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Abstract

In a typical oil-based mud environment, the borehole fluid and mud cake are
highly resistive and will not permit any significant current flow from the tool
to the formation. In order to overcome the high insulation effect of the me-
dium, measurement current must be injected at a relative high frequency
since most of the conduction is due to capacitive coupling. In this paper, an
OBIT numerical model based on four-terminal method was established to
study the tool responses during the measurements. The influences of tool pa-
rameters, such as the area and distance of current-injector electrodes, inject
frequency, distance of button sensors, standoff and electrical properties of
borehole fluid, the tool responses, were investigated and the tool optimization
was discussed.
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1. Introduction

High resolution image logging technologies are well-known among geologists
and engineers because the sufficiently detailed images can provide useful struc-
tural and stratigraphic information in many geological settings [1] [2] [3]. Mi-
cro-resistivity imager, part of image logging technologies, has been widely used
in water based mud well logging [4] [5] since it was commercialized in 1980s and
rapidly developed in 1990s. Oil-based or nonconductive synthetic based muds
are widely applied as more and more special and deep-water reservoirs are ex-
plored [6] [7] [8]. Compared with conventional water based mud, oil based mud

can enhance the stability of borehole, reduce drilling risk, and increase efficiency
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of drilling. However, the nonconductive environment presented by the oil based
mud constitutes a major challenge to conventional micro-resistivity imagers
based on micro-laterolog principles, such as FMI, XRMI and Star [9], which de-
pends on current flow from a source to a return electrode with relatively large
spacing. Many oilfield service companies have studied and developed their own
tools for oil based mud well logging consecutively since 2000s [10] [11] [12] [13]
[14]. Schlumberger and Halliburton designed their tool based on four-terminal
method. A relative high frequency alternating current was injected into the for-
mation through capacitive coupling between two current-injector electrodes. The
potential difference, measured by a pair of sensors set in the middle of injector
electrodes, contains formation information. Formation resistivity can be ob-
tained by calculation. Baker applied capacitive coupling method. The measure-
ment principle is similar to the micro-resistivity imagers. Relatively high alterna-
tive displacement currents flow from a source to a return electrode with forma-
tion. Schlumberger has developed a new generation Oil based mud imager NGI
[15]. The resolution of images obtained by has been significantly improved;
however, the measurement depth is relatively shallow, 0.2 in, as the measurement
is performed entirely on the tool pad. Baker Hughes also improved their tool
based on the first generation imaging tool [16]. No matter what kind of methods
they used, the displacement current is generated in the formation through capa-
citive coupling; thus the current injects into the formation. With measuring for-
mation related parameters, such as potential difference or current, we can obtain
formation resistivity. In this paper, the four-terminal method is chosen to design
the tool OBIT and a finite-element four-terminal model is established to study

influences of parameters on tool responses.

2. Numerical Modeling

The principle of measurement is based on the four-terminal method. The sche-
matic in Figure 1 shows a pad applied against the borehole wall with possibly a
small standoff. A relative high frequency alternating current, I, is injected into
the formation between two current-injector electrodes A and B located above
and below five pairs of small button sensors. The potential difference oV is
measured between the button sensors C and D. As we have known I and 6V we
can calculate the resistivity of the formation between C and D.

Finite element method has been used in modeling and simulation for many
decades due to its capabilities of adapting complicated geometry. Therefore, 3D
finite-element models of the OBIT have been developed and used for tool prop-
erties analysis.

Figure 2 shows the geometry of the 3D OBIT mode. In the OBIT model, a
homogenous medium represents the geological formation. The cylindrical bore-
hole is filled with oil based mud. An OBIT pad is applied on the borehole wall to
measure formation resistivity. The geometry and the electrical properties of the
OBIT pad can be adjusted for different simulation purposes. In Figure 2, the
diameter of the borehole is 300 mm. The length, width and thickness of the pad
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Figure 1. Principle of measurement.
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Figure 2. 3D OBIT model.

are 370 mm, 80 mm and 27 mm respectively. The length and the width of the
current electrodes are 80 mm and 50 mm respectively. The distance between
centers of the two current electrodes is 320 mm. The diameter of the measure-
ment button is 10 mm and the distance between measurement button centers is
20 mm. The electrical properties of the model can be adjusted for different si-
mulation purposes. Typical values used in the OBIT numerical simulations are
listed in Table 1.
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Table 1. Electrical properties of the OBIT model.

Material Resistivity (Q-m) Relative permittivity/1
Formation 0.1 ~ 10,000 5.0
Oil-based mud 10° 5.0
OBIT Pad 10'¢ 3.2
Current pads and voltage electrodes 1.67 x 107¢ 1.0

To obtain the right simulation results by using finite-element method, compu-
tation domains have to be specified in which numerical simulations can be im-
plemented. Setting correct boundary conditions are essential to get correct re-
sults. In the model mentioned above, the following boundary conditions were
applied: The exterior surface of the model was set as electric insulation. This
boundary condition means that no electric current flows into the boundary. The
current electrodes were set as current terminals in the OBIT model. The terminal
boundary is assumed to be connected to an external circuit for providing the
predefined current. The metal part of the pad body was set as ground. Ground
means that there is a zero potential on the boundary.

Figure 3 shows the mesh of the model. The mesh consists of 532,880 tetrahe-
dral elements, 54,318 triangular elements, 3104 edge elements and 172 vertex
elements. In order to increase the accuracy of simulation, the mesh of the OBIT

pad and the borehole are much denser than that of the formation.

Figure 3. Mesh of the 3D model.

3. Simulation Results

1) Electric field distribution in the formation and borehole

Based on the OBIT model shown in Figure 2, the current density and electric
field distribution in both the formation and the borehole have been simulated.
The frequency used in the model here was 10k Hz and the injecting current was

1 mA. The material properties in Table 1 were used. Figure 4 shows the current
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density (in logarithm scale) distribution on an x-y plane (z = 0) and a x-z plane
(y = 0). The amplitude of current density has been color coded. Red color
represents large current density. It can be seen that the current in the borehole is
rather small except the area near the two current pads, which indicates that most
of the current is able to penetrate the resistive oil based mud into the formation.

Figure 5 shows the electric field distribution. In contrast to the current density,
the electric field in the borehole is much larger than that in the formation. That
is because of the higher resistivity of the oil-based mud in the borehole.

Current density/(A+m?)
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Figure 4. Current density distribution.

Electric field / V
41.6193
0

-140

Y‘\I" A% ~ : -160
X
15 v_337.15

Figure 5. Electric field distribution.

2) Influence of current-inject and measurement button electrodes
The influence of the current electrode and measurement button dimension on
the OBIT response will be discussed in this section. In the following simulations,

we kept the distance between the centers of current electrodes and the distance
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between measurement buttons constant. Only the dimension of the current elec-
trodes and the measurement button were changed. Figure 6 shows the voltage
difference on measurement buttons dv versus formation resistivity for different
current electrode lengths. In this model, the injecting current was kept as 1 mA
and the frequency as 10 kHz. It can be seen from Figure 6 that the dv slightly
decreases with the decrease of the current electrode length. However, the dv is
not very sensitive to the current electrode length on the whole as long as a con-

stant injecting current is kept on the electrodes. Figure 7 shows the dv versus

100
~¥— Current electrode length = 1cm
© - Current electrode length = 2cm
—0— Current electrode length = 3cm
Current electrode length = 4cm
101 —#— Current electrode length = 5cm
102}
P
F
>
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Figure 6. OBIT response (dv) versus formation resistivity for different current electrode

lengths.
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Figure 7. OBIT response (dv) versus formation resistivity for different current electrode
widths.
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formation resistivity for different current electrode widths. It can be seen that the
dvis not sensitive to the current electrode width as long as the injecting current
is kept constant.

Figure 8 and Figure 9 show how the electrode impedance changes with cur-
rent electrode dimension. Figure 8 shows the electrode impedance versus forma-
tion resistivity for different electrode length and Figure 9 for different electrode
widths. It can be seen that the electrode impedance increases significantly with

the decrease of the electrode size. The higher the electrode impedance is, the
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Figure 8. Electrode impedance versus formation resistivity for different current electrode
lengths.
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Figure 9. Electrode impedance versus formation resistivity for different current electrode

widths.
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higher the voltage on the current electrode, which is needed in order to keep a
constant transmitting current.

Figure 10 shows the dvversus formation resistivity for different measurement
button sizes. It can be seen that the dv increase slightly with the increase of the
measurement button diameter. It is because that the bigger the diameter of the
measurement button is, the better the coupling between measurement buttons

and formation is.

10° 7
—©— Measurement button diamter = 0.2cm )
© - Measurement button diamter = 0.4cm .
—0~ Measurement button diamter = 0.6cm
Measurement button diamter = 0.8cm 7z
10-1 | =@ Measurement button diamter = 1cm
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104}
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Formation resistivity /(Q « m)

Figure 10. OBIT response dv versus formation resistivity for different measurement but-
ton diameters.

3) Effect of resistivity and dielectric constant of oil based mud

The high resistance oil-based mud prevents the current flow from the current
pads to the formation. Therefore, it is important to investigate the effect of resis-
tivity and dialectical constant of the oil based mud on the OBIT response. The
resistivity of oil based mud was set to be 10% 10°, 10° and 10’ ohm-m respectively;
The other material properties remain the same values in Table 1. Figure 11
shows the OBIT response versus formation resistivity for different oil based mud
resistivities. It can be seen that when the mud resistivity is comparable with for-
mation resistivity, the relationship between the OBIT response and the formation
resistivity gets worse (see the blue curve in Figure 11). When the resistivity of
mud is much larger than the formation resistivity, the OBIT response is not sen-
sitive to the mud resistivity. That is because the impedance of oil based mud is
mainly dominated by its capacitive impedance which is related to its dielectric
constant instead of resistivity.

Figure 12 shows the OBIT response versus formation resistivity for different
dielectric constants of oil-based mud. The dielectric constant of the mud was set

to be 2, 4, 6, 8 and 10 respectively, and the other material properties in the model
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remain the same values in Table 1. From Figure 12, it can be seen that the OBIT
response increases with the increase of the dielectric constant of the mud. That is
because the capacitive impedance between the current electrodes and the forma-
tion surface decreases with the increase of the dielectric constant of the oil based

mud.

—o— Oil mud resistivity = 1e4 Ohm*m |
—&— Oil mud resistivity = 165 Ohm*m

F:{—e— Oil mud resistivity = 16 Ohm*m
" +

10

100 10t 102 10° 104
Formation resistivity /() « m)

Figure 11. OBIT response versus formation resistivity for different oil based mud resistivity.
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Figure 12. OBIT response versus formation resistivity for different oil based mud dielectric constants.

4) Effect of the thickness of oil based mud layer (standoff distance)
Standoff distance usually refers to the thickness of the oil layer between the
current electrodes and the formation wall. Figure 13 shows the OBIT response

versus formation resistivity for different standoff distances. The standoff distance
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was set to be 2, 4, 6, 8 and 10 mm respectively. It can be seen that the OBIT re-
sponse decreases with the increase of the standoff distance. That is because the
capacitive impedance between current electrodes and formation wall increases
with the increase of the standoff distance. Accordingly, the current flow through

the formation decreases and the current leakage inside the OBIT pad increases.

T T T T

100

—&— Oil layer thickness=2 mm
£:]1—=— Oil layer thickness=4 mm
F:]—e— Qil layer thickness=6 mm
= Oil layer thickness=8 mm
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Figure 13. OBIT response versus formation resistivity for different standoff distance.

5) Effect of the borehole diameter
Figure 14 shows the OBIT response varying with formation resistivity for dif-
ferent borehole diameters. The borehole diameter was set to be 10, 20, 30, 40, 50

100 [
=@~ Borehole diamter = 10cm
~©— Borehole diamter =20cm
—©— Borehole diamter = 30cm
Borehole diamter =40cm
10°1f ~©— Borehole diamter =50cm
Borehole diamter = 60cm
102f
>
<
>
]
10-3 L
104}
10° [# i ! j i ]
101 10° 10! 102 103 10*

Formation resistivity /(Q « m)

Figure 14. OBIT response versus formation resistivity for different borehole diameters.
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and 60 cm respectively. It can be seen that the OBIT response is not very sensi-
tive to the borehole diameter. This is because that the OBIT pad is very close to
the borehole wall and most of the transmitting current is injected into the forma-
tion facing the OBIT pad.

6) Effect of injecting current frequency

As mentioned previously, an alternating current with certain frequency has to
be used in order to penetrate the highly resistive oil based mud. If the frequency
is too low, then the impedance between electrodes and formation will be very
high, and the received signal on measurement button will be accordingly small. If
the frequency is too high, the impedance of the insulating part of the pad body
will be significantly reduced and the received signal on the measurement buttons
will be no longer linearly changed with the formation resistivity at high resistivity.
Therefore, it is important to investigate the frequency effect on the OBIT re-
sponse.

The model geometry of Figure 2 and material properties in Table 1 are used,
while the OBIT response dv versus formation resistivity at different frequencies
is shown in Figure 15, assuming an injecting current of ImA is used. It can be
seen that the responses at 1 kHz and 10 kHz have good linearity. Therefore, the
proper frequency for the OBIT should be within 1 kHz to 10 kHz.

100 I  —f—
—&— Frequency=1kHz
| |—=— Frequency=10 kHz |
E:]—e— Frequency=100 kHz |}
F: Frequency=500 kHz
+-1—e— Frequency=1MHz
101 b

102

dv/Vv

1073
10+

L0 ooy ;

10!

10° 10! 102 10° 104

Formation resistivity /(Q « m)

Figure 15. OBIT response versus formation resistivity at different frequencies.

7) Current electrode separation distance vs. penetration depth

In general, for galvanic methods (e.g. OBIT) used in well logging, the separa-
tion distance between current electrodes determines the penetration depth and
the separation distance between measurement buttons determines the detection
resolution. In this paper, we defined the penetration depth as the distance from

the formation surface in which the amplitude of current density reduced by a
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Current density /(A » m?)

factor 1/e. This definition is analogue to the definition of skin depth for electro-

magnetic radiation. In order to investigate the penetration depth of the OBIT

pad, the amplitude of current density along a red line (y= 0, z= 0) in Figure 16

has been studied for different pad geometries. The red line starts from the mid-
dle of the OBIT pad and the other end is on the exterior boundary of the model.

Figure 16. Schematic of the relationship between pad geometry and penetration depth.

The relationship between the current electrode separation distance and the

penetration depth has been investigated. Figure 17 shows the amplitude of cur-

rent density along the red line in Figure 16 for different current electrode

Line Graph:Current density norm /(A « m?)
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Figure 17. Amplitude of the current density along the red line in Figure 16 for different current electrode

separation distances.
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separation distances. The injecting current was kept as ImA for all current elec-
trode separation distances. The frequency was 10 kHz. The current electrode se-
paration distances were set to be 15, 20, 25, 30, 35, 40 and 45 cm respectively.
The material properties used the values in Table 1. It can be seen from Figure 17
that the current density on the formation wall has the highest value for the smal-
lest current electrode separation distance (Ze. 15 cm), but decays the fastest. For
the largest current electrode separation distance (Z.e. 45 cm), the amplitude of the
current density on the formation wall has the smallest value, but decays the
slowest.

Based on the definition of the penetration depth above, the penetration depths
for all current electrode separation distances are calculated and listed in Table 2.
From both Figure 17 and Table 2, we can see that the larger the current elec-

trode separation distance is, the larger the penetration depth is.

Table 2. Penetration depth for different current electrode separation distance.

Current electrode separation distance/m Penetration depth/m
0.15 0.0745
0.20 0.0983
0.25 0.1237
0.30 0.1483
0.35 0.1721
0.40 0.1955
0.45 0.2207

8) Formation resistivity versus OBIT detection depth
Figure 18 shows the amplitude of current density along the red line in Figure

16 for different formation resistivities. It can be seen that the current density

Line Graph:Current density norm /(A » m?)
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Figure 18. Amplitude of the current density along the red line in Figure 16 for different
formation resistivities.
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distribution in the formation has little relevance to the formation resistivity as
long as a constant current source was kept on the current electrodes (e.g. 1 mA
in our model). Therefore, the penetration depth is not sensitive to the formation
resistivity.

9) Mud electrical properties versus OBIT detection depth

Figure 19 shows the amplitude of the current density along the red line in
Figure 16 for different dielectric constants (2, 4, 6, 8, 10) of oil based mud. It can
be seen that the amplitude of the current density is bigger for larger dielectric
constant than for smaller dielectric constant. That is because large dielectric con-
stant indicates smaller impedance of the oil based mud, and accordingly the
amount of current injected into the formation is bigger. However, the decay rates
of all curves are very close even though the current densities on the formation
wall are different. Since the penetration depth is defined as the decay rate of the
current density, the penetration depths for all dielectric constant of the oil based
mud are similar. It is worth pointing out that the conclusion that the penetration
depth is not sensitive to the formation resistivity and the borehole electrical

property is based on the precondition that the injecting current is kept constant.

Line Graph:Current density norm /(A « m?)
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Figure 19. Amplitude of the current density along the red line in Figure 16 for different
dielectric constants of oil based mud.

4. Conclusions

The four-terminal method was chosen as the measurement principle to design
the tool OBIT. A finite-element four-terminal 3-D numerical model was estab-
lished to study influences of parameters to tool responses. Based on 3-D model,
we had quantitatively and qualitatively studied the electric field distribution in
the formation and borehole. The influences of tool parameters, such as the area
and distance of current-injector electrodes, inject frequency, distance of button
sensors, pad standoff and electrical properties of borehole fluid, the tool res-
ponses, were simulated and discussed. The 3-D modeling and simulation results
have supplied valuable supports for OBIT design and optimization. In summary:

1) The voltage difference on measurement buttons dv is not very sensitive to
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the dimension of current electrodes (length and width) as long as the transmit-
ting current is kept constant. The electrode impedance increases significantly
with the decrease of the current electrode size. The higher the electrode imped-
ance is, the higher the voltage on the current electrode is, which is needed in or-
der to keep a constant injecting current. The bigger the diameter of the mea-
surement button is, the better the coupling between measurement buttons and
the formation are, the better the tool response is.

2) The OBIT response increases with the increase of the dielectric constant of
the mud due to the capacitive impedance between the current electrodes, and the
formation surface decreases with the increasing dielectric constant of the oil
based mud. The OBIT response decreases with the increase of the mud layer
thickness. The OBIT responses at the current frequency from 1 kHz to 10 kHz
have good linearity.

3) The larger the current electrode separation distance is, the larger the pene-
tration depth is. The penetration depth is not sensitive to the formation resistivi-
ty and borehole electrical property as long as the transmitting current is kept

constant.
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