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Numerical Modeling of Eccentered LWD Borehole
Sensors in Dipping and Fully-Anisotropic Earth

Formations
Hwa Ok Lee, Fernando L. Teixeira, Luis E. San Martin, and Michael S. Bittar

Abstract—Logging-while-drilling (LWD) borehole sensors are
used to provide real-time resistivity data of adjacent Earth
formations for hydrocarbon exploration. This allows for an
proactive adjustment of the dipping angle and azimuth direction
of the drill, and hence geosteering capabilities. The analysis of
borehole eccentricity effects on LWD sensor response in full
3× 3 anisotropic Earth formations is important for correct data
interpretation in deviated or horizontal wells. In this paper, we
present a cylindrical-grid finite-difference time-domain (FDTD)
model to tackle this problem. The grid is aligned to the sensor
axis to avoid staircasing error in the sensor geometry, but
in general misaligned to the (eccentered) borehole/formation
interface. A locally-conformal discretization is used to compute
effective conductivity tensors of partially-filled grid cells at those
interfaces, involving an isotropic medium (borehole) and afull
3 × 3 anisotropic medium in general (dipped Earth formation).
The numerical model is used to compute the response of eccen-
tered LWD sensors in layered Earth formations with anisotropic
dipping beds.

Index Terms—Anisotropic media, FDTD methods, geophysical
exploration, well-logging.

I. I NTRODUCTION

L OGGING-while-drilling (LWD) sensors are widely used
in real-time borehole measurements of petrophysical

parameters for hydrocarbon exploration. LWD sensors can
provide estimates for electrical conductivity (resistivity) of the
Earth formation surrounding the borehole, one of the basic
indicators of the concentration of hydrocarbon saturation. In a
macroscopic description, these conductivities are anisotropic
because of geological factors such as the presence of sand
and clay laminates with directional resistivities or the presence
of salt water in fractured porous formations (leading to an
increase in the conductivity in the direction of fracture).
During deviated or horizontal drilling, the Earth anisotropy
is represented by a full3 × 3 tensor (as opposed to a
diagonal tensor in typical vertical drilling scenarios) ina
coordinate system aligned with the sensor axis [1]- [3]. Also
during deviated/horizontal drilling, the logging sensor may
becomes eccentered with respect to the borehole axis because
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of gravitational pull [4] (in general, eccentricity may also result
from mechanical vibration). Analysis of thecombined effect
of anisotropy and eccentricity is important for understanding
measurements in deviated wells and for the eventual design of
new LWD sensors for extracting relevant logging data such as
resistivity anisotropy, bed proximity, and dipping angle.

Various numerical methods have been applied over the
years to study the response of LWD sensors in complex
environments [5]- [24], including eccentered boreholes [12]
or full 3× 3 anisotropic formations [17], [20], [22], [23]. The
finite-difference time-domain (FDTD) method, in particular,
is very attractive to analyze LWD sensors in complex envi-
ronments due to its flexibility to model arbitrarily heteroge-
neous Earth formations and relative ease of implementation.
Furthermore, FDTD is matrix-free algorithm that is massively
parallelizable [25]. Due to the cylindrical geometry of LWD
sensors, FDTD models employing cylindrical grids aligned
with the sensor axis (as opposed to the conventional FDTD
based on a Cartesian grid) are instrumental in reducing the
discretization error. However, in simulations involving ec-
centered boreholes, partially-filled grid cells are still present
at the borehole/formation interface, which is non-conformal
to the cylindrical grid. Locally-conformal FDTD algorithms
based on edge-based or face-based approximations for ef-
fective conductivities [26]- [28] have been used to model
such partially-filled cells [12], [24]. For interfaces between
isotropic media, approaches based on effective conductivities
are attractive because they preserve the conditional stability of
FDTD and can be implemented without major modifications
on the FDTD algorithm. However, these approaches are less
suited for interfaces involving full3 × 3 anisotropic media,
where they produce numerical instabilities. More recently, an
alternative locally-conformal FDTD approach for full3 × 3
anisotropic interfaces was introduced in [29] to compute the
effective conductivity tensor elements in a consistent fashion
based on a quasi-static approximation.

In this paper, we describe the modeling of LWD sensors in
eccentered boreholes penetrating through full3×3 anisotropic
formations based on a three-dimensional cylindrical FDTD
algorithm. We note that the algorithm described in [17]
handled anisotropic media but did not model eccentricity.
On the other hand, the algorithm of reference [12] used a
face-based on edge-based approximation to model eccentricity
but did not handle anisotropy. In the present paper, both
full 3 × 3 anisotropy and borehole eccentricity are handled
simultaneously. Furthermore, the eccentricity is modeledin a
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more accurate fashion using effective conductivities computed
by a quasi-static approximation. The proposed FDTD model is
applied to extract the response of eccentered LWD sensors in
layered Earth formations with anisotropic-dipping beds, under
different combinations of eccentricity offsets and dipping
angles.

This paper is organized as follows. In Section II, we
describe basic aspects of the numerical formulation, including
the representation of anisotropic conductivity tensors inthe
cylindrical FDTD grid as a function of the dipping angle, the
3-D FDTD leap-frog update (“marching-on-time”) algorithm
extended to full3 × 3 anisotropic conductive media, and the
quasi-static computation of the effective conductivity tensor
elements at the eccentered borehole/formation interface.In
Section III, we present a series of numerical results, including
validation results. In section IV, we briefly summarize the main
conclusions.

II. N UMERICAL FORMULATION

Fig. 1 illustrates the geometry of a typical LWD sensor
in a borehole crossing a layered Earth formation with a
dipping bed. The LWD sensor shown consists of three coil
antennas (one transmitter, two receivers) wrapped around a
steel mandrel. The mandrel and borehole axes (denoted asz
andz′, resp.) in general do not coincide.

A. Deviated wells and full 3 × 3 anisotropic formations

The Earth conductivity can be expressed as diagonal tensor
in a Cartesian system aligned to the vertical Earth direction
given by

σ
0 =





σh 0 0
0 σh 0
0 0 σv



 (1)

whereσh andσv are the horizontal and vertical conductivities,
respectively. In general, however, the drilling does not always
occur in the vertical direction and deviated or horizontal wells
can occur. In this case, the logging sensor ceases to be aligned
to the vertical direction. We denote the angle between the
vertical direction and the sensorz axis by θ, as indicated in
Fig. 1, and choose a cylindrical coordinate system(ρ, φ, z)
aligned to the sensor axis for the grid discretization. In this
coordinate system, the diagonal conductivity tensorσ

0 is
transformed to a full tensorσa given by [17]

σ
a =





σa
ρρ σa

ρφ σa
ρz

σa
φρ σa

φφ σa
φz

σa
zρ σa

zφ σa
zz



 (2)

with

σa
ρρ = σρ cos2 φ + σφ sin2 φ

σa
ρφ = −σρ sin φ cosφ + σφ sinφ cos φ

σa
ρz = (σv − σh) cosφ sin θ cos θ

σa
φρ = −σρ cosφ sin φ + σφ sinφ cos φ

σa
φφ = σρ sin2 φ + σφ cos2 φ

σa
φz = −(σv − σh) sin φ sin θ cos θ

σa
zρ = (σv − σh) cosφ sin θ cos θ

σa
zφ = −(σv − σh) sin φ sin θ cos θ

σa
zz = σh sin2 θ + σv cos2 θ (3)

and
σρ = σh cos2 θ + σv sin2 θ
σφ = σh

(4)

Note that for θ 6= 0, the tensor elements are functions
of position even for a homogeneous layer (i.e., a layer with
uniform σv andσh).

B. Effective conductivities of cut-cells in a cylindrical grid

Fig. 2 illustrates the horizontal cross-section of the geom-
etry. The eccentered interface indicated between the borehole
and the formation is nonconformal to the cylindrical grid.
This interface cuts through “partially-filled” cells in thecylin-
drical FDTD grid. We employ a quasi-static approximation
to compute effective conductivities and approximate them as
uniformly-filled cells. This approximation works well because
the dimensions of the grid cells are much smaller than the
wavelength of operation. Note that the cells are composed
of an isotropic conductivity (borehole region) and, in gen-
eral, an anisotropic conductivity (Earth formation). Therefore,
the effective conductivity is, in general, represented by an
anisotropic tensor.

Recall that effective conductanceσeff of a cylinder of length
ℓ made of a parallel arrangement of conductivitiesσ1 and
σ2 pertaining to cross-section areasA1 and A2, is given by
the weighted averageσeff A/ℓ = σ1A1/ℓ + σ2A2/ℓ. For a
series arrangement, we haveℓ/σeff A = ℓ1/σ1A + ℓ2/σ2A.
These basic relations form the basis for the derivation of
local effective conductivity tensors̄σeff in Ohm’s law J =
σ

eff · E, for the four possible geometries of partially-filled
FDTD cells illustrated in Fig. 3. Assuming cylindrical cells of
small enough size, the derivation of effective conductivities
for partially-filled cells in a cylindrical grid follows steps
analogous to those detailed for a regular (Cartesian) grid
in [29]. For brevity, only the final expressions are presented
here.

1) Through-cut cells: Consider the cut-cell geometry illus-
trated in Fig. 3(a), where the white volume corresponds to
the isotropic borehole region with conductivityσi and the
green volume to the anisotropic Earth formation. We assume
cylindrical cut-cells of size such that we can neglect the cell
curvature in the(ρ, φ) plane and any difference between the
face areas transverse to the radial direction. In other words,
each cell can be well approximated by a right quadrilateral
frustum. This is typically met in practice as∆ρ/ρ << 1 and
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Fig. 1. Illustration of an eccentered LWD sensor consistingof a cylindrical
metallic mandrel and three coil antennas crossing a three-layer Earth formation
with an anisotropic dipping bed. The ”point-1” is a reference point for the
logging traces shown later.

∆φ << 2π, where∆ρ and ∆φ are the spatial discretization
steps in the region of interest, see a typical grid scale illustrated
in Fig. 4. To derive the effective conductivitiesσeff

ρρ , σeff
ρφ and

σeff
ρz , the equivalent conductances of the partially filled cell

shown in Fig.2(a) are obtained from parallel connection after
a series connection of two different conductivity regions with
non-uniform lengths. This gives

σeff
ρu = σiσa

ρu

∆ρ

a
ln (

a + b

b
) (5)

whereu = {ρ, φ, z}, and witha = (∆ρℓ
1 − ∆ρr

1)(σ
a
ρu − σi)

andb = σa
ρu∆ρr

1 + σi(∆ρ−∆ρr
1). The geometric parameters

∆ρ, ∆ρr
1, ∆ρℓ

1 are indicated in Fig. 3(a).
Effective conductivitiesσeff

φρ , σeff
φφ and σeff

φz are obtained
by considering a series connection after a parallel connection
of two different conductivity regions with nonuniform cross-
section. They are given by

σeff
φu =

1

Aφ

a

ln (a+b
b

)
(6)

with a = (σi −σa
φu)(Aφℓ

1 −Aφr
1 ), with b = σiAφr

1 + σa
φuAφr

2 ,
Aφℓ

1 andAφr
1 being the cross-section areas over the isotropic

region on the the left- and right-side of the cell, resp. (the
right-side is the one visible in the figure), and similarly for
Aφℓ

2 andAφr
2 over the anisotropic region. Furthermore,Aφ =

Aφr
1 + Aφr

2 = Aφℓ
1 + Aφℓ

2 .
Effective conductivitiesσeff

zρ , σeff
zφ and σeff

zz are simply
obtained by the parallel connection of two uniformly filled

Fig. 2. (Top:) Cross-section of an eccentered LWD sensor configuration
and (bottom:) illustration of the non-conformal borehole/formation interface
producing partially-filled (cut-cells) on the FDTD grid. The grid cell sizes
and the effect are exaggerated for illustration purposes.

Fig. 3. Four possible geometries for modeling partially filled FDTD
cells along an eccentered borehole/formation interface between an isotropic
conductivity σ̄i and anisotropic conductivity tensor̄σa.
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regions with areasAz
1 (isotropic) andAz

2 (anisotropic) as
indicated in Fig. 3(a). Hence, we have

σeff
zu =

σiAz
1 + σa

zuAz
2

Az
(7)

where Az = Az
1 + Az

2 = ρ∆φ∆ρ, and Az
1 = ρ∆φ∆ρℓ

1 +
ρ∆φ(∆ρr

1 − ∆ρℓ
1)/2.

The effective conductivitiesσeff
ρu and σeff

φu for the geom-
etry shown in Fig. 3(b) can be written from the previous
expressions by a proper exchange ofρ andφ indices, and the
left/right indices by front/back indices in the corresponding
geometric parameters (expressions for theσeff

zu remain the
same).

2) Side-cut cells: For the geometries illustrated in Fig. 3(c)
and Fig. 3(d), the material interface cuts through adjacent
instead of opposite grid faces. Let us consider first effective
conductivities for Fig. 3(c). This cell can be seen as a series
connection of a homogeneous part with anisotropic conductiv-
ity tensorσa only and an inhomogeneous part with a through-
cut geometry. The elements of the effective conductivity tensor
can therefore be obtained in two steps. In the first step,
we follow the same procedure outlined for through-cut cells
above, with effective conductivitiesσeff

ρρ(1), σeff

ρφ(1) andσeff

ρz(1)
given by

σeff

ρu(1) =
1

Aρ

a

ln
(

a+b
b

) (8)

with a = Aρf
1 (σa

ρu − σi) and b = σiAρf
1 + σa

ρuAρf
2 as

before. The second step combinesσeff

ρu(1) with the uniform
conductivity region in a series connection alongρ. We then
have

σeff
ρu =

σeff

ρu(1)σ
a
ρu∆ρ

σa
ρu∆ρr

1 + σeff

ρu(1)(∆ρ − ∆ρr
1)

(9)

Following similar two steps, the effective conductivities
σeff

φρ , σeff
φφ andσeff

φz are expressed as

σeff
φu =

σeff

φu(1)σ
a
φu∆φ

σa
φu∆φ1 + σeff

φu(1)(∆φ − ∆φ1)
(10)

where
σeff

φu(1) =
1

Aφ

a

ln
(

a+b
b

) (11)

with a = Aφr
1 (σa

φu − σi) and b = σiAφr
1 + σa

φuAφr
2 . Again,

the expressions for effective conductivitiesσeff
zρ , σeff

zφ andσeff
zz

are not changed from before.
The effective conductivitiesσeff

ρu andσeff
φu for the geometry

shown in Fig. 3(d) can be written from the above expressions
for the geometry of Fig. 3(c) by a proper exchange ofρ and
φ indices, and left/right indices by front/back indices in the
corresponding geometric parameters (expressions for theσeff

zu

once more remain the same).
Fig. 4 illustrates an actual example for the distribution

of the effective conductivityσeff
φρ at an interface between a

borehole with isotropic conductivity ofσmud = 0.0005 S/m
(oil-based borehole mud) and an Earth formation with3 × 3
anisotropic conductivity withσh = 10 S/m, σv = 2.5 and
θ = 45o in invariantφ-direction. The radius of the borehole

Fig. 4. Distribution of the cross-section effective conductivity σ
eff
φρ

along
the borehole/formation interface in the cylindrical FDTD grid representing the
eccentered LWD sensor geometry.

and the eccentricity are equal to 12 inches and 3 inches,
respectively. The discretization on the cross-section shown
employs(Nρ, Nφ) = (70, 100) grid points with∆ρ = 0.635
cm close to the eccentered interface.

C. Further modeling issues

Once the conductivity tensor is determined, the FDTD
update equations for the electricE and magneticH fields
in anisotropic conductive media with tensorσ

a are written as
in [17], with the effective conductivity elements above used to
describe the tensorσa for grid elements along the eccentered
borehole/formation interface. The 3-D cylindrical FDTD grid
is conformal to both the steel mandrel and the loop antennas,
so that no staircasing error is produced in the discretization of
these objects. A 3-D unsplit perfectly matched layer (PML) in
cylindrical coordinates [30] is used as an absorbing boundary
condition to suppress outgoing waves and minimize spurious
reflections from the outer grid boundaries. Along the radial
direction, a small∆ρ is used in the region close to the mandrel
and around the borehole/formation interface to provide better
accuracy. Non-uniform gridding is employed within the Earth
formation with∆ρ progressively enlarged away from the bore-
hole (where the discretization is less critical). The maximum
∆ρ in the formation is determined from∆ρmax = δmin/6,
where δmin is the smallest skin depth, which is associated
with the largest conductivity in the formation [17]. The lon-
gitudinal and azimuthal directions are uniformly discretized
with constant∆φ and∆z. A ramped-sine function as in [12]
is used for the source excitation. The ramp is used to avoid DC
offset and high-frequency contamination that otherwise would
arise from the discontinuity of the sine function derivative
at t = 0 [31]. Amplitude and phase data is obtained from
the time-domain results using the time-to-frequency extraction
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Fig. 5. Phase difference (top) and amplitude ratio (bottom)versus eccentricity
offset ∆d computed in a homogeneous anisotropic formation withσh = 10

S/m andσv = 2.5 S/m, for three dipping anglesθ = 0o, 45o, 60o. The
borehole radius is 12 inches.

algorithm described in [32].

III. N UMERICAL RESULTS

The sensor considered here is a prototypical LWD tool,
as illustrated in Fig. 1. This sensor consisting of three loop
antennas (one transmitter and two receivers) with 4.5 in radius,
placed around a cylindrical steel mandrel with 4 in radius. The
two receiver antennas are located at 30 and 24 in away from
the transmitter, which operates at 2MHz. The steel mandrel
is approximated as a perfect conductor, which is a good
approximation at this operation frequency. The response of
the LWD sensor consists of the phase difference and amplitude
ratio between the voltages measured at the two receivers [17].

In all simulations described below, a uniform discretization
is adopted for thez direction, with∆z = 5.08 cm. Further-
more, a cylindrical PML is employed with a cubic profile for
the artificial PML conductivity along the ten outermost cells
of the 3-D grid in theρ andz directions.
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Fig. 6. Lateral cross-section of the field distribution produced by an
eccentered LWD tool inside a three-layer formation. Because the fast decay
in the field away from the transmitter, a warped logarithmic scale is used
for visualization, with darker regions indicating stronger field. The parallel
yellow lines indicate the mid bed. Two dipping angles are considered:θ = 0o

and θ = 45o. The borehole radii and eccentricity offset are equal to 9”
and 3.5”, respectively. The mid bed is anisotropic, withσh = 0.01 S/m
and σv = 0.005 S/m. The top and bottom layers are both isotropic, with
σiso = 1 S/m. The borehole (mud) conductivity isσmud = 0.0005 S/m.
The transmitter is located in the mid layer, at the position distinguishable by
large field magnitude. Two effects are visible from this qualitative plot: deeper
radial field penetration into the mid bed due to lower conductivity (larger skin
depth) and directional effect in azimuth due to tool/borehole eccentricity. A
residual reflected field from the PML is visible, especially at the corners, but
a level much below that in the region of interest.
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A. Homogeneous Anisotropic Formation

We first consider the response of an eccentered LWD sensor
in an anisotropic homogeneous formation withσh = 10 S/m
and σv = 2.5 S/m, for three dipping angles:θ = 0o, 45o

and 60o, and various eccentricity offsets∆d. The radius of
the borehole isR = 12 inches. The borehole mud con-
ductivity is σmud = 0.0005 S/m. The cylindrical grid uses
(Nρ, Nφ, Nz) = (Nρ, 200, 100) grid points, whereNρ varies
in the interval122-136, The variation forNρ follows because
a uniform∆ρmin = 0.635 cm is used in the borehole region
and in the eccentered borehole/formation interface, whereas
for largerρ, ∆ρ is gradually increased from0.635 cm to1.876
cm. As a consequence, geometries with a larger eccentricity
offset require largerNρ.

Fig. 5 shows the phase difference and amplitude ratio for the
dipping angles considered, as∆d is varied. The “effectiveσ”
curves refer to simulations using the discretization parameters
above and employing effective conductivities at the bore-
hole/formation interface. Also shown are results employing
a finer grid in the radial direction (requiring about four times
more radial nodes and computer memory) and where no ef-
fective conductivity is used (i.e., plain staircasing is employed
instead). The two sets of results agree very well, showing that
the use of effective conductivities is quite effective in reducing
the required memory (and CPU time).

B. Layered Formations with Anisotropic Dipping Bed

Next, we consider the response of an eccentered LWD
sensor in a 9-in radius borehole through a three-layer for-
mation with an anisotropic dipping bed, as illustrated in
Fig. 1. The mud conductivity is againσmud = 0.0005 S/m.
The top and bottom layers have isotropic conductivity, with
σiso = 1 S/m. The anisotropic dipping bed has a fixed
“vertical thickness” (true vertical depth) of 60 inches along
the sensor axis. Two different dipping angles are considered:
θ = 0o and θ = 45o. In the dipping bed, the horizontal
conductivity isσh = 0.01 S/m and the vertical conductivity
is σv = 0.005 S/m. The computational domain is discretized
using(Nρ, Nφ, Nz) = (Nρ, 200, 180) grid points, whereNρ is
chosen in the interval58 ∼ 72 grid points. In theρ direction, a
uniform∆ρmin = 0.635 cm is chosen across the borehole and
borehole/formation interface and a non-uniform∆ρ is chosen
further into the Earth formation, gradually increasing from
0.635 cm to 5.9314 cm.

Fig. 6 is a qualitative contour plot depicting a log-scale dis-
tribution of theEφ component along the lateral cross-section
of the borehole and surrounding formation. The transmitter
is located in the center of the anisotropic dipping bed. The
eccentricity offset is∆d = 3.5 inches in this case and the
cross-section shown is along the plane defined by the offset.
The field distributions do not present rotational asymmetryfor
bothθ = 0o andθ = 45o due to the eccentricity. Note that the
resolution provided by the field is slightly greater along the
azimuthal direction where the tool is in close proximity to the
formation. Fig. 6 further illustrates the vertical asymmetry of
the field distribution along the lateral plane due to the dipping
bed.
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Fig. 7. Phase difference (top) and amplitude ratio (bottom)of the eccentered
LWD sensor penetrating through an anisotropic dipping bed for different
eccentricities. The borehole radius and eccentricity are equal to 9” and 3.5”,
respectively. The dipping angle is set up withθ = 0o. The anisotropic dipping
bed hasσh = 0.01 S/m andσv = 0.005 S/m. The top and bottom layers are
equal to the isotropic conductivity ofσiso = 1 S/m and the mud conductivity
is σmud = 0.0005 S/m.

Fig. 7 and Fig. 8 show the phase difference and amplitude
ratio between the voltage computed at the two receiver versus
different eccentricity offsets∆d, for θ = 0o and θ = 45o,
respectively. For the case withθ = 0o, the tool is only sensitive
to σh, and the response (in particular, the amplitude ratio)
is more sensitive to the eccentricity offset in the top and
bottom (isotropic) layers, where the contrast between the mud
conductivity and the formation conductivity is higher. Forthe
dipping case shown in Fig. 8, the response is sensitive to both
σh andσv in the anisotropic bed. The higher sensitivity of the
amplitude ratio response to the eccentricity offset in the top
and bottom layers is again visible. Both the phase difference
and the amplitude ratio show an increase in the apparent
thickness of the dipping bed due to the slower transition of
effective conductivities provided by such geometry (shoulder-
bed effect). We stress that the same vertical thickness is used
for both θ = 0o and θ = 45o cases. In the phase difference
plot, one can also observe an increase in the “horn” effect for
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Fig. 8. Phase difference (top) and amplitude ratio (bottom)of the eccentered
LWD sensor penetrating through an anisotropic dipping bed for different
eccentricities. The borehole radius and eccentricity are equal to 9” and 3.5”,
respectively. The dipping angle is set up withθ = 45o. The anisotropic
dipping bed hasσh = 0.01 S/m andσv = 0.005 S/m. The top and bottom
layers are equal to the isotropic conductivity ofσiso = 1 S/m and the mud
conductivity isσmud = 0.0005 S/m.

larger eccentricities.
Next we consider two fixed offsets,∆d = 0 and∆d = 3.5

inches, and examine the response for various dipping angles. In
this example, instead of using a fixed true vertical depth forthe
mid bed, we use a fixed “actual thickness” (measured length)
of 60 inches, see a graphical explanation of this terminology
in [17]. Fig. 9 and Fig. 10 show a plot of the computed phase
difference and amplitude ratio in this case. As the dipping
angle is increased, the apparent thickness of the anisotropic
dipping bed is widened due to the shoulder effect and thesec θ
geometrical factor present in the resulting vertical thickness.
Fig. 10 shows once more that the eccentricity accentuates the
horn effect seen in the phase difference response for larger
dipping angles.

IV. CONCLUSION

A number of finite-difference models have been developed
in the past for handling eccentered logging tools in isotropic

formationsor centered logging tools in dipping anisotropic
formations; however, none of those prior models were tai-
lored for handling eccentered tools in dipping anisotropic
formations. Here, we have described the numerical modeling
of eccentered well-logging tools in dipping anisotropic Earth
formations using a staggered-grid cylindrical 3-D FDTD al-
gorithm with a leap-frog update that incorporates a locally-
conformal technique to compute effective conductivities on
partially-filled grid cells along the interface between thebore-
hole and anisotropic formation without the need for excessive
grid refinement. The algorithm was validated against results
from conventional FDTD (with the latter employing a much
finer grid), showing very good agreement. In particular, results
for the phase difference and amplitude ratio of 2 MHz logging-
while-drilling tool responses were found to be in good agree-
ment even when using a radial cell size four times larger than
conventional FDTD. Assuming uniform gridding along the
radial direction, this would imply four-fold savings in memory
versus conventional FDTD (in practice, the memory savings
are somewhat smaller because non-uniform FDTD gridding
can be deployed with larger cell sizes used away from the
borehole boundary).

The proposed formulation was illustrated to compute the
response of an eccentered LWD tool operating at 2 MHz
in layered Earth formations with anisotropic dipping beds.
For the combination of mud and formation conductivities
considered here, the “horn” effect observed in dipping beds
(particularly in the phase difference) was observed to be
accentuated by the eccentricity offset. On the other hand, the
latter has shown no discernible net effect on the “apparent”
thickness of dipping beds.
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