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Abstract—An efficient numerical method is presented to simu-
late the thin wire structures with multilayered coating in the hor-
izontally layered media. A target application can be underground
wireless communication using electromagnetic telemetry (EMT),
which consists of a long metal drill string treated as a thin wire
and a gap near the drill bit as the source. The numerical scheme
uses the electric field integral equation (EFIE) and layered
media Green’s function (LMGF) to model the electromagnetic
interaction of the drill string and layered media. The effect
of the multilayered coating (drilling fluid, cement, and casings
in borehole) is modeled using the equivalence principle without
increasing the number of unknowns. Only the induced current on
the thin wire is discretized as the unknowns. Numerical results
are presented to demonstrate the efficacy of the proposed method.

I. INTRODUCTION

The thin coating is often used on an antenna or a scatter
for protection or insulation purpose. In general, the presence
of the coating affects the original radiation characteristics.
Thus, accurate modeling of the thin coating is important. In
an EMT system, the drill string is coated by multilayered thin
materials, including drilling mud, cement and surface casing.
To accurately predict the EM signals induced by the drill
string, a reliable numerical algorithm is developed.

In the numerical formulation, the current on the drill string
is assumed to have only axial distribution which is reason-
able at low frequency for EMT system [1]. The long drill
string is modeled as a thin wire antenna discretized into 1D
segments. Thus, the computational complexity is significantly
reduced under this assumption. Then a mixed-potential integral
equation (MPIE) form of the electric field integral equation
(EFIE) and the method of moments (MoM) are employed to
obtain a linear system. The layered media Green’s function
(LMGF) [2] and thin wire kernel [3] are used to accurately
calculate the potentials appearing in the MPIE. To model the
surface coating on the drill string, the volumetric equivalence
principle (VEP) [4] is applied. The polarization current and
charge in the coating are related to the induced current on the
drill string using the quasi-static approximation. Therefore, the
modeling of the surface coating does not increase the total
number of unknowns.

The performance of the proposed numerical method is
validated by commercial FEM software COMSOL. The results
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Fig. 1. Schematic of EM telemetry system in layered media.

demonstrate that the proposed method can accurately model a
thin wire with multilayered coating in layered media.

II. THEORY AND FORMULATION

The schematic of an electromagnetic telemetry system
for underground wireless communication during drilling is
depicted in Fig. 1. A metal drilling string surrounded by
drilling fluid and casings is inserted in the horizontally layered
formation. Each layer has horizontal and vertical conductivity
pair, o, = (0hm, 0wm) (m = 1,2,..., N). A voltage source
near the drill bit is emitting the EM waves as the excitation
E’(r). The problem is formulated as an EFIE,

[E'(r) + E*(r)], =0, )

where S denotes the surface of the drill string. We assume the
drill string is perfect conducting, i.e., the surface impedance
is zero. When the coating is present, the fields due to the
coating layers can be assumed to be induced by the volumetric
equivalent current and the coating is then replaced by the
background layered medium. We consider the volume electric
current density J,,; within each coating layer as the equiva-
lent polarization currents. The secondary field E°(r) can be
expressed as the mixed-potential form,

E*(r) JwA,(r) = VO, (r) — jwA.(r) — VO.(r), (2)

res,

tan

where A(r) denotes the magnetic vector potential and ®(r)
is the electric scalar potential. The subscript *w’ denotes wire
and the ¢’ denotes the coating. w is the angular frequency.
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Assuming there are L layers of coatings, the drill string
potentials in layered media for electric current sources can be
expressed in terms of a mixed-potential form of LMGF [5],

Au(r) = 1o / G (r,r)- 3, (r')dS’, 3)
S

L
Ac(r) = po Z v gA(r’ r') - Jpoti (r')dV’, 4)
i=17Vi

1
(pw = KCI) y /V/'Js ! dS/
0= | [ K920
+ /Pz(r,r’)z.Js(r’)dS'], (5)
S
1 L
_ (] / /. (4! !
D, (r) = jMO; [/VK (2,7 )V' - T por i (x)dV
+ Pz<r,r'>z-J,,oz,i<r’>dV'}, ©)
Vi

where Jg(r') 1) s the induced surface current on
2ma(r’)

the drill string, a(r’) is the radius of the drill string, and
I(r’) denotes the total axial current. G is the dyadic Green’s
function (DGF). K?® is the corresponding scalar potential
kernel, and P, is the vertical current scalar potential correction
factor for layered media [2].

Using the VEP, the polarization current in the ¢-th coating
Jpo1,i(r") can be written as [5]

Jpol,i(r/) = —/{Z—(V’-Js)ﬁ,

(7

where x; = z—fb in which ¢; is the effective permittivity of
the ¢th coating layer and ¢, the effective permittivity of the
background formation. fi is the unit normal vector pointing
from the ith layer to (i + 1)-th layer. The thin wire kernel [3]
is applied to evaluate the azimuthal integration on the source
points at a drill string cross section. At last, we use MoM to
get matrix form of the linear system. The current distribution
on the drill string is obtained by solving the linear system and
then the voltage drop at surface is calculated by numerical
integration of the electric field.

III. NUMERICAL RESULTS

We consider a three-layer formation with a half-space filled
with air on the top. The horizontal conductivity in each layer
is, from top to bottom, 0.5, 0.1, and 0.05 S/m, respectively.
The vertical conductivity in each layer is, from top to bottom,
0.1, 0.02, 0.01 S/m, respectively. The interfaces are at z = 400
m and z = 700 m. A 1000-m-long vertical drill string has a
radius of 12.7 cm. There is a two-layer coating, i.e., L = 2
in Eq. (4) and Eq. (6). The first layer is drilling fluid and the
second layer is the surface casing. The radius of the two-layer
coating is 17.8 cm and 20.3 cm, respectively. The drilling fluid
is 1000 m, while the surface casing is 333 m. Furthermore,
both water-based mud (WBM) and oil-based mud (OBM) are
considered and the corresponding conductivity is 10 S/m and
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Fig. 2. Magnitude of electric current distribution on a 1000 m vertical drill
string. Left subplot: current distribution for two cases: WBM—casing coating;
OBM-casing coating; Central subplot: casing length effect for WBM-casing
coating; Right subplot: casing length effect for OBM—casing coating.

0.001 S/m. The conductivity of the surface casing is 10° S/m.

Fig. 2 shows the magnitude of the current on a drill string
inserted vertically into the formation. In the left subplot, the
computed electric current distribution along the drill string
agrees well with COMSOL results both for WBM and OBM
cases. We notice the current magnitude of the OBM case is
much less than the WBM case, which makes perfect sense as
the OBM is more resistive. In the central and right subplots,
we explore the effect of the surface casing by adding a 800-m
casing. For both OBM and WBM scenarios, the surface casing
has limited effects on the induced current distribution on the
drill string, especially, it is negligible for WBM scenario.

IV. CONCLUSION

A fast and accurate method to simulate thin wire structures
with coating is introduced. The coating is modeled using the
equivalent principle, which does not increase the number of
unknowns. The method can be applied to an arbitrary number
of layers of coating on the thin wire.
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