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The unknown nature and complexity of non-uniform formations cause new difficulties
andchallenges to the accuratedetectionof electrical instruments in shallow formations.
The micro-cylindrically focused logging tool (MCFL) can provide three original
measurement curves, RB0, RB1, and RB2, with different detection depths, which
reflect the flushing zone resistivity, mudcake resistivity, and mudcake thickness. In
this study, the finite element method was used to model and analyze the micro-
cylindrically focused logging tool tool in a three-dimensional non-uniform medium
model. By converting the partial differential equation into a generalized polar problem,
the logging response characteristics of themicro-cylindrically focused logging tool tool
at different detection depths and ranges, mudcake thicknesses, flush zones, and
mudcake resistivity contrasts were investigated. Inverse processing of the micro-
cylindrically focused logging tool data using the least-squares method was used to
obtain the flush zone resistivity, mudcake resistivity, and mudcake thickness, based on
which the micropotential and microgradient curves were synthesized. In addition, a
digital focusing method was proposed to improve the focusing accuracy and flexibility
of the instrument, enhancing the performance of the micro-cylindrically focused
logging tool. The optimized design of the focusing method significantly improved
the detection performance of the pole plate. This plays an important role in the
evaluation of thin layers and oil-water reservoirs.
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1 Introduction

Wash zone resistivity is an essential parameter in petroleum resource exploration and is
important for formation evaluation (Tian et al., 2003; Salazar and Torres-Verdin, 2009) Although
certain array logging methods, such as array induction (Wang, 2003; Li et al., 2012; Zhou et al.,
2016; Bai et al., 2018) and lateral logging (Li et al., 2010; Zhao et al., 2019; Zhu et al., 2019), can
detect formation features at different radial depths, their greater detection depths pose difficulties
in the accurate evaluation of mudcake and electrical parameters in shallow formations. To finely
measure the resistivity of shallow formations, resistivity logging instruments achieve a reduced
detection depth by reducing the electrode distance. Traditionalmicro-resistivity loggingmethods,
such as micro-resistivity logging (Gao et al., 2017; Xing et al., 2018), micro-laterolog (Chen and
Nie, 1997), and micro-spherically focused logging (Wang and Wu, 1994; Zeng et al., 2010; Ren
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et al., 2021), can be used to measure the resistivity and mudcake
parameters in the flushing zone. However, the application of existing
micro-resistivity logging methods is limited because they can only
detect the electrical parameters of shallow formations at a single
radial depth. They could not obtain the variation pattern of the
formation properties in the radial direction. In addition, during
actual logging, pole plates are easily damaged in horizontal or high-
temperature wells because of the use of soft pole plates (Zhou, 2003; Xia
et al., 2015). Therefore, a more advanced micro-resistivity logging
method is urgently needed in actual logging operations that can
efficiently measure the shallow resistivity of the formation and
simultaneously realize the data acquisition of resistivity at multiple
radial depths.

The micro-cylindrically focused logging (MCFL) tool is a focused
shallow-probe resistivity logging instrument that can compensate for
the shortcomings of existing logging methods (Hao and Sun, 2017).
Unlike other resistivity logging methods, the MCFL emission current is
independently focused in planes parallel and perpendicular to the tool
axis, reducing sensitivity to borehole geometry, and its pole plate shape
and leading-edge isotope are semi-cylindrical to better fit the borehole
shape. In addition, the instrument can achieve both a multi-path
detection depth and high axial resolution at shallow formation
depths and can reasonably estimate mudcake and mud parameters
by accurately measuring the radial variation of shallow resistivity.
Therefore, MCFL has high research significance and application
value. The MCFL tool was first proposed 30 years ago by
Schlumberger Technology. Domestic and foreign experts and
scholars have conducted research on orthorectified modeling,
mudcake parameter calibration, and inversion methods of the
instrument in the following decades (Donadille et al., 2017; Li et al.,
2017; Hao et al., 2018). However, to date, only a few documents have
been published on core technologies. Domestic research on MCFL tool
hasn’t yet been popularized in practical applications, and there is still a
large gap compared with advanced foreign focused resistivity
measurement instruments. Therefore, it is a very worthwhile task to
break the current lack of relevant reliable technology in China and
independently develop internationally competitive micro-cylindrically
focused logging tool. In addition, since the beginning of development,
MCFL instrument adopts hard focusing method in focusing, which
leads to the residual potential not equal to 0 in the actual focusing
process, i.e., the residual voltage cannot be eliminated, and the focusing
effect is poor, which in turn affects the logging effect of the instrument
(Guo et al., 2021).

To improve the measurement accuracy and longitudinal
resolution of the instrument, the polar plate focusing method of
the MCFL tool must be modified. In this study, a digital focusing
method was proposed to realize microresistivity measurements and
improve the longitudinal resolution of the instrument by enhancing
the focusing accuracy. Furthermore, the resistivity response of the
MCFL is non-linearly related to the formation parameters, and the
measurement data of the MCFL cannot be processed using simple
coefficient correction and crossplots. In this study, the definite
solution of the partial differential equation was transformed into
a functional extremum problem. Considering the influence of
mudcake resistivity, mudcake thickness, and flushing resistivity,
the response of the micro-cylindrically focused logging tool was
forward simulated using the three-dimensional (3D) finite element
method. Finally, the measured data were inverted based on the least-

squares method, and the mudcake parameters were corrected based
on the inversion results.

2 Working principle of MCFL

MCFL is a semi-cylindrical focus with a semi-cylindrical
isotropic surface at the center front of the pole plate (Hao et al.,
2018). This focus is suitable for the geometry of the borehole and
mudcake and can provide improved resistivity measurements of the
flush zone. The MCFL can provide three raw measurement curves,
RB0, RB1, and RB2, at different probing depths, reflecting the
mudcake thickness, resistivity, and flush zone resistivity. The
apparent resistivity obtained from the MCFL was highly accurate
and could be used to accurately estimate the resistivity and thickness
of the mudcake, making it more suitable for the interpretation and
evaluation of permeable formations. The pole-plate structure and
working principle of the instrument are shown in Figure 1.

A0 is the main electrode. B0, B1, and B2 are the emitter
electrodes separated from A0 by an insulating layer. M and M′
are the supervisory electrodes, N is the potential reference electrode,
B is the loop electrode, and Pad is the micropolar plate.

The working principle of MCFL is shown in Figure 1b. Main
electrode A0, which occupies a larger area in the middle of the pole
plate, provides the main shielding current to the formation, and the
current returns to electrode B. Pole plate A0 has significant length in the
longitudinal direction, ensuring the longitudinal passive focus of
measurement button electrodes B0, B1, and B2. Long electrodes
A1 and A1′ on the outside of the pole plate are driven by the current
amplification channel to provide a shielding current injection into the
ground layer. The size of the shielding current is controlled to ensure that
the potential of supervisory electrodeM between main electrode A0 and
shielding electrodeA1 (A1′) is equal to the potential ofmain electrodeA0,
thus achieving the measurement of button electrodes B0, B1, and B2 for
lateral active focusing. The shielding current amplification channel is
applied to amplify potential difference UMA0 between A0 and M (M′)
appropriately to adjust shielding current IS until the potentials of A0 and
M were the same, thus, the main shielding current from A0 is focused in
the radial direction, and the propagation path is through the mudcake,
reaching the intrusion zone formation before dissipating back to B. The
apparent resistivity of the measuring electrode can then be used as the
flushing zone resistivity. Pole plate A0 is separated from the three button
electrodes, B0, B1, and B2, by an insulating layer. To meet the
equipotential of main electrodes A0 and B0, B1, and B2, the following
circuit designwas used, and a small resistorwas used to short-circuit them
during the power supply and measurement. The middle of electrode
A0 and loop electrode B is measurement reference electrode N, which is
equipotential to the ground-flushing zone. Current value IB0 of electrode
B0 and potential difference UMN between supervisory electrode M and
reference electrode N, which is equipotential to main electrode A0, were
collected, and the apparent resistivity value of the intrusion zone was
obtained using Eq. 1:

RB0 � k0
UMN

IB0
(1)

Where, k0 is the scale factor of button electrode B0, RB0 is the
apparent resistivity of the intrusion zone, IB1 is the current value,
and UMN is the potential difference between the monitoring
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electrode M and the reference electrode N. Similarly, current
values IB1 and IB2 were measured for button electrodes B1 and B2,
respectively, to determine the apparent resistivity of the strata at
different radial depths.

3 MCFL response simulation analysis

Owing to the complex structure of the MCFL pole plate
instrument and the existence of multiple electrode sizes, multi-
scale electromagnetic modeling in complex non-homogeneous
media is required. The finite element method has the advantages
of flexible fitting of complex boundary conditions and variable
stability of the numerical solution, which is suitable for
addressing logging response problems in non-homogeneous
media with complex boundaries and excitation forms.

The calculation simulation model is a 3D non-uniform
formation model because the instrument adopts the push-to-rest
approach to the formation, as shown in Figure 2. In the figure, Rxo is
the flushing zone resistivity, Rmc is themudcake resistivity, andHmc
is the mudcake thickness.

3.1 Numerical simulation

The MCFL pushes against a polar plate when the formation is
not axisymmetric and can only be analyzed using 3D numerical
simulation methods (Merchant et al., 2006).

Potential function U(x, y, z) at any point in each region where
resistivity ρ is equal to a constant should satisfy the differential
equation (Deng et al., 2010; Wu et al., 2022):

z

zx

1
ρ

zU

zx
( ) + z

zy

1
ρ

zU

zy
( ) + z

zz

1
ρ

zU

zz
( ) � 0 (2)

At the surface of the constant pressure electrode and at the infinitely
far boundary,U satisfies the first type of boundary condition and obeys

FIGURE 1
Schematic diagram of microcolumn focusing logging tool. (A) MCFL electrode structure diagram, A0 is the main electrode. B0, B1, B2 are the
emission electrode.M andM′ is the monitoring electrode,N is the potential reference electrode, and B is the loop electrode. (B) The working principle of
MCFL is that the micro-column plate is close to the mud cake, and the current values of button electrodes B0, B1, and B2 can measure the apparent
resistivity of the formation at different radial depths.

FIGURE 2
Three-dimensional heterogeneous medium formation model. In
the figure, Rxo is the flushing resistivity. Rmc is themud cake resistivity.
Hmc is the mud cake thickness, and Pad is the MCFL plate.

Frontiers in Earth Science frontiersin.org03

Xia et al. 10.3389/feart.2023.1132252

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1132252


the complete constraint condition. At the surface of the constant
current electrode, it satisfies the second type of boundary condition.

On the surface of electrode A0:

∫∫
A0

1
ρ

zUA0

zn
ds � I0, UA0 � const (3)

Where, UA0 represents the electric potential of electrode A0, whose
value is constant. I0 represents the current of electrode A0. N
represents normal vector, s is the metal surface.

On the surface of supervised electrode M and M’:

∫∫
M M′( )

1
ρ

zUM M′( )
zn

ds � 0, UM M′( ) � UA0 (4)

Shielding electrode A1 and A1´ surface:

∫∫
A1+A1′

1
ρ

zUA1 A1′( )
zn

ds � I1, UA1 A1′( ) � const (5)

Where, I1 represents the current of electrode A1 and A1´.
On the surface of the three button electrodes B0, B1, and B2:

∫∫
B0 B1,B2( )

1
ρ

zUB0 B1,B2( )
zn

ds � IB0 B1,B2( ), UB0 � UB1 � UB1 � UA0 (6)

On the surface of reference electrode N:

∫∫
N

1
ρ

zUN

zn
ds � 0, UN � const (7)

On the surface of circuit electrode B:

∫∫
B

1
ρ

zUB

zn
ds � − I0 + I1 + IB0 + IB1 + IB2( ), UB � const (8)

The equivalent variational problem of the general boundary
value problem is given by the following formula (Jin, 1998):

δF U( ) � 0 (9)

F U( ) � 1
2
∫∫∫

Ω

1
ρ

zU

zx
( )

2

+ 1
ρ

zU

zy
( )

2

+ 1
ρ

zU

zz
( )

2

+ βU2[ ]dΩ
+∫∫

S

γ

2
U2 − qU( )dS − ∫∫∫ΩfUdU

(10)
Where, F (•) represents the functional of the potential function U(x,
y, z). β represents the known parameters related to the physical

properties of the region. γ and q represent the known parameters
related to the physical properties of the boundary. F represents the
source or excitation function. When U satisfies the first boundary
condition, the second term at the right end of the functional F(U)
can be expressed as:

∫∫
S

γ

2
U2 − qU( )dS � −∑

A
IAUA (11)

At the same time, when f=0, β=0, the fixed solution problem can
be converted to the functional extreme value problem. We find:

F U( ) � 1
2
∫∫∫

Ω

1
ρ

zU

zx
( )

2

+ zU

zy
( )

2

+ zU

zz
( )

2

[ ]dΩ −∑
A
IAUA

(12)
Where, Ω represents the integral region of triple integral.

The finite-element solution includes area and function
discretization. In finite element partitioning, denser nodes are set
on the electrode system, and thinner nodes are set outside the
electrode system. The value of the potential function on each node of

FIGURE 3
Pseudo-geometry factor of MCFL. The MCFL has three different
detection depths in the radial direction. B0 has the maximum
detection depth and can effectively evaluate the resistivity
characteristics of the washed zone formation. B1 and B2 are
closer to the loop electrode and have a small detection depth, which
can be used for parameter estimation and influence correction ofmud
and mud cake.

TABLE 1 3D inhomogeneous formation model parameters.

Model name Model parameter Model name Model parameter

Electrode plate Length 250 cm Formation parameters Rt 10 Ω•m

Diameter 89 cm Rm 0.02~1 Ω•m

B0 19 cm Rxo 1 Ω•m

B1 14 cm Hxo 0~8 cm

B2 9 cm Rmc 0.001~1Ω•m

N 5 cm Hmc 1/8in~3/4in

Mesh size parameters (length×width×height) 30×30×30 m Supply current 1A
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the partitioned unit is approximated using an appropriate
interpolation method, which transforms the generalized function
into a quadratic one containing the potential function on each node.
When the generalized function takes an extremely small value, the
potential distribution at each node is an approximate solution of the
actual electromagnetic field. When calculating the MCFL response,
the method of “eliminating elements” while “installing” is used,
where all the elements of this line are calculated and written to the
hard disk. After all the elements are installed and written to the hard
disk, the problem is solved using back substitution.

The forward parameters are shown in Table 1. The adaptive
mesh generation method is adopted. Dense grid is used near the
electrode, while uneven sparse grid is used outside the electrode plate
to speed up the calculation.

3.2 Analysis of the detection range of the
MCFL tool

The radial detection depth and intrusion impact of the MCFL
can be described by the pseudo-geometry factor, and pseudo-
geometry factor J of the button electrode is expressed as follows.

J � Ra − Rt

Rxo − Rt
(13)

Where, Ra denotes the apparent resistivity of the button electrode,
Rt denotes the in-situ formation resistivity, Rxo denotes the
formation washout zone resistivity, and J is the pseudo-geometric
factor. The intrusion depth corresponding to pseudo-geometric
factor J = 0.50 is used as the detection depth of the MCFL. The
intrusion depth corresponding to pseudo-geometry factor J = 0.95 is
used as the detection range. The pseudo-geometric factor curve of
the MCFL is shown in Figure 3.

The horizontal axis in Figure 3 indicates the intrusion depth, and
the vertical axis indicates the pseudo-geometric factor of the three
button resistivities. As seen from the figure, the MCFL has three
different probing depths in the radial direction: 1.94 cm for electrode
B0, 1.16 cm for electrode B1, and 0.65 cm for electrode B2. The
probing ranges of electrodes B0, B1, and B2 were 7.0, 5.0, and 3.0 cm,
respectively. Among them, B0 has the greatest detection depth,
which can effectively evaluate the electrical characteristics of wash

zone formation. Electrodes B1 and B2 have a more limited detection
depth because they are closer to the loop electrode and can be used
for parameter estimation and influence the correction of mud and
mudcake parameters.

3.3 MCFL calibration plate

3.3.1 Mudcake correction plate
To study the effect of MCFL on mudcake, the RB0, RB1, and

RB2 logging responses with different mudcake thicknesses, intrusion
zones, and resistivity contrasts were calculated using the finite
element method. The calculation results are shown in Figure 4,
where the horizontal axis indicates the resistivity ratio of the
intrusion zone to the mudcake, and the vertical axis indicates the
ratio of apparent resistivity to mudcake resistivity.

As shown in Figure 4, the thicker the mudcake is, the greater its
influence on the apparent resistivity measured by the MCFL. When the
mudcake thickness was less than 1/4 in (1 in =2.54 cm), RB0 was less
affected, and the apparent resistivity of RB0 was slightly different from

FIGURE 4
Plate of mudcake thickness correction. (A) B0 electrode (B) B1 electrode (C) B2 electrode. The figure shows that the thicker the mud cake, the
greater the influence of the mud cake on the apparent resistivity measured by the MCFL. The sensitivity of the resistivity measured by the three electrode
plates to the mud cake parameters is different. B2 electrode is the most affected by the mud cake, followed by B1 and B0.

FIGURE 5
Boreholemud correction plate.B0 electrode is themost affected
by borehole mud, B2 electrode is the least affected by borehole mud
resistivity, and B1 electrode is between the two.
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FIGURE 6
Optimization of the MCFL tool. (A) The hard focusing mode. The residual potential of hard focusing mode isn’t equal to 0 in the actual focusing
process. The residual voltage cannot be eliminated and the focusing effect is poor. (B)The digital focusing mode. The digital focusingmode can eliminate
the influence of residual potential in the actual focusing process and effectively improve the focusing effect of the instrument.

FIGURE 7
Resistivity of aqueous solution with different concentrations for the two focusing methods. (A) The resistivity of the two focusing methods in branch
water. (B) The resistivity of the two focusing methods in salt water. (C) The resistivity of the two focusing methods in distilled water. Compared with the
traditional hard focus, the resistivity RB0, RB1, RB2, and Rxomeasured by digital focus mode in branch water, salt water and distilled water environments
are closer to the standard values, and canmore restore the formation resistivity. The reason is that digital focusing mode can eliminate the influence
of residual potential in the actual focusing process and effectively improve the focusing effect of the instrument.
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the resistivity of the intrusion zone. When the mudcake thickness was
greater than 1/4 in, RB0, RB1, and RB2 were all affected, resulting
in an increasing deviation between the apparent resistivity and
actual ground resistivity. The magnitude of this deviation also
reflects the different sensitivities of the three logging responses to
the mudcake parameters, with electrode B2 being the most
influenced by the mudcake, B1 the second most influenced,
and B0 the least influenced. The three resistivity response

curves exhibit a non-linear relationship with Rxo/Rmc. The
smaller the detection depth is, the stronger the non-linearity.

3.3.2 Mud calibration plate
To investigate the effect of the borehole mud on the apparent

resistivity response measured by the micro-cylindrically focused
instrument, the formation model was divided into two layers in
the radial direction: the borehole mud and uniform formation
outside the mud. The resistivity of the uniform formation outside
the mud (flushing zone resistivity) was set to 1 Ω•m. The
resistivity of the borehole mud Rm was continuously changed
to 0.02, 0.05, 0.1, 0.2, 0.5, and 1 Ω•m, and we observed the change
of apparent resistivity with borehole mud resistivity measured by
the three button electrodes. The simulation results are shown in
Figure 5.

Figure 5 shows that electrode B0 was most affected by the
borehole mud, B2 was least affected by the resistivity of the
borehole mud, and B1 was in between. This is because, although
electrode B0 detects the greatest depth, a large part of the
measurement current provided by the electrode flows
through the borehole mud to the metal parts on both sides of
the pole plate, whereas electrodes B1 and B2, because they are
closer to the loop electrode below the pole plate, provide a
current that flows back to the loop electrode below through the
formation by choosing a closer path, and a smaller proportion of
the current flows through the mud to the metal parts on both
sides of the pole plate.

4 Optimization of the MCFL tool

To enhance the performance of the MCFL and improve the
multiradial depth detection capability of the pole plate, we optimized
the focusing method of the instrument. The focusing method of the
MCFL designed in this study is based on the digital focusing principle,
as shown in Figure 6. The digital focusing method is an advanced
method that differs from the traditional hard focusing method, which
calculates the focused measurement current by superimposing two
independent unfocused measurements. The focusing condition is
satisfied by superimposing unfocused measurements to offset
supervisory potential. Because the focusing condition is
unconditionally satisfied, the effect of the hard focusing feedback
monitoring loop on the residual potential is avoided, and the focusing
accuracy is improved. In addition, this approach allows for increased
flexibility in obtaining different focusing conditions without
modifying the hardware. Using the focusing boundary condition
(the potential difference between A0 and M is 0):

U1
A0M + λU2

A0M � 0 (14)
Where U1

A0M and U2
A0M denote the potential differences between

A0 and M for focus modes 1 and 2, respectively, λ indicating the
combination factor.

The formula for calculating the apparent resistivity on the three
buttons can be obtained:

RBi � kBi
U1

MN + λU2
MN

I1Bi + λI2Bi
(15)

FIGURE 8
Error of aqueous solution with different concentrations for the
two focusing methods. Compared with the traditional hard focusing
mode, the MCFL using digital focusing has significantly reduced its
error, which is 2.14%, 1.45%, and 1.54% lower in the environment
of branch water, salt water and distilled water, respectively.

FIGURE 9
Inversion flow chart. The inversion method uses Taylor
expansion to linearize the non-linear problem. From the initial
iteration point, the iterative search is carried out step by step until the
objective function is minimum, and the inversion formation
parameters Rxo, Hmc, and Rmc are obtained.
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Where, RBi and IBi represent the apparent resistivity and current
values at different measurement electrodes, respectively. kBi
represent the scale coefficient of button electrode Bi.

To compare the principle and accuracy of digital focusing circuit,
the laboratory physical experiments are carried out in this paper. The
physical experiment compares the resistivity results of hard focusing
mode and digital focusing mode in three environments of clear water,
salt water and distilled water, as shown in Figure 7 and Figure 8.

The resistivity measurements of the conventional hard and
digital focusing methods in clear water, saltwater, and distilled
water environments are shown in Figure 7. It can be observed
that both focusing methods can obtain good resistivity
measurement results, which are not significantly different
from the standard values. In comparison, the digital focusing
resistivity measurements of RB0, RB1, RB2, and Rxo in clear
water, salt water, and distilled water environments were closer to
the standard values and restored the formation resistivity more.
The reason is that the digital focusing proposed in this paper can
eliminate the influence of residual potential in the actual focusing
process and effectively improve the focusing effect of the
instrument. Therefore, the effect of the digital focusing

resistivity measurements is better than the hard focusing
measurements.

The error results of aqueous solutions with different
concentrations obtained by the two focusing methods are shown
in Figure 8. Compared with the traditional hard focusing method,
the MCFL with digital focusing significantly reduced the error by
2.14%, 1.45%, and 1.54% in clear water, saline, and distilled water
environments, respectively. In particular, for the saline solution, the
digital focusing method controlled the error within 0.09%. The
experimental results demonstrate that the micro-cylindrically
logging instrument has been optimized by digital focusing, which
has greatly improved in performance and can measure the resistivity
of the formation with higher accuracy.

5 MCFL data processing and
applications

Many inversion methods have been used to interpret log
responses, among which gradient-based methods (e.g., the most
rapid descent and Gauss–Newton methods) are favored for their
ease of implementation and fast convergence (Sun et al., 2008; Kara
and Farquharson, 2022). However, in complex inhomogeneous
formations, the inversion based on MCFL to determine the
formation parameters is non-linear and ill-posed (Shen et al., 2020;
Hao et al., 2021). Considering the disadvantages of the gradient-based
method, such as huge computation, slow convergence speed in the
later iteration stage and extremely sensitive to the selection of initial
points, the least squaremethod is used to inverse the measured data in
this paper. The advantage of the least squaremethod is that it is simple
to calculate and does not require complex gradient calculation, which
quickly solve the flushing resistivity, mud cake resistivity and mud
cake thickness. On this basis, the micro-normal and micro-inverse
curves are synthesized.

5.1 Data inversion method

The relationship between the measured data and stratigraphic
parameters is defined as follows:

FIGURE 11
Plate of mudcake thickness response. (A) Themicro-normal curves. (B) Themicro-inverse curves. From a group of formation parameters Rxo,Hmc,
and Rmc, two resistivity curves of micro-normal and micro-inverse can be obtained in real time through forward modeling.

FIGURE 10
Flow chart of data processing of the MCFL. Since the three
button resistivity response curves aren’t at the same depth point, it is
necessary to carry out resistivity depth matching and resolution
matching. Then, the micro-normal and micro-inverse curves are
synthesized.
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�R � F �g( ) + �ξ (16)
Where, �R � [RB0, RB1, RB2]T, �g � [Rxo,Hmc, Rmc]T, and F are
non-linear functions of the formation resistivity response, and �ξ is
the measurement error. The stratigraphic parameters were
determined using the least-squares method.

O � min R − �R




 



{ } (17)

Where, R denotes the measurement data vector, �R denotes the
stratigraphic inversion data vector, and O denotes the objective
function. The cut-off condition in the inversion process is set as the
relative error between the measured value and the forward
calculation quantity is less than the preset threshold, that is, the
objective function O<10−3.

Using the Taylor expansion, the non-linear problem is
linearized, and the inverse stratigraphic parameters are obtained
from the initial iteration point by gradually iterating the search until
O is minimized, �f � [Rxo,Hmc, Rmc]T. The specific process is
illustrated in Figure 9. First, the stratigraphic parameters must be
initialized, and a response database of different stratigraphic
parameters is established. Then, the orthorectified model is used

FIGURE 13
The oil-water layer evaluation map of Well 71 in Ed3 Block of Tianjin Dagang Oilfield. This well section is typical sandy mudstone. Rxo in the figure is
the resistivity of the invasion charge obtained from the inversion of the MCFL. In the 2009–2022 m well section, Rxo resistivity is significantly lower than
the deep and shallow lateral resistivity, which showing low invasion characteristics in the reservoir. In the well section 2032–2042 m, Rxo resistivity is
significantly higher than the deep and shallow lateral resistivity, which showing high invasion characteristics in the water layer.

FIGURE 12
MCFL tool calibration and logging operation. (A) Calibration of
MCFL tool. Firstly, channel gain, phase and electrode coefficient were
calibrated. Then, the measuring range, stability and accuracy of the
instrument were tested with a 0.2–2,000 Ω • m network test
box. (B) MCFL logging. The well logging team uses the inspection
device at the well site to check whether theMCFL tool works normally.
Only when the MCFL is qualified can it be put into the well for work.
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to obtain the logging response characteristics for different formation
parameters, and a better solution is found in the logging response
database using interpolation fitting, which can quickly approximate
the true values of the formation and mudcake parameters being
inverted. Because the parameters determined in the database usually
don’t satisfy the final required inversion residuals, the above search
results must be used as the initial values of the inversion in the next
step for the next step of least-squares inversion.

Because the three-button resistivity response curves aren’t at the
same depth point, resistivity depth matching is first performed to
process the three resistivity curves at the same depth. The inversion
processing of stratigraphic parameters was performed using the
three original resistivities, and Rxo, Rmc, and Hmc were calculated.
Because the resolution of Rxo is the same as that of the original
button, resolution matching must be performed to match the
resolution of Rxo with a combination of large string instruments
to obtain the intrusion zone resistivity curve. The three electrodes on
the electrode plate can complete the measurement of two
microelectrode curves at the same time. The apparent resistivity
of micro-normal and micro-inverse is calculated as follows:

Ra � K
ΔU
I

(18)

Where, Ra is the apparent resistivity of micro-normal or micro-
inverse. ΔU is the measured potential difference of micro-normal
and micro-inverse. I is the power supply current intensity. K is the
coefficient of micro-normal or micro-inverse electrode system.
Figure 10 shows the MCFL data processing flow chart.

The micro-normal, micro-inverse, and mudcake-thickness
response plates are shown in Figure 11. From a set of formation
parameters, Rxo, Rmc, and Hmc, two resistivity curves of the micro-
normal and micro-inverse can be obtained in real time through
forward modeling.

5.2 Experiments in the exploration well

When the field needs to use the MCFL tool for logging (as shown
in Figure 12), it is first necessary to calibrate the MCFL in the base
plant. Its purpose is to establish the correction relationship, mudcake
chart and scale coefficient of various influencing factors by calibrating
the corresponding relationship between themeasured value of the tool
and the formation resistivity. The calibration process is as follows:
Step 1 is to calibrate the gain and phase offset of each receiving
channel. Step 2 is to calibrate the calibration coefficient k of the button
electrode in the instrument and convert the accepted electromotive
force into the coefficient of apparent conductivity. Step 3 is to use the
full resistivity calibration network testing box to externally calibrate
the MCFL tool to check the measuring range and accuracy of the
MCFL. Then, at the logging site, the logging team uses the inspection
device to check whether the MCFL works normally and whether the
measured value of the base meets the error requirements. When the
instrument is qualified, MCFL can run into the well for measurement.

Figure 13 shows the oil-water layer evaluation map of Well 71 in
Ed3 Block of Tianjin Dagang Oilfield. The well section measures
nine conventional, array induction, and high-resolution dual lateral

FIGURE 14
The oil-water layer evaluation map of Well 64 in NgⅢ Block of Tianjin Dagang Oilfield. This well section is a thin interbed of sand-shale, with an
average porosity of about 10%. At 1979–1990 m and 2011–2012 m, the resistivity value of micro-normal and micro-inverse curves are not coincident,
and the reactive permeability layer is obvious.
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curves. Rxo is the resistivity of the intrusion zone obtained from the
inversion of the MCFL. This well section is a typical sand-shale with
a small amount of siltstone. It can be seen from the figure that in the
2009–2022 m well section, the average porosity is 12.6%. The Rxo
resistivity value is significantly lower than the deep and shallow
lateral resistivity, which showing low invasion characteristics in the
oil layer. In the well section 2032–2042 m, the average porosity is
14.2%. The Rxo resistivity value is significantly higher than the deep
and shallow lateral resistivity, which showing a high invasion feature
in the water layer. From 2008.1 to 2011 m, the simplified oil test,
daily oil production after production 16.7 tons, 1.65 square meters of
water, and the water content is 9%.

Figure 14 shows the oil-water layer evaluation map of Well 64 in
NgⅢ Block of Tianjin Dagang Oilfield. The well section measured nine
conventional curves as well as array induction curves. Rmn and Rml in
the figure are themicro-normal andmicro-inverse curves synthesized by
the parameters ofMCFL, which the twomicro-resistivity curves respond
to the permeable layer. This well section is a thin interbed of sand-shale,
with a small amount of siltstonemixed in the layer. The average porosity
in the layer is about 10%. It can be seen from the figure that at
1979–1990 m and 2011–2012 m, the two micro resistivity curves of
the micro-normal and micro-inverse curves are not coincident, which
the reactive permeability layer is obvious. From the 2012–2020.14 m in
the simplified oil test, the production day is 15.26 tons of oil, 1,230 m3 of
gas, 0.34 m3 of water, with a water content of 2.18%.

6 Conclusion

At present, there are few quantitative studies on micro-
cylindrically focused logging tool at home and abroad, especially on
the problems related to logging in subsurface non-homogeneous
media. In this paper, the detection characteristics, stratigraphic
correction plates and inversion interpretation of MCFL were
investigated using the forward and inverse methods to achieve the
purpose of their localization and modification. In addition, to
overcome the problem that the residual voltage cannot be
eliminated and the focusing effect is poor when the conventional
MCFL pole plate is hard focused, the current focusing method of the
MCFL was optimized by the digital focusing method, and the
measurement accuracy of the MCFL instrument is effectively
improved by enhancing the focusing effect of the pole plate. After
the verification of the actual logging data, the localizedMCFL designed
in this paper can successfully replace the foreign-funded tool to achieve
the delineation of permeable layers and the identification of oil and
water layers (combined with high-resolution dual lateralization).
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