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Purpose. To study the influence of metal casing parameters (casing conductivity and casing thickness) on the electrical
field and the second derivative of potential in cased hole formation resistivity technology.

Methodology. The calculation formulas of the electrical field and the second derivative of potential were derived in multi-
layer media. Then the models of nondefective casing well and corrosion casing well were built in COMSOL soft. Moreover,
both the electric field and the second derivative of potential were numerically calculated for nondefective casing well and cor-
rosion casing well separately. Meanwhile, the influence of metal casing was analyzed.

Findings. The lower the conductivity of the metal casing is, the stronger the electric field and the second derivative of po-
tential are; the electric field and the second derivative of potential are affected by metal casing parameters. These changes are

always in close relation to corrosion defects in metal casing.

Originality. The models of cased hole were built in finite element analysis soft (COMSOL). The relation curve between
the electrical field and casing parameters (conductivity and casing thickness) was obtained. The influence rule of metal casing

was analyzed in detail.

Practical value. The results are applied to instrument design and logging interpretation.
Keywords: electrical field, the second derivative of potential, corrosion metal casing, cased hole formation resistivity

logging, cased hole model, COMSOL sofiware

Introduction. With Logging technology has been ap-
plied in the whole process of oil and gas exploration and de-
velopment. The technology is an indispensable means of ac-
curate oil and gas beds discovery and reservoir description,
also provides important basis for reservoir determination, oil
and gas reserves calculation, productivity evaluation and
development planning, etc. Oil and gas reserves evaluation
was based primarily on formation resistivity measurement,
which has an irreplaceable engineering value for Hydrocar-
bons [1]. The traditional resistivity measurement was applied
in open hole, and when the well was cased, compared with
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the formation resistivity, the metal casing resistivity was ex-
tremely small, therefore, the borehole resistivity logging in-
struments are not used in the casing well [2]. The cased hole
logging is usually used in the old well, where the metal cas-
ing suffers from the high temperature, pressure and corro-
sion, defects such as holes, cracks, distortions, corrosions,
fractures and collars will occur to the casing itself [3]. These
defects influence the formation resistivity measurement, the
logging response, when these defects are greatly serious, the
logging data cannot be obtained, which makes the formation
resistivity acquisition by logging interpretation impossible.
Previous research in this area includes as follows. In
1990, Kaufman [4] developed a theory to describe the elec-
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tric field on the borehole axis in the presence of a conduc-
tive casing and investigate the behavior of the potential, the
electric field, and the second derivative of the potential. In
addition, the influence of the casing conductance and resis-
tivity of the formation on the boundary of the intermediate
zone is studied. In 2008, some experts illustrated the re-
sponse of through-casing resistivity logging in heterogene-
ous-casing well [5-6]. The study found that the change of re-
sistivity of the metal casing has an important effect on
through-casing resistivity logging response, and the results
show that the casing change whether thinner or thicker has
an obvious effect on the logging responses, and the abnor-
mality of logging response appears where the casing re-
sistance suddenly decreases or increases. In 2013, Zhou [7]
analyzed the effect of casing collar on formation resistivity
logging through casing. The study found that the formation
resistivity logging through is affected by thickness, length
and electrical resistance per unit length of casing collar. In
2014, Liu [8] analyzed the effects of casing local variations
on logging response. The numerical mode-matching method
is first used to simulated through-casing resistivity logging
response. The simulating results show that abnormal varia-
tions of logging response appear in and nearby inhomoge-
neous sections.

Different from the above research, based on the theoreti-
cal analysis of the electromagnetic field, this paper derives
calculation formulas of the electric field and the second de-
rivative of potential in multi-layer media. Moreover, the
models of nondefective casing well and corrosion casing
well are built in COMSOL, and the electric field and the se-
cond derivative of potential of cased hole are first studied by
finite element analysis. The law of effect of casing conduct-
ance on the electrical field or the second derivative of poten-
tial is obtained. Meanwhile, the simulation results show that
the changes of the electric field and the second derivative of
potential are always in close relation to corrosion defects of
the metal casing in cased hole. The results are applied to in-
strument design and logging interpretation.

Ectromagnetic field theory. The electric field distribu-
tion in the two-layer medium. Fig.1 is the two-layer medi-
um model, assuming the borehole radius is a , the for-
mation resistivity and the borehole resistivity are & and o,

respectively, point source 4 on the axis of the well and its
current intensity 7 .
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Fig. 1. Two-layer medium model

In the media, potential U and electric field £ satisfy

E =—gradU. (1)
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According to (1), through resolving potential U, the elec-
tric field £ is obtained. Under the two-layer medium condi-
tion, potential must satisfy the following:

(a) The potential U within the borehole and in the for-
mation satisfies the Laplace equation

VU =0; 2
(b) At the interface between the borehole and the for-

mation, the potential U and the normal component of the
current density are continuous functions; that is,

vl.=u, G)

| )
h I >
Or |, or s

(c) Far from the point source, the potential tends to zero

I asp— oo; %)
4rpo,

U—>

(d) Near the point source A, the potential U tends to

1

as p—0,
4rpoy,

U—

where p is the distance from measuring point to source 4,

then p=vr? +2% .

The two-layer medium chooses cylindrical coordinates,
its origin is at point 4, axis z coincides with well axis. Be-
cause the medium is of axial symmetry, the potential is ir-
relevant to the angle ¢, (2) changes to

2 2
oU Lov ou_, (6)

or* r or oz?

Applying the method of separation of variables, (6) can
be resolved as

U(r,z) = T[Al (L) + Ay (DK, () ]cos azdn, (D)

where 1,(49)is the first modification of zero order Bessel
function, K,(4r) the second modification of zero order Bes-
sel function, 4,(4) and 4,(4) are unknown coefficients, and in
different media, the coefficients value is different. When
r — 0, the second modification of zero order Bessel func-
tion g (4r)—o. TO meet continuous potential conditions
within the borehole, only when 4,(1)=0,potential U, in the
well is

U,(r,z) = 4# Ay [ a4 arcos azaz. ®)
7o, p
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According to the integral formula, here is identical equa-
tion
L 3]“’ K, (Ar)cos AzdA. ©)
p
Substituting (9) into (8), there is

U,(r,z)= jKO(h)cos Azd A+
7Z'

+ j A ()1, (Ar)cos AzdA.
0

When r — oo, I,(Ar) = ,to meet potential conditions of
(5) in (7), A, (A)=0.Therefore, the potential U, within for-
mation is

U, (r,z)= j A, (DK, (Ar) cos Azd .
0

To determine the coefficients 4,(4) and 4,(4)in U, and
U, , inaccord with (3) and (4), there is

j K,(%a) coszzdmjA(z)z (Aa)cos AzdA =

h()

21'c

= [ 4,()K, (4a)cos Azd; (10)
0

1

2
2770,y

[ i

h

K,(Aa)A cos Azd A + j A(A)1,(Aa)Acos ﬂ.zdﬂi| =
0

=0, [ 4,()K,(Aa)cos Azd . (1D
0

where [ (x)is the first modification of first order Bessel
function, K, (x) the second modification of first order Bessel
function. And there is

() =1y(x)
K, (x) ==K (x)

(10) and (11) meet all z axes, so there is
= ﬁ K,(Aa)+ A, (D)1, (1a)= A, (DK, (Aa)
727121< (2a)+ 0, 4,1, (4a) =~ A, (A)K, (Aa)
T
The coefficient 4,(2) to be

I 2 AaP,K,(4a)K,(4a) (12)

A4, (A)=
() 4ro, @ 1+laPhK0(/1a)K,(la)’

%1~ . Putting (12) into (8), here is

Oy

where p, =

1
e, P

U,(r,z)=
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I z . ﬂanKo(/w)Kl(’w)
4ro, 7% 1+ aP,K(Aa)l,(2a)

1,(Ar)cos AzdA.

When r =0, the potential at the well axis is

1
=+
4ro, z

U,0,z)=

I 2 AaP,K,(Aa)K (1a)

= cos AzdA.
4no, 7% 1+ 1aP,K,(a)l,(1a)

Combined with (1), whenr = 0, the electric field at the
well axis is

ou, I 1
_ AL

Er©2)=- oz 4no,
h

I 25 A2aP,K,(1a)K,(1a)
4ro, 7y l+2laP,K,(Aa)K, (Aa)

sin Azd 1.

The second derivative of potential is

ou, I 2

d

oz 747[0',1 z’

3
I 2j AaP,K,(Aa)K,(Aa) cos AzdA.
o 1+ AaP, K, (Aa)K (1a)

4ro, 7@

The electric field distribution in the two-layer medium.
Fig. 2 is the three-layer medium model, assuming the bore-
hole radius is «a , the casing thickness Aa , the resistivity of
the borehole, the casing and formation areo;,, o.ando , re-

spectively, putting point source 4 on the axis of well and its
current intensity being / .

Making use of the above method and cylindrical co-
ordinates, the potential at the well axis is

1

4ro, z

U,0,z)=

d j A(A) cos Azd .

47[0‘, 5

The electrical field at the axis is

ou,, 1 1

E (0,2)= —+
w(0.2)= oz 47[4:)',1 z
! EJAA(/l)sin/lzdz. (13)
47[0,1 T
_E
A 7
7
T e
a|. Aa

Fig. 2. Three-layer medium model

The second derivative of potential difference is
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ru, 12
0" 4rno, 2
1 (14)

»EI,FA@)COSAZM.
o, 7wy

Where
C(A) +xPK, ()[K, (x) + C()L,(x)]
14+ XP1L(x)[ K, (x) + C(2) ], (x)]
x PK,(x)K (x,)
1+x,PK,(x),(x,)’
x=A-a;

A2 =

C(A)=

LN
x.=A-d

GIH _O-C
p="2n"C,

__c f
p= .

In the casing well, according the distance from the
measuring point to source point 4, the electrical field can be
divided into: the near zone, intermediate zone and far zone.
The logging is conducted in the intermediate zone
(10< z/a <10%), at this moment (13) and (14) can be written
as [9]

B0~ P (15)
2
z c

Where s, the casing conductance can be written as
S, =2r-a-Aa-o,.

From (15) and (16), it can be seen that: at the well axis,
the electrical field and the second derivative of potential in
the intermediate zone are mainly determined by exciting cur-
rents, the formation conductance, and the casing conduct-
ance. Therefore, the formation resistivity can be obtained by
measuring the second derivative of potential. When there is a
defect in the casing, combining and solving above functions
is very difficult, we have only to consider numerical compu-
tation method.

The casing well model. Different from open hole mod-
el, the computational domain of cased hole model was large
(thousands of meters), which caused great difficulties to the
large-scale calculation; besides, the ratio between the casing
conductivity and the formation conductivity was between
10°-10", which made the numerical calculation convergence
more difficult [10].

The model of nondefective casing well. We apply the
cylindrical coordinates to the casing well modeling, which
satisfies the axis-symmetrical conditions. Therefore, the
three-dimensional model can be simplified into the two-
dimensional one. Fig. 3 is the nondefective casing well mod-
el. The casing well consists of three medium: borehole (its
electrical conductivity, o, ), casing (its electrical conductivi-

ty, o, ) and formation (its electrical conductivity, & /)-In this

model, the borehole radius (the inside casing radius) isa ,
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casing thickness Aa , the radius of model L, the height of
model / .
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Fig. 3. Model of the cased hole with the nondefective casing

The model of defective casing well. Fig. 4 is the
model of internal uniform corrosion casing well, the
thickness of corrosion section reduces from AatoAa,,

and the corrosion height is /. Fig. 5 is the model of

external uniform corrosion casing well, the thickness of
corrosion section reduces fromAatoAa,, and the

corrosion height is £, .
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Fig. 4. Model of the cased hole with the internal uniform
corrosion casing
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Fig. 5. Model of the cased hole with the external uniform
corrosion casing

The numerical calculation results analysis. In the nu-
merical calculation model, the borehole radius a =0.1m,
the casing thickness Aa =0.01m, the formation radius
L =2000m, the formation thickness H = 4000 m, the bore-
hole electrical conductivity o, = 0.1S/m, the formation elec-
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trical o, = 0.1S/m. The exciting current source is the ring

current source (7 =0.1m, z =0 m), which closely clings to

the internal casing wall, is 10A/m, and the outermost part of
model is chosen as the return ground terminal. Making use
of the multi-physical field analysis software (COMSOL) to
set up the systemic model, subdivide the grid finely and rea-
sonably, and analyze influences of changes in casing pa-
rameters on electrical field distribution characteristics
through numerical calculation results analysis.

The electrical field distribution of nondefective casing
well. It is shown as fig. 3, the casing conductivity o, is 1x10*

S/m, 2x10*S/m, 1x10°S/m, 2x10°S/mand 1x10°S/m respec-
tively. And under different conditions, we study distribution
characteristics of the potential, the electrical field and the
second derivative of potential of the model.

The potential distribution of nondefective casing well.
The potential distribution of nondefective casing well is ob-
tained as is shown in fig. 6—8.
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Fig. 6. Potential distribution along axis z (r=0m) in the
cased hole with the nondefective casing
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Fig. 7. Potential distribution along axis z (v =0.1m) in the
cased hole with the nondefective casing

On the well axis (» =0 m), with different casing con-
ductivities, the potential distributes along axis z,
(z=0.5-1000 m), which is shown as fig. 6. On the internal
casing wall (»=0.1m), with different casing conductivities,
the potential distributes along axis z (z = 0.5-1000 m) as is
shown in fig. 7.When z =1 m, with different casing conduc-
tivities, the potential distributes along axis 7 (# = 0.01 —100 m)
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as is shown in fig. 8. From fig. 6—8, one can see that: when
the casing electrical conductivity is different, the potential is
different, the potential will reduce as distance r increases;
when 7 remains unchanged (shown as fig. 6 or 7), within the
range (z <30 m), the larger the casing conductivity is, the
smaller the potential is; when z is determined (fig. 8), within
the range (r <0.11m), when the casing conductivity is the
same, the potential basically remains unchanged, i.e. be-
tween the well axis and outer wall of casing (0 < » < 0.11 m),
when z is the same, the potential remains the same, so there
are the same potential distribution characteristics in fig. 6, 7.
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Fig. 8. Potential distribution along axis v (z=1m) in the
cased hole with the nondefective casing

The electrical field distribution of nondefective casing
well. The electrical field distribution of nondefetive casing
well is shown as fig. 9—12. Fig. 9 shows on the casing inter-
nal wall (»=0.1m), the distribution of E_ along axis z
(z=0.5-1000 m), as z becomes larger, the electrical field
E_ turns smaller; within the range (z < 50 m), the bigger the
casing electrical conductivity, the smaller the field is. Fig. 12
shows: when z =1m, within the range (»=0.01-0.11m),
electrical field £, of the same conductivity remains the
same; through casing, after getting into the formation
(> 0.11m), as the radial distances (») increases, electrical
field £, decreases; within the range (r <20m), the bigger

the conductivity is, the smaller the electrical field is.
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Fig. 9. Electric fiel E, distribution along axis z (v =0.1m) in
the cased hole with the nondefective casing
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Fig. 13 shows: within the borehole, the order of the elec-
trical field £, is very small, for instance, when z=Im,

o, =1x10°s/m, the order of the electrical field £, is among
10"°-10",while that of E_ is among 10*-107, so E, is negli-
gible within the borehole; within the range (z<70m), the
bigger the casing conductivity is, the smaller £, is.
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Fig. 10. Electrical field E_ distribution along axis v (z=1m) in
the cased hole with the nondefective casing

Fig. 12 shows: whenz=1m, within the borehole
(r=0.01-0.1m), as r becomes larger, E, gradually in-

creases, when at the same 7, the bigger the conductivity is,
the larger the £, becomes; after getting into the metal cas-

ing (r=0.1-0.11m), sharp jumping changes occur t0 £, ;
after leaving from the casing and entering into the formation
(r>0.11m), as r increases, E, becomes smaller.
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Fig. 11. Electrical field E, distribution along axis z (r=0.1m)
in the cased hole with the nondefective casing

The second derivative of potential distribution of
non-defective casing well. According to theoretical anal-
ysis, in the actual logging, by measuring the second de-
rivative of potential, we make use of the formula to work
out the formation electrical conductivity. Fig. 13 shows
on the internal casing wall (»=0.1m), the second deriva-
tive of potential distribution along axis z (z = 0.5-1000 m):
when z < 80m, the bigger the conductivity is, the smaller
the second derivative of potential is; for instance, when
z=1m,o, =1x10°s/m, the second order potential is
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about 10°%; as z increases, the second derivative of poten-
tial gradually decreases, the bigger the conductivity is,
the smaller the second derivative of potential is. In the
actual logging instrument design, the size of the second
derivative of potential directly influences the resolution
of acquisition system; the smaller the second derivative
of potential is, the higher the resolution of the acquisition
system, the more difficult the instrument design is.

10

1
01y
001 4
E 1E-31 [
S 1E4y
;‘g ST - - ] 6.=1X10'sm
E 1E-6] i _’._-"_', - = 0=2X10'sm
g L o RS <+ 6=1X10'¥m
g 8 =-=0=2X10'ym
@WooiEe —---n(=1)(10"sm
1E-10
1E11
1E-12 T T T
001 01 1 10 100

r/(m)
Fig. 12. Electrical field E, distribution along axis r (z=1m)

in the cased hole with the nondefective casing
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Fig. 13. Second derivative of potential distribution along
axis z (r=0.m) in the cased hole with the non-
defective casing

Synthesizing the above analysis, the following can be
obtained: inside the casing well (#=0-0.11m), when z
point is the same, the potential U, the electrical field £, , and
the second derivative of potential at the radial » direction are
the same; inside the casing well (7 =0—0.1m), the electri-
cal field £ mainly distributes along axis z, at the » direction,
E, is negligible; inside the formation, (7 > 0.11m), the
electrical field £ mainly distributes along axis 7 towards di-
rection of E,; inside the metal casing (7=0.1—0.11m)
sudden changes occur to £, along the radial direction 7, then
make the electrical field £, inside the formation much bigger
than that of £, inside the well. Therefore, inside the casing
well, only distributions characteristics of potential, the elec-
trical field and the second derivative of potential along the
vertical direction z are studied, the measuring point can be
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any one from the well axis to the internal wall of casing, in
all the following cased holes with the defective casing, the
well axis is chosen as the measuring point.

The electrical field analysis of cased well with the
uniform corrosion casing. The uniform corrosion of
casing includes internal and external wall corrosions,
and the model is shown as fig. 4-5. In fig. 4, H, =3.0m,

h =0.5m,Aq =0.05m. In fig. 5, H,=3.0m,h, =0.5m,
Aa, =0.05m. In the models, when the casing conductivity
0,(2x10*S/m, 2x10°S/m, 2x10°S/m) is different, we

study distribution characteristics of the electrical field
and the second derivative of potential difference along
the axis z, which are shown as fig. 14-17. Through the
contrastive observation, under the two kinds of corrosion
conditions, distributions of electrical field and the second
derivative of potential difference are almost correspond-
ingly the same, and directly from the curves, it cannot be
identified whether the casing is of internal or external
corrosion. Through distribution of electrical field and the
second derivative of potential difference, the corrosion
position can be located. From fig. 15, it can be seen that
the range where sudden changes of the second derivative
of potential corresponds to the located corrosion sections;
the smaller the casing conductivity is, the greater the var-
iation extent of electrical field and the second derivative
of potential of the corrosion section is; the electrical field
curve of defective section approximately distributes
symmetrically on the left and right sides at z=3.25m,
which presents in parabolic shape, and at the defective
part, the electrical field becomes greater, the maximum
being at z=3.25m. From fig. 15, 17, we can see that the
second derivative of potential curve of defective section
approximately distributes symmetrically about the center
of z (z=3.25m), which presents in sine shape, and at the
boundaries of defective parts (z=3m, z=3.5m), the varia-
tion of the second derivative of potential is the greatest;
Except for the distribution curves of the electrical field
and the second derivative of potential of the defective
sections, the curves of other sections are the same as
those of other sections of the nondefective casing.
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Fig. 14. Electrical field distribution along axis z (r=0m)
in the cased hole with the internal uniform corro-
sion casing
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Fig. 15. Second order potential distribution along axis z
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Fig. 16. Electrical field distribution along axis z (v =0m) in
the cased hole with the external uniform corrosion
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Fig. 17. Second order potential along axis z (r =0m) in the
cased hole with the internal uniform corrosion

Conclusion. The measurement result of the second de-
rivative of potential directly affects the calculation of for-
mation resistivity in field logging. The lower the conductivi-
ty of the metal casing is, the stronger the electric field and
the second derivative of potential are; the electric field and
the second derivative of potential are affected by metal cas-
ing corrosion; these changes are always in close relation to
corrosion defects in metal casing; the distribution of the
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electric field is similar whenever the corrosion is located in
internal or external wall of the metal casing. The results are
applied to instrument design and logging interpretation.
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Merta. [l mocnimkyBaHHs BIUIMBY MapaMeTpiB Me-
TaneBoi oocanku (POBiTHOCTI 00CAAKH Ta i TOBIIMHU)
Ha eNeKTPUYHE TOoJie Ta APYTy HOXiIHY MOTEHIiany 3a
TEXHOJIOTI1 (pOPMYBaHHS OTIOPY y CBEPIUIOBHHI 3 0Oca-
KOIO.

MeTtomuka. Po3paxyHKoBi GopMysH eIeKTPUYHOTO
noJisl Ta JApyroi MoXijHOI MoTeHiany OTpUMaHi B Oara-
TomapoBoMy cepenoBuii. [ToTiM Moaeni HeaepopmoBa-
HHUX CBEpPJIOBHH 3 00CaIKOIO Ta CBEP/UIOBHH 3 00CaAKOI0
npu Koposii nobynoBani y nporpami COMSOL. Kpim To-
o, 1 eJICKTPUYHE TOJIC, 1 APyra MOXigHa MOTCHIlIATy PO3-
paxoBaHi 1 HeneopMOBaHOI CBEpAJIOBHHHU 3 00caj-
KOO Ta CBEPJUIOBHHH 3 00CaIKOI IPU KOPO3ii OKpeMmo.
[Tpu poMy aHaNI3y€eTHCSI BIUTUB METAJIEBOI 00CaIKH.
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PesyabraT. Yum HIbKYE TPOBIIHICTH METaIeBOI 00-
CaJIKH, TUM CHJIBHIIIE CIICKTPUYHE TOJIC Ta IPyra ImoXis-
Ha TIOTEHIiaTy; MeTaieBa 00cajKa BIUIMBAE Ha IapamMeT-
PH €JIEKTPUYHOTO TIOJIS TA IPYTY MOXIJHY ITOTEHIiaNy; i
3MIiHH 3aBXKIH Y TICHOMY 3B 53Ky 3 AeekTaMu KOpo3ii B
MeTalIeBiil o0camIy.

HayxoBa HoBu3Ha. Mojierni cBepUTOBHH 3 00CaIKOI0
moOyI0BaHI y MporpaMi KiHIICBO-CIIEMEHTHOTO aHATi3y
(COMSOL). 3acTOCOBY€EThCS CIIBBITHOIICHHS MK KpH-
BOIO EJIEKTPUYHOI'O TOJIS Ta Mapamerpamu oOcaaku
(IPOBIAHICTD 1 TOBIIMHA). Y NETalsX aHATI3YeThCs Mpa-
BUJIO BIUIMBY METAJICBOI 00CAIKH.

IpakTuuna 3HayuMicTb. OTpUMaHi pe3ysbTaTH 3a-
CTOCOBYIOTBCS JUIsl [IPOCKTYBaHHSI IHCTPYMEHTA, a TAKOXK
KapoTa)kHOI IHTepIpeTaIlii.

KarouoBi cnoBa: erexmpuune none, opyea noxiona
nomeHyiany, Kopo3sis memanegoi 06cadku, Kapomanic 3d
MEemoOOM NUMOMO20 ONOPY NAACMA Y C8ePONIOBUHI 3 00-
caokor, Mooenb c8epONloSUHU 3 00CAOKOI0, NPOSPAMHE
sabezneuennss COMSOL

Henb. i u3ydeHus BIUSHUS [ApaMETPOB MeTall-
mryeckoi oOcanku (MPOBOAMMOCTH OOCAaIKU U €€ TOJ-
IIMHBI) Ha 3JIEKTPUYIECKOE MOJIe U BTOPYIO MIPOU3BOIHYIO
MOTEHIMAJA IIPH TEXHOJIOTUH (POPMHUPOBAHHS CONIPOTHB-
JICHUSI B CKBa)KHHE C 00CaIKOM.

Metonosorusi. PacueTnsie hOpMyIIbI SIEKTPUIECKO-
ro HOJsl U BTOPOH MPOU3BOJHOM MOTEHIMANA TOTY4EHBI
B MHOTOCJIOIHOM cpezne. 3aTeM Moenn HexehopMHupo-
BAaHHBIX CKB&KHH C 00CaJKOM M CKBaXWH C 00CaIKON
IIpU KOPPO3UU NOCTpoeHbl B porpamme COMSOL. Kpo-
Me TOTO0, ¥ IEKTPUUYECKOe T0JIe, U BTOPas MPOU3BOHAS
MOTEHIMAMa paccYuTaHbl Uil HeaeOpMHUPOBAHHON
CKBOXHUHBI C 00CaJKOM M CKBaXWHBI ¢ 00CaaKoil mpu
KOppo3uu oTAeIbHO. IIpu 3TOM aHamM3UpyeTcs BIUSHHE
METaJUINYECKOH 00CaIKu.

BoiBoabl. UeM Huke NpOBOJAMMOCTh METaIMUECKOM
o0cagKy, TeM CHJIbHEE JJIEKTPUYECKOE IOoje M BTOpas
NPOM3BOJHAs TIOTEHIMANA; MeTaumdeckas oOcaaka
BIMSIET HA MapaMeTphl IEKTPUYECKOTO MO U BTOPYIO
MPOU3BOJHYI0 MOTEHIManaa; T H3MEHEHMs BCErja B
TECHOW CBSI3M C JiepeKTaMy KOPPO3HU B METAJUIMYECKON
oOcafxe.

Hayunasi HoBu3HA. Monenn cKkBaXuH ¢ 00caakoit
MOCTPOCHBI B MPOTpaMMe KOHEYHO-3JIEMEHTHOTO aHAH-
3a (COMSOL). ITpumeHsieTcs COOTHOILICHUE MEXKTY KpH-
BOM AJIEKTPUYECKOTO MO M MapaMeTpamMu 00CaaKu
(TIpoBOAMMOCTS M TONIIMHA). B meransax aHammsupyercs
MIPABUJIO BIMSTHUS METAJUIMIECKON 00CaIKu.

IpakTnueckas 3Ha4uMoCThb. [lonyyeHHbIE pE3yIib-
TaThl IPUMEHSIOTCS JUIsl IPOEKTUPOBAHUS NHCTPYMEHTA,
a TaK)Ke KapOTa)XXHOM MHTEPIIPETaLUH.

KiroueBble cioBa: szexmpuueckoe none, 6mopas
NpouU3BOOHAs. NOMEHYUANd, KOppO3Us Memaiiuieckou
00caoxu, Kapomasic Memooom yOenbHo20 CONpoOmueie-
HUS NAACNA 8 CKBANCUHE C 00CAOKOU, MOOENb CKEANCUHDBI
¢ obcaoxotl, npoepammuoe ovecneuenue COMSOL
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