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ABSTRACT The earlymonitoring of downhole overflow can be effectively realized by the downhole annular
electromagnetic flow detection system. In order to improve the accuracy of the electromagnetic measurement
system of downhole annular flow, it is important to optimize the excitation system and electrodes of this
system. This research focuses on the optimization of the electrodes for the electromagnetic measurement
system of downhole annular flow, whose excitation system has been optimized. First, the basic principle
of electromagnetic measurement of downhole annular flow is analyzed. Then, the influence of different
positions of the four-point electrodes on the virtual current distributions is analyzed, and the optimum
electrode positions and distributions are introduced. On this basis, the influence of shape and size of the large
electrode on virtual current density distribution is analyzed. Based on the theoretical study of the influence
of electrode on virtual current density distribution, taking hemispherical electrodes and arc electrodes as
examples, this paper optimizes hemispherical electrodes and arc electrodes with different shapes and sizes
by using finite element simulation method, and proposes three indexes to evaluate the annular virtual
current density distributions when the electrodes of different shapes are used. The optimum parameters of
shapes and sizes of the hemisphere electrodes and arc electrodes under specific structures of the downhole
annular electromagnetic flow measurement system are obtained. This research has great significance for the
optimization of electrodes in the downhole annular electromagnetic flow measurement system, and can also
be used as reference for the electrode optimization of the traditional electromagnetic flowmeter.

INDEX TERMS Electrode design, optimization simulation, finite element simulation, annular flow, elec-
tromagnetic measurement.

I. INTRODUCTION
With the development of the world economy, the demand
of countries around the world for energy is increasing, and
the oil exploration and development has been expanding
continuously. The difficulties of drilling wells are ascend-
ing [1]. The development of complex areas easily causes the

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaitanya U. Kshirsagar.

high-pressure problems. Blowout is a phenomenon where the
pressure of the underground fluids is larger than that of the
wellbore pressure so that the underground fluids influx into
the well and spurt out of the ground. Blowout is very harmful,
which not only contaminates the environment, but also causes
huge economic losses, tragic accidents and heavy casualties.
As the precursor of blowout, overflow causes rapid variations
of the downhole annular flow. Therefore, the annular flow
monitoring is very important [2]
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Due to the reliable and simple structure, immovable parts,
strong anti-corrosion ability, no congestions and no pres-
sure loss, the electromagnetic measurement can be used for
downhole annular flow measurement [3]. The main com-
ponents of the electromagnetic flow measurement system
are the excitation system and the electrodes. The excitation
system generates a magnetic field, and the electrodes acquire
electromagnetic induction signals of the flow. By optimiz-
ing the excitation system, a relatively uniform magnetic
field can be obtained, and the optimized electrode can
make the measurement signal more accurate. Therefore,
the optimization of the excitation system and the electrode
have been hotly researched by scholars [4]–[7]. The shape
and size of the excitation coil are mainly researched in
the area of excitation optimization and design. However,
the design of excitation system is limited in space under
special annular environment [8]. Therefore, this study is
aimed at the optimization of the electrode of the downhole
annular electromagnetic measurement equipment through
theoretical research, finite element simulation and data
evaluation.

The electrode directly determines the distribution of
the virtual current density of the annular flow electro-
magnetic measurement system, thus affecting the output
signal measurement. Traditional electrodes are point elec-
trodes and large electrodes. Point electrodes are widely used
for axis-symmetric single-phase flow parameter measure-
ment of pipeline fluids, while large electrodes can mea-
sure non-axisymmetric flow, multi-phase flow, and non-full
flow. At present, there are many researches on electrode
optimization and design, including the number, position and
structure size of the electrodes. In 1998, Horner B began to
study the industrial multi-electrode electromagnetic flowme-
ter [8], which played a key role in improving the accuracy
of electromagnetic flow measurement. In 2000, Lucas G P
proposed a six-electrode electromagnetic flow measurement
system [9]. The system achieved good measurement results
in the measurement of solid-liquid two-phase flow. In 2002,
X.Z.Zhang used the alternating iterative method to analyze
the three-dimensional characteristics of the virtual current
of a cylindrical electromagnetic flowmeter when a bubble is
contained, but only in the case of two point electrodes [10].
In 2004, H.J.Zhang of Zhejiang University proposed a cylin-
drical electromagnetic flowmeter with 8 electrodes, and con-
cluded that multi-electrode electromagnetic flowmeter can
almost eliminate the influence of flow rate non-symmetry of
themeasurement results [11]. G.Y.Zhang proposed a new four
electrode outflow electromagnetic flowmeter, and verified
the consistency between the result and experiment of finite
element simulation, which further illustrated that the error
of simulation and experiment results is relatively small when
the flow rate is large. However, he did not conduct any the-
oretical studies [12]. Y.Y.Zhao proposed the concept of area
weight function based on Shercliff weight function, and used
16 electrodes to measure the double-phased non-symmetric
flow [13], [14].

When the flow rate is asymmetrically distributed,
extremely large measurement error can be easily caused.
In order to satisfy the measurement requirement of
double-phased and asymmetric flow and improve the elec-
trode sensitivity to the flow rate distributions, many scholars
proposed multi-electrode and arc electrode to measure
double-phase fluid, asymmetric flow, or non-full pipe flow.
In theory, the more electrodes are used in sensors, the
better the measurement accuracy and stability of the elec-
tromagnetic flowmeter will be. However, increasing the
number of electrodes means increasing amplification circuit,
the expense and the difficulty to make sensors. In practi-
cal applications, the majority of target electrodes can be
replaced by a smaller number of large electrodes. In 2014,
Leeungculsatier and Kollr proposed the method of recon-
structing velocity distribution by using multi-electrode elec-
tromagnetic flowmeter [15], [16]. In 2014, Y.Y.Shi designed
an electromagnetic flowmeter measurement system with
arc electrodes, explained the excellent linear relationship
between the induced voltage of arc electrodes and the fluid
parameters, and optimized the tension angles of two arc elec-
trodes [17]. In 2015, L.F.Kong used finite element method to
optimize the number and position of electrodes. He proposed
that the 6-electrode electromagnetic flowmeter was superior
to the 2-electrode electromagnetic flowmeter in terms of uni-
formity of weight function distribution and average strength,
but did not optimize its size and shape [18].

At present, electrode optimization is hotly researched by
many scholars. However, under the special measurement
environment (high temperature, high pressure and strong
vibration environment) of underground annulus flow [19],
if toomany electrodes are used, it is not conducive to the tight-
ness and reliability of the downhole measurement system.
The electrode optimization can be realized by improving the
electrode shape and excitationmethod [20]. In addition, many
researches have been implemented based on virtual current
density, but they all aimed at circular pipelines. No research
has been done on electrode optimization for the virtual cur-
rent density of the annular flow channel under the action of
electrodes.

Therefore, this study is mainly aimed at optimizing the
measuring electrode in the 4-electrode structure of the under-
ground annular flow electromagnetic measurement process
and obtaining the optimal electrode structure parameters.
The following structure is organized as follows: the second
part introduces the analysis of the basic theory of downhole
annular flow electromagnetic measurement, and studies the
influence of the positions of four-point electrodes on virtual
current distributions. Based on this study, the influence of
large electrode size on current density is analyzed; in the third
part hemisphere electrodes and arc electrodes of different
shapes and sizes are optimized by using finite element sim-
ulation; the fourth part proposes three evaluation standards
of optimization to review the annular virtual current density
distributions of electrodes of different shapes and sizes. The
fifth part contains the conclusion.
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II. THEORETICAL RESEARCH ON ELECTRODE
OPTIMIZATION
A. BASIC THEORY OF DOWNHOLE ANNULAR FLOW
ELECTROMAGNETIC MEASUREMENT SYSTEM
Based on Faraday’s law of electromagnetic induction,
the ideal output induction electromotive force for an ideal
laminar flow circle channel is expressed as [21]:

E = BDv (1)

where E is the electromotive force, B is the magnetic induc-
tion intensity, D is the conductor length, v is the average
velocity of conductor movement.

Equation (1) illustrates that the amplitude of the induction
electromotive force is proportional to the magnetic induction
B, the length D of the conductor, and the average velocity of
the conductor motion.

When the magnetic induction intensity in the flow channel
is constant, the induction electromotive force generated on
the electrode is only related to the average flow rate and has a
linear relationship with the flow rate, which can be expressed
by equation (2):

Ei = Cv (2)

where C is a constant.
However, for the underground annular flow electromag-

netic measurement system, it is difficult to form a uniform
magnetic induction intensity in the annular flow channel,
and during the drilling process, the underground environment
conditions are complicated. The flow velocity of the annular
flow channel may not be symmetrically distributed. These
influences the accuracy of downhole flow electromagnetic
measurement system.

For the underground annular flow electromagnetic mea-
surement system, the optimization of the underground annu-
lar flow electromagnetic measurement system cannot be real-
ized based on the traditional theory. In 1970, Bevir proposed
the concept of three-dimensional weight vector [22]. The
output induction electromotive force of the annular flow elec-
tromagnetic measurement system satisfies the basic equation
of equation (3):

ϕAB =

∫
τ

W · vdτ (3)

where,W = B× j.
ϕAB is the potential difference of 2 signal electrodes, W is

the weight function, v̄ is the flow rate of the drilling fluids, τ
is the annular space of conductive solution, B is the magnetic
intensity, and j is the virtual current density vector.

Based on this theory, if the vector weight function can
be constant, the output voltage of the underground annular
flow electromagnetic measurement system is only related to
the integral of the flow velocity in the annular flow chan-
nel, rather than the distribution of the flow velocity. It can
effectively improve the accuracy of downhole annular flow
measurement. Themagnetic induction intensity is determined
by the physical structure size and excitation current of the

FIGURE 1. Cross-sectional diagram of annular flow measurement system
with two pairs of electrodes.

excitation coil, and L.Ge has already conducted research and
design [23]. So this paper only researches on the virtual
current density vector of the downhole annular electromag-
netic flow measurement system with nearly determined sizes
and structures. The virtual current density vector is related
to the geometric shape of the measurement annulus as well
as positions and shape distributions of the electrode, so it’s
important to solve the virtual current density vector under
different shapes of electrodes.

B. VECTOR DISTRIBUTION OF VIRTUAL CURRENT
DENSITY AT FOUR ELECTRODES
Virtual current density is an important quantity in the theory
of electromagnetic flow measurement, and it has a close
relationship with the weight function. For an object whose
geometric measurement annular shape and annular fluid
properties are basically determined, the location distribution,
shape and size of the electrodes directly determine the distri-
bution of virtual current density. At present, there are many
kinds of electrode designs, including design of single-pair
electrode and multi-pair electrode, as well as point-electrode
design and large-electrode design. Typical large electrodes
include hemisphere electrode and arc electrode. In order to
facilitate analysis and calculations [24], this section first stud-
ies the effect of electrode position distribution on virtual cur-
rent density vector with four point electrodes as the research
object.

The cross-sectional diagram of the annular flow measure-
ment system with double pair electrodes (double pair coils) is
shown in Figure 1. Drilling fluid flows out along the annular
area between the external surface of the annular flow mea-
surement system and the borehole wall (the Z-axis positive
direction). Two pairs of electrodes (A1, A2, B1 and B2) are
placed on the inner wall of the annular flow electromagnetic
measurement system and directly contact with the fluid in the
annular flow channel through the internal wall.
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(1) Situation 1: There are two pairs of electrodes, and the
half angle between two electrodes is γ = 20◦, which are
symmetric to the axis y. When two electrodes are placed at
the positive part of the y axis and the other two negative
part, the virtual current potential G satisfies the boundary
condition:

∂G
∂r

∣∣∣∣
r=a
=



δ
(
φ −

π

2
+ γ

)/
(2a)

δ
(
φ −

π

2
− γ

)/
(2a)

−δ
(
φ +

π

2
+ γ

)/
(2a)

−δ
(
φ +

π

2
− γ

)/
(2a)

(4)

The general solution of virtual current potential is shown
in equation (5), and the partial derivative of it is equation (6).

G = C0 +

∞∑
n=1

Cn
(
rn + b2nr−n

)
(An sin nφ + Bn cos nφ)

(5)

∂G
∂r
=

∞∑
n=1

nr−n−1Cn
(
r2n − b2n

)
(An sin nφ + Bn cos nφ)

(6)

Substitute the boundary condition into equation (6):

An =
an

nπCn
(
a2n − b2n

)
×

[
sin
(
n
(π
2
− γ

))
+ sin

(
n
(π
2
+ γ

))]
=

2an sin (nπ/2) cos nγ

nπCn
(
a2n − b2n

) (7)

Bn = 0 (8)

Substitute the coefficient expressions (7) and (8) into (6):

G (r, φ) =
2
π

∞∑
n=1,3,5

(a/b)n (r/b)n + (a/r)n

n
[
(a/b)2n − 1

] cos nγ

× cos [n(φ − π/2)] (9)

The positions of electrodes are shown Figure 1. The posi-
tive electrodes A1 and A2 (angle of tension 2γ ), the negative
electrodes B1 and B2 (angle of tension 2γ ), are symmetrical
to y axis. According to equation (9), virtual current potential
contours (black lines) and virtual current streamlines (red
lines) in Figures 2 (a), 2 (b), 2 (c) and 2 (d) are plotted,
In Figure (a) and Figure (b) 2γ= 30◦, while in Figure c and
Figure (d)2γ= 80◦. It can be seen fromFig. 2 that as the angle
of the electrode increases, the uniformity of the virtual current
potential increases significantly.

(2) Situation 2: If the two pairs of electrodes are arranged
in the order of positive, negative, positive negative, the virtual
current potential function satisfies the bound condition shown

FIGURE 2. Isograph of virtual current potential and flow pattern of virtual
Current.

in equation (10):

∂G
∂r

∣∣∣∣
r=a
=



δ
(
φ −

π

2
+ γ

)/
(2a)

−δ
(
φ −

π

2
− γ

)/
(2a)

δ
(
φ +

π

2
+ γ

)/
(2a)

−δ
(
φ +

π

2
− γ

)/
(2a)

(10)

Substitute the boundary condition into virtual current gen-
eral solution:

Bn = 0 (11)

An =
an

nπCn
(
a2n − b2n

)
×

[
sin
(
n
(π
2
− γ

))
− sin

(
n
(π
2
+ γ

))]
= −

2an cos (nπ/2) sin nγ

nπCn
(
a2n − b2n

) (12)

The general solution can be obtained by substituting the
coefficient into the virtual current potential:

G (r, φ) = −
2
π

∞∑
n=2,4,6

(a/b)n (r/b)n + (a/r)n

n
[
(a/b)2n − 1

] sin(nγ )

× sin n
(
φ +

π

2

)
(13)

R = r/b, and τ = a/b, equation (11) can be obtained

G (r, φ)=−
2
π

∞∑
n=2,4,6

Rn+R−n

n
[
τ n−τ−n

] sin(nγ ) sin n (φ+π
2

)
(14)
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When the electrodes are placed according to Figure 1,
A1 and B1 are positive electrodes, while A2 and B2 negative
electrodes. According to Formula (13), virtual current poten-
tial contours (black lines) and virtual current streamlines (red
lines) are drawn, and the tension angles are ranging from
60 degree to 120 degree.

According to figure 3, it can be seen that the position of
electrode has a great influence on the virtual current density
distribution. When aligned in the order of positive, positive,
negative, and negative, the corresponding two pairs of elec-
trodes can also be arranged in such order, which can achieve
low inhomogeneity in smaller areas. In addition, through the
model analysis, when the angle between the electrodes 2γ
is increased from 60◦ to 90◦,the area with uniform virtual
current potential increases, and when the angle between the
electrodes is increased from 90◦ to 120◦, the area with uni-
form virtual current potential decreases, so 90◦ is the best
distribution angle.

C. VIRTUAL CURRENT DENSITY DISTRIBUTION OF
HEMISPHERE AND ARC ELECTRODE
For hemispherical or arc electrodes, the line electrodes with
an angle of 2γ can be composed of M point electrodes. The
boundary conditions of virtual current potential are shown
below:

∂G
∂r

∣∣∣∣
r=a
=


1
Ma

M−1∑
m=0

δ

(
φ −

[
π

2
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2γ
M − 1

m
])

−
1
Ma

M−1∑
m=0

δ

(
φ +

[
π

2
+γ −

2γ
M − 1

m
]) (15)

The r-direction derivative can be obtained by substituting
equation (15) into into the general solution of virtual current
potential:

∂G
∂r
=

∞∑
n=1

nr−n−1Cn
(
r2n − b2n

)
(An sin nφ + Bn cos nφ)

(16)

By integrating sin nφ or cos nφ, the following equation can
be obtained:

An =
an

MπnCn
(
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)
×

[
M−1∑
m=0

sin n
(
π

2
− γ +

2γ
M − 1

m
)

+
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m=0

sin n
(
π

2
+ γ −

2γ
M − 1

m
)]

=

2an sin nπ
2

M−1∑
m=0

cos
(
γ −

2γ
M−1m

)
MπnCn

(
a2n − b2n

) (17)

Bn =
an

MπnCn
(
a2n−b2n

) [M−1∑
m=0

cos n
(
π

2
−γ+

2γ
M − 1

m
)

FIGURE 3. Virtual current potential isograph and virtual current
streamline graph.
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−

M−1∑
m=0

cos n
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π

2
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m
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2an sin nπ
2
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m=0

sin
(
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(
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γm = γ (1− 2m/ (M − 1)), and substituting it into the
general solution of the virtual current potential:

G =
∞∑
n=1

Cn
(
rn + b2nr−n

)
(An sin nφ + Bn cos nφ) (19)

G =
2
Mπ

∞∑
n=1,3,5

an
(
rn + b2nr−n
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n
(
a2n − b2n

)
sin

nπ
2

M−1∑
m=0

(cos nγm sin nφ + sin nγm cos nφ) (20)

G =
2
Mπ
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n=1,3,5

an
(
rn+b2nr−n

)
n
(
a2n−b2n

) sin
nπ
2

M−1∑
m=0

sin n(φ+γm)

(21)

where R = r/b, and τ = a/b. According to equation (21),
Figure 4 can be obtained, which are the virtual current
potential isograph (black) and virtual current streamline dia-
gram (red) for different number of point electrodes (M = 2,
3, 5, 10, 20).

According to the virtual current density distribution
figure 4, it can be seen that the virtual current potential distri-
bution tends to be stable when the number of point electrodes
is ten. This conforms to the basic physical law, and also
verifies the rationality of the virtual current potential theory
of the virtual current density distribution of hemispherical or
arc electrodes.

III. ELECTRODE OPTIMIZATION AND SIMULATION OF
ANNULAR FLOW ELECTROMAGNETIC MEASUREMENT
SYSTEM
Though the influence of the electrode position, shape and
size on the virtual current density distribution has been ana-
lyzed, the optimum position of four electrodes solved and
the influence of shape and size on the virtual current density
obtained, it is still hard to obtain the optimum shape of the
electrode. Even if the shape has been obtained, manufactur-
ing can be really difficult and complex. However, with the
development of the finite element analysis, relatively accurate
optimization and design can be realized by numerical fitting.
Therefore, this research aims at the two most common hemi-
sphere and arc large electrodes. Based on the electrode distri-
butions obtained by the previous analysis, COMSOL finite
element simulations can be applied for optimizing design.
Figures 5 and 6 are the three-dimensional model of the two
electrodes.

FIGURE 4. Isograph of virtual current potential and flow pattern of virtual
current.

138486 VOLUME 8, 2020



L. Ge et al.: Electrodes Optimization of an Annular Flow Electromagnetic Measurement System for Drilling Engineering

FIGURE 5. Profile of three-dimensional simulation model (hemisphere
electrode).

FIGURE 6. Profile of three-dimensional simulation model (arc electrode).

A. EFFECT OF HEMISPHERE ELECTRODE ON VECTOR
WEIGHT FUNCTION
Aiming at the optimal excitation system structure of double
coils (5.5 cm in the core protrusion and 2 cm in the core
width), when two pairs of hemispherical electrodes are used,
and the radius of hemisphere increases from 1 cm to 6.5 cm
gradually, the distribution of virtual current and Z-axis weight
function can be obtained as shown in Figure 7 and 8. How-
ever, according to the simulation model, when the radius of
the electrode is greater than 6cm, therewill be a cross between
the four electrodes, which does not meet the actual elec-
trode installation, so only consider the case of 1cm-6cm.In
Figures 7, a, c, e, there are the isograph of virtual current
density in XY plane when the radius of hemisphere is 1 cm,
3 cm and 5 cm respectively, and b, d and f are the isogrpahs
of virtual current density in YZ plane when the radius of
hemisphere is 1 cm, 3 cm and 5 cm respectively. In Figure 8, a,
c and e are the X-Y plane equivalence distributions of Z-axis
direction weight function when the radius of hemisphere is
1 cm, 3 cm and 5 cm respectively, and b, d and f are the
corresponding Y-Z plane equivalence distributions of Z-axis
direction weight function.

B. NFLUENCE OF ARC ELECTRODE SHAPE AND SIZE ON
THE WEIGHT FUNCTION DISTRIBUTION
Aiming at the optimal excitation system structure of double
coils (5.5 cm in the core protrusion and 2 cm in the core
width) obtained by the previous simulation, when the arc
surface tension angle of the electrode is gradually increased
to 80 degrees when the arc surface tension angle of the
electrode is 10 degrees, a, C and E in the Figure 9. However,

FIGURE 7. Virtual current density isograph when the electrode
hemisphere radius are 1cm, 3cm and 5cm.

FIGURE 8. weight function isograph in z-axis direction when the
electrode hemisphere radius are 1cm, 3cm and 5cm.

according to the simulation model, when the tension angle
of the electrode is greater than 70deg, there will be a cross
between the four electrodes, which does not meet the actual
electrode installation, so only consider the case of 10deg-
70deg.There are equivalent distribution maps of virtual cur-
rent density XY plane (Z = 0) when the arc surface tension
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FIGURE 9. Virtual current density equivalent distribution when the
electrode arc angle are 10◦, 30◦ and 50◦.

angle of the electrode is 10 degrees, 30 degrees and 50 degrees
respectively, b, d and f are corresponding maps. Equivalent
distribution of imaginary current density in YZ plane (X= 0).
In Figure 10, a, c and e are equivalent distribution maps of the
Z-axis direction weight function XY plane (Z = 0) when the
arc tension angles of the electrodes are 10, 30 and 50 degrees
respectively, and b, d and f are equivalent distribution maps of
the corresponding Z-axis direction weight function YZ plane
(X = 0).

IV. RESULT AND ANALYSIS
A. ALUATION SYSTEM
The evaluation for the optimization result is very important.
In order to meet the needs of intuitive quantitative analysis,
the following three indicators are used for the evaluation of
this research work.

1) STANDARD DEVIATION OF VECTOR WEIGHT FUNCTION
Wσ

According to the results in the previous section, the purpose
of the ideal electrode design is to make W a constant by
the excitation system structure design of the electromagnetic
flow measurement system. A uniformly distributed W is
conducive to the improvement of the measurement accuracy.
However, in the practical optimization design, it is very dif-
ficult to make W a constant. Therefore, the indexes should
be used to evaluate the excitation structure design. In view
of the special features of the current electromagnetic flow
measurement system of the downhole annular electromag-
netic flowmeter and the researches carried out by the scholars
around the world [25]–[28], the following indicators can be
used to evaluate the weight function σ of the annular flow

FIGURE 10. Weight function isograph in z axis direction wen the
electrode arc angles are 30◦ and 50◦.

electromagnetic measurement system under different excita-
tion structure, electrode shapes and sizes.

Assuming that a group of vector weight function value is
W1,W2,W3· · · Wi and they are all real numbers, the average
of the vector weight function is W̄ . The standard deviation
of the vector weight function Wσ can be expressed by equa-
tion (20).

Wσ =

√∑N
i=1 (Wi −W )2

N
(22)

According to the standard deviation equation (20) of the
vector weight function, the standard deviation of the vector
weight function Wσ is the square sum of the each vector
weight function Wi subtracting the average value of the
weight function W̄ . By dividing the result with the N (or
N-1, as variance), and taking the square root of the value,
the obtained value is the standard deviationWσ of the vector
weight function.

Simply speaking, the standard deviation Wσ of vector
weight function is used to describe the average dispersion
degree of the vector weight function value. The standard
deviation of a larger vector weight function shows that most
of the values of vector weight function differ greatly from
their average values; a smaller standard deviation of vector
weight function values presents that these values are closer to
the average of vector weight function values.

2) UNIFORM RANGE RATIO Pe

n order to evaluate the uniformity ratio of vector weight func-
tion value distribution in important areas of annular channel,
the uniform range ratio is proposed as an evaluation index.
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The equation of this index is as follows:∣∣W(x,y)−W
∣∣

W
× 100% ≤ P% (23)

whereW(x,y) is the vector weight function value of any finite
element in the center crossing section of the annular flow
channel; W̄ s the average of the vector weight function; P
is the identified uniform percentage, which can be obtained
according to the weight function distributions of the flow
channel. In this experiment, P is 30 percent.

If some finite elements satisfy formula (21), it can be con-
sidered that the region composed of the points satisfying this
condition is the vector weight function w uniform region in
the annular channel, while the region composed of the points
not satisfying the above formula is the vector weight function
w non-uniform region in the annulus channel. Assuming that
the number of points constituting the non-uniform region is
N1 and the number of points constituting the uniform region
is N2, the definition of the proportion of the uniform range
can be proposed as shown in equation (22).

Pe =
N2

N1+N2
× 100% (24)

More proximity to the constant range ratio indicates a
larger uniform area of the annular flow channel weight func-
tion W, and is more fitful for the weight function theory of
the design requirements. Less proximity to the constant rage
illustrates a larger non-uniform region of the vector weight
function of the flow channel, and less agreeable for the design
requirement of the weight function theory. In practical cal-
culation, considering that the vector weight function mainly
concentrates near the electrode, the annular area of the plane
where the electrode center is located is taken as the research
area.

3) VECTOR WEIGHT FUNCTION OF COEFFICIENT VARIATION
CV
Coefficient of variation, also known as standard deviation
rate, is another statistic used to measure the degree of vari-
ation of each observed value in a sample. When comparing
the degree of variation of two or more samples, if the unit
of measurement is the same as the average, the standard
deviation can be directly used for comparison [29]. If the unit
and/or average are different, the standard deviation can not
be used to compare the degree of variation, but the ratio of
standard deviation to average should be used for comparison.
In this study, the coefficient of variation is compared with the
vector weight function, and its coefficient of variation can be
defined as follows:

Cv =
Wσ

W
(25)

It can be considered that the coefficient of variation of the
vector weight function, like the standard deviation, reflects
the discreteness of the vector weight function data. The data
size is affected not only by the discrete degree of variable
values, but also by the average level of variable values. There-
fore, the smaller the coefficient of variation of the vector

FIGURE 11. Standard deviation trend diagram of vector weight function
when the radius of electrode hemisphere varies.

weight function is, the greater the discreteness of the vector
weight function is, and the better the optimization effect is.

B. SIMULATION DATA ANALYSIS
1) HEMISPHERE ELECTRODE SIMULATION DATA ANALYSIS
Figure 7 and 8 show that when the radius of the electrode
hemisphere changes, the distribution of virtual current den-
sity and vector weight function in annular fluid domain will
change significantly. It is found that the distribution range of
virtual current density is 0.09-91.49A/m2 when the radius of
electrode is 5 cm, and the distribution range of vector weight
function is the smallest, ranging from 0 to 0.03. When the
radius of electrode is 1 cm, the distribution range of virtual
current density is 0.8-782.5A/m2, and the distribution range
of vector weight function is the largest, ranging from - 0.01 to
0.16. Increasing the radius will reduce the distribution norm
of vector weight function range.

In order to quantitatively analyze the influence of electrode
hemisphere radius on annular flow electromagnetic mea-
surement system, 12 cases with electrode hemisphere radius
ranging from 0.5 cm to 6 cm were scanned and analyzed.
The standard deviation of vector weight function was solved
by using the derivative function of COMSOL. Figure 11 was
obtained. As shown in Figure 11, the standard deviation of
the vector weight function decreases from 1.33 to 0.26 with
the increase of the hemispheric radius of the electrode, which
improves the measurement accuracy of the system.

Similarly, based on the simulation data and correspond-
ing calculation, the uniform range ratio and weight function
variation can be obtained. The variation graphs are shown
in Figure 12 and 13.

According to Figure 12 and 13, it can be seen that increas-
ing the radius of hemispherical electrode can improve the
proportion of uniform range and decrease the coefficient of
variation of vector weight function. When the radius of the
hemispherical electrode is 6 cm, the standard deviation of
the vector weight function is the smallest, the proportion of
uniform range is the largest, and the coefficient of variation
of the vector weight function is the smallest. Therefore,
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FIGURE 12. Uniform range ratio analysis when the electrode hemisphere
varies.

FIGURE 13. Analysis curve of variation coefficient of vector weight
Function when the hemisphere radius varies.

considering the three indexes synthetically, for the hemi-
spherical electrode, 6 cm is the optimal electrode design in
the current structure space.

2) ARC ELECTRODE SIMULATION DATA ANALYSIS
It is shown from Figure 9 and 10 that when the arc angle
of the electrode changes, the distribution of virtual current
density and vector weight function in annular fluid domain
will change significantly. It is found that the distribution
range of virtual current density is 0.08-82.05A/m2 when the
arc angle of the electrode is 50 degrees, and the distribu-
tion range of vector weight function is the smallest, ranging
from 0 to 0.02. When the arc angle of the electrode is 10
degrees, the distribution range of virtual current density is
0.43-420.68A/m2, and the distribution range of vector weight
function is the largest, ranging from -0.01 to 0.07. Increasing
the radius will reduce the vector distribution range of weight
function.

In order to quantitatively analyze the influence of the arc
angle of the electrode on the annular flow electromagnetic
measurement system, seven cases of the arc angle of the elec-

FIGURE 14. Trend chart of standard deviation table of vector weight
function when arc tension angle of electrode changes.

FIGURE 15. Proportional analysis of uniform range of arc angle of
electrode.

FIGURE 16. Analysis of variation coefficient of vector weight function
with variation of arc angle of electrode.

trode are scanned and analyzed under the condition of 10 deg
to 70 deg respectively. The standard deviation of the vector
weight function is solved by using the derivative function of
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COMSOL. Figure 14 is obtained. From Figure 14, it can be
seen that the standard deviation of the vector weight function
decreases from 1.11 to 0.27 with the increasing of the arc
angle of the electrode, which improves the measurement
accuracy of the system.

Similarly, based on the simulation data and corresponding
operations, the variation curves of the uniform range ratio and
the coefficient of variation of the vector weight function can
be obtained as shown in Figure 15 and Figure 16, respectively.

As shown in Figure 15 and Figure 16, increasing the ten-
sion angle of arc surface electrode can improve the proportion
of uniform range and decrease the coefficient of variation of
vector weight function. When the tension angle of the arc sur-
face electrode is 70 deg, the standard deviation of the vector
weight function is the smallest, the proportion of the uniform
range is the largest, and the coefficient of variation of the
vector weight function is the smallest. The three evaluation
indexes all reach the optimal value. Therefore, considering
the three indexes synthetically, for the arc surface electrode,
the tension angle of 70 deg is the optimal electrode design
in the current structure space.

V. CONCLUSION
In this study, the electrodes of electromagnetic measurement
system for downhole annular flow in drilling engineering
are optimized, which lays a foundation for the realization
of electromagnetic measurement instrument for downhole
annular flow in the future. The main research work of this
paper is as follows:

(1) Based on Bevir’s vector weight function theory, the par-
tial differential equation of annular flow electromagnetic
measurement system is established. According to different
boundary conditions, the virtual current potential and vir-
tual current density of annular channel electromagnetic flow
measurement system are solved, and the distribution law of
virtual current density of hemispherical and arc electrodes is
obtained.

(2) Based on the theoretical study of hemispherical and
arc electrodes, the weight functions of hemispherical and arc
electrodes are simulated by finite element method. For the
hemispherical electrode, 6 cm is the optimal electrode design
in the current structure space. For the arc surface electrode,
the tension angle of 70 deg is the optimal electrode design in
the current structure space.

(3) Three evaluation indexes are proposed to analyze and
evaluate the simulation data, and the optimal design parame-
ters of hemispherical and arc electrodes in the current struc-
ture space are obtained.
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