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Abstract

This paper presents a coil optimization method of the ultra-deep azimuthal electromagnetic (EM) resistivity Logging While
Drilling (LWD) to obtain the best parameters of the tool for formation boundary detection by theory. First, a rapid numeri-
cal simulation algorithm, i.e. the Fast Hankel Transform (FHT) method, is developed to simulate the logging responses of
the layered formation. A system of double inclined coils is selected based on the response characteristics and the depth of
detection (DOD) from four common coils. Simulation results demonstrated that the optimal coils are perfectly suitable for
anisotropic formation. Then, the crucial parameters of the frequency and spacing of the selected coils with a DOD of 30 m
are determined using the Picasso diagram. In addition, the influences of the electrical parameter of the drilling collar and
resistivity anisotropy of the formation on the response are investigated. The results show that the conductivity of the drill-
ing collar, the thickness and the resistivity anisotropy of the formation all affect the DOD. Finally, formation models with
different layers are created to verify the performance and signal intensity. The results demonstrate that the optimized coils
not only have a large DOD but also possess a high signal intensity, further confirming the advantages of the preferred coils.
Compared with the conventional physical experiment tests, the method of coil optimization proposed in this paper is more
economical and efficient. The findings of this study can help better understand the detection characteristics of the different
coils, which can provide theoretical support for designing and developing a tool with the best boundary capability.

Keywords Ultra-deep azimuthal EM resistivity - LWD - Coils optimization - DOD - Numerical simulation - Fast Hankel
Transform - FEM
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n Sampling points

p Input function

PS Phase difference (°)

r Integral variable

R Receiver

Re Real part

R, Horizontal resistivity (-m)
RSS  Rotary steerable system
R, Vertical resistivity (€2-m)
s Integral variable

T Transmitter

TI Transversely isotropic
TVD True vertical depth (m)

A% EMF signal (nV)

a Deviated angle of the well (°)

A Sampling interval

Dielectric constant of the medium (F/m)
Relative permeability of the drilling collar
Variable

Resistivity anisotropy coefficient (Rv/Rh)
u Permeability of the medium (H/m)

Ho Magnetic permeability in vacuum (H/m)
b4 Hertz vector potential

p Charge density (C/m?)

o] Conductivity tensor (S/m)

o, Conductivity of the drilling collar (S/m)
oy Horizontal conductivity (S/m)

o, Vertical conductivity (S/m)

¥ Scalar potential (V)

@ Angular frequency (rad/s)
Introduction

With the demand for efficient development technology in
the exploration of complex oil and gas reservoirs, direc-
tional drilling technologies are widely used in HA/Hz wells.
Directional drilling can efficiently increase production and
reduce cost. The EM resistivity logging technology plays a
crucial role in geological guidance and formation evalua-
tion in directional drilling. It can provide information about
the formation boundary and the oil-water boundary, which
helps to reduce the uncertainty of well placement within the
sweet-spot of a reservoir (Rabinovich et al. 2011; Wu et al.
2013; Li et al. 2018). However, because of the smaller DOD
(less than 6 m) of the conventional azimuth EM resistivity
LWD tools, its application to the evaluation of far bounda-
ries in complex reservoirs is limited.

In recent years, many oil service companies have been
committed to the development of LWD tools for deeper
DOD (Li et al. 2005; Pamler et al. 2008; Bittar et al. 2007,
Wei et al. 2012), i.e. ultra-deep azimuthal EM resistivity
LWD tools. For instance, Schlumberger launched the deep
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vision resistivity (VDR) tool, PeriScope High Definition
(HD), and deep directional resistivity (DDR) tools (Omer-
agic et al. 2005; Oystein et al. 2014; Hartmann et al. 2014).
VDR does not have azimuthal capability, PeriScope HD
and DDR have large spacing between the transmitter and
receiver, ultra-deep measurement depth and azimuthal capa-
bility, and the theoretical DOD can exceed 30 m. In addition,
they have real-time imaging function at multi-boundary and
specific look-ahead capability. Schlumberger launched the
first commercial ultra-deep azimuth EM resistivity tool geo-
sphere shortly after launching DDR. It consists of a set of
transmitters and two sets of receivers. In addition, due to the
multi-frequency and multi-spacing measurement methods,
the tool can detect the boundary of formation with multiple
DODs (Seydoux et al. 2014; Thiel and Dzevat 2018). After-
wards, Baker Hughes launched Visitrak, which provides
multi-boundary real-time imaging and performs ultra-deep
investigation of formation boundary. However, its capability
of looking ahead is insufficient. Halliburton launched a new
generation EarthStar tool in 2018, and the field test of the
carbonate reservoir in the North Sea region shows that the
DOD can be as high as 60 m (Wu et al. 2018).

These EM resistivity LWD tools have a similar measure-
ment principle, while the coil combination, measurement
frequency, and tool length are different. There are many tool
parameters that affect the DOD of a tool, such as the fre-
quency, the spacing, and the inclination angle between the
transmitter and receiver. When designing a new tool, it is
challenging to select a set of proper parameters with current
technology. To solve this problem, the effects of the response
on the tool are usually discussed by numerical simulations
before optimizing the parameters of the tool. There are many
related studies focused on it. Li et al. (2020b) used grey rela-
tional analysis to quantify the influence of tool parameters
on the measurement voltage and the DOD. They also used
the random forest to fit data and identify an optimal com-
bination of tool parameters. Wu et al. (2020) quantitatively
analysed the effect of anisotropy on tool responses and data
processing. They investigated the sensitivity of tool to elec-
tric anisotropy and inversion accuracy. Zhang et al. (2021)
proposed a sensitivity function to describe the measurement
properties of azimuth, dipping angle, and resistivity. They
also optimized the operating frequency and spacing under
different formation resistivity conditions. However, the coil
types used in above literature were only one, namely one
axial coil as transmitter and one inclined coil as receiver.
In fact, there are still three types of coils, i.e. the axial or
inclined coil as the transmitter, and the radial or inclined
coil as the receiver, which receives less attention. Mean-
while, the formation models are limited when optimizing
the parameters of the frequency and spacing, which makes
the structure parameters of the tool suitable for the limited
formations. Thus, systematic research of coils optimization
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by theory is essential. The simulation results can help to
design a suitable combination of coils, improve the bound-
ary detection distance of the logging tool, and shorten the
tool length (Zhang et al. 2008; Wang 2008).

In drilling activities, when the tool can detect the forma-
tion boundary 30 m away from the borehole, it is considered
to be better able to perform reservoir navigation. Therefore,
this paper aims to optimize tool parameters with a DOD of
30 m. First, the principle of the ultra-deep azimuthal EM
resistivity LWD tool is introduced. Then, the FHT method
is developed to speed up the numerical program. After that
the structure and parameters of a coil that can achieve a
deeper DOD are optimized by comparing the detection per-
formance of different coil combinations, and the influence
of the drilling collar parameters and formation parameters
on the logging response is evaluated. Finally, the response
performance of the optimized coils is simulated in formation
models with different boundaries. The results reveal that the
selected coils have a large DOD and a strong measurement
signal. The conclusions could provide theoretical support
for developing the ultra-deep azimuthal EM resistivity LWD
tool.

Principle of ultra-deep azimuthal EM
resistivity LWD tool

Traditional EM resistivity LWD tools use axial coils and
the measurement results are superposition of the resistivity
of the formation around the borehole, without the ability of
azimuthal resistivity detection (Wei et al. 2010). To improve
the tool's capability, the novel tool adds an inclined coil and
a radial coil to the traditional axial coil, which is able to
distinguish the direction. Commercial tools consist mainly
of four combinations (Li et al. 2020b) shown in Fig. 1 (T
represents transmitter and R represents receiver).

For type I, the measurement signals are all from the
boundary. Namely, there will be no signal if the forma-
tion is homogeneous. The measured induced electromotive
force (EMF) signals are usually used to characterize the
distance between the tool and the formation boundary. The

T R
Type 1 | —
T R
Type II | \
T R
Type III f \
T R
Type IV \ \

Fig. 1 Schematic diagram of different coil combinations

measurement EMFs of the other three coils are both from
the boundary and from the formation in which the tool is
located. So, the boundary information is often expressed
as the ratio of two measurements at different azimuth
angles to eliminate the effect of the formation in which the
tool works. Taking type II as an example, it is composed of
an axial transmitter T and an inclined receiver R. The EMF
of the receiver is measured when the tool rotates along the
axis to different azimuth angles, i.e. @1 and a2. Then, the
EMF is converted into amplitude ratio and phase differ-
ence geological signals to indicate the boundary informa-
tion (Rabinovich et al. 2012):

R 2 I 2
Att = 201og,, VIRe(V) + [Im(V)] (1)

VIRe(V)I2 + [Im(V,,)]?

, Im(V,)

T Im(V,,)
Re(V,,)

PS = tan™ Re(V.,) )

where V is the EMF signal of the receiver. Re and Im denote
the real and imaginary part of V, respectively. a; and a, are
usually set to 0° and 180°. Att and PS signify the amplitude
ratio geological signal and the phase difference geological
signal, respectively.

The vertical distance from the measured point to the
formation boundary is usually termed DTB, as shown in
Fig. 2. Depth of detection (DOD) refers to the maximum
DTB that the tool can detect when it is parallel to the for-
mation boundary in the two-layer formation model (Wang
2018). DOD is the most crucial parameter of the ultra-deep
azimuthal EM resistivity LWD tool. For type I, the thresh-
old of DOD is defined as 10 nv, which represents that there
exists a formation boundary along the drilling direction. In
other words, the formation boundary can be detected when
the EMF is higher than the defined threshold. For the other
types, the thresholds of Att and PS are defined as 0.03 dB
and 0.3°, respectively.

target formation

tool RSS
——

DTB

boundary

surrounding formation

Fig.2 Schematic diagram of DOD definition
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Numerical simulation method

Common numerical simulation methods consist of analytical
solution, finite element method (FEM) and finite difference
methods. They are suitable for different formation models.
For instance, the analytical method can quickly calculate the
logging responses of a one-dimensional formation model, so
it is widely used in real-time inversion. When the formations
model is complex, the three-dimensional finite difference and
three-dimensional FEM should be considered.

To simplify the formation model, the horizontally layered
formation model is developed. For transversely isotropic
(TT) formation, the propagation coefficient matrix method
can effectively avoid the simultaneous solution of 2 N equa-
tions by the N-layer boundary. When there are many for-
mation boundaries, the calculation speed of this recursive
method is faster. This paper adopts this method to calculate
the measurement response of the TI model.

The propagation of electromagnetic waves in one medium
satisfies Maxwell's equations in differential form:

-

VxH=J+@
ot
oB
T o 3
V-B=0

V-D=p

VXE =

L

where H is the magnetic field intensity. E denotes the elec-
tric field intensity. B represents the magnetic induction
intensity. D is the electric displacement vector, and J is the
conducted current density. p signifies the charge density.

The electromagnetic wave in the medium satisfies the
constitutive relation:

D =c¢E
B=uH €]
J=6E

where ¢ is the dielectric constant of the medium. u denotes
the permeability of the medium, and & indicates the con-
ductivity tensor.

The transmitter can be simplified as a magnetic dipole
source. The harmonic current source e~ is generally used
in the ultra-deep EM resistivity LWD method.

In cylindrical coordinates, the Maxwell equations can be
written in matrix form:

0 1 0
I
i)_za 1 ) Kz E(p - oK H(p )
5w sty O |LE H,
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where E, E, and E, are the components of E, respectively,
and H,, H, and H, are the components of H, respectively.
o represents the angular frequency. y, signifies magnetic
permeability in vacuum. o, and o, denote the horizontal and
vertical conductivity, respectively.

Equations (7) and (8) can be obtained by converting Egs.
(5) and (6):

1 92 10
E 1 [o=1]| pozo iou| pop
0| _ p 0209 u| pog
lE]_W[I 0] 2 [t el o [ O
4 P —_ P -
0z0p op
1 19
" _ 19
p| _ 1[0 =1]| pozoe + o, | poo r ®)
H (1 0 0% ¢ K2 9 [F
0z0p dp

where 4 and k, are variables.

As can be seen from Egs. (7) and Eq. (8), only the verti-
cal component of the electromagnetic field is required in
each layer of the TI model. The horizontal component can
be obtained from Eqgs. (7) and (8), so the solution can be
obtained for the whole wave field.

In anisotropic formations, the Maxwell equations of the
time-harmonic field can be expressed as:

VXH=6"-E 0
VX E = io(uoH + poMyg) ©)

o o

10)

ol o

Qi

Il
cod
Q

v

where M indicates the applied magnetic current,

The Hertz potential theory is often used in the derivation,
and the Hertz vector potential 7 and the scalar potential ¥
satisfy:

6-E=iopyo,VXn
H =iwpyo,n+ V¥ an
V-(c-m)=0,¥

By substituting Eq. (11) into Eq. (9), the expression of the
magnetic dipole source in uniformly anisotropic media can
be obtained, and it can be transformed into the cylindrical
coordinate system as:
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where Ty Ty and r, are the component of the 7. Mx,My,

and M, denote the components of M. k, . and k,, are the

components of k. & indicates deviated angle of the well. J;,

and J, signify the Bessel function of the first kind of order 0

and Bessel function of the first kind of order 1, respectively.
Substitute Eq. (12) into Eq. (11) to obtain:

G= ) p(ndH, amn

n=—00

where H,, is the filter response. p represents the input func-
tion. n denotes the sampling points. G indicates the output
function, and A signifies the sampling interval.

After the change, the summation of product operations
is only required, which dramatically reduces the number of
operations and increases the calculation speed. With a sin-
gle calculation, the filter coefficient can be determined. The
algorithm is accurate, fast, and relatively stable. It is suit-
able for horizontally layered formation. In this paper, FEM
is used considering the influence of the tool structure, such
as drilling collar.

13)

© Ji (k. p) .
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where k, is an integral variable.

The above formula reveals that the field can be
expressed in the integral form of the Bessel function.
However, the speed of direct calculation of the integral
formula is slow. The FHT is often used to speed up the
numerical calculation. The continuous function g(r) can
be expressed as (Anderson 1979; Johansen and Sgrensen
1979; Gao et al.2013):

g(r) = / J($)J,(sr)ds (14)
0

where f(s) is the integral kernel function. Jy(sr) denotes the
Bessel function of the first kind of order v. s and r are the
integral variables.

The Hankel transformation of s and r are given by:

s=e”
. XY E(-00,+) (15)
r=e

where x and y are new variables in Hankel transform.
By substituting Eq. (14) into Eq. (15), the following
equation can be obtained:

+oo

e(x)g(e(x)) = / e, (e(x — y))e(x — y)ldy (16)

—00

Let G = e*g(e*) and H,(y) = €’J,(¢”), then:

Parameters affecting the logging response
Coil type optimization

Based on the FHT method, the two-layer isotropic formation
model and the three-layer formation model with anisotropy
formation in the middle layer are developed to investigate
the detection characteristics of four types of coils (Fig. 3).
In the model, the well deviation angle is set to 85°, almost
equivalent to the horizontal well.

Coil type I uses the measured EMF signal to directly
reflect the formation boundary, while the other three coils
use Att and PS to define the boundary signals. Figure 4 pre-
sents the logging response characteristics of type I at dif-
ferent frequencies (10 and 20 kHz), with a spacing of 5 m.
When comparing the logging responses with frequencies of
10 and 20 kHz, it can be seen that the greater the frequency
is, the greater the EMF and the DOD are.

By counting the DODs under all combinations of the
parameter, it is deduced that the calculated DOD is less
than 30 m in a well with a deviation angle of 85°, shown
in Table 1. Therefore, it is difficult for coil I to achieve a
higher DOD when the measured voltage threshold is 10
nv. So far, 10nv is almost the smallest signal that the LWD
tool can detect. Moreover, since coil I uses the true value
of the EMF to scale the tool, the calibration algorithm
is more complex than the other coils. Therefore, we can
draw the conclusion that coil I is not the best scheme with
a DOD of 30 m. In addition, if the signal-to-noise ratio of

@ Springer
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Fig.3 Schematic diagram of the
formation models. a Two-layer
isotropic formation; b three- Rs
layer anisotropic formation

85°
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Fig.4 Logging response of coil I in two-layer formation model

the measurement signal can be improved, the threshold
of the EMF can be appropriately reduced, and coil I is
expected to achieve longer DOD in the future.

Using the model in Fig. 3a, the Att and PS responses
of the other three coils are simulated, and the DODs of
the three coils are compared to each other. The results are
shown in Fig. 5. It reveals that the DOD corresponding to
Att and PS of coil IT and coil IIT (i.e. double inclined coil)
is obviously greater than coil IV. The DODs of Att and PS
are listed in Table 2. It can quantitatively explain the dis-
advantages of type IV. Simultaneously, after analysing the

Table 1 DODs of type I under

different frequencies and f(Hz) L Dob
spacings 100 2.5 17.73

50 5 21.93

100 5 18.13

10 10 25.54

20 10 22.93

50 10 23.13

10 20 26.94

20 20 22.53
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(b)

EMF when coil IV passes through the formation boundary,
it is deduced that the positive or negative voltage values
have not changed, revealing that it cannot indicate the
drilling direction whether the tool is up or down. There-
fore, coil IV should be abandoned. Table 2 also shows that
the DODs of PS between type II and type III are close.
For Att signals, the DOD of type III is slightly better than
that of type II. Compared with coil II, the response horn
of coil III has a good correspondence with the formation
boundary, which is beneficial to data inversion.

To further compare the investigation performance of coil
II and coil I1I, the logging response characteristics of the two
type coils in the three-layer anisotropic formation model are
simulated. The model used here is illustrated in Fig. 3b. The
resistivity of the upper and lower formations is isotropic,
and the middle formation is anisotropic. The boundaries of
the formation are at -5 and 5 m. The results are presented in
Fig. 6. Compared with coil II, coil III has larger signal inten-
sity, and it more accurately reflects the formation boundary,
helping to accurately invert the formation boundary. In other
words, coil III is less affected by resistivity anisotropy than
type II. Therefore, coil Il is a better scheme and is selected
the optimized coils. The following contents will determine
the optimal frequency and spacing of coil III. In addition, the
influence of the tool parameters and formation parameters
will also be analysed.

Parameters determination of the optimal coil

The frequency and spacing are the two most critical param-
eters of the tool that affect the DOD. When designing a tool,
the DODs of Att and PS are determined by calculating its
corresponding responses at different frequencies, spacing
and resistivity of formation (Iverson 2004; Prensky 2006).
In addition, it is necessary to avoid the tool length being too
long. Therefore, a method should be proposed to quantify the
DOD under different combinations of frequency and spac-
ing to determine the two parameters. Unfortunately, there is
no effective method to optimize these two parameters. The
traversal method is a good choice for parameter selection
and it is used in this paper. The FHT algorithm is used to
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Fig. 5 Comparison of logging response of the three coils at different frequencies

Table 2 DODs of three coils under different frequencies and spacings

Geological f(kHz) DODs of coils(m)
signal
Type 11 Type 1l Type IV
Att 10 23.75 25.45 6.85
20 24.25 25.35 7.72
PS 10 16.15 16.35 5.12
20 14.15 14.75 4.85

iteratively calculate the DODs of Att and PS corresponding
to different frequencies, spacings and formation resistivity.
The model here is the same as in Fig. 3a.

Figures 7 and 8 present the results of the traversal calcu-
lation, which is also called the Picasso diagram. In Fig. 7a,
b, ¢ and d is the DODs of Att, respectively, correspond-
ing to resistivity ration (R#/Rs) of the two-layer formation
are 5, 10, 30 and 50. In Fig. 8a, b, ¢ and d is the DOD of
the PS corresponding to resistivity rations of 5, 10, 30 and
50, respectively. It is noted that the resistivity range of the

selected formation is wider to make the optimized coils suit-
able for most formations. It demonstrates that the relation-
ship between the frequency, spacing and DOD is not linear
or monotonous. The lower the frequency and the larger the
spacing signify the larger DOD. The higher the contrast of
the formation resistivity, the higher the DOD corresponding
to the same frequency and spacing. That is, the DOD of Att
and PS signals under the same frequency and spacing are
also different. Therefore, it is necessary to take into account
the contrast of the formation resistivity.

There are three principles that must be observed in the
procedure of selecting parameters (frequency and spacing).
First, the spacing should be as short as possible to make the
tool have a low production cost and be easy to operate in
drilling activities. Second, the frequency should be higher
so that measurement signals can be detected. The last is that
both the DOD of Att and the DOD of PS are required to
be more than 30 m. Based on these principles, the Picasso
diagrams are searched for finding the proper frequency and
spacing under different resistivity ratios. Through computing

@ Springer
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Att(dB)

T 7T T
type IT
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Fig.6 Logging responses of coil types II and III in anisotropic formation model

Fig.7 DODs of Att under dif-

ferent frequencies and spacings

Rt:Rs=5 Rt:Rs=10

10°

f(kHz)

© f

10'
f(kHz)

the entire models, when the frequency is 10 kHz and the
spacing is 20 m, DOD index of 30 m can be satisfied under
most formation models.

The influencing factors of the optimized coils

(1) Conductivity of the drilling collar.

@ Springer
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10
f(kHz)

In tool manufacturing, the selection of the drilling collar
material has a specific effect on the measurement results. To
quantify this factor, a formation model with drilling collar is
developed using commercial FEM simulation software, i.e.
COMSOL Multiphysics. The influence of the drilling col-
lar’s conductivity on the measurement signal is first inves-
tigated. Four formation resistivity, i.e. 1, 10, 100, and 1000
Q-m, is considered. The conductivity of the drilling collar
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Fig.8 DODs of PS under differ-

ent frequencies and spacings

f(kHz)

varies from 10% to 10° S/m, and the relative permeability of
the drilling collar is 1. In Fig. 9a, b c, and d represents the
four cases of formation resistivity mentioned above, respec-
tively. It shows that the real part and imaginary part of the
measured EMF change as the formation resistivity varies
when the conductivity of the drilling collar is lower than 10°
S/m. The EMFs obtained under different formation resis-
tivity remain unchanged when the conductivity of drilling
collar is greater than 10® S/m. Therefore, the conductivity of
the drilling collar should be controlled to be greater than 10°
S/m in actual production, which can ensure that the influence
of the drilling collar on the measurement signal is a fixed
value, and the deduction of the influence of the drilling col-
lar is relatively simple.

(2) Permeability of the drilling collar.

Permeability is another parameter of the drilling collar.
Under the same FEM model as in Fig. 9, the influence of
the drilling collar’s permeability on the measurement signal
is studied. The resistivity of the formation is 1 Q-m, and
the relative permeability of drilling collar is considered as
1, 10, 100, 1000, 10,000, and 1,00,000, respectively. Fig-
ure 10 shows the influence of different drilling collar’s per-
meability on the EMF. It demonstrates that the permeability
almost does not affect the measured signal. Therefore, the

%
Rt:Rs=10

20

L{m)

B

=h
Ao
anck
N
N
2

permeability of the drilling collar can be flexibly selected
according to specific conditions.

(3) Thickness of the formation.

The three layers formation model shown in Fig. 3b is used
to simulate the influence of the formation thickness. The
resistivity is isotropic, and the resistivity of the three-layer
formation is 2, 20, and 2 Q-m, respectively. The middle layer
is termed target layer. The thickness of the target layer is
10, 20, 30, 40, 50, and 60 m, respectively. The deviation
angle of the well is 85°, and the formation model is sym-
metrical at TVD =0. It depicts from Fig. 11 that the DODs
of Att and PS are affected by the formation thickness when
the formation thickness is lower than the maximum DOD
(about 30 m) of the tool. Additionally, the maximum DOD
is half of the target layer thickness and is affected by the
double boundary. As the thickness of the target layer gradu-
ally increases to the maximum DOD of the tool, the mutual
influence of the two boundaries disappears.

(4) Resistivity anisotropy of the formation.
The influence of the resistivity anisotropy is also investi-

gated by the model in Fig. 3b. The thickness of the middle
layer is 50 m to eliminate the thickness effect. Its vertical
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Fig.9 Influence of the drilling collar’s conductivity on EMF

resistivity Rv is 20 Q-m and its horizontal resistivity Rh
is 20, 10, and 4 Q-m, respectively. That is, the resistiv-
ity anisotropy coefficient (A>=Rv/Rh) equals 1, 2, and 5,
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Fig. 10 Influence of the relative permeability of the drilling collar on
EMF
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respectively. The resistivity of the upper and lower surround-
ing rocks is isotropic and equal to 2 Q-m. Figure 12 indicates
that the horns of Att and the PS cure appear at the same
TVD in different A2. However, the larger the 22, the lower the
measured Att and PS signal. That is, the smaller the DOD
of the tool is. Therefore, the anisotropy of the formation
resistivity has a specific influence on DOD.

Investigation performance test
of the optimized coil

To verify the detection ability of the optimized coils, three
formation models (Fig. 13), namely single boundary (a),
double boundaries (b) and multi-boundaries (c), are used
to simulate the logging responses. It is essential to mention
that the resistivity of the formation model is constant in the
transverse direction. That is, there are no faults or other geo-
logical anomalies in the model.
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Fig. 11 Influence of formation thickness on Att and PS
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Fig. 13 Schematic diagram of the formation model with different boundaries
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Fig. 17 The PS of optimized coils and PeriScope in Oklahoma formation

Single boundary

The model shown in Fig. 13a is used to test the logging
response of the optimized tool in a single boundary. In the
model, the upper layer is a low resistivity layer with 2 Q-m,
while the lower layer is a high resistivity layer with 20 Q-m.
The deviation angle of the well is 88°. In addition, the coor-
dinate of the formation boundary is 0, and the turns of the
transmitter and receiver are 100. Figure 14 presents the cal-
culated measurement signal and the logging response of Att
and PS, where V| and V, correspond to the measurement
signals with azimuth angles of 0° and 180°, respectively. It
can be seen that both the real part and the imaginary part
of the EMF reach pV level. Thus, the signal of the opti-
mized coils can be easily detected. Simultaneously, Att and
PS responses can accurately determine the position of the
formation boundary. When the tool enters the low resistiv-
ity formation from the high resistivity formation, the DOD
of Attis 30 m while the DOD of PS is 33 m. When the tool
enters the high resistivity formation from the low resistivity
formation, the DOD of Att and PS are 22 and 19 m, respec-
tively. It demonstrates that the DOD of the tool is much
higher when the tool is in high resistivity formation to detect
low resistivity formation.

Double boundaries

The logging response of the optimized coils in the dual
boundaries formation is evaluated using the model shown
in Fig. 13b. The resistivity of the middle layer is 2 Q-m.
The resistivity of the upper and lower formations is 20 and
5 Q-m, respectively. The well deviation angle is 88°. Con-
sequently, when the tool enters the middle formation from
the upper formation or the lower formation, it belongs to
the case that the tool in high resistivity formation to detect
the low resistivity formation. The calculation results of

Fig. 15 demonstrate that the EMF can reach pV level. It
also indicates that the DOD of Att is, respectively, 30 and
21 m, while the DOD of PS is 34 and 18.5 m, respectively,
when the tool enters the lower formation from the upper
formation and is close to the two boundaries. When the
tool enters the upper formation from the lower formation
and approaches the two boundaries, the DOD of Attis 17
and 17 m, while the DOD of PS is 18.5 and 21 m, respec-
tively. The results show that the tool also has a high DOD
in the double boundary formation. In addition, DOD will
change due to the influence of the resistivity of the upper
and lower formations.

Multi-boundaries

To compare the logging responses of the optimized coils
and mature tools in multiple layers, a 25-layer Oklahoma
formation model with a thickness of 170 m is developed.
The coil with the lowest frequency of 100 kHz and spacing
of 96 is considered in PeriScope tool. The coil structure
is similar to that of the coil type I. Figures 16 and 17
display Att and PS responses, respectively. It can be seen
that, compared with the PeriScope, the optimized coils
have a more excellent response to the formation bound-
ary and it is easier to identify the formation boundary in
advance. Therefore, the logging response of type Il in a
thick layer is variable. The PeriScope is better at identify-
ing thin layers than the optimized coils. And its logging
response tends to be constant in thick layers. In summary,
the optimized coils proposed in the paper are mainly suit-
able for the boundary detection of thick formation. The
coil structure designed in this paper is based only on the
theoretical calculation results. To verify its practical appli-
cation effect, it is suggested to add relevant physical mod-
els in the future.
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Summary and conclusions

In this paper, the coil of the ultra-deep azimuthal electro-
magnetic resistivity Logging While Drilling tool is opti-
mized by numerical simulation, and the critical frequency
and spacing parameters are determined by ergodic calcula-
tion. The following conclusions can be drawn:

e The double inclined coil system is optimized by a
numerical simulation method that is very economical
and efficient. The optimized coils have a depth of detec-
tion of 30 m, as well as good adaptability in anisotropic
formation.

e The conductivity of the drilling collar greatly affects the
measurement signal, while permeability does not influ-
ence the measurement signal.

e The Att and PS responses of the tool are affected by the
resistivity anisotropy and thickness of the formation, and
then affect the depth of detection of the tool.

e The optimized coils have strong a signal intensity (reach-
ing pV level) in single boundary formation and double
boundaries formation.

e Compared with the current tool, the optimized coils can
be much easier to identify the formation boundary ahead
in multi-boundaries formation.
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