrounding medium

Using the addition theorem,

2754 f S LY \Cn (‘AC E) I‘n (/\er') GOS\A'(‘Z'Z(&’)'

M=o (3-2)

+Cos M (d-<,)

for r >r
o)

or

oo °° @-2) _-in($-%)
°=_M—Z g](—n(/\er)-l.-naer)c s = 6 i (3"3)

2
4T 75200 ~co

For the convenience in algebraic operations the

operator I' is used

7* = In (Rer) (3-4)

Considering the I * and 1 are the solution of the wave
equation and the field should decrease as the distance in-
creases from the cylinder the secondary potential outside

the conductor has the form
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TE = An Kn(Aer) (3-5)

Thus the potential outside the conductor are |

TC:: r { In (Rel) + A‘n km (t/“?r)} (3-6)

Te = I_C'n Kn (Aer) (3-7)

and inside the conductor

7T = [ Baw In(Nar) (3-8)

T. = erIm(/\zr) (3-9)

(%

Boundary Conditions

The problem is to determine the unknown coefficients,
A, and C,- The first case is that of a magnetic dipole
oriented parallel to the axis of the conducting cylinder.

Boundary conditioﬁs for this system are the continuity
of the tangential components of the eleétric and the mag-
netic field on the surface of the cylinder.

Substituting equations (3-6, 7, 8, 9) into equations

(2-12, 13) and applying boundary conditions E ¢l = E ¢e‘ at

r = a

it becomes
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i ZE Tah@)Dn - AL (AR) Bof

Il

LT 0e) Cn — ke [ T ) An k(e

Through transformation of variable as

Ad=m | )\:a——-/m. . )\ea-'-"m.z
Yy
andS=-Y—;

the above equation becomes

KMy Kn (M)A + KM, Ty (M) By — SAT k(M) G

+ANIn M) Da = KM, Ia' (M) (3-10)
From the condition
E; = E: at r = a
Do =S(f) X (®) O,
Ia (M) (3-11)

From the condition

He = Hoe  acr=a

X0 K (M) A = ANTa(M,) Brr + /M Kt (1) Co

~MIy (M)Dn = - ANTIa (M) (3-12)

88
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{ €
Finally Hé = Hz at r = a

2
or Bm = ("!nq'ﬂ%) In (%)I:- (k’r}’n‘gm;__) Am (3-13)

From the above four equations A, and C  are determined as

A= KB +SMMY; T (M)

KA, — SMMGs K (M) (3-14)
C, = Kanm (96=%4) Tnlms)
Ki‘az %" "'S/m:'na Dy Km (m.) (3-15)

where

g {.wﬁ +( ) 'YNIw('m.)% Maka'(ms) rm, ml‘n(m.)}

Kn (M3) I;(Wﬂ: Kn (ﬂh) ' Tw(m)
(3-16)
— (MY

b= | &ﬁf_) (3-17)

g =={qw:IiY' 2 I (nh qnzk%(vn0,+ (7ﬂ=27ﬂﬂﬂfﬁﬂd‘§

3 In (M) q”' In(m) Kn (M) m I (m)
(3-19)

( ’m:) 'm:. K‘h (’m&) ’m:In (777: }
Kﬁ nh) m 331Fﬂh
% =({— ’.@f){'l!hf/g ) (7”3 /)”/In /7”')} (3-20)
5 .om? _1; ((m;.) In [7”/
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Normal field

The normal field, which is due to the currents in the
source and in the uniform medium, is derivable from the pri-

*
mary component of the magnetic type vector potential no .

EN = lw/u Cu” TE-:

Ay = (K*+Grad. Div.) Y

Using equation (3-1), the z-component of the magnetic field
) vKR 2 (KR
is Hs‘z.ueu)/f4fz + M 2 et )

ATR  4m 2Z*' R

™ (kR +1KR-1)

or F*::: M
ATR3

(3-21)

By analogy the r-component of the magnetic field is

p_ﬁ- Zr EK.R _ . Nz 2
The above expressions are expressed in cylindrical coordi-
nate and R is the distance of source to obervation point.

Secondary magnetic field

Substituting equations (3-5) and (3-6) into egquation

(2-13), the secondary magnetic fields are derived as

HE ==t €5 0 (e An bt GlePI ko () Sima (2-2)d )
m=0 o

22

aC‘OS(n (¢_¢.)+ _Er': %:o_ Sm C)m l('n («A?rj k'n Mel’:)
o=

CosA(Z-Z)d A - Sinm(s-4)}
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Writing S — . M .

the above equation becomes

he= - —J-Eiq‘;mmz/lm K (/8M) K (0t ) S0 zm dm

s (b-4)- 485 (nimia) G Kn (1)

/3 n= o
Koy @M)-Cos Z2m dm-Simm (d-4.) (3-23)
where
é? = O7¢ﬂ("%3-%z) ) T (M)
" (m>=m?) §,— SMm*4; K (M) (3-24)

A
R=uUd, R=d«®h , I'=pa, Z-4=2Q
Ma=Xed . M=AQ
Measuring the field on the plane z = 2 the first term
of equation (3-23) disappears.

Similarly,

h¢= -4;&—3%5{ 70 i Ko (BT02) Kin () Sim 2 I

Sen m($=4) =M (m=m) Gy k' (5M.)
Kn(d%)fosé"m dm - Cos m(&- 4)} (3-25)

he ~-2_ G §12 Ao Ko (Ao 15) Kon Q) Cas 211

=° (3-26)

"COSN($-4,)

91
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Secondary electric field

Substitutine equations (3-5) and (3-6) into equation

(2-12) and wtiting

1‘—:-"8___ i wly M %‘

2T R*
U~ 7
»=- 7?,5: {;4,,1'"7: fn({é’ma) Kn (o) Cas &2m cos M($-4)
FS/” Cn Kn (/m,)/(ﬂ(a(on,)sm mes:n'n(# é)jd'm (3-27)

E- = %g 5 { ap, K,.((ymz) Kn (dms) Cos Zm s n(3-4)

+ St Cn {/n'(p(ma) K (d M) sin Zam conM-eg)}dm (3-28)

ei.—.- S 2_ S/mJ C’,,, & (/s'm_\)% (oMs)Cos 2m dm Cog N (G4,

_,' -] (1‘29)

EXAMINATION OF THE RESULTS

The field expressions are very complicated, but these
formulae can be examined for some limiting cases. Here the
field expressions are compared with those for free space by
decreasing the ratio of the conductivity of the surrounding
medium to that of the cylinder.
cylinder.

Magnetic field

For the case of very large value of §, the variable
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m, approaches m and the function An in equation (3-14)
becomes the same as the one in equation (2-38), From the

following fact:

Lom 4, = m*{-Gn (m) + T(M)} S Zn (m)

S>>0

lim G = ML (M) - Tn(M)] S 5, (m)

S~>o00

it follows
nl&&al '
z’mAr Lom-Tm) " pF a Fm  In(m)
Talm)- T (M) + WKEA™ Ko (m) (2730
mM* > Falm)

where fg(m) and‘E;(m) are defined in equation (2-27).

Thus for the case of very large value of S the magnetic

fielé in equation (3-26) approaches the expression in

free space. Unlike free space, in the conducting medium

there are ¢ and r components of the secondary magnetic field
on the plane z = zo.' These components, as can be seen in
equations (3-24) and (3-25), come from the electric type vector
potential. This part of field is caused by the induced
electric charges on the surface of cylinder (see the next

paragraph) These charges are induced by the intersection

of the Frimary electric field and the conductor surface.
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These charges create galvanic part of the electric field. If
the conductivity of the surrounding medium is zero, the
current due to charges can't flow out O©f the surrounding
medium and have a closed path inside the cylinder, in other
words, it forms a solenoid. As is known these currents
can't create a magnetic field outside. Through numerical
evaluation it is found that the ¢ - and r-component of the
magnetic field decrease as the ratio of the conductivi-’
ties increases (see Figure (3-6), (3-7)). Now function

Cn in equation (3-15) is examined through invéstigéting

the electric field.

Electric Field

)

The electric field due to an axial magnetic dipole

is compared with the secondary electric field of uniform
transverse primary electro static field. If the source

is located far from the conductor the primary field in the
vicinity of the conductor can be considered approximately
uniform field. With above mentioned assumption, for the
case of very low frequencies the field can be considered
as electrostatic field, in other words, the vortex part

of electric field is negligible. The secondary electric
field of a conducting cylinder due to uniform transverse

electrostatic field is
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E:=%'E;(-}Y"—})§L>-SM &) (3-31)
- e

The secondary electric field is calculated by using
equation (3-27) for certain geometry with different ratio
of conductivities. Table (3-1) shows the calculation
results of inphase component of electric field for the
case of o = 40, B - 2, u = 39.04 and z = 0.5.. From
table (3-1) it can be recognized that the field, at the
very low frequencies, is proportional to (yi-ye/(ye+yi).

As is shown in this table the inphase component, at the

low frequencies, approaches some constant. The quadrature
component of the field is much less than inphase component.
The above mentioned behavior -is investigated by considering
the electric field in free space.

For this case the function C_ in (3-15) becomes

% Cm - *‘UJ/UYea'—C"‘m

S>>0

2T m) -Gm-5m) 1 m)

M*{= K (m)+Tn(m) } £, n)-Z (w2a) K (M)
(3-32)

A
with Ca =

and the electric field in equation (3-27) turned out to be
WP / 2
==L 5 G {§Anm k' (pm) K () Cos ZM Cos 7 (4 -4))
T gz

- _é;é‘m NM Kn (Pm)z“(dqn)smé'm smm-‘é)}dm (3-33)

95
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Table 3-1. The inphase component of the ndrma;ized electric
u=39,04 and z=0.5

field with &=40, B=2,

10
R /s: 5 3
0.01 0.186 x 10™° 0.158 x 10™% | 0.114 x 1072
0.02 | 0.187 x 1072 0.152 x 1072 | 0.115 x 102
_2 - : -
0.04 | 0.189 x 10 0.163 x 102 | 0.135 x 1072
0.08 | 0.234 x 1072 0.249 x 10> | 0.225 x 10 7%
Table 3-2 The normalized electric field when a source is
located very far from the cylinder.(c&=40,/3=2.
2=0.2 and ¢-¢=T/3)
R Inphase component Quadrature COmponent
/§;
2 -
0.01 0.165799 x 10 0.233732 x 10 ©
0.02 0.165799 x 10 2 0.935147 x 10 °
0.04 0.165797 x 102 0.374054 x 10 >
0.08 0.165763 x 10 > 0.149522 x 10 ©
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In the above equation, at very low frequencies it can be

seen the following facts:

1.

2.

Real part of An is proportional to (ywuaz)z.
Imaginary part of An is proportional to ywuaz.
Function én becomes only function of m and it
approaches real value.

Inphase component of electric field is mainly

' defined by function &n, in other words, this

component comes from electric type vector poten-
tial.

Quadrature component of electric field is mainly
defined by magnetic type vector potential, in
other words, it is proportional to ywuaz.

Inphase component prevail at low frequency

Table (3-2) shows some calculation results of
equation (3-33) for the case of ré = 40a, r = 2a,

6= b,=1/3, Z = 0.2.

Through all the above discussions it can be understood

that the field derived from the magnetic type vector poten-

tial is mainly induction part of the field and the one from

the electric type vector potential can be considered as the

~galvanic part of the field.
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Analysis of the magnetic field in frequency domain

Using equations (3-23), (3-25) and (3-26) secondary

magnetic fields are numerically calculated.

Through numerical evaluation it is found that the
field, at the low frequencies, has similar behavior to
the field in free space. The inphase component is pro-
portional to (Yuwazf'and the quadrature component is pro-
portional to Yuwaz. Figure (3-1) and (3-2) show the
frequency responses for several different ratio of the con-
ductivities. From these figures it can be recognized
the following fact. At given conductivity of the surround-
ing medium, increasing the conductivity of the cylinder
the magnitude of the secondary field ié increased for the
range of frequency a/Se< 1. Regardless of the different
ratio of conductivities, inphase component of the field
has minimum value at a/ae € 0.7 and by increasing the
frequency above this range the field start to oscillate
with decreasiné magnitude. At the low frequencies the
maximum value of the quadraturé component is shifted to
higher frequencies as the conductivity of the éylinder
increases. To find the optimum range of frequenc& which
allow one to get maximum ratio of useful signal to geo-

logical noise, the ratio of the secondary field to the



99

T-2253

(aTodtp d9T139uUdeuw TeTxe
uB ST J939Twsueas)edoeds wxoFTun UT JAIPUTTAD FUuT3ONpuod ® JoO
aouasaad 8y} ut praTy OT3duTFew ayy jo asuodsaa Aousnbaay

*2-€ 2andtyg *1-€ 2anITg
NQ-—“--U_%-\_—“ Q—.F..-- 11 1 ——“p.-. FEY 1 —:@-F.... L2 1 Nx&—- NQ.“._-_ .NMW\.& Q—-w.... L —F:-.- 3 1 -l&—-—_-.- PR 3 NQ —._
S ©
& i
o vzol - -
S Z1G- -
o 95z -
\w gcl--
z b9 -
x\ 5z - :
2
B B
® 8
<=
- ¥
-.B
® £=1 ®
) o
1

17087}
S99



T-2253 100

normal field is calculated. Figure (3-3) shows the ratio

of the quadrature components. As can be seen from this
figure these ratio approaches some constant. This fact

can be explained by considering the behavior of the normal
and the secondary field. At the low frequencies the quad-
rature components of the normal and the secondary field are
proportional to frequency. Thus the ratio of this component
should approaches some constant as the frequency decreases.
From this figure it is found that the ratio practically
doesn't change for the range of a/6i< 1, in other words,
decreasing the fregquency below a/5i = 1, the depth of in-
vestigation doesn't increase. . It just brings the result
of decreasing the signal.

Figure (3-4) shows the ratio of the inphase component
of the secondary field to that of the norﬁal field. 1Inphase
component of the normal field contains primary field so
it was removed before taking ratio. From this figure it
is found that the maximum ratio of the useful signal to

~geological noise can be obtained at a/Gi = 1.2. Thus
measuring the inphase component the resolving capability
of the method will be reduced by decreasing or increasing
the frequency from a/<Si = 1.2. From these two figures it
should be pointed out that measuring inphase component has

higher resolving capability than measuring quadrature
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component of the magnetic field. However sometimes
inphase component of secondary field is much less than
that of normal field so it may be very difficult to
differentiate this part, in other words, it needs very
accurate instruments.

To figure out the feasibility of increasing depth of
investigation by measureing the quadrature component at
two different frequencies, the operation, which is
described in equation (2-47), is applied to the guadrature
component of the secondary and the normal field. The
ratio of the difference of the fields is presented in
Figure (3-5). Regardless of the different contrasts of
the conductivities the maximum ratio of the useful signal
to geological noise is arrised at a/Gi = 1.2. This
frequency is same as the optimum frequency of measuring
inphase component. Comparing this figure to Figure (3-3)
it can be noticed that this method poésesses much higher
resolving capability than the method of measuring the
inphase component.

From all this discussion, the optimum frequency,

regardless of the different methods, is about a/Gi = 1.

Vertical components of secondary magnetic field.

Vertical components of the magnetic field is calculated

by using equations (3-23) and (3-25). According to these
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40. 00

60. 00

Yt 1 1e A& gt
Figure 3-5.
Frequency response of the quadrature
component of the magnetic field with
the leading term of the low frequency

asymtote removed(Source is an axial
magnetic dipole)



104

T-2253

(atodtp
OTjaudew [eIXB UB 81 8d0INOS)PToTF oT13oulSew JoO
jusuoduod TBOT3I9A 9yl Jo asuodsax Kousnbaxy

. *Li-¢ 2an3aty *9~f aandt4g
! ) k] H 1 Lol oL
NQ.—‘...-Q.”\.\Q- mh.. T | 1 ——-:- A2 2 1 —-Q—-m..- I T ? Q /.hw NQ“EE“?&;[LE.LE«FF%!“/
: o
S 8
] ]
y K
S 8
1 ]
[ [
®
%ll amu
= e
<
Ml-\ A ———g
L L
© R
® S
) e —— ST ) ~~
* . - ¥
N - S o
1=
2% U 8%
ND: 9 N
g
- s A
: ®
o o
fae Y



T-2253 105

equations, on the plane z=z this component of the field

o’
is defined by only electric type vector potential. Fig-
ure (3-6) and (3-7) show the frequency response of vertical
component of magnetic field. From these figures it is
found that this component of the field decreased as the
conductivity of surrounding medium decreases. This fact
can be recognized from equation (3-32). In this equation

the function Cn reduced to zero as the conductivity of

surrounding medium decreases.

Transient Response of the Magnetic Field

The secondary magnetic field is calculated numerically.
Figure (3-8) show the z-component of secondary magnetic
field for a given geometry with several different ratios
of the conductivities.

At the early stage, due to the skin effect, currents
are concentrated mainly near the source and the field does
not feel the .existance of the conducting body. As the time
increases, the currents diffuse farther from the source and
the field starts to feel the conducting body. Thus the
secondary field increases until a certain time. However, at
the late stage the currents decay as time increases. Corres-
pondingly, the magnetic field decays at late stage. Thus,
the maximum value of the field is located at the intermediate

stage. As can be seen from Figure (3-8), increasing the
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conductivity of surrounding medium it takes longer time
to reach maximum point, in other words, in the high
resistive medium currents penetrate faster than the low
resistive one.

At the late stage the currents in the medium and in
the body decay in different ways, and the currents in the body
decay faster than the one in the surrounding medium. Thus
at far late stage main contribution of the field comes from
the currents in the medium. According to the above dis-
cussion it can be expected that the maximum ratio of the
useful signal to geological noise is in the intermediate
range of time. To find this optimum range of time the
ratio of the secondary field to the normal field is cal-
culated. Figure (3-9) shows this result. As is shown in
this figure, regardless of the different contrasts of the
conductivities, the»maximum points are located at the same
time, t/ﬁyia2 = 0,25.

If the geological noise is less than 10% of total
signal, practically the influence of surrounding medium
can be neglected. From this figure it can be recognized
that the following fact.

If thé ratio of conductivities is higher than 500,
the influence of the geological noise is negligible with-

in relatively wide range of time.
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CONCLUSION

Electromagnetic fields of a conducting cylinder have
been investigated for the case of an infinitely long linear
current source and a magnetic dipole source. The behavior
of the fields has been studied through numerical evaluation
of the exact formula and the asymptotic expressions for some
limiting cases.

The secondary magnetic fields, due to a line source,
can be considered as the sum of the fundamentz]l Part and
the linear harmonic part. The fundamental part of the
field is caused by a linear current in the cylinder and it
has some relation to the conductivity of the surrounding
medium. Since the linear harmonic part of the secondary
field is caused by the eddy current in the cylinder, in a
certain range of frequency or time, this part of the field
doesn't depend on the conductivity of the medium. Numeri-
cally it is found that the fundamental part dominates the
secondary field.

Regardless of the orientation of the source the sec-
ondary field, due to a magnetic dipole, of a conducting
cylinder in free space possesses similar behavior. At the
low frequencies the inphase component is proportional to
(YA Ua),?‘ and the quadrature component is proportional to Yyuf
If a transmitter and a receiver are located far (r /az4),

r/a74) from the cylinder, the secondary magnetic field has
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a behavior similar to the secondary magnetic field in which

the primary field, in the vicinity of the cylinder, is uniform.

At the late state the secondary fields decay exponentially.

The coefficient of the exponent is defined by the ratio of

the constant of the proportionality of the inphase to that

of the quadrature component at the low frequencies.

Comparing the normal and the secondary field, it is

found that the influence of the surrounding medium maifests

itself as different ways in the frequency and the time domains.

The characteristics of the influence can be summarized as:

i)

ii)

iii)

The influence on measuring the quadrature component
increases as the frequency increases and decreases
to some constant as the frequency decreases. At
the low frequency aA§i<0.2 for an infinitely long
linear current source or a/5i<1 for an axial mag-
netic dipole source, the influence of the medium
remains the same.

For measuring the inphase component of the magnetic
field, the influence is minimum at a/§;= 0.3 for a
line source or aﬁﬁ-= 1.2 for an axial magnetic dipole
source.

In the time domain, the influence of the medium is
minimum at t/yg ),fa2 = 7 for a line source or t/,l.l)(;aa=

0.2 for a magnetic dipole source. Thus it should
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be recognized that at the far late stage the influence of
the surrounding medium increases.

From the results of the numerical evaluation, it is
found that the method in the time domain possesses a higher
resolving capability than the one in the frequency domain.
In the frequency domain, measuring the inphase component
has a higher resolving capability than measuring the quad-
rature component., If we measure the quadrature component
at two different frequencies, the resolving capability of
the method is increased very much and it can be comparable

to that of the method in the time domain.
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APPENDICES

A~-1 Fourier transforms

In this thesis Fourier transform is carried out by
applying finite Fourier sine and cosine transform
‘ To calculate the integral

b
T(k)= g-f.(«l:) cos kt dt

Qa
in Filon's method. (Bavis, et al, 1975), the interval a, b,
is divided into 2N subinterval of equal length h.

h = (b-a)/2N
Over each double subinterval, f(t) is approximated by a
parabola obtained by interpolation to £(t) at the mesh
point. For parabola f(t), the Fourier integral can be
computed explicitly by integration by parts.

In this thesis, different length of interval is used.
Considering the contribution of each interval integration
to the final one and the time of computation, it is better
to increase the length of interval to the direction of
decreasing the magnitude of integrand. The integration
is carried out to the direction of decaying magnitude of

integrand.
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i land

% % Ko > X
Using three values F(x ), F(xl+l) and F(xl+2) F(x) can be
approximated as
F(x) = ax2 + bx + c
where
d= F(X)A Xer1 — F(%n) DX + F(%+2) AX:
AX AN ANt

b_F('XC) (‘Xiil \.1'2) +F(X0<H)(‘X~.4: % ) 3 F(%u)(x” 'X)

- AX & X A%+,

C=F(X’)A9(i-ﬂ Nett Xeva + F(X:e) AX X Xiea *‘F(‘X..u)A'X 9{ Xl

. Ax A?’ Ax‘“

in the interval fxi,xi+2]

Thus the Fourier integral within the above interval

becomes
Xisa
{ (ay™+bx+c) cos kx dX

X

‘+2
_[zaaé:b Cos KX + ak‘y’-mk-;bkzx-fcﬁgmgx]
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The length of interval is chosen as

Ay _ W

a%:

In case of relatively slow change of integrand,N = 4 is
used. If the integrand has some different sign of gradient"

within the range of integration N = 8 or 16 is used.

A-2 Calculation of Bessel function

The Bessel functions are numerically calculated. For
the case of small argument series expressions are used.

(Janke and Emde, 1960).

_ () & (‘%)“
La(2)= (3) zzo K1 (m+k+t)

for [Z|<12 or |ZE =1

Kn (Z) = ()" T (2) fm (¥3/2)
H)'”E (2,)"T" (é r 'mk_L)

* 2 Y Kien+k) | =} z iz 4
' oo (_‘)K(,n -1 , 2K-N
tr (£

where vy = 1.781072 (Euler's constant) The above formula.
is used for |z!| < 4

and
T TC
-~ =< arj(z)s_
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In case of big argument asymptofic expressions are used

Z a0
I‘n(Z): e {(+%{2Q‘2m~l) I (2@4271__‘)” }

V2rz (gz) 4!
for [E| >12 and [Z] 7

Z) \/— 6 ‘ + Z (_4)p« (24—2’”-[)’ (2[—#27)—") 1/}
(pz)*

for |zD4
where (2m)!! = 2"m!
(2m+1)tt== (2m+1)!/2Pm!
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A-4, List of symbols
Symbols Quantity
E Electric field intensity
H Magnetic field inténsity
M Magnetic permeability
Y Conductivity
I, Source current
J curfent density
M Magnetic dipole moment
3 Skin depth
K Wave number
T Normalized time
¢ Resistivity
€o Normalized electric field
of the fundamental part
e Normalized electric field
of harmonics part
h, Normalized magnetic field
of fundamental part
hy Normalized magnetic field

In(r) ’ Kn(r)

R

To

of harmonics part

115

MeK.S. unit

Modified Bessel functions

Volt/meter
Ampere/meter
Henly/meter
Mhos/meter
Ampere
Ampere/m?
Ampere-m2

[leter

Chms meter

Distance between source and observation point.

Distance between source and the cylinder.
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Symbols Quantity
r Distance between the cylinder and observation
point,
a Radius of the cylinder.
u R/a
ro/a

3 r/a
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