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1. Introduction

As is pointed out in [1], in many applications in communications
and geophysics [2-5], it is needed to estimate the attenuation of the sig-
nals due to a metal casing of a drill hole. Also, because of the recently-
increasing public concern of the ELF magnetic fields, it is desired to
predict the magnetic fields produced by underground power cables in
which three-phase conductors are placed within a pipe enclosure [6].
Since the pipe and the metal casing are generally made of steel or
other ferromagnetic materials, the nonlinear B-H characteristic should
be taken into account for estimating the signal attenuation and for
computing the magnetic fields.
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The computational model of a metal-cased borehole developed by
Wait and Hill [1] enables one to predict the electromagnetic shielding
effect of a metal casing enclosing two-dimensional sources. But they
assumed a constant permeability for the metal casing in their compu-
tational model. In the past, the other researchers have employed an
iterative procedure as a part of finite element method solution tech-
nique to treat the nonlinearity of the steel pipe and to determine the
varying relative permeability everywhere in a steel pipe. Then, the
knowledge of the varying relative permeability of the pipe is used to
calculate the power losses, the fields and forces in a pipe-type cable
[7-9]. For solving such interior problems, the finite element meshes are
truncated at the outer surface and the electromagnetic fields are as-
sumed to be zero. This assumption is a good approximation for the
interior problems since the exterior fields are really weak and they are
not of interest. However, this assumption is obviously not acceptable
in the investigation of the electromagnetic shielding of sources within a
steel pipe because the quantitative information of the electromagnetic
fields in the region exterior to the steel pipe is needed. Most recently,
a Fourier series technique has been developed for computing the mag-
netic fields in the vicinity of an underground pipe-type cable [10]. The
numerical technique presented in [10] has taken into account the non-
linear B-H characteristic of the steel pipe but used an approximation
by assuming that the permeability of the steel pipe varies in the radial
direction only.

In this paper is presented the development of a rigorous numeri-
cal technique for investigating the electromagnetic shielding of sources
within a steel pipe or a tube made of other ferromagnetic material. This
numerical technique is developed based on a hybrid formulation [11].
The finite element method [12,13] is used for the analysis of the region
interior to the pipe and the integral equation method is employed to
treat the exterior regions. These two parts are coupled on the bound-
ing surfaces of the pipe by a unimoment method [14] approach. Special
attention is given to the nonlinear B-H characteristic of the ferromag-
netic pipe. An iterative procedure is used to determine the permeability
in each element of the ferromagnetic pipe. Based on the knowledge of
the permeability of the pipe and the equivalent surface currents, the
electromagnetic fields everywhere can be calculated. Sample numerical
results are presented and compared with measurement data [10] for
validating the numerical technique presented in this paper.
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2. Equivalent Models

In Figure 1 is depicted a cross sectional view of N conductors
carrying currents Iy, Io, ..., In, within a steel pipe or a tube made of
other ferromagnetic material. The structure is buried in the earth and is
assumed to be infinitely long so that the problem is a two-dimensional
problem. The electromagnetic properties of the conductors, the pipe,
the dielectric material within the pipe, and the earth are character-
ized by (te,0¢), (tp,0p)s (Ha,€q), and (pe,0¢), respectively. The
inner and outer surfaces of the steel pipe are of radii a and b. We
will compute the electromagnetic fields at the points of interest due
to the currents Iy, Is,...,In. The current in the n'* conductor can
be replaced by an electric line current In located at the center of the
conductor. This is a good approximation for the purpose of computing
the fields outside the pipe because the distance between the field point
and the source point is normally much greater than the size of the
conductors so that the nonuniform current distribution in the conduc-
tors has very little influence on the fields outside the pipe. As the first
step of the development of the hybrid finite element and unimoment
method, the equivalence principle of electromagnetics [15] is employed
to construct the equivalent computational models. Illustrated in Fig. 2
are the equivalent computational models set up for region 1 (the region
external to the steel pipe), region 2 (the region enclosed by the pipe),
and region 3 (the region interior to the steel pipe). In Figure 2, C; and
Csq are the outer and inner bounding contour of the steel pipe, #; and
Ny are the unit vectors normal to C; and Cy, J;, Jy and kg, ko are
the electric and magnetic equivalent surface currents on C; and Cs.
Since the phase currents are z-directed (in the axial directions), the
electric equivalent surface currents J; and J, are also z-directed, but
the magnetic equivalent surface currents k; and k, are ¢-directed
(in the angular direction). In the following sections are illustrated the
formulation of integral equations and the solution technique for deter-
mining the equivalent surface currents. Based on the knowledge of the
equivalent surface currents, the electromagnetic fields external to the
cable can then be calculated.
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Figure 1. Cross section of currents within a steel pipe buried in the earth.

Figure 2. Equivalent computational models: (a) Region 1 (earth) equiv-
alence; (b) Region 2 (dielectric) equivalence; (c¢) Region 3 (steel pipe)

equivalence.
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3. Formulation of Integral Equations and Unimoment
Method

In region 1 (the earth) equivalence model, the boundary condition
on the outer bounding contour C; of the steel pipe requires that

Kip =2 lim [E(J1) + E(Ky)] (1)
plC1
Using
E(J,) = —jwue/ J1Ge(p, p')dl
C1
and

B(Ky) =—lim Vx| KaiGelp, pdl’

Equation (1) can be rewritten as

0Ge(p, o'

Kl¢+](ﬁ#e/ JlZG ( )dl — lim Kl )dfl =0 (2)

Ch pl 1 8111

where Ge(p, p’) is the two-dimensional Green’s function

Ge(p,p’):—ZH V(kelp = ']) (3a)

or by using the addition theory,

o0

Gelp,p) = —i D Talkep)HD (kep)e™ =90 p> p' - (3a)
n=—oo
And in Eq. (2),
0Ge(p. ) _ _jke N~ 4 jn(¢—¢")
o n_z:oo T (kep YHP (kep)e ,p>p  (3b)

In Egs. (3a’) and (3b), J, (-) is the Bessel function of order n and

2 (-) is the second kind Hankel function of order n, J), () is the
derivative of J,,(-). The equivalent surface currents can be expanded

as
My

Kig= > ke (4)
=—M
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and

= Z e o)
Substituting Egs. (3a’), (3b), (4), and (5) into Eq. (2), we arrive at

My

emh
Z L W:“ T Z G1n€" T (keb) H?) (Kob)
M1 Ml

keb
+]7T

(6)

My
Z k1€ J! (keb)H P (keb) = 0
—M,

In order to determine the unknown coefficients ki, and ji, of the
equivalent surface currents, Eq. (6) is tested by multiplying both sides
with e=/™® | then integrating the product over(0, 27) and dividing
the result by 2. After going through these steps, we have

(

14 278 g1 o) HP (o) o
+wue7er (keb)H, b7k )(k b)jin , forn=m
0 , forn#m
—0

which can be converted, by using the Wronskian of Bessel’s equation,
to

ITRD 5 (keb) P (kb

+wue7er (keb) H, (2)(kz b)jin , forn=m
0 , forn#m
=0

Equation (7) can be rewritten in its matrix form as
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e
Qpp, 0 0  fO-wm, 0 0 7 :
0  ai-n 0 0 Bi-m 0 kar,
j_Ml
0 0 QN 0 0 ﬁMl ]
L I,
0
= (7)
_O_
in which
kb ,
alnzﬂz T (keb) HP' (K.b) (8a)
and
&b
Bin = R 5 (heeb) HD (kob) (8h)

Equation (77), together with (8a) and (8b) are useful for determining
the unknown coefficients kq,, and ji,, . However, it should be noticed
that the matrix (7’) contains 2(2M; + 1) unknowns ( ki, and jip;
n=-My,...... —-1,0,1,...... M;j), but only 2M;+1 equations which
are not sufficient for solving the 2(2M; +1) unknowns. The additional
equations needed are derived in Section V.

The region 2 (the dielectric material and the currents enclosed by
the steel pipe) equivalence model can be treated in the same way as we
did for region 1 equivalence, described above. The boundary condition
on the inner bounding contour Cs of the steel pipe requires that

Kap =2 lin [B(J2) + E(Ka) + E(1) (9)
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Using
E(J2) = _jwﬂd/J2Gd(p, p)de’
Ca
E(K;3) = — lim V x /KzGd(p’p')dﬂ
p1C2
Ca
and
. N
E'(I) =) —jwpaliGa(p. ')
i=1

where I; is the " (i = 1,2,...N) source current, we rewrite Eq. (9) as

. ] OGq(p, p'
K2¢)_]wﬂd/JZzGd(p’p/)dgl_;%ICI,?;/KM)#dZ
CQN Ca (10)
= jwpa ¥ LiGa(p, o)
i=1
where
T X Talkap)HD (kap )@=, p < yf
Gd(ﬂ? pl) = o _oo (2) . ’ (113)
S Talkap ) Hi? (kap)e™ @), p > of
and
9Ga(p,p') _ jka ~ / oo/
OC0p) _ B S (hap) B (hat )@ p < o (110)
Us) n=-—00
The equivalent surface currents can be expanded as
M> ‘
Kop22 > kynel™ (12)
n=—>M>
and M
Jop = Z Jone?™? (13)

’I’L:—M2
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Substituting Egs. (11a), (11b), (12), and (13) into Eq. (10), we have

M2 M2
Z anej”(bf% Z j2n€jn¢Jn(kda)Hr(L2)(kda)

n:—Mg n:—Mg
iTkga My .
_J 2d S kane?Jy(kaa) B (kqa) (14)
nszz

N Mo

w ny

— %ZL Z Jn(kdp/)H}lQ)(kda)e]n(d’ )
=1 n=—M,

Again, in order to determine the unknown coefficients ko, and jo, of
the equivalent surface currents, Eq. (14) is tested and the Wronskian
of Bessel’s equation is used to simplify the testing results. The resulted
equation is

—imkea 1 () HP) (kaga) ko
—%Jn(kda)[{,(f)(kda)jgn ,n="m

0 ,mFEM (15)
Wit ol
d —jima’,
= LN LT (ap! HE) (kga)e "
i=1
or in matrix form,
L[k
a_y, 0 0 B, 0 0 )
O al—Mg 0 0 ﬁl—MQ 0 kM
2
: : : : : : : J—M,
0 0 can, 0 0 5M2_ :
L jMQ _
e
=] (15")
L EM:
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in which
o = 2 ”';d“ T (kaa) H® (kya) (16a)
Bon = == T (kaa) HE (kaa) (16b)
and N
ean = 2 3 Tidn(kapd V2 (ao)e™ (16¢)

Equation (15) together with (16a)—(16c) are useful for determining
the unknown coefficients ko, and js,. Again, we note that the ma-
trix equation (15’) contains 2(2My + 1) unknowns ( k2, and ja,,
n=—-My, ...,—1,0,1,...Mz) but only 2Ms + 1 equations that are
not sufficient for solving the 2(2Mg + 1) unknowns. The supplemen-
tal equations needed are derived in Section V, using the finite element
analysis procedure described in the next section.

4. Finite Element Analysis

In the steel pipe (region 3), finite element method [12, 13] is em-
ployed to determine the vector magnetic potential A, , and subse-
quently the magnetic field intensity H, everywhere within the pipe.
The magnetic potential A, in the steel pipe must satisfy the differen-
tial equation

0 (1 0A, 0 (1 0A, .
= — = — A, =0 17
8x<up 8x)+8y<up oy ) JUp (17)
subject to the boundary conditions
0A,
_8n1 = ppJiz, on Cy (18a)
and oA
_8n22 = ppJa, on Oy (18b)

The boundary value problem of solving Eq. (17) subject to (18a) and
(18b) for A, is equivalent to the variational problem given by

SF(A,) =0 (19)
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where the functional

1 1 [0A\? 1 [0A\? )
F(Az)——g//[M—ID(ax) +M_p<3y> +jwapAz]ds
Sp

—/ leAzdf—/ Jo, ALdl
C1 Ca

in which Sp is the cross sectional area of the steel pipe, C; and Cs
are the outer and the inner bounding contour of the pipe.

(20)

(b) 2

Figure 3. (a) Triangular finite element in the steel pipe; (b) A triangular

element.
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The first step of the solution procedure is domain descretiza-
tion by dividing the cross sectional area Sp into Me triangular ele-
ments as shown in Fig. 3(a). In the e triangular element depicted in
Fig. 3(b), the magnetic potentials approximated by a linear function
as

A(,y) = a° + b + (21)

where a®, b°, and ¢® are the constant coefficients to be determined.
Enforcing Eq. (21) at the three nodes located at the vertices of the
triangle yields

¢ =a® + b + Cyf (22a)
Ay = a® + 02§ + cy5 (22b)

and
A = a® + 02§ + cyf (22¢)

in which z§ and y§ (j = 1,2,3) denote the coordinate values of the

4 node in the e element. Solving Eqs. (22a)—(22c) for a®, b°, and
c® in terms of A (7 = 1,2,3), and the substituting the solutions into
Eq. (21), we obtain

3

Al(w,y) = Y Nj(z,9)AY (23)
j=1

In Eq. (23), N7 are the interpolation functions and

1 .
Nj(z,y) = 53 (af + bz + cjy), j=1,23 (24)
in which
aj = w5Y5 — Y575, bi = y5 — 5, f = x5 — a5 (25a)
a5 = T5Y§ — Y527, b5 = y5 — i, cy =] — 2§ (25D)
a$ = r7y5 — Y5, b5 = yi — vs, c§ =5 —af (25¢)
and
L oxp oy
1
A€ = 3 1 25 y5| = area of the e’ element. (26)

1 x5 9
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It can also be shown that

1, i=j
0, i#J
Meanwhile, the bounding contours of the steel pipe, C; and Cso,

are partitioned into Mg; and Mge segments. The magnetic potential
within the S1*" and S2*" segment can be approximated by

Ni(zj,y) = di5 = { (27)

2
AST =" Ny AT (28a)
j=1
and
2
S2 s AS2
A2 = "N AT (28b)
j=1
where
NY=1-¢ and Nj=c¢ (29)

in which £ is the normalized distance measured from node 1 to node
2 on the segment.

After obtaining the expansion of A in Eq. (23) and the expansion
of A5l and A$? in Eqgs. (28a) and (28b), we formulate the system of
equations by using Ritz method [13,16]. The functional F(A,) defined
in Eq. (20) can be expanded as

M M51 MS2
F(A) =Y FYAD+ Y AT+ ) FP(AP) (30)
e=1 S1=1 S2=1

where M denotes the number of triangular elements in Sp, Mgy,
Mgo are the numbers of the segments on C; and Cs. In Eq. (30), the
subfunctional F(A¢) is given by

1 1 /0A°\? 1 [0A°\? )
Fe(A9) = —= [ | = z — z iwo, AS | d 1
(42) 2/[u§<ax>+u§<0y>+‘w0pz]s (31)
Ss

p

where S7 is the domain of the e th element and py, is the permeability
of the e element of the steel pipe, which is to be determined by an
iterative procedure described in Section VI. Differentiating F¢ with
respect to AS, and using Eq. (23) for A¢ yields
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3
OF° 1 ONEONS 1 9NF ONS
=S4 i Mt} NENS
0AY,; 2_: ]//[u o On +u dy Oy ey s

i=1,2,3 (32)

or in matrix form

8Fe S e € !
{5 =) (52)
where .
8i _ oF ’6‘F ,8F (33a)
0A¢ 0AS,  0AS, 0AS,
{Ai} = [Aip 227A§3]T (33b)

and where the elements of the matrix [k¢] are given by

1 ONfONF 1 ONg ONj
| | == — jwo, N{NY | dad
// [u; dx Ox +M§ gy oy I j] o

1 1 ere c6ct ij'p .
4A6< ebzbﬁ—e i J) iz S+ o)

i,j=1,2,3. (33¢)

Also, in Eq. (30), the subfunctionals Ff1(ASY) and F2(A5?) are given
by

RSNt = - [ gt astae (34a)
cy
and
FP2(AS?) = / J52A2de (34b)
cy

Substituting Eqgs. (28a) and (28b) into (34a) and (34b) for AS! and
AS? | and differentiating Fgland F§? with respect to Afil and Aff
yields
OF!
dAS]

= —/ JIINg S de, i=1,2 (35a)
0
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OFS?
OAS?

= —/ JS2NE052de, i=1,2 (35b)
0

in which £5(£52) is the length of the S1%"(S2!") segment of Cy(Cs).
The integrals in Eqgs. (35a) and (35b) can be evaluated analytically
and these equations can be written in matrix form as

8FSI
{3 yEq } = - (™) (362)
and ops2
F
{Gas )= (361)
in which )
bl = §Jf;esl (37a)
and )
b2 = §J§3€52 (37b)

With the elemental Eqs. (32’) and (36a), (36b), we can assemble all
M elements, Mgy and Mgy segments by using Eq. (30), then impose
the stationary requirement on F to construct the system of equations

OF 8F Mg 8Fl;91 Mo aFéS’Q
{aAZ} {8A6}+1Z{8A51}+S£{8A§2}

M: Dlﬂi

2 (38)
_ Ke {Ae Z {bSl} Z {b52}

e=1 S1=1 S2=1
= {0}

in which the vectors {A¢}, {b%'}, {b°?} and the matrix [K¢] have
been augmented, and then assembled. The details of this procedure is
given in [13]. The matrix equation is then solved by Gausssian elim-
ination technique. Based on the knowledge of the magnetic potential
A, everywhere in the steel pipe, the magnetic field intensity H can be
found by

H= LV x (4.2) (39)
Hp
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Substituting Eqgs. (23) and (24) into (39), we have the expression of
the magnetic field intensity H® in each triangular element

H° = o 9A > (% —b59) (40)

5. Formulation of Supplemental Equations

As presented in the previous sections, the knowledge of the equiva-
lent currents Ji,, K4, J2.,and Ksy on the surface of the steel pipe,
is necessary for determining the magnetic fields in the regions exterior
and interior to the steel pipe. The surface currents are expanded in (4),
(5), (12), and (13). To determine the unknown coefficients ki, jin ,
kan , and jo, , matrix (77) and (15’) are formulated in Section III. But
as is pointed out in Section III, these two equations are not sufficient
for solving the unknown coefficients. The supplemental equations are
formulated in this section.

As the first step of the formulation, the surface current
Ji, = eIm?, on (4 (41)

is assumed as the Neuman boundary condition. Then, using the finite
element method solution technique described in Section IV, the mag-
netic potential A,; everywhere in the steel pipe can be determined.
In particular, the magnetic potential A, ;; on C; is calculated. The
boundary condition on C; requires that

Kig1=Ez11 = —jwAzn

which can be decomposed into the basis functions e/™® to produce

My

K1 =— Z Y110m€"™ = —jwA, 11, (42a)
n=—M-
in which v11,nm can be found by Fourier integral as
. 2

Jw

Vim = 5 Az11(¢)e "dg (42b)

0
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This procedure is repeated for each harmonic /™ and then, by using
linearity, the Neumann boundary condition

My
J1. = Z jlmejm¢
— M

would result in

M, My '
Kigp=— > { > ’}’11,nm]'1m}63"¢ (43)

m=—M, ~ m=—DM,
Next, we assume the surface currents

Joy = I™? on Cy (44)
as the Neumann boundary condition. Then, using the finite element

method solution technique again, the magnetic potential Az 2 on Cy
is calculated. The boundary condition on C} requires that

Kigo = Ez12 = —jwAz12

which can be rewritten as
Kigo=— Z N2ame’"? = —jwAz 12 (45a)
in which 7124, can be found by Fourier integral as

jw 2 )
2 =32 [ Azaa()e g (45b)
T Jo

Again, this procedure is repeated for each harmonic e/™? and then,
by using linearity, the Neumann boundary condition

Mo
Jo, = Z j2m€jm¢S
—— M,
would result in

M, M, 4
Kigo=— { > 712,nmj2m}63"¢ (46)

n=—msm n=—msq
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Using superposition of k141 and kig2, together with (43) and (46) ,
we arrive at

M, M,
K1y = K11+ Kig2 = — Z { Z Y11,nmI1m+
n:—Ml ’I’L:—Ml
Mo
Z ’Y12,nmj2m}ej'rmS (47)
'I’L:—MQ

But ki, is also given in (4) as

My ‘
Kip= ) k™

TL:—Ml
Equating (47) and (4) yields
M1 M2
k1n + Z 711,nm.j1m + Z 712,nmj2m =0, (48)
’I’)’L=—M1 m:—MQ

n=—M,-M +1,---0,--M—1,M

or in matrix form

e,

fdbnlional)- | 0 | = | (48
i | [
J—Ms;

_jMz J

in which the submatrix [uq] isa (2M; 4+ 1) X (2M; + 1) unit diagonal
matrix, [y11] is a (2M; + 1) x (2M; + 1) matrix, and [y12] is a
(2Ms + 1) x (2M; + 1) matrix, the submatrix elements 711, and
~v12,nm are given in Egs. (42b) and (45b).
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Following the same procedure, an equation relating ko with j;
and jon, is derived as

m

M1 M2
k2n + Z 721,nmj1m + Z ’722,nmj2m = 07 (49)
mszl mszQ

n= M, ~Mp+ 1,0, My — 1, My
or in matrix form
T

b |
J—M,y .
([uo]lyar]lyeell - | ¢+ | = 1. (49)
i |

J—M;

_jM2 |

in which the submatrix [ug] is a (2Mz+ 1) x (2M2+1) unit diagonal
matrix, [y21] is a (2Mz + 1) x (2M; + 1) matrix, and [y22] is a
(2M3 + 1) x (2M3 + 1) matrix, the submatrix elements 721 py and
Y22,nm are given as

jw 21 )
P2Lm =~ Az o1e7 ™ dg (50a)
™ Jo
and )
o [ B
Y22,mm = —]2— Az 90 dep (50b)
™ Jo

In Egs. (50a) and (50b), Az921 and Azge are the magnetic potential
on Cy from the Neumann boundary condition Jy, = edm® on C; and
Jo. = /™ on Cs, respectively. The supplemental Eqgs. (48’) and (49’)
derived in this section, together with Egs. (7’) and (15’) formulated in
Section III. can be solved by employing a Gaussian elimination solution
technique for the unknown coefficients ji,, jon, kin, and ko, .
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6. An Iterative Solution Procedure

In the computational model described in the previous sections, an
unknown permeability f; is assumed for each element of the pipe. In
this section, an iterative procedure [8-10] is presented for determining
the unknown permeability. First of all, a fictitious linear material with
an unknown constant permeability is assumed for each element of the
steel pipe. Based on the requirement that the fictitious material must
have the same magnetic energy density as the nonlinear steel has in
this element, we go thorough the following iterative procedure:

(1) An initial value of the permeability u, is assumed for each element
of the steel pipe.

(2) Assuming the Neumann boundary condition Ji. = €/™® on C;
and employing the finite element solution technique presented in Sec-
tion IV, determine the magnetic potential A, 11 on C; and Az2o on
Cs.

(3) Using the assumed initial values of p; as well as the calculated
Az’ll’Az’Ql,AZJQ,AZ’QQ, solve the matrix Eqs. (77), (157), (48’), and
(49’) for the unknown coefficients, jin, jon, k1n, k2n, of the equivalent
surface currents Ji., Ja., K14, and Kag.

(4) Using the calculated equivalent surface currents as the boundary
conditions, the finite element method technique is employed again to
determine the magnetic field intensity H in each element of the steel
pipe.

(5) Based on the knowledge of the magnetic field intensity in the steel
pipe and the B-H curve of the steel pipe, calculate the magnetic energy
density W in the nonlinear steel and Wy in the fictitious material,
using the fundamental equations given in [8-10].

(6) Compare % with a small quantity ¢ in each element. If

W —Wry|
Wy

is stopped. I

< ¢, in every element, then u% is determined and the iteration

W-W . .
f |W7f| > ¢ somewhere, then pu; obtained is used as

the initial value of the next iteration.
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Once the permeability pg is determined everywhere in the steel
pipe, it is used to solve the matrix Eqs. (7°), (15’), (48’), and (49’)
for the unknown coefficients jin, jon, k1n, and ks, , of the equivalent
surface currents Ji., Jo., K14, and Koy .

7. Computation of Electromagnetic Fields

Based on the knowledge of the equivalent surface currents Ji,,
Joz, K14, and Ky, the electromagnetic fields everywhere can be de-
termined. For example, the magnetic field intensity H external to the
steel pipe can be calculated by

H= [Hx(IM) + Hx(klrb)}f( + [Hy(llz) + Hy(khﬁ)y (51)

where . ,
/ y—y /
- —— . 2
Hy(J1z) 27T/J1 (E)(x—x’)2+(y—y')2d£ (52a)
Cy
Hy(J1) = —— / T (¢) ki de (52b)
U om ) T e =)+ (y )2
Cq
Hy(Kig) = Ue/le(g )Ge(p, p')dl’
Cy
(52¢)
oe O*Ge(p, p/ dGe(p, p'
- ?/ [klx(gl)ai‘;) +k1y(£/)ﬁy) dél
eCl
and
H)(K15) = ~00 [ K1y(€)Gelp. /)i
Cy
(52d)
Te *Ge(p,p' IG.(p,p'
— k_g |:k1x (El)% + kly(él)#y)] d€’
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In Egs. (52c) and (52d), Ge(p,p') is defined in Eq. (3a).
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8. Numerical Results

As is pointed out in Sections I and II, the hybrid method based on
unimoment method presented in this paper is applicable in the inves-
tigation of electromagnetic shielding of sources within a steel pipe or a
tube made of other ferromagnetic material. Even though this method
can be employed to treat various structures of arbitrary configuration
of a number of sources within the pipe, the numerical results presented
in this section, as an example, are only for the magnetic fields in the
vicinity of a three-phase pipe-type underground power cable. To val-
idate the hybrid numerical technique, the numerical results are com-
pared with the existing measurement data [10]. The cable investigated
has a 10” steel pipe (C; = 0.136m, Co = 0.130m), which is grounded
at one end. The B-H curve of the steel pipe was made available by ex-
periments. The three-phase conductors within the pipe are assumed to
be of cradle configuration and each of them is assumed to be of 1.39”
(0.035m) diameter. The conductivities of the steel pipe and the earth
used in the computation are taken to be o, = 0.75 x107 s/m and
e = 0.01 s/m.

In Fig. 4 is shown the comparison of the computed result by using
the hybrid method with the measurement data. The phase current of
the cable is taken to be 600A. The magnetic flux density is observed at
various horizontal distances from the cable centerline, 0.5 meter above
the pipe. One observes that the numerical results agree with the mea-
surement data quite well. In Fig. 5 is depicted the same comparison,
but the phase current is assumed to be 900A. The same observation
applies. It is of interest to compare the data of the magnetic flux den-
sity produced by an underground pipe-type cable and the data for the
same cable with the pipe removed. Such a comparison is displayed in
Fig. 6, for the magnetic flux density observed at various horizontal dis-
tances from the cable centerline, 1.04 meters above the pipe, for 600-A
phase current. The vertical sides of the frame of this figure are used
for the magnetic flux density, in different scales. The right side (0-1.5
mG scale) and the left side (0 - 150 mG scale) correspond to the data
for the underground pipe-type cable (plotted in small hollow circles)
and the data for the same cable with the steel pipe removed (plotted
in small solid diamonds), respectively. From this comparison, one sees
that the one-end grounded steel pipe can effectively reduce the mag-
netic flux density produced by the sources within the pipe to less than

1%.
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Figure 4. Comparison between calculated results and measurement data

of magnetic flux density 0.5 meters above pipe at various horizontal

distances from cable centerline, for 600-A cable current.
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Figure 5. Comparison between calculated results and measurement data

of magnetic flux density 0.5 meters above pipe at various horizontal

distances from cable centerline, for 900-A cable current.



156 Xu and Yang

200 T ™ T T T 1.5
¢  Calculated data in absence of the pipe
6 150 | o Calculated Results by FEM & UMM
g
i) 1
‘@
E oo
(=)
¥ 100 | *et
E . .
8
o *0 =3
‘é’n 0.5
o .0 o¢
E 50 .0 o® v
*° o
°
e °ae
et oty
P * ARACTIN .o
0 S S N S S PR S O
-4 2 0 2 4
X

Distance From Centerline of Cable (m)

Figure 6. Comparison between the data of the magnetic flux density
produced by an underground pipe-type cable and the data for the same
cable with the steel pipe removed, 1.04 meters above pipe at various

horizontal distances from cable centerline, for 600-A cable current.
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