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Arithmetic Method of Double-Injection-Electrode
Model for Resistivity Measurement
Through Metal Casing

Qing Chen, David Pardo, Hong-bin Li, Fu-rong Wang, and Qi-zheng Ye

Abstract—Through-casing resistivity (TCR) measurement in-
struments such as Cased Hole Formation Resistivity are exten-
sively used for the dynamic monitoring of oil reservoirs during
the production phase in oil wells to evaluate the residual oil
distribution. However, two shortcomings still exist in the common
TCR model based on single-injection electrodes: The real value
of steel-casing resistance is difficult to acquire, and the effect
from mechanical tolerances of electrode scale is unpredictable.
This paper proposes an innovative model based on double-
injection electrodes. In this new model, all the required variables
can be measured simultaneously; furthermore, a compensating
arithmetic method is employed to obtain the real casing resistance.
Self-adaptive goal-oriented hp-finite-element simulations have
been performed to prove that the influence of mechanical toler-
ances of electrode scale can be reduced effectively. Therefore, the
TCR measurement accuracy is highly improved.

Index Terms—Arithmetic, electromagnetic analysis, geophysi-
cal measurements.

I. INTRODUCTION

URING the last two decades, interest in electrical log-

ging through casing has grown considerably. The idea
of acquiring through-casing resistivity (TCR) measurements
was first proposed by Alpin in 1939 [1]. He said that, when
current is injected into a casing, the voltage differences on the
casing well are influenced by the formation resistivities. Thus,
by measuring the voltage differences, formation resistivities
can be inferred. His method was not implemented at that time
since existing logging instruments were not advanced enough
to measure correctly the weak voltage signals below 1 pV
obtained in TCR. As a result of inadequate technology, the
original patent by Alpin has laid dormant for over 30 years.

Manuscript received November 11, 2008; revised April 26, 2009 and
May 26, 2009. First published September 15, 2009; current version published
December 23, 2009. The work of D. Pardo was supported in part by the
Spanish Ministry of Science and Innovation under Projects MTM2008-03541
and TEC2007-65214. The work of F. R. Wang was supported in part by the
Research Foundation for Outstanding Young Teachers of China University of
Geosciences (Wuhan) under Grant CUGQNL0840.

Q. Chen, H.-B. Li, and Q.-Z. Ye are with the College of Electrical and
Electronic Engineering, Huazhong University of Science and Technology,
‘Wuhan 430074, China (e-mail: WFR101 @ 163.com; lihongbin @mailhust.edu.
cn; yqziq@mail hust.edu.cn).

D. Pardo is with the Basque Center for Applied Mathematics, 48170
Zamudio, Spain (e-mail: dzubiaur@yahoo.es).

F.-R. Wang is with China University of Geosciences, Wuhan 430074, China
(e-mail: wfr777@163.com).

Digital Object Identifier 10.1109/TGRS.2009.2026741

Recent advances in weak-signal processing and measure-
ment technologies allowed Alpin’s method to be applied. The
report on the field test of the prototype of the tool [5] was
another important step in the development of the technology.
The vertical resolution of the measurement, effects caused by
the cement sheath, casing inhomogeneities, and finite length
of the casing have been studied by Schenkel (1990, 1994),
Kaufman (1990, 1993), Vail (1995), Tabarovsky (1994), Zinger
(1994), and Singer (1995, 1998) [2]-[10].

Based on Kaufman measurement mode, various attempts
have been made to build systems for logging formation resis-
tivity in boreholes with casing [11], [12]. Computing simula-
tion systems based on finite-element methods (FEMs) provide
enough engineering suggestions to the improvements of TCR
instruments [13]-[15]. Nowadays, resistivity logging samples
such as Cased Hole Formation Resistivity (Schlumberger) have
been applied successfully in production wells for the dynamic
monitoring of oil pools and the distribution of the residual oil.

There are still two major potential problems in the most pop-
ular resistivity measurement model based on single-injection
electrodes (SIEs).

1) The real value of steel casing is hard to achieve. The
theoretical calculation method lacks accuracy and can-
not compensate the influences of steel-casing corrosion
and temperature variation. The practical measurement
method provides the integral resistance of the parallel
steel casing and formation that cannot correctly reflect
the real value of casing, and the difference will deteriorate
with the formation capacitance increasing.

2) In order to protect the measurement accuracy of the
formation resistivity, the mechanical tolerances of the
electrode scale will be limited to a very small range,
which is difficult to carry out in practical operation. It is
still not certain that the error can be controlled below 5%
even if the mechanical tolerance is below 0.01%, because
the influence grade is sensitive to depth and the errors will
rapidly increase when the electrodes are located at the top
part of the steel casing.

An innovative model based on two electrodes is recom-
mended in this paper. The recommended model differs from
the SIE model in that an accessional current injection electrode
is used. An arithmetic method on how to obtain real casing
resistivity and eliminate the influences caused by electrode-
scale tolerances will be discussed.

0196-2892/$26.00 © 2009 IEEE

Authorized licensed use limited to: Universidad de Deusto. Downloaded on November 23,2020 at 11:17:54 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: ARITHMETIC METHOD OF DOUBLE-INJECTION-ELECTRODE MODEL

W ~Up

B
A |
S Jaz Ucp
E [« 127 Upk
Formation
Steel Casing

Fig. 1. SIE model.

II. SIE MODEL

In the view of the SIE model, the casing is assumed to be
a uniform and highly conductive steel pipe with an infinite
length, and the formation can be assumed to be a homogeneous
medium around the casing. The leakage current is perpendic-
ular to the casing. As shown in Fig. 1, the current is injected
into the casing from electrode A, and the formation apparent
resistivity around point D, namely, p,, can be represented as

Up
Pa = (AZ)QAQUTC
AU =Ucp — Upg (1)

where r. is the casing resistance per meter, Az is the length
unit of electrode scale, and Up, Ucp, and Upg are the voltage
difference signals shown in Fig. 1. In fact, the computed result
pq achieved from (1) is not the real resistivity of formation but
the formation resistance of the horizontal layer with thickness
Az equal to 1 m. The conversion factor from p, to the real
formation resistivity depends on the characteristic mechanical
parameters of the casing.

In order to get p,, 1. and (Ucp — Upg) are indispensable
besides Az and Up, which are easy to measure directly.

A. How to Calculate r..

There are two ways to calculate 7., which means the resis-
tance per meter of steel casing.

One is through the theoretical calculation method. Assuming
known values of p. (steel-casing resistivity) and a and Aa
(radius of casing and the thickness of casing, respectively), 7.
can be represented as

1

= P 2
p 2rala @)

Te

The corrosion of steel casing may reduce Aa greatly. Moreover,

pe 1 sensitive to temperature change, and a 100 °C temperature

variation will bring an excursion over 20% to p.. Thus, the

calculated r. cannot reflect the real steel-casing resistance, and

the theoretical calculation method will inevitably produce great
error in resistivity measurement.

The other method is the practical measurement method that

is immune to steel-casing corrosion and temperature variation.
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Fig. 2. 7. measurement in the SIE model.

A connection method different from that in voltage signal, i.e.,
Up and A2U, measurement is applied, and then, the operation
program will get more complex, which will lower the logging
efficiency. As shown in Fig. 2, the current [ is injected from
electrode A and collected at electrode B, and r. can be inferred
from the following:

~Ucp  Upg 3)

T TIA: T IAZ

However, the result derived from (3) is not the real steel-
casing resistance per meter but the integrative resistance of steel
casing and formation in 1 m. Lower formation resistivity will
bring greater error.

B. Influence of Mechanical Tolerances

As shown in Fig. 1, the lengths Icp and [pg are required to
be absolutely equal in the SIE model. It is a fact that mechanical
tolerances are unavoidable in practical logging operations.

Assuming that

lep =Az — Al

the influences caused by mechanical tolerances Al are esti-
mated in the following:

AU =Ucp — Upg = reAz(Icp — Ipg) &)
AU’ =AU —r.Al(Icp + Ipg). (6)
From (5) and (6), we find that

e, o A2U/ — AQU _ AZ(ICD + IDE) (7)
- A2U - AZ(ICD — IDE) ’

Icp means the average current flowing in casing lcp while Ipg
means that in casing /pg. The sum of leakage currents from
point C to point E, which is equal to (Icp — Ipg), is far less
than the current Icp (or Ipg) flowing along the casing. Even if
the mechanical tolerance is limited to a level below 0.01%, that
means Al/Az is less than 1074, it is not certain that the system
error € can be controlled below 5%.
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Fig. 3. DIE model.

III. DIE MODEL

As shown in Fig. 3, the double-injection-electrode (DIE)
model differs from that of SIE in that an additional current
injection electrode F is used and point D is assumed to be
the midpoint of [ap. The current is injected from electrodes
A and F alternately, and the injected currents are 4 and Ip,
respectively. Setting point C as the origin of axis z, the leakage
currents are described as follows:

0
/ Nig(z)dz =Ki1a
1

2Az
/ A’LA(Z) dz = KQIA
0

Iy
/ Nig(z)dz =K3zla

2Az
0

/ AZF(Z) dz = Klfp
—ly
2Az

0

lo
2Az
Ki+Ky+ Kz=1 (8)

where Ai4(z) and Aip(z) are the leakage current distribution
functions, [; is the distance from the top point of the casing to
the origin point, l5 is the distance from point C to the casing
bottom, and K, Ko, and K3 are positive constants.

A. Current Distribution Functions

Usually, the leakage current is considered flowing uniformly
into the formation in the SIE model. The leakage current Ai is
relative to depth, and the variation will get more obvious with
increasing formation conductance. It is easy to approximate the

current distribution with quadratic functions along the casing in
the DIE model

ia(2) IA(a122 +biz+ )
ip(z) :IF(a222 + boz + c2). 9)
The known conditions are

ia(0) = (Ky + K3)I4

ZF(ZAZ = 7(K1 + KQ)IF (10)
Coefficients a; and a9 are supposed to be
—a1 =as=a" > 0. (11)
The solutions of (9) are
—Ky
= 2a"A
by N + 2a*Az
Cc1 = K2 + Kd
— Ko i
by = oA, 2a* Az
Coy = _Kl- (12)

The flowing current along the casing varies with the second
power of z in the DIE model, while the leakage current is
considered uniform in the SIE model. Theoretically, the cur-
rent distribution functions would be expressed as higher order
functions in terms of z, if more electrodes are used and more
voltage differences are measured. Then, the logging system will
subsequently become more complex.

B. Solutions of r., Up, and A*U

In the DIE model, an additional connection method for cas-
ing resistivity measurement, as shown in Fig. 3, is unnecessary,
and 7., Up, and A2U can be obtained at the same time, which
greatly improves the logging efficiency.

When the current 1 4 is injected from electrode A, the relative
voltage differences are

Az
UAch =Tc /ZA(Z) dz
0
2Az
UA—DE =Tc / ZA(Z) dz
Az
Ua-ce =Ua-cp +Ua pE
A*Uy =Us-cp — Ua-pE- (13)
Substituting (12) into (13)
_ 4 .
Uace _ ——a*(Az)? + (Ko + 2K3)Az
TCIA 3
A2UA KQAZ
_— 14
TCIA 2 ( )

Authorized licensed use limited to: Universidad de Deusto. Downloaded on November 23,2020 at 11:17:54 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: ARITHMETIC METHOD OF DOUBLE-INJECTION-ELECTRODE MODEL

Ur_cg and AAUF can be inferred in the same way as

Ur—ce 4 3
=—-a"(Az)° — (K9 +2K;)A
I 3a( z)” — (K2 + 2K1)Az

AU KA
F _ KRz (15)

TCIF 2

where [ is the current injected from electrode F.
If Ko — 0, then
KQAZ ~
—y 0
4 * 3

ga (Az)® 0. (16)

Moreover, if K5 — 1, then

Ua-pe =0

Ur_cp =0

Ua-ce =A%Us =Uas_cp
Up_ce = — A?Ur = Up_pg. 17)
Therefore, r. can be described as
— AUy +Up ce  A%Up —Up_ck (18)
° 204 Az 2Ip Az

A2U4 and A?Up provide the apparent compensations for the
real steel-casing resistance, through which the influence of the
parallel formation resistance is eliminated, particularly when
the formation resistance is low.

In the innovative DIE model, the other two important param-
eters Up and A2U presented in (1) are defined as

U — Ua-ceUr-p —Ur_ceUa-p
=

Ua—ce —Ur—cE
Ua_ceA*Ur — Up_cpA?Ua

AU =
Ua—ce —Ur-cE

19)

The selection of Uy_cg and Us_cg as the coefficients to
compute Up and AAU will be discussed in Section III-C.
The final formation resistivity is given as

Az (ANUs+Ups_cg AUp —Up_cx
= — +
2 Ia Ir

Pa

~Ua—ceUr-p —Ur-ceUa-p
Ua—ceA2Up — Up_ceA?Uas’

(20)

C. Error Estimation of Mechanical Tolerances

Equations (4)—(7) are used for references in the analysis on
the error caused by mechanical tolerance Al in DIE model.

Supposing that the injected currents /4 and Iz are equal,
which can be realized easily in practical resistivity logging
operations

In=Ip=1 21

39

the ratio 7./ p, is usually close to zero, and the leakage current
distribution is considered uniform

a; = —ay = —a* =0. (22)
If ilcp = lpg = Az, then
A2 = g B2 23)
and if lcp = Az — Al and Ipg = Az + Al, then
K Al)?
A2U* a0 ro I =2 | Az +2A1 — (A7) (24)
2 Az
Therefore
. AT —AU Al AL\?
¢ _A2UN2Az_(Az> - ®

Comparing (7) with (25), an important conclusion is drawn:
The influence caused by mechanical tolerances in the innova-
tive DIE model is far less than that in the SIE model. It is proved
that the arithmetic presented in (19) approximately eliminates
the potential part of errors that is sensitive to mechanical
tolerances.

IV. SIMULATIONS

While most analytical methods cannot be applied to com-
plex geometries, a simulation of a TCR measurement tool
via numerical methods is rather challenging due to the high
electrical conductivity contrast and small thickness of casing
[13]-[15]. Here, we utilize a 2-D axially symmetric numerical
method based on a self-adaptive goal-oriented hp-FEM that
accurately simulates such logging measurements. This method
automatically constructs an optimal grid with varying element
sizes h and polynomial orders of approximation p throughout
the computational grid, and it produces high-accuracy solutions
that we employ to compare the performance of the SIE model
versus that of the DIE model.

A. SIE Model

As shown in Fig. 1, the current is injected from electrode A.
All the relative parameters are described as

h =100 m
hp =50 m
lap=1.5m
lecp = Az — Al
IpE = Az + Al
Az=05m
a=0.1m
Aa =0.01 m. (26)

In the aforementioned equation, the following can be ob-
served: 1) h, a, and Aa are the length, radius, and thickness of
the casing; 2) hp is the distance from the ground to electrode D;
3) Iap, lop, and Ipg are the distances between A and D, C
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and D, and D and E, respectively; 4) Az is the length unit
of electrode scale, and it is equal to 0.5 m; and 5) Al is the
mechanical tolerance. The casing resistivity p., the borehole
resistivity pp, and the formation resistivity p, are assumed to
be 1 x 1075, 1, and 1 © - m, respectively.

If there is no mechanical tolerance, Al is equal to zero.
Setting the injected current 74 as 100 A, the potentials at
electrodes A, C, D, and E can be calculated

Ua =69.2907533457684 V
Uc =1.141703407631423 V
Up =1.137938173656035 V

Urp =1.134214302162464 V. 27

Substituting all the parameters of (26) and (27) into (1) and
(2), the apparent formation resistivity will be obtained

o1 =1.095Q-m (28)

which is close to the real value 1 € - m.

If there is 10% mechanical tolerance, Al equals 0.05 m.
Setting the injected current 74 as 100 A, the potentials at
electrodes A, C, D, and E can be calculated

Ua =69.2772263877734 V
Uc =1.141325424878497 V
Up =1.137938585076513 V

Urp =1.133844591457561 V. (29)

Substituting all the parameters of (26) and (29) into (1) and
(2), the apparent formation resistivity will be obtained

po = —0.064 Q- m. (30)

The simulations show that 10% mechanical tolerance may
bring serious measurement error to the SIE model.

B. DIE Model

As shown in Fig. 3, the current is injected now from elec-
trodes A and F alternatively.

If there is no mechanical tolerance, Al is equal to zero.
Setting the injected current [4 as 100 A, the potentials at
electrodes A, C, D, and E can be calculated

Ua =69.2907533457684 V
Ua—c =1.141703407631423 V
Ua-p =1.137938173656035 V

Ua_r =1.134214302162464 V. (31)

Setting the injected current I as 100 A, the potentials at
electrodes F, C, D, and E can be calculated accordingly

Up_c =1.134207994856528 V
Urp_p =1.137929547892143 V
Ur_g =1.141692463041506 V

Ur =69.2855133577332 V. (32)

Substituting all the parameters of (26), (31), and (32) into
(20), the apparent formation resistivity can be obtained

p3 = 1.036 Q- m (33)

which is close to the real value 1 € - m.

If there is 10% mechanical tolerance, Al is equal to 0.05 m.
Setting the injected currents /4 and Ir both as 100 A, the
potentials of electrodes A, C, D, E, and F can be calculated

Ua =69.2907533457684 V
Ua_c =114.1325424878497 V
Ua—p =113.7938585076513 V
Ua-g =113.3844591457561 V
Ur_c =113.4580214238326 V
Up_p =113.7931466786438 V
Ur_gp =114.2072964321923 V

Ur =69.2855133577332 V. (34)

Based on (20), the apparent formation resistivity can be
calculated

py = 1.046 Q - m. 35)

The calculated results, i.e., p3 and py4, are very close to the
assumed real formation resistivity.

We conclude that even a 10% mechanical tolerance has very
little impact on the DIE logging model, while the SIE model is
very sensitive to the mechanical tolerances.

To show the robustness of the DIE method, we consider
again our previous models but with a new formation resistiv-
ity equal to 100 €2 - m and a new casing resistivity equal to
2.3 x 1077 © - m. The relative apparent resistivities we obtain
for the SIE and DIE models are

114.444 Q - m, Al = 0m; SIE method
109.500 2 - m, Al = 0 m; DIE method
—5.619Q - m, Al = 0.05 m; SIE method
110.595 - m, Al = 0.05 m; DIE method.

Again, we observe a superior accuracy of the DIE method
with respect to the SIE method.

V. CONCLUSION

An innovative model based on two electrodes has been
recommended in this paper. Numerical results obtained with
a self-adaptive goal-oriented Ap-FEM have illustrated the per-
formance of the new DIE model. It was proved to have three
outstanding advantages over the SIE model.

1) All the relative parameters r., Up, and A2U can be
achieved at the same time without changing the connec-
tion method.

2) A compensating arithmetic method is employed to reduce
the influence of parallel formation resistance in calculat-
ing casing resistance. It is proved that the compensation
has good performance whether the formation resistivity is
low or high.
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3) An arithmetic method is constructed to calculate the
differential voltage. The compensation arithmetic method
based on the DIE model is proved to greatly reduce the
errors caused by mechanical tolerances of electrode scale.
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