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ABSTRACT

The dielectric effect is receiving increasing interest in the study of resistivity logging. Several recent findings have
proven that the dielectric effect can cause negative imaginary signals on the array induction logging. However, very few
researches discuss the dielectric effect on the triaxial induction logging which is a novel technology in solving anisot-
ropy problem. In this paper, we investigate the effect of large dielectric constants on a basic triaxial induction tool in a
1-D homogenous earth formation. The simulation model is derived from Maxwell equation and calculated by wave
number integration. Sufficient simulations have been done. We performed an asymptotic analysis of the dielectric effect
within the low-freq limit, yielding interesting observations on the dielectric effect with respect to frequency, spacing,
and anisotropy. Those findings provide important and useful guidance for researchers to study on the dielectric effect on
the triaxial induction logging.
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1. Introduction

Plentiful experiments have shown that at a low frequency,
dielectric constants are significantly increased. For in-
stance, Sengwa-Soni showed that the relative dielectric
permittivity, ¢,, of water-saturated carbonate could be
higher than 1000 when its frequency is at 100 Hz [1];
Ahualli discovered that in the highly concentrated col-
loidal fluid, ¢, could be more than 1000 at the frequency
of 300 Hz [2]. Specifically, the dielectric constant can
reach up to 50,000 in shale formations with metallic par-
ticles at an induction frequency range of (25 - 100 KHz)
[3].

The reason is very complex and still under study since
dielectric enhancement violates the equal distribution prin-
ciple. The most common explanation is a double electric
layer model [4]. A new rock model that simulates con-
ductive grain enclosed by a super thin, non-conductive
coating was found to be effective in explaining dielectric
enhancement in rocks [5]. It is the low-conductivity
membrane that causes dielectric enhancement at low fre-
quencies in rock formations.

Induction logging tools operating at a low frequency
(10 KHz - 400 KHz) is one important approach to detect
the resistivity of the earth formations. In the induction
operation range, the dielectric effect is negligible within
the range of typical formation conductivities (0.5 - 5
S/m), because the displacement current is relatively
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smaller than the conduction current. However, in the
recent years within the current decade, strange induction
logs with large negative imaginary signals (also called as
X-signals) in array induction logs have been encountered
and successfully explained by large dielectric constants
(e,>10,000) [6,7].

Responses from traditional array induction logging are
essentially coaxial components which transmitters and
receivers are placed along the same axis. Because of the
structure limitation, the traditional induction tool is not
able to detect anisotropy. Advanced induction technology
has been developed and is known as a triaxial induction
tool. It is comprised by three mutually perpendicular
pairs of transmitters and receivers and capable to collect
multi-directional electrical information. Responses on a
triaxial tool can be categorized into three aspects: coaxial,
coplanar, and cross components. In fact, the coplanar re-
sponses play an important role in determining anisotropic
resistivity. Some cross components give contributions to
detect formation boundary. The inversion approach has
been developed to detect dipping angle based on both
coplanar and cross components [8-11]. However, the
dielectric effect on coplanar and cross components is still
unknown. Hence it is worthy to investigate the dielectric
enhancement effect on those components, based on the
structure of triaxial induction logging tool. The purpose
of this paper is to discuss the effect of large dialectic
constants on a triaxial induction logging tool. A 1-D syn-

AM



1812 Z.J. ZHANG

thetic model of a triaxial tool in homogenous transverse
isotropic (TI) formation at an arbitrary dipping angle is
employed to simulate the dielectric effect on triaxial re-
sponses. An asymptotic analysis approach is imple-
mented to investigate dielectric effect.

2. 1-D Modeling

A basic structure of the triaxial induction tool consists of
three orthogonal transmitters and three orthogonal re-
ceivers oriented at x, y, and z direction, as shown in Fig-
ure 1(a). Since the transmitter and receiver coils are infi-
nitely small, we can treat them as magnetic dipoles. The
equivalent dipole model is shown in Figure 1(b). For
industry standard wire line triaxial tools, bucking coils
placed between the transmitters and the receivers are
always implemented to eliminate the direct coupling ra-
diated from the transmitters.

A 3 x 3 tensor apparent conductivities o, is meas-
ured at each pair of transmitter-receiver spacing,

x ¥ z

Gaix O-aix O-aix

r_ x y z
c,=|o,, o,, O, €))]

x y z

Ga z o-tl V4 Ga z

where o, / is the measured apparent conductivity at
the j-th receiver from the i-th transmitter.

Consider a triaxial tool in a 1-D TI medium. The ori-
entation of transmitter and receiver is arbitrary with re-
spect to formation coordinate. Figure 2 shows two types
of coordinates in the whole system: the formation coor-
dinates (unprimed) and the sonde coordinate (primed).
The symbol a is a dipping angle between the Z axis and
the Z' axis. The symbol § is an azimuthal angle be-
tween the x axis and the projection of transmitter coils on
the X-Y plane. The symbol y represents a rotation angle
that transmitter 7, is deviated from the X' axis.

The transformation of magnitudes between the bed-
ding-plane coordinates X, Y, Z and the tool-system coor-
dinates X', Y',and Z' is affected by the same rotation
matrix as

We assume that M’ denotes the magnetic moment in
the sonde coordinate, given by

M =[m M, M 3)

Then in the formation coordinate, the equivalent mag-
netic source M is obtained by

M =RM'. “4)

In the formation coordinate, Maxwell equations due to
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Figure 1. Basic structure of a triaxial induction tool [12]. (a)
The original model; (b) The equivalent model.

a magnetic source M are shown as,

VxE =iouH +iou,M, 4)
and
VxH =6E. (6)
where &6, M, H are defined as
o, —IiwE (& 0 0
6= 0 o, —iws & 0 ™
0 0 o, —1wE (&
‘M, 0 0
M= 0 M, 0| ®)
0 0 M,
[H* HY H?
H=|H' H H| )
HY HI H:

Note that the dielectric permittivity ¢, and electric
conductivity tensor o are combined into a single, com-
plex-valued conductivity & . In terms of Equations (5)
and (6), we can analytically solve magnetic fields in a
homogenous formation. The details of the derivation are
omitted here and can be referred to [13].

Magnetic responses in the sonde system is easily de-
rived by multiplying the inverse of rotation matrix to
magnetic components in formation coordinate, as

H =R'H (10)
where H' is the magnetic filed is defined as

H* H' HF
H'=|H* H' H| (11)
er Hly le

z z z

cosa cos fcos y —sin Fsin y
R =| cosasin fcosy+cos fsiny

—sina cosy
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Figure 2. The relationship between tool coordinate and for-
mation coordinate.

The magnetic fields in Equation (11) are consisted by
direct coupling and the induced secondary fields. The
latter one is dominated by the conductivity of the forma-
tion and always overwhelmed by the direct coupling. As
we mentioned before, bucking coils are implemented to
distract direct coupling from the total fields and leave the
secondary fields. We can adjust the distance, turns or
windings of the bucking coils to balance off direct fields.
In this paper, we take use of spacing to eliminate direct
coupling [10], shown as

3
/
H'= H{—[l—zj ), (12)
1
where H' is the final magnetic filed and /;, [, are dis-
tance to bucking coil and main receiver.
Finally we can find the apparent conductivity tensor
o, with respect to Equation (12), as

o' =KH'. (13)

K is the conversion matrix given by tool specific con-
figuration [12], shown as,

;S 8l l6nk
wu wu wu
QN L L L (14)
wu ou ou
J6nL  l6nl 4ml

o, wu o

Specifically, if the well is vertical, the apparent con-
ductivity tensor o would be a diagonal matrix, as

o,, 0 0
o,=| 0 o, 0 | (15)
0 0 o °
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In Equation (15), o, I, o, ’ are coplanar compo-

0 Yay i
nents. In TI medium, o, ; and o, } are the same as

each other because of the symmetric resistivity in hori-
zontal plane. Thus in the following part, we only need to
discuss o, ;. o, . is basically the coaxial response,
which is the same as from an array induction tool.

In the deviated well, the apparent conductivity tensor
o) is given by

a

o=l 0 o’ 0| (16)

with two nonzero cross components o, 2, o, . dueto

nonzero dipping angle. It is found that the horn effect on

o, 2 and o, is an important indicator of formation

a_x z

boundary.

3. Results and Discussion
3.1. Example 1

In the first example, we assume a homogenous isotropic
formation, whose conductivity is 0.1 S/m. We set the tool
movement trajectory perpendicular to formation, namely,
zero dipping angle. The distance between transmitter and
main receiver and bucking coil are 21 inch, 15 inch, re-
spectively. Without specification, the same distance be-
tween transmitter and main receiver and bucking coil are
the same as in the first example.

3.1.1 Case I: f=26 KHz, 52 KHz, 104 KHz
In Figure 3, we present coplanar component o, T and
coaxial component o,

 versus permittivity &, (1 -
50,000) at 26 KHz, 52 KHz and 104 KHz, respectively.

Simulation results in Figure 3 reveal that dielectric
enhancement does take effect on apparent conductivity
o, . and o, ;. X-signals of both apparent conductivi-
ties o, ¥ and o, ; are decreased and become nega-
tive at higher permittivity &, . Meanwhile, R-signal in-
creases significantly with the increased permittivity ¢, .
Therefore, we predict dielectric enhancement can also
cause negative sign on the imaginary components of ap-
parent conductivity o, . and o, . whereas the real
components are positively enhanced.

Then in Table 1, we summarize the minimum values
of permittivity &, that induce 10% discrepancy on ap-
parent conductivity o, 1 and o, . with and without
dielectric enhancement. Specifically, we name those di-
electric constants as effective dielectric constants.

According to Table 1, effective dielectric constants on
the real parts of apparent conductivity o, ; and o,
are reverse proportional to frequency. Therefore, we infer
that higher frequency manifests dielectric effect, which

obeys the definition of the complex conductivity &
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Figure 3. R- and X-components of apparent conductivities o,

r

Table 1. List of effective dielectric constants inducing 10%

discrepancy on apparent conductivity o, ¥

and without dielectric enhancement.
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and o, ; with respect to the relative permittivity &, .

Table 2. List of coil spacing from the transmitter to main

receiver and bucking coil.

Bucking coil

M

ain receiver

f (KHz) e S
I(c, 1) R(o, ") I(c, ) R(o, )
26 1000 50,000 500 >100,000
52 1000 20,000 500 30,000
104 500 10,000 500 20,000

given by Equation (8). The abnormally large dielectric
constant is frequency dependent. Thus smaller dielectric
constants are in need to reach the same level dielectric

effect.

On the other hand, the effective dielectric constants on
X-signal of apparent conductivity o, |
much smaller than on R-signal. Thus we know that ima-
ginary components are more sensitive to dielectric effect

than the real parts.

3.12Casell: Le(9",72")
Secondly, we investigate the relationship between coil
spacing and the dielectric effect with the same isotropic
formation. Table 2 lists the corresponding coil spacing
between transmitter and main receiver and bucking coils.

Figure 4 compares R- and X-components of apparent

conductivities o

a_x

and o

z
a_z

and o

a_z

are

with respect to the coil

spacing for small permittivity (&, =1) and large dielec-
tric constant (&, =50,000), respectively. A significant
nonlinear discrepancy on X-signals with and without
large permittivity is shown and changed into negative
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Figure 4. R- and X-components of apparent conductivities
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. and o, with respect to coil spacing. The conduc-

tivity is 0.1 S/m. The frequency is 26 KHz.
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signs.

3.2. Example 2

In this example, we consider a TI formation and figure
out dielectric enhancement on anisotropic conductivity in
layered laminated formation. The frequency is 26 KHz.

321.Casel: 0,€(0.1S/m, 1S/m)

Vertical conductivity o, is assumed as 0.1 S/m and
horizontal conductivity o, is changing from 0.1 S/m to
10 S/m. The simulation results of coplanar component

X

o, . with respect to horizontal conductivity o, are
presented in Figure 5.

In Figure 5, the x axis is the anisotropic ratio
(O'h / O'V). As shown in Figure 5, weak discrepancy on
the apparent conductivities o, I and o,  with and
without the dielectric effect is observed. In order to illus-
trate explicitly, we present relative error

[| o, (¢, =1)-a, (&, =50,000)|

| - (5r . 1) | in Figure 6. Figure 6

shows that with the increased horizontal conductivity o,
dielectric effect on both X-and R-o, } and o, [ is
decreased. According to the conductive property of lami-
nated anisotropic medium, the horizontal conductivity
o, 1s dominated by salt water zone for laminated for-
mation and thus we can infer that dielectric effect on
o, ., o0,. may be attenuated in the water-bearing

a_x a_

zone.

3.2.2.Case Il: o,€(0.001 S/m, 0.1 S/m)
Next, we restore the horizontal conductivity o, to be

1
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Figure 5. R- and X-components of apparent conductivities
o,. and o, with respect to anisotropic ratio (o,/o,).
The vertical conductivity o, is a constant and set as 0.1
S/m. The horizontal conductivity o, is various from 0.1

S/mto 1 S/m. The frequency is 26 KHz.
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[EN

Figure 6. The relative error [O-“ (6,.=1)-0, (5 = 50’000)]

o,(¢,=1) ‘
of apparent conductivities o, ; and o, with and with-
out dielectric enhancement.

0.1 S/m and alter vertical conductivity o, from 0.001
S/m to 0.1 S/m. Figure 7 compares apparent conductivi-

ties o, . and o, I with and without dielectric effect

in a similar way as shown in Figure 6. In this example,
the distance from the transmitter to the main receiver and
bucking coil are 21 inch, 15 inch, respectively.

Since the horizontal conductivity o, is constant, R-
and X-o, I are independent to the vertical conductivity.

a_z
Thus we know the discrepancy of the coaxial component

o, . is only related to dielectric effect. We have ob-

served that X- o, ° is negative when g, 1s 50,000,

a_z

which is caused by large vertical permittivity.
Figure 8 presents the absolute relative differences

|O-a(gf - 1) ~% (8" =50, 000)| of apparent components
| c,(2,=1) |

o, %, o, 2 with and without the dielectric effect, re-

spectively. With larger anisotropic ratio, the relative dif-
ferences on X- and R-o, | are increasing. In the lami-
nated anisotropic medium, the vertical conductivity is
dominated by a hydrocarbon zone, and we can conclude
that dielectric effect on o, J, o, . would be boosted

by the hydrocarbon-bearing zone.

3.3. Example 3

X

Cross components o, -, o, . are helpful for detecting
the formation boundary; therefore, efficiently help us
solve multilayer inversion problem. Hence in this section,
we will discuss how the dielectric effect takes effect in
the deviated well.

We now assume one homogenous anisotropic medium,

whose anisotropic ratio is 10 (g, = 1 S/m, g, = 0.1 S/m).
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Figure 7. R- and X-components of both &, and o,
with respect to anisotropic ratio (o,/o,). The vertical
conductivity o, is various. The horizontal conductivity
o, is0.1S/m. The frequency is 26 KHz.
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Figure 8. The absolute relative difference
( o,(¢,=1)-0, (s, =50,000)

o, (s =1) |
both ¢, and o, when g =1 or 50,000, respectively,

] of R- and X-components of

with respect to anisotropic ratio (o, /o, ).

The frequency is 26 KHz. Figure 9 shows off-diagonal
apparent responses, o, - and o, , with respect to dip-
ping angle a. . .

The R-signal of o, and o, ] from normal and
large permittivities are perfectly coincide with each other;
and therefore, R-signal of both o, I and o, ] are
independent with dielectric effect in any deviated well.
We observe one interesting phenomenon in the X-signals
of both o, I and o, ;. If the well is slightly deviated

(@ <10°) or highly deviated (a > 85°), the discrepancy on
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Figure 9. R- and X- components of o, and o, ; with

respect to the dipping angle, a. The horizontal conductivity
o, and the vertical conductivity o, are 1 S/m, and 0.1

S/m, respectively. The frequency is 26 KHz. The distance
from the transmitter to the main receiver and bucking coil
are 2linches, 15inches, respectively.

X-signal of o, and o,

the medium range (10° < o < 85°), X-signal of &,  or
o, . with £=50,000 is differentiated from small per-

a_z
mittivity (&£ =1). Thus we can infer that in a vertical or
highly deviated borehole, the dielectric effect can be ig-
nored on the cross components, o, ;, o, . during in-

version, even though large dielectric constants do exist.

is negligible. However, in

4. Conclusions

Previous work has proven that the dielectric effect causes
the negative X-signal of array induction logging. We
extend this discussion to triaxial induction logs and dis-
cuss the dielectric effect on the coplanar, coaxial, and
Cross components.

A 1-D synthetic forward model for the triaxial induc-
tion tool in the homogenous medium is explained and
implemented. We employ the triaxial tool includes buck-
ing coils to eliminate direct coupling between the trans-
mitters and main receivers.

Sets of asymptotic analysis are illustrated. We find that
the dielectric effect may cause negative signs on the
imaginary components of both coplanar and coaxial re-
sponses of triaxial induction logs and enhance the real
component. The dielectric effect is enhanced by high
operation frequency as well as long coil spacing.

In the laminated anisotropic medium, the hydrocar-
bon-bearing zone manifests the dielectric effect, whereas
the water-bearing zone weakens the dielectric effect.
Additionally, the dielectric effect plays a negligible im-
pact on the cross components, o, ., o, . for vertical
or highly deviated well. : :

z
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