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Abstract—A finite-volume (FV) technique is introduced to
model directional resistivity logging sensors that employ tilted-coil
antennas in 3-D anisotropic earth formations. The algorithm is
based on a coupled scalar–vector potential formulation on a 3-D
cylindrical staggered grid. The choice of discretization enforces the
correct continuity equations across material boundaries, avoids
spurious modes, and leads to a better conditioned system matrix.
In order to model situations where the sensor tool axis does not
coincide with the borehole axis (eccentered tools), a locally confor-
mal FV scheme is also implemented. The proposed FV formulation
is validated against pseudoanalytical solutions (in cases where the
latter is applicable), showing very good agreement, and utilized
to investigate the effects of the drill collar (borehole), anisotropy,
and azimuthal rotations on the response of directional resistivity
sensors.

Index Terms—Finite-volume (FV) methods, logging while
drilling (LWD), oilfield exploration, tilted-coil antennas.

I. INTRODUCTION

THE NEED for a more cost-effective technology to
geosteer wells with respect to thin-bed and nonconven-

tional reservoirs has pushed the oil and gas industry in recent
years toward the development of resistivity logging sensors
with directional capabilities [1]–[4]. These sensors exhibit sen-
sitivity to the resistivity properties of the earth formation not
only along the vertical direction—as conventional nondirective
sensors—but also along the azimuth angle. Directional resistiv-
ity sensors can be used for “proactive” geosteering and accurate
formation evaluation during deviated and horizontal drilling in
which the azimuthal resistivity information helps to determine
the location of nearby zones relative to the drill bit and to
maintain the drill bit inside the target layers, i.e., hydrocarbon-
rich zones.

Conventional well-logging sensors cannot provide direc-
tional (azimuthal) sensitive data nor can they provide adequate
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measurements in anisotropic formations because they employ
horizontal-coil antennas with circularly symmetric responses.
One simple and effective way to achieve directional sensitivity
for while-drilling geosteering and enhanced anisotropy data
collection is to employ well-logging sensors with coil antennas
that are tilted with respect to the axis of the drill collar [5], [6].

In order to correctly interpret the electromagnetic response of
tilted-coil directional logging sensors, fast and versatile numer-
ical simulations of the sensor response in complex formations
are obviously of great importance [7]–[16]. In recent years,
numerical methods such as the finite-difference time-domain
(FDTD) method [17], as well as pseudoanalytical formulations
[17], [18] and the numerical mode-matching (NMM) method
[19], have been employed to simulate the electrical response
of directional resistivity sensors with tilted-coil antennas.
Pseudoanalytical formulations and the NMM approach are
computationally less costly than the FDTD method, but are
not applicable to 3-D earth formations with arbitrary inhomo-
geneities. The FDTD is a quite-flexible matrix-free method
capable of modeling arbitrary geometries. One drawback of
FDTD is that the solution can be time consuming because
of the time-stepping process [12]. Frequency-domain methods
such as the finite-element method do not require time stepping.
However, they require the solution of a large matrix system that
can become ill posed and exhibit slow convergence, particularly
in formations with high-resistivity contrasts.

A robust finite-volume (FV) method to address the problem
of slow convergence and ill conditioning in the analysis of con-
ventional resistivity sensors in 3-D anisotropic earth formations
was recently presented in [20]. This FV method is based upon
a cylindrical staggered grid and on a coupled vector–scalar
potential formulation. In this paper, we extend this formulation
to model directional resistivity sensors that employ tilted-coil
antennas in 3-D complex borehole environments which may
include eccentered boreholes, anisotropic beds, and dipping
or arbitrary inhomogeneous formations. In order to model
eccentered sensors where the sensor tool and borehole axes
do not coincide (due to mechanical vibrations and/or gravi-
tational pull) [17], [21], a face-based locally conformal FV
technique is employed at nonconformal borehole/formation
interfaces in the cylindrical grid. We employ the proposed
FV formalism to investigate the effects of the borehole (drill
collar), anisotropic dipping layers, and azimuthal variations on
directional/eccentered sensor responses. The FV discretization
yields a large non-Hermitian sparse linear system that is ef-
ficiently solved by preconditioned Krylov-subspace methods
[22], [23]. The biconjugate gradient stabilized (Bi-CGSTAB)
and the restarted generalized minimal residual (RGMRES) with
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incomplete LU factorization preconditioning are implemented
for this purpose.

II. FV FORMULATION FOR DIRECTIONAL SENSORS

The proposed FV technique was recently applied in the
analysis of conventional logging-while-drilling (LWD) sensors
in 3-D anisotropic earth formations [20] and is briefly discussed
here for completeness. Only the equations which are specific
to the modeling of directional sensors with tilted-coil antennas
will be described in detail.

Assuming a time-harmonic dependence e−iωt, Maxwell’s
curl equations in 3-D anisotropic media can be expressed as

∇× �E − iω ¯̄μ �H = 0 (1a)
∇× �H − (¯̄σ − iω¯̄ε) �E = �Js (1b)

where the tensors ¯̄μ, ¯̄ε, and ¯̄σ represent the permeability, per-
mittivity, and conductivity of the medium, respectively, and
�Js is the electric current (source) density. Dirichlet boundary
conditions are assumed at the boundary of the computational
domain.

Maxwell’s curl equations (1) can be reformulated as a
second-order vector wave equation by eliminating the magnetic
field �H , namely

(iω)−1∇× (¯̄μ−1∇× �E) − (¯̄σ − iω¯̄ε) �E = �Js. (2)

In the low-frequency limit, the second-order partial differen-
tial equation (PDE) (2) reduces to one of the form

∇× (¯̄μ−1∇× �E) = 0. (3)

Note that the (discrete) curl operator has a nontrivial null
space in this case. As such, the associated PDE system
can become ill posed. To circumvent ill-conditioning and
slow-convergence problems, the electric field is split with a
Hodge–Helmholtz decomposition into divergence- and curl-
free components defined as

�E = �A + ∇φ (4)

where �A is the magnetic vector potential, defined by ∇× �A =
(iω)¯̄μ �H , and φ stands for the electric scalar potential. Since
∇× (∇φ) = 0, the field ∇φ lies in the kernel of the curl
operator curl in (1a). Using (4) in (2), the resulting second-order
PDE system can be expressed as

(iω)−1∇× (¯̄μ−1∇× �A) − (¯̄σ − iω¯̄ε)( �A + ∇φ) = �Js. (5)

The three unknown scalar fields in (2) (the components of �E)
are replaced by four unknown scalar fields (the components of
�A and the potential φ). Thus, an extra scalar equation is required
in addition to (5). The next step is to take the divergence of (1b),
resulting in

−∇ ·
[
(¯̄σ − iω¯̄ε)( �A + ∇φ)

]
= ∇ · �Js. (6)

The dominant operator ∇× (¯̄μ−1∇× �A) in (5) cannot be
replaced by the vector Laplacian operator in inhomogeneous

media, and hence, the kernel of the curl operator remains
nontrivial. The null space of the curl operator is eliminated by
adding a stabilizing term using a Coulomb gauge ∇ · �A = 0.
The dominant operator can now be written as

∇× (¯̄μ−1∇× �A) − ¯̄μ−1∇(∇ · �A). (7)

The additional term is identically zero for the exact solution of
the PDE (5) as long as the Coulomb gauge condition is satisfied;
therefore, introduction of the stabilizing term does not change
the analytic solution of the problem.

The associated linear system is then given by

∇× �H − (iω ¯̄μ)−1∇ψ − (¯̄σ − iω¯̄ε)( �A + ∇φ) = �Js (8a)

∇× �A − iω ¯̄μ �H = 0 (8b)

ψ =∇ · �A (8c)

−∇ ·
[
(¯̄σ − iω¯̄ε)( �A + ∇φ)

]
=∇ · �Js (8d)

with homogeneous boundary conditions n̂ × �A|∂Ω = 0 and
φ|∂Ω = 0 enforced along the boundary ∂Ω.

The FV discretization of the aforementioned equations is
discussed in the next sections. After the elimination of �H and
ψ from the discrete equations, a large sparse linear system
[C][X] = [B] is obtained, where [C] is a non-Hermitian matrix,
[X] is the column vector of degrees of freedom corresponding
to �A and φ, and [B] is the discrete source representation.

A. Discretization

In the FV technique, the physical domain Ω is decomposed
into small volumes, and the PDEs (8) are integrated over each
volume. Equations (8a) and (8b) are integrated over dual (S̃)
and primal (S) grid-cell faces, respectively. Both (8c) and (8d)
are integrated over dual-grid-cell volumes Ṽ . Stokes’ theorem
is then used in S̃ and S, and Gauss’ theorem is used in Ṽ to
construct the discrete FV equations.

The present FV technique employs a 3-D cylindrical stag-
gered grid to better conform to the cylindrical geometry of
the sensor tool and avoid staircasing approximation of the tool
geometry along the azimuthal direction. The vertices of the
primal and dual grids are defined on (ρi, ϕj , zk) and (ρi +
Δρi/2, ϕj + Δϕ/2, zk + Δzk/2), respectively. Here, i, j, and
k refer to a primal-grid nodal indexing, and Δρi, Δϕ, and Δzk

are the lattice space increments in the radial, azimuthal, and
longitudinal directions, respectively.

In order to avoid any spurious modes, the present formalism
employs a compatible discretization methodology [24], [25]
where the various discrete field components are associated with
the appropriate geometrical elements in the staggered grid as
follows: �A (ordinary one-form) is associated with primal-grid
edges, �H (twisted one-form) is associated with dual-grid edges,
�Js (twisted two-form) is associated with dual-grid faces, and
both φ and ψ (ordinary zero-forms) are associated with primal-
grid nodes. Both ∇φ and ∇ψ are approximated by centered
finite differences. At material interfaces, ¯̄μ, ¯̄ε, and ¯̄σ (material
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Fig. 1. Illustration of the tilted-coil antenna inside a borehole.

Hodge star operators) are approximated by effective values via
face-based averaging [20]. The aforementioned placement of
discrete field components in the staggered grid enforces all the
appropriate continuity conditions of the fields across material
interfaces.

Since the antennas can tilt in both elevation and azimuth
angles, the cylindrical grid is not conformal to the antenna
geometry along the longitudinal z-direction. A staircasing ap-
proximation along the z-direction becomes necessary to model
the tilted-coil antennas. In order to correctly capture the geom-
etry, the cell size in the z-direction should be sufficiently
fine. To reduce overall memory requirements, a nonuniform
grid is adopted along both ρ- and z-directions. In the vicinity
of the antennas, Δz is small and constant. Away from the
antennas, Δz is increased. This is done gradually to avoid
spurious numerical reflections [26]. In the radial ρ-direction,
the discretization includes exactly two cells between the coils.
Outside the coils, Δρ is increased (again, to reduce the memory
requirements) in a smooth (again, to avoid spurious reflections)
fashion.

B. Tilted-Coil Antenna Electric Current Density

Consider the tilted-coil antenna geometry, as shown in Fig. 1.
The coordinates of the transmitter coil is given by

�r′ = rT�aρ + [zT + rT cos(ϕ − ϕT ) tan θT ] �az (9)

where �aρ and �az are the unit vectors in the ρ- and z-directions,
respectively, rT is the radius of the projection of the coil onto
the transversal plane (xy plane), zT is the vertical location of
the center of the coil, and θT and ϕT are the axial and azimuthal
tilt angles of the tilted-coil antenna.

The electric surface current density is defined as

�Js = I0δ(ρ − rT )δ (z − zT − sin(ϕ − ϕT ) tan θT ) �aT (10)

where I0 is the current source amplitude and �aT is a tangent
vector to the tilted-coil antenna plane given by

�aT = �aϕ + sin(ϕ − ϕT ) tan θT �az. (11)

Note that �aT is not a unit vector. In order to perform a surface
integral on the right-hand side of (8a), it is required to evaluate
the electric current flux through each dual cell face. For any dual
surface S̃ϕ with ϕ = ϕj + Δϕ/2 or S̃z with z = zk + Δz/2,
the flux of the current density �Js is constant (note that its
magnitude is not constant) and equal to I0. This satisfies the
continuity equation (charge conservation). It can also be noted
that the coil antenna intersects the dual surfaces S̃z in two
different azimuthal angles which correspond to the ascending
and descending branches of the loop.

C. Induced Voltages

The directional resistivity sensor response is obtained by
evaluating the phase difference (PD) and amplitude ratio (AR)
between the voltages induced at the two receiver coils. Such
induced voltage is defined by

V =
∮
C

�E · d�l =

2π∫
0

( �A + ∇φ) · d�r

dϕ
dϕ (12)

where �E is the electric-field intensity vector. The aforemen-
tioned integration is performed by summing the closed-path
integral contributions over each cell. Each cell-voltage contri-
bution Vc is given by

Vc = rT (ϕ2 − ϕ1)
(

Aϕ +
1
rT

∂φ

∂ϕ

)

+ rT (cos ϕ2 − cos ϕ1) tan θ0

(
Az +

∂φ

∂z

)
(13)

where ϕ1 and ϕ2 are the ϕ coordinate values at the intersections
of the receiver coil with the cell contour surfaces. Aϕ and Az

are the average values of the ϕ and z magnetic vector potential
components, respectively.

D. Locally Conformal FV Technique

A conventional resistivity logging sensor with horizontal-
coil antennas excites only TEz modes in axisymmetric forma-
tions. A directional resistivity sensor with tilted-coil antennas,
however, has a capability to excite and receive both TEz

and TMz modes. As a result, when cross-coupling between
the different modes occurs—such as in eccentered borehole
problems—directional sensors can provide a more complete
picture of the earth-formation properties.

In eccentered borehole problems, the sensor tool axis is mis-
aligned with respect to the borehole axis because of mechanical
vibrations and/or gravitational pull effects. In this situation,
the interface between borehole and formation is no longer
conformal to the cylindrical grid. This conductivity interface is
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Fig. 2. Averaging procedure used in the face-based locally conformal FV
technique.

modeled here by a face-based locally conformal FV technique,
as shown in Fig. 2. This technique has been previously used
to model permittivity interfaces in Cartesian FDTD grids [27]
and conductivity interfaces in cylindrical FDTD grids [12]. In
this approach, the effective conductivities are obtained by an
averaging process applied to the fields normal to the face of
the dual-grid cell where the material interface is located. Note
that the conductivity is associated with the magnetic vector po-
tential �A since �A = �E −∇φ; therefore, when a nonconformal
interface crosses a dual cell face, the conductivity is weighted
accordingly.

Considering, for example, the dual cell faces normal to the ρ
component of �A, i.e., S̃ρ, we write the effective conductivity as

σeff
ρ(i+1/2,j,k)

=

∫ ∫
S̃1ρ

σ1(ρi, ϕ, z)ρdϕdz +
∫ ∫
S̃2ρ

σ2(ρi, ϕ, z)ρdϕdz

∫∫
S̃ρ

ρdϕdz
(14)

where S̃1ρ and S̃2ρ represent the partial areas in the dual cell
face corresponding to σ1 and σ2, respectively (see Fig. 2).
This is a first-order approximation that works well for the
scenarios considered in this paper. The effective conductivities
σeff

ϕ(i,j+1/2,k) and σeff
z(i,j,k+1/2) are evaluated similarly.

III. RESULTS

Fig. 3 shows a typical directional LWD resistivity sensor
having one tilted transmitter and two tilted receivers wrapped
around the cylindrical steel mandrel. The radius of the mandrel
is 10.16 cm. The loop antennas have a fixed radial size of
11.43 cm. The center of the transmitter antenna is located at
z = 0 cm. The centers of the first and second receiver antennas
are located at z = 76.20 cm and z = 60.96 cm, respectively.
Unless mentioned otherwise, the sensor tool resides in a 5-in
borehole radius filled with oil-based mud (σmud = 5 ×
10−4 S/m) and the azimuthal tilt angle of the coils is equal to
0◦. The relative permittivity and permeability are equal to one.
The operating frequency is 2 MHz. The measured parameters

Fig. 3. Typical directional LWD tool crossing an earth formation with a
dipping bed. The tilted-coil antennas provide azimuthal sensitivity to the sensor
response.

of interest are the PD and the AR between the voltages induced
at the two receiver antennas.

A. Validation

To first validate the present formulation, FV results are
compared against a pseudoanalytical solution [17] for tilted-
coil LWD sensors in a homogeneous formation with mud-
filled borehole. The LWD sensor response as a function of
the receiver tilt angles is shown in Fig. 4. Both receivers are
tilted along the same direction as the transmitter. Three different
transmitter tilt angles θT are considered: 0◦, 20◦, and 45◦. The
surrounding formation has conductivity equal to 1.0 S/m. The
computational domain is discretized using a (Nρ, Nϕ, Nz) =
(39, 40, 747) grid where Δρ varies from 0.635 cm close to
the mandrel to 7.12 cm at the outer end and Δz varies from
0.3175 cm close to the coils to 0.3203 cm far from them.
This discretization leads to 4 567 040 unknowns in the column
vector [X] and a total of 139 822 080 nonzero elements in [C].
A very good agreement is observed between the 3-D FV and
pseudoanalytical results in Fig. 4. The results of two Krylov-
subspace solvers are implemented and shown: BI-CGSTAB and
RGMRES [22]. Furthermore, incomplete LU factorization has
been used as a preconditioner.

Table I lists the number of iterations needed to achieve a
relative accuracy of 10−6. The simulations were carried out on
an IBM System with a 2.6-GHz AMD Opteron processor. Note
that, in this case, a very fine grid is chosen for the only purpose
of showing the robustness of the FV algorithm. In practice,
coarser grids can be employed, leading to faster simulation
times (see Section III-C).
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Fig. 4. Comparison between 3-D FV and pseudoanalytical results for a
2-MHz LWD resistivity sensor response in a homogeneous formation
with mud-filled borehole. The conductivity of the mud is 5 × 10−4 S/m
(oil-based mud).

TABLE I
ITERATION COUNT AND CPU TIME—HOMOGENEOUS

FORMATION WITH MUD LAYER CASE

B. Borehole Effects

The effects of the borehole mud conductivity (drill collar) on
the LWD sensor response are shown in Fig. 5. Four different an-
tenna tilt parameters are considered: 1) θT = θR1 = θR2 = 0◦;
2) θT = 0◦, θR1 = θR2 = 30◦; 3) θT = 45◦, θR1 = θR2 = 0◦;
and 4) θT = 45◦, θR1 = θR2 = 30◦. The formation conductiv-
ities considered are σfor = 0.1 S/m and σfor = 1.0 S/m. The
overall sizes of the 3-D FV grid along the ρ- and z-direction
are 4δ and 5δ, respectively, where δ is the skin depth in the for-
mation (that depends on the conductivity). For the case σfor =
1.0 S/m, Δρ varies from 0.635 to 7.12 cm and Δz varies from
0.635 to 0.641 cm. It can be observed that a directional LWD
sensor with a horizontal transmitter or horizontal receivers have
responses that are not sensitive to the mud conductivity in this
case, akin to a conventional LWD sensor. When both transmitter

Fig. 5. Borehole effects on the directional LWD sensor response. θR1 and
θR2 are the axial tilt angles of the first and second receivers, respectively.

and receivers are tilted, borehole effects become apparent for
this borehole size and are more significant in the formation with
higher conductivity.

C. Azimuthal Rotation Effects

A directional LWD sensor tool can be made to rotate around
its axis during a drilling operation. In this case, the sensor
response will vary as a function of the azimuthal tilt angle
(or time). To illustrate the effect of such azimuthal rotation on
the sensor response, two scenarios are considered next: eccen-
tered boreholes and deviated formations with dipping beds.

1) Eccentered Boreholes: Fig. 6 shows the results of the
simulation of an eccentered directional LWD sensor inside
a 30.48-cm borehole filled with water-based mud (σmud =
10 S/m) in a homogeneous formation with σfor = 0.1 S/m.
The mandrel offset (distance between the sensor tool axis
and the borehole axis) is equal to 5.08 cm. In this case, a
(Nρ, Nϕ, Nz) = (50, 30, 889) grid is used, where Δρ varies
from 0.635 to 21.28 cm and Δz varies from 0.635 to 0.639 cm.
The LWD sensor employs a horizontal transmitter-coil antenna.
Both receiver antennas are tilted with the same azimuth angle
and same elevation angle. The sensor response as a function of
the receiver tilt elevation angles for different receiver azimuthal
tilt angles is shown in Fig. 6. Note that azimuthal variation
effects are more pronounced for the phase response and for
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Fig. 6. Azimuthal variation effects on the borehole eccentered LWD sensor
response. The mandrel offset is equal to 5.08 cm. The conductivity of the mud
is 10 S/m (water-based mud). ϕR1 and ϕR2 are the azimuthal tilt angles of the
first and second receivers, respectively.

larger tilt elevation angles. Naturally, the results for the eccen-
tered borehole case converge when the receiver elevation angles
approach zero since any azimuth angle would then correspond
to the same problem geometry. Note that the cylindrical grid
is always chosen to be conformal to the sensor tool (mandrel)
boundary because of the larger curvature and larger conduc-
tivity contrast at the tool interface. Therefore, the averaging
procedure shown in Fig. 2 gets applied to the borehole-to-
formation interface. Even though not included among the ex-
amples here, this averaging procedure was verified to provide
accurate results for conductivity contrasts as large as 20 000
(viz., σmud = 5 × 10−4 and σfor = 10 S/m).

2) Deviated Formations: The results for the AR measured
by an LWD sensor crossing an isotropic formation with a
1.524-m-thick dipping bed (see Fig. 3) are shown in Fig. 7. The
3-D cylindrical grid employs 49 cells in the radial direction and
ten cells in the azimuthal direction. In the longitudinal direc-
tion, the number of cells depends on the transmitter depth. The
computational domain along the z-direction is truncated at a
distance 2δ away from both the upper receiver (upper boundary)
and the transmitter (lower boundary). The conductivities of the
lower, mid, and upper layers are σ = 1.0, 0.01, and 1.0 S/m,
respectively. The mid bed has a dipping angle θdip equal to 45◦

(see Fig. 3). In the radial direction, Δρ varies from 0.635 to

Fig. 7. Azimuthal variation effects on the directional LWD tool response (AR)
across an isotropic dipping bed formation. Dipping angle: 45◦. ϕR1 and ϕR2

are the azimuthal tilt angles of the first and second receivers, respectively.

7.12 cm, while Δz varies from 2.54 to 2.67 cm. The simulation
takes around 150 s per logging point. The algorithm has been
shown to be stable to changes in grid-cell size. In this example,
it was observed that, for Nϕ ranging from 10 to 30, the
discrepancies were less than 0.2% for the AR and less than
0.6◦ for the PD. For Δz ranging from 0.635 to 5.08 cm and for
Δρmax ranging from 7.112 to 53.34 cm (0.2–1.5 skin depths),
the discrepancies were less than 0.8% for the AR and less than
0.9◦ for the PD. The results show that the directional LWD
sensors can provide directional (azimuthal) sensitive data in
deviated formations, as expected. Note that horizontal wells
can also be simulated without additional efforts by setting the
dipping angle θdip equal to 90◦.

D. Anisotropic Dipping Beds

In order to compare the resistivity anisotropy evaluation ca-
pabilities of conventional and directional LWD sensors, an FV
simulation in anisotropic dipping-bed formation is carried out
for the two types of sensors and in two earth-formation profiles.
Both transmitter- and first (upper) receiver-coil antennas are
“horizontal,” i.e., perpendicular to the sensor tool axis. For
the directional tool, the second (lower) receiver-coil antenna
is tilted by 45◦ with respect to the tool axis. For the earth-
formation profile denoted as A, the upper and lower layers are
anisotropic with “vertical” and horizontal conductivities equal
to σ⊥ = 0.5 and σ‖ = 2.0 S/m, respectively. The mid layer has
a 1.524-m thickness, a dip angle equal to 30◦, and anisotropic
conductivities of σ⊥ = 0.5 S/m and σ‖ = 3.0 S/m. The 3-D
cylindrical grid has 79 cells along the ρ-direction and ten cells
in the ϕ-direction. Similarly as before, the number of cells
varies along the z-direction depending on the tilt angle. In the
radial direction, Δρ varies from 0.635 to 3.56 cm, whereas Δz
varies from 2.54 to 2.67 cm.

Another simulation is carried out for the same sensor con-
figurations in a different earth formation denoted as B. In this
case, the parallel conductivity of the mid layer is set equal
to σ‖ = 8.0 S/m, with all other conductivities the same as
before (in particular, all perpendicular conductivities remain
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Fig. 8. FV results of 2-MHz conventional and directional LWD tool response
(PD) across an anisotropic-dipping bed formation. θR1 and θR2 are the axial
tilt angles of the first and second receivers, respectively. Profile A: Lower and
upper layers with σ⊥ = 0.5 and σ‖ = 2.0 S/m; mid layer with σ⊥ = 0.5 S/m
and σ‖ = 3.0 S/m. Profile B: Lower and upper layers with σ⊥ = 0.5 and σ‖ =
2.0 S/m; mid layer with σ⊥ = 0.5 S/m and σ‖ = 8.0 S/m.

the same). Fig. 8 shows the conventional and directional sensor
responses (AR) in these scenarios. From this figure, it is clearly
seen that the directional sensor response is considerably more
sensitive to the change in the parallel conductivity of the
mid layer.

IV. CONCLUSION

A robust FV formulation for the simulation of directional
resistivity logging sensors employing tilted-coil antennas in
arbitrary 3-D anisotropic earth formations has been presented.
A face-based locally conformal averaging scheme has been
implemented to model nonconformal material interfaces on
the cylindrical staggered grid such as in borehole eccentered
sensor tools. The proposed FV formulation is able to analyze
the electrical response of directional resistivity sensors in 3-D
complex borehole environments, possibly including eccentered
boreholes, anisotropic beds, and dipping or arbitrary inho-
mogeneous formations. The FV results have been validated
against pseudoanalytical solutions, showing very good agree-
ment. Comparisons between conventional and directional re-
sistivity sensor tools have corroborated the capability of the
latter to provide azimuthal sensitivity and to better discrim-
inate anisotropy in the formation resistivity. Borehole effects
have also been investigated, indicating that well-logging tools
with tilted transmitter exhibit stronger sensitivity to drill collar
(borehole) effects in low-resistivity earth formations.
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