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Abstract

Oil-water two-phase flow in horizontal oil-producing wells with low velocity and high water cut generally presents the phe-
nomenon that the underlayer shows water flow and the upperlayer presents oil flow or a dispersion of oil in water flow. And
existing ring-shaped conductance water cut meter cannot obtain the online and real-time response values corresponding to oil
field water conductivity in the calculating water holdup procedure. To tackle this issue, this paper designs a mini-conductance
probe array (MCPA). In order to further investigate the ability of the total flow rate of the allowable measurement fluid and
the parameters valuing of the water cut in horizontal segregated flow, this paper also analyzes the performance of MCPA
with different structure parameters in terms of the spatial sensitivity distribution characteristics. Firstly, the geometry model
and mathematical model of MCPA are designed, and the MCPA simulation model is analyzed by using the finite element
method. Then, the optimum structure parameter results of the sensors are obtained through analyzing the spatial sensitivity
distribution characteristics of MCPA in consideration of different distance between the two electrodes and different inner
diameters. Lastly, the MCPA different parameters are developed, and experiments are carried out in horizontal multiphase
flow experiment facility to analyze spatial sensitivity distribution characteristics of MCPA with different inner diameters on
the basis of optimum parameters. Experimental results demonstrated that MCPA with a larger inner diameter would have
high measurement accuracy in variation range of water cut, and has a high adaptability in horizontal oil-producing wells
with relatively high flow rate and different flow conditions.

Keywords Horizontal oil-water two-phase flow - Segregated flow - Mini-conductance probe array - Control-drive circuit -
Water holdup

Introduction

Horizontal two-phase flow is widespread in the petroleum
industry, chemical engineering, pharmacy and nuclear
reaction, etc. In particular, with the rapid development of
horizontal well technology, the accurate measurements for
the phase volume fraction (liquid holdup) and production
rate of each component at any production layer in oil-water
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two-phase flow are very significant for the oil development
and the oil production optimization (Li et al. 2016). In par-
ticular, the water cut of the whole oil-producing well would
increase sharply when the partial well sections are flooded in
the process of horizontal well production and development.
And it would have a negative impact on development effec-
tiveness of horizontal oil-producing wells, and even cause
the disuse of oil-producing wells (Zhai et al. 2012a, b; Kong
et al. 2015). Hence in order to improve the horizontal oil
field logging techniques and optimize the oil production,
horizontal production profile logging data interpretation
is becoming an important research hotspot in the related
research fields. Consequently, water cut, as an important and
representative indicator, needs to be acquired as accurate as
possible (Li et al. 2016; Feng et al. 2018).

In the investigations on the flow patterns of horizontal
oil-water two-phase flow patterns, experimental and theo-
retical study in a horizontal pipe with the inner diameter

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0003-1453-0603
http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-019-0726-6&domain=pdf

218 Journal of Petroleum Exploration and Production Technology (2020) 10:217-231

of 50.1 mm was comprehensively performed by Trallero
et al. (1996), and then the flow patterns are classified into
segregated flow and dispersed flow; an experiment on the
flow patterns under oil-water two-phase conditions in a
large inner diameter horizontal pipe was conducted by Yang
et al. (2008), and the same result of flow patterns classifica-
tion is obtained. Hence, in the actual horizontal oil wells
with long distance undulating, a mixed flow pattern, which
is mainly horizontal segregated flow, whose phenomenon
that the underlayer shows a water flow and the upperlayer
shows an oil flow or a dispersion of oil in water, exists in the
horizontal oil-water two-phase flow with low velocity and
high water cut, compared to vertical wells, and flow pattern
and velocity are greatly influenced by the inclination of hori-
zontal oil-producing wells (Trallero et al. 1996; Lum et al.
2006); so the most previous profile parameters measurement
instruments for the production of vertical wells cannot be
directly used for horizontal oil-producing wells (Guo et al.
2009). And it can be deduced that the various complicated
flow structures in horizontal oil-water two-phase flows raise
many challenges in the profile parameter measuring sensor
design.

The conductance sensor with special structure and char-
acteristic is applicable to more complex environmental con-
ditions and different fields (Asali et al. 1985; Wang et al.
2016). In particular, the ring-shaped electrodes conductance
sensor has almost no disturbance to fluid and then could
be widely used in vertical upward two-phase flow (Lucas
et al. 2000; Devia and Fossa 2003; Jin et al. 2008; Shi et al.
2010). The measurement principle of the conductance sen-
sor indicates that water cut can be determined by oil-water
mixture conductivity and water conductivity. In horizontal
oil-producing wells, the response values corresponding
to the oil-water mixture conductivity could be measured
online in the process of fluid flowing by using the ring-
shaped conductance probe (RSCP) (Zhai et al. 2012a, b).
However, due to the structure characteristics of the hori-
zontal oil-producing wells and structure limitations of the
ring-shaped conductance water cut meter (RSCWCM), the
electrodes of RSCP must still be immersed in the oil-water
segregated flow in whole sampling procedure so that the
online and real-time response values corresponding to the
oil field water conductivity of horizontal oil-producing wells
cannot be obtained (Oddie and Pearson 2004; Shi et al.
2010). In addition, the fluid temperature and mineralization
degree in horizontal oil-producing wells are very different
from those in the simulation wells (Johansen and Jackson
2000; Setre et al. 2010); as a result, the water phase calibra-
tion results of the simulation experimental facility cannot
be used to calculate the water holdup directly in horizontal
oil-producing wells in general (Shi et al. 2010; Kong et al.
2016a). Consequently, the previous RSCWCM cannot be
applied in horizontal oil-producing wells for the reason that
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it cannot obtain the online and real-time the response values
corresponding to the oil field water conductivity.

Considering that the values of the structure parameters
would influence the uniformity of the spatial sensitivity
directly, this paper analyzes and discusses the characteris-
tics of the spatial sensitivity in the measurement field of
MCPA from the aspects of the different electrodes separa-
tions and different inner diameters of the insulated flow pipe
and ability of the allowable total flow rate of the fluid and
the values of the water holdup parameters in the condition of
horizontal segregated flow, on the basis of the conductance
sensor for water conductivity measurement in horizontal
oil-water two-phase flow (Kong et al. 2016b, 2017). Then,
the response characteristics of water conductivity measure-
ment of MCPA with different inner diameters are analyzed
by the simulation experiments and simulation wells experi-
ments in horizontal oil water two-phase flow on the founda-
tion of the structure parameter optimization.

Model and simulation of MCPA
Geometry model

Figure 1 shows the geometry of MCPA. MCPA consists of
six pairs of metal parallel electrodes, in which each pair
of metal parallel electrodes is a mini-conductance probe
(MCP), and serves as the exciting electrode and the meas-
uring electrode along the axial direction. In addition, one
end of each electrode is flush-mounted on the inside wall
of the insulated flow pipe, six electrodes represented by E,
to E, are homogeneously distributed on the same upstream
cross section along the axial direction, and six electrodes
represented by M, to M, are homogeneously distributed on
the same downstream cross section along the axial direction.
Each pair of E; and M, electrodes forms the ith mini-con-
ductance probe (MCP;), where i ranges from 1 to 6. MCP,
is located at different locations in the space of the insulated
flow pipe, where MCP; is located at the bottom of the insu-
lated flow pipe, MCP, is located at the top of the insulated
flow pipe, MCP, and MCP are located at the same height of

Fig.1 Sketch of MCPA geometry model
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the insulated flow pipe, MCP; and MCPj are located at the
same height of the insulated flow pipe.

The representative structure parameters and the coordi-
nates of MCPA are shown in Fig. 2, in which S is the dis-
tance between two electrodes of MCP;, d is the diameter of
each metal parallel electrode, % is the measurement field
height of the metal parallel electrode, D is the inner diam-
eter of the insulated flow pipe, D,, is the thickness of the
insulated flow pipe, and L is the axial length of the insulated
flow pipe.

Mathematical model

In order to reduce or inhibit the leakage current in the flow
field, the design of MCPA system drive circuit introduced
the real ground (the earth or shell of instrument) and imagi-
nary ground, that is, the sensor electrode excitation is carried
out by the digital ground power supply uy;, and the sensor
output signal used analog power supply u,,,,,q for different
amplifiers, since the voltage reference point u,,,q Of the
exited part and the ug, of the measured part are isolated
from each other, which means that corresponding to real
ground ug,,,ng = 0 as the shell of instrument, the measure-
ment pipes internal fluid of MCPA have independent electric
field and electric potential, which also has digital ground
Ugior = 0 as the reference point.

Since the measurement field of MCPA is much smaller
than the wavelength of the electric field, the electric field of
MCPA can be considered as quasi-stationary electric field,
which can be described with the theory of the static electric
field, that is, meeting the Laplace equation with some certain
boundary conditions under the cylindrical coordinates (Yang
et al. 2008; Zhai et al. 2012a, b):

10 [ iy
Vg (r, 9,2) = == r—— ) +
Uaig (7 #,2) ror <r or >

1 azudigt azudigt —0
) o 02

e))
and each MCP; of MCPA is constrained by the essential
boundary conditions, which can be expressed as:

Fig.2 Sketches of structure
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where ug;,, is the internal electric potential distribution of
MCPA, I, represents the direct current applied to exciting
electrodes, D is the ID of the insulated flow pipe, L is the
axial length of the insulated flow pipe, and S, is the surface
area of the electrodes of MCP,.

Simulation analysis for electric field

The finite element simulation was employed to analyze
the distribution characteristics of the inner electric field of
MCPA. Figure 3 shows the three-dimensional simulation

AT
FAVAVAY
VAVAVANS R -

ZAN
A
‘AL‘E%‘L"

i

Fig.3 3D meshed model of MCPA with 164,810 grids, L=0.05 m,
D=0.03 m, h=0.002 m, d=0.0015 m, S$=0.005 m and
o,, =100 pS/cm

parameters and coordinates of
MCPA: a axial section; b cross
section
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model established by SOLID232 of ANSYS software, which
uses the free meshing as the grid type. The free meshing has
strong adaptability and can adapt to the curved surfaces and
curves with large variation in curvature especially. Although
the grid number of models divided automatically by free
meshing is not the same exactly, it only has a slight influence
on the simulation result and can be ignored. Then, the simu-
lation way has a nice repeatability and thus the free meshing
is used as the grid type. The total grid number of the units
of the meshed finite model is 164 810, the structure param-
eters of MCPA are set as follows: L=0.05 m, D=0.03 m,
h=0.002 m, d=0.0015 m and S=0.005 m,

The sectional views of the electric field distribution of
MCPA are shown in Fig. 4. Figure 4a shows the electric field
distributions of MCP; and MCP, in the YoZ cross section
of MCPA. Analyzed from Fig. 4a, the electric field is rela-
tively strong around the two electrodes of MCP, and MCP,,
respectively, and the electric field in the area far from the
electrodes is relatively weak, toward the value of zero. And
the top MCP, and the bottom MCP; in the YoZ cross sec-
tion generate a relatively strong local electric field, which
is relatively independent and non-interference. Figure 4b
shows the electric field distributions of MCP, in the XoZ
cross section of MCPA. In the XoZ section, there exists a
relatively strong local electric field around the two electrodes
of MCP,, and the local electric field far from the electrodes
is relatively weak, even to 0. Figure 4c shows the electric
field distributions of the MCP,; in the XoY section of MCPA.
In Fig. 4c, the six separate local electric fields are distributed
uniform at the different positions of the XoY cross section,
and independent of each other.

Analysis on the spatial sensitivity of MCPA

Sensitivity characteristics are important performance indica-
tors of conductance sensor. When conducting the oil-water
two-phase flow measurement under the downhole, to reduce
the impact of flow patterns, the conductance sensor is

Fig.4 Sectional views of the
electric field distribution of
MCPA: a YoZ plane sectional
view; b XoZ plane sectional
view; ¢ XoY plane sectional
view

needed to be designed as sensitivity uniformly distributed
(Gao et al. 2010). This paper processed the normalization
on the parameter H, which is Y-axis location of the center
of mass of the insulated oil droplet (the diameter is 2 mm)
in the sensitive space of the MCPA whose inner diameter is
D, the result of which can be expressed as H/D. And the
H/ D ranges from1/Dto1l — 1/ D. Then, the finite element
model can be solved by changing the location (x, H/ D, z) of
the center of mass of the insulated oil droplet in the sensitive
space. And then, the distribution characteristic of the spatial
sensitivity can be obtained.

Taking into account that the parameter S is one of the
main factors influencing the uniformity of the sensitivity
field distribution in MCPA measurement field and that
parameter D can determine the stability of the water con-
ductivity measurement in certain horizontal segregated
flow with size-fixed flow rate and water cut, the structure
parameters were optimized using different 4 values under
the condition that D =20 mm in the early work, and the
optimum structure parameters of different 4 values can be
obtained using the uniformity of both the electric field and
the spatial sensitivity. Hence, the effect of different values
of the parameters S and D on the spatial sensitivity distribu-
tion characteristics of MCPA was discussed, taking MCP,,
composed of the E; and M, at the bottom of the insulated
flow pipe, as the example, when =2 mm, d=1.5 mm and
the oil conductivity 6, is 10~uS/ cm.

The effect of different values of parameter S

Specifying D =20 mm, the spatial sensitivity characteristics
of MCP, measurement area are further discussed and ana-
lyzed in three different conditions that parameter S is set to
4 mm, 5 mm and 6 mm, respectively. Figure 5 shows the spa-
tial sensitivity distribution characteristics in the YoZ plane,
along the Z-axis direction and along the Y-axis direction,
under different S values. It can be known from the spatial
sensitivity distribution in the YoZ plane that a large differ-
ence exists at the different locations in the YoZ plane under
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(a) S=4mm . (b) S=5mm . (c) S=6mm .
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Fig.5 Distribution maps of spatial sensitivity of MCP, under three different S values: D=20 mm, =2 mm and d=1.5 mm

the different S values and the spatial sensitivity in the vicin-
ity of measurement field is relatively high, and the spatial
sensitivity away from the electrodes is relatively low and
tends to be 0. And it can be analyzed from the Z-axis direc-
tion that the spatial sensitivity distribution of MCP, along
the Z-axis direction is greatly influenced by the parameter
S and with the parameter S increases, the uniformity of the
spatial sensitivity distribution reduces in the measurement
field between the two electrodes of MCP,. So the spatial
sensitivity distribution is more uniform when S=4 mm. It
can be analyzed from the Y-axis direction that the spatial
sensitivity distributions of MCP, are basically consistent at
different locations along the Y-axis direction. And with the
increase in the H/ D, the spatial sensitivity under different

S values gets smaller, especially falls at a high rate and dem-
onstrates high gradient descent in the interval (1/20,6/20)
and shows a slow change of the spatial sensitivity and tends
to be 0 in the interval (6/20, 19/ 20).

To further discuss the influence of different S values
on the spatial sensitivity distribution characteristic in the
condition of the insulated flow pipe with D =20 mm, the
results of the sensitivity distribution curves along the Y-axis
at the location that z=0 under different S values are shown
in Fig. 6. It can be known that with the increase in H/ D,
the values of the spatial sensitivity under different S values
show a decreasing tendency, and the sensitivity distribution
curve firstly tends to be the minimum value when §=4 mm.
Simultaneously, the spatial sensitivity of MCP, is large, falls
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Fig.6 Sensitivity distribution curves of MCP1 under three different S
values at z=0: D=20 mm, ~=2 mm and d=1.5 mm

fast, and demonstrates a high gradient, which shows that
the measurement signals of MCP, are greatly influenced by
the oil droplet when H/ D is located in the (1/20, 6/ 20);
the sensitivity changes slowly and tends to be the minimum
value when H/ D is located in the (6/20, 19/20), which
shows that the measurement signals of MCP, are almost not
influenced by the oil droplet and even never influenced in
the interval.

From the above analysis, the spatial sensitivity distribu-
tion of MCP, is more uniform when §=4 mm in the condi-
tion of the insulated flow pipe with D =20 mm. And the
sensitivity distribution of MCP, along the Y-axis is gently
influenced by the parameter S and the measurement signals
of MCP, are slightly or even not influenced by the insulated
oil droplet or the non-conductive materials in the interval
of H/D € (6/ 20, 19/20). Hence, in that condition, a more
reliable water phase calibration value can be obtained.

The effect of different values of parameter D

The parameter S after optimization is 4 mm when D =20 mm,
h=2 mm, d=1.5 mm. Hence, the effect of parameter D val-
ued 20 mm, 30 mm, 40 mm, 50 mm, 60 mm and 70 mm was
analyzed and discussed, respectively, on the spatial sensitiv-
ity of MCP, in the measurement field under the condition of
certain values of the parameters A, d and S. Figure 7 shows
the spatial sensitivity distribution characteristics of MCP, in
the YoZ plane, along the Z-axis direction and along the Y-axis
direction, under different D values. It can be known from the
sensitivity distribution in the YoZ plane that the sensitivity
distributions in the YoZ plane under six different D values
are basically consistent which shows a large difference in the
spatial sensitivity in the measurement field. The spatial sen-
sitivity in the vicinity of the measurement field between the
two electrodes is higher and that away from the measurement
field is lower and tends to be 0. It can be known from the
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spatial sensitivity distribution along the Z-axis that the spatial
sensitivity distributions along the Z-axis under six different D
values are basically consistent which is hardly influenced by
the parameter D and that the spatial sensitivity in the vicinity
of the two electrodes is more uniform. It can be known from
the sensitivity distribution along the Y-axis that the sensitiv-
ity distributions along the Y-axis under six different D values
are basically consistent which shows a decreasing tendency
and that the spatial sensitivity under six different D values
is higher, changes fast and has a great gradient descent in
the interval of (1/20,6/20), (1/30,6/30), (1/40,6/40),
(1/50,6/50), (1/60,6/60) and (1/70,6/70), respectively.
And it can be also known that the spatial sensitivity in the
interval of (6/20,19/20), (6/30,29/30), (6/40,39/40),
(6/50,49/50), (6/60,59/60) and (6/70,69/70) is lower
and tends to be 0.

To further investigate the effect of the six different D values
on the spatial sensitivity characteristic of MCP/, the curves
of the spatial sensitivity distribution with six different D val-
ues along the Y-axis at the position that z=0 are shown in
Fig. 8. It can be seen from the curves that with the increase
in the H/ D, the spatial sensitivity distribution of MCP, with
six different D values along the Y-axis shows a decreasing
tendency and simultaneously the spatial sensitivity under six
different D values is higher, changes fast and has a great gra-
dient descent in the interval of (1/20,6/20), (1/30,6/30),
(1/40,6/40),(1/50,6/50),(1/60,6/60)and(1/70,6/70),
respectively, which shows MCP; is greatly influenced by the
insulated oil droplet in the measurement field. And it can be
also known that the spatial sensitivity changes slowly and tends
to be 0 when the H/ D is in the interval of (6/20, 19/20),
(6/30,29/30),(6/40,39/40),(6/ 50,49/ 50),(6/ 60,59/ 60)
and (7/70, 69/ 70) which shows that the spatial sensitivity of
MCP,; is slightly influenced by the insulated oil droplet in the
measurement field.

From the above analysis, the spatial sensitivity distributions
corresponding to the six different D values of the insulated
flow pipe in the YoZ plane and that along the Z-axis are basi-
cally consistent. It can be analyzed that the variation range of
the spatial sensitivity of MCP, with six different D values of
the insulated flow pipe when H/ D € (1 mm/D,6 mm/ D)
is from 1 to 0.1, falls fast and show a large gradient descent
and that when H/D € (6 mm/ D, (D — 1 mm)/ D) changes
slowly and tends to be 0. Consequently, in the condition with
six different D values of the insulated flow pipe, the influence
on the actual measurement signals of MCP, from the insulated
oil droplet and non-conductive materials is small and tends
to be 0, where the reliable water conductivity measurement
signals can be obtained.



Journal of Petroleum Exploration and Production Technology (2020) 10:217-231 223

(a) D=20mm
1
1 ; 0.8 .
% 0.8 06 % 0
= 0.6 0
=04 \ 0.4 = 0
02 | 0
N () LS _ 0.2 n
1 - 1
. @&
. A 0
0.2 o 105

H/D

(b) D=30mm

(c) D=40mm

[

1 08 ‘9
1 o 2
()

%0.8\ .-
Zé 0.4/ 0.4 E
£02 ‘e
2 (- o2 0
0.80_60 —

0

H/D

Z/mm

1
0.8
0.6
0.4
0.2
0

Sensitivit

Z-axis direction

H S [ HN  TE e aa
YoZ plane region

=)
_08 ~ 038 TR
Q
Z."()6 06 2‘06 06 8
=z = kS
704 0s Z 0.4 04 ®
5 g >
ZH) 02 “ 0.2 02 P
>
(| ee— 0 0 ! 0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

H/D H/D

H/D

Fig.7 Distribution maps of spatial sensitivity of MCP, under six different D values: h=2 mm, d=1.5 mm and =4 mm

Analysis of experiment results in horizontal
oil water two-phase flow

On the above basis of the analyzed spatial sensitivity char-
acteristics of the sensors with different structure parameters,
the response characteristics of MCPA with three different
D values in horizontal oil-water flow were analyzed by the
simulation well experiment, where the structure param-
eters after the optimization of MCPA are set that =2 mm,
d=1.5 mm and S=4 mm, the three different D values are
20, 30 and 50 mm, and MCP; ~ MCPy are corresponding
to the six groups conductance sensors. After consulting
the relevant literature and information, owing that the oil
phase is considered as the non-conductive material and has

no conductive property, and the oil belongs to low-conduc-
tivity material. And it can be known from the water and
oil conductive property that the water conductivity o,, is
greater than the oil-water mixture conductivity o,,, and the
o,, is larger than the oil conductivity o,. Hence, in horizon-
tal oil-water flow with high water cut, the response signals
with the minimum amplitude, which can be considered as
the water phase calibration signals, can be obtained by the
bottom location of the cross section of MCPA insulated flow
pipe, that is, the location of MCP,.

Owing that the ratio of the oil-water contact interface
height of MCPA insulated flow pipe cross-section H,,
and the parameter D is HW/D=(1 —cos “/2)/2 and o is
the corresponding central angle, the range of the H,, / Dis
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Fig.8 Sensitivity distribution curves of MCP; under six different D
values at z=0: h=2 mm, d=1.5 mm and S=4 mm
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(0, 1). The relation between the water cut y,, and H,, / Dis
nonlinear. When y,, = lor H,, / D=1, the fluid in the insu-
lated flow pipe shows a water phase; and when y,, = 0 or
H, / D=0, the fluid in the insulated flow pipe shows an oil
phase. In addition, the fluid in the insulated flow pipe shows
an oil-water mixture phase and the response values of the
sensors are corresponding to the oil-water mixture conduc-
tivity under the condition that0 < y,, < lor0 < H,, / D< 1

Experimental facility

In the practical process of the logging, using the voltage
signals for long-distance transmission would cause the sig-
nals attenuation and severe distortion, while the frequency
signals have the characteristics of the lower attenuation and
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long-distance transmission. Simultaneously, in order to
avoid the polarization phenomenon, the system adopted the
alternating constant voltage source as the exciting signals.
Figure 9 shows an operating principle of MCPA frequency
measurement system, which consists of a 20 kHz sinusoidal
exciting source with inhibit current loss, multiplex program-
mable analog switch circuit, signal amplification, filtering
and demodulation circuit, RMS to DC converter, V/F conver-
sion measurement circuit, sampling resistor, power supply,
composite signal frequency measurement system and PC.

MCPA control-drive circuit system

Figure 10a, b shows PCBs of MCPA frequency measure-
ment system circuitry, and the system circuitry consists of
conductance water cut meter multiplex excitation and con-
trol circuit using digital power supply drive as A board and
multi-signal transmission circuit using analog power sup-
ply drive as B board. From Fig. 10, the A_S-XWR&B_LS-
XWR series are specially designed for applications where
a group of polar power supplies are isolated from the input
power supply in a distributed power supply system on A
circuit board. In order to inhibit current loss, we are now

ground signal acquisition part
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Fig. 10 PCBs of MCPA frequency measurement system circuitry: a conductance water cut meter excitation circuit A board using digital power
supply drive, b multi-signal transmission circuit B board using analog power supply drive
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taking a new scheme with the introduction of digital power
supply and analog power supply isolation system using the
A_S-XWR&B_LS-XWR series, and the integrated circuit
constructed by ICL8038 and peripheral components as
the 20 kHz sinusoidal exciting source with the introduc-
tion of digital power supply system, the integrated circuit
constructed by AD620 and peripheral components as the
differential operational amplifier, low-pass filter and signal
demodulator with the analog power supply system to process
the alternating current signal generated by the measuring
electrodes, the integrated circuit AD637 as the RMS to DC
converter, and the integrated circuit AD537 as V/F conver-
sion measurement circuit to avoid the voltage loss on the
long-distance transmission. And the integrated multiplex
programmable analog switch circuit mainly consists of the
microcontroller STM32FXXX series and single 8-channel
analog multiplexer CD4051 using the introduction of digi-
tal power supply. All the electronic components involved
in Fig. 10 are selected as military level. And the working
temperature condition of the designed MCPA system pro-
totype is in —55-125°C and the overall pressure resistance
is 30 Mpa, meeting the downhole complex environment
requirements of the high temperature and high pressure in
the practical logging.

The data acquisition equipment is selected from the Yan-
shan University’s independent development product: the
composite signal frequency measurement system, which
is based on the USB 2.0 port. Equipped with three sam-
pling channels and selector switch, the data processing part
is implemented through graphical programming language
software for MFC, which can make real-time frequency data
waveform displaying, storing, reviewing and analyzing, as
is shown in Fig. 11.

The instrument output is expressed by the frequency sig-
nal F, (KHz) which can be described as:

F,=k,xV, x107 3)

Composite signal frequency
measurement system

O

Q)

USB

(o)

Power Run Test

Composite

(a)

where k,, is the correction coefficient of the linearity conver-
sion, V,, is the output voltage of the measurement electrodes.

Figure 12 shows the photos of MCPA with three different
inner diameters and the gold-plated electrode with =2 mm
and d=1.5 mm. The experimental media were tap water and
industrial white oil. In the experiment, the fluid is forced into
the insulated flow pipe of MCPA with D=20 mm, 30 mm
and 50 mm, respectively, from a large diameter horizon-
tal plexiglass pipe. The response values of both the y,, and
H, / D can be obtained corresponding to the different flow
conditions by changing the oil cut of the oil-water mixture.

Static experiment

Figure 13 shows the frequency response curves with three
different D values in horizontal segregated flow under
different values of y,, and H,, / D, respectively. It can be
seen from Fig. 13 with the increase in the y,, or HW/D,
the response value F,, of the MCP, with three different D
values becomes small and tends to be the response values
corresponding to the water conductivity. It can be known
from Fig. 13a that the frequency response values of MCP,
with three different D values is lager and the rate of change
is fast when y_,<5/D (when D =20 mm, y,, < 0.25),
which shows that the sensors with different D values in
that condition are seriously influenced by the oil phase.
It can be also known that the frequency response values
of MCP, with three different D values is relative stable
and approximate to the response values corresponding to
the water conductivity when y,,> 5/ D, which shows that
the sensors with different D values in that condition are
hardly influenced by the oil phase and the response values
obtained can be used as the calibrated values for the water
phase. It can be known from Fig. 13b that the frequency
response values of MCP, with three different D values is
lager and the change rate is fast when H,, / D< 6/ D (when
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Fig. 11 Multi-channel signal frequency acquisition platform: a hardware of composite signal frequency measurement system, b software of
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Fig. 13 Frequency response curves of MCP, under different D values

S=4 mm: a F,, versus y_, b F, versus HW/D

D =20 mm, HW/D < 0.3), which shows that the sensors
with different D values in that condition are seriously
influenced by the oil phase. It can be also known that the
frequency response values of MCP, with three different D
values is relatively stable and approximate to the response
values corresponding to the water conductivity when
H, / D> 6/ D, which shows that the sensors with different
D values in that condition are hardly influenced by the oil
phase and the response values obtained can be used as the
calibrated value for the water phase. And simultaneously,
when D =50 mm, the sensor can obtain a stable calibrated
value corresponding to the water conductivity in the con-
dition that y,, > 5/50 or H,,/ D > 6/50.

From the above analysis, when y,>5/D or
HW/D > 6/ D, the response value of MCP, with three
different D values approximate to the measurement value

12.0 T T T T T T T T T

at horizontal segregated flow condition: 2=2 mm, d=1.3 mm and

corresponding to the water conductivity. And simultane-
ously, with the increase in the inner diameter of the sensor,
the critical point of the y,, where the sensors comes to the
stable response values changes from 5/20 to 5/50 and the
critical point of the H,, / D where the sensors comes to the
stable response values changes from 6/20 to 6/ 50.

Experiment and analysis under different
mineralization degree and temperature

In order to investigate the response characteristics for the dif-
ferent mineralization degree of water and temperature in the
fluid to the three different inner diameters of MCPA and the
corresponding linear relation between MCPA with different
inner diameters and RSCP with ID =20 mm, considering
the high mineralization degree and high temperature in real
oil-producing wells, the paper carried out the experiment
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research on the different mineralization degree of water
using three different inner diameters of MCPA and RSCP
with high temperature in the simulation well experimental
facility. When carrying out the routine mineralization degree
calibration, the different values of water salinity p,, are used
to represent the different mineralization degree of water and
p,,=1.0 g 17! represents the mineralization degree 1000 ppm.
Hence, the response values of the experiment are calculated
at the condition of filling with continuous water medium in
the insulated pipe under different values of p,, in which the
range of p,, is from 0.5 g 17! to 7.5 g 17!, Figure 14 shows
the response values of between MCPA with different inner
diameters and RSCP for water medium measurement in
terms of different values of p,, and different temperature 7,
respectively, in horizontal pipe, where p,, is set to 0.5 g 177,
15g1725¢17,35g171,45¢g17,55g17,65¢17}, and
75¢g 17!, and T, is set to 40°, 60°, and 80°, respectively. As
can be observed from Fig. 14, under the same temperature
condition, with the increase in p,,, the measured frequency
results of MCPA with different inner diameters and RSCP
show a decreasing tendency and obvious difference which
can be attributed to the distinctive difference of p,,. Under
the same mineralization degree condition, with the increase

inT,,, the measured frequency results of MCPA with differ-
ent inner diameters and RSCP show a decreasing tendency
and obvious difference which can be attributed to the dis-
tinctive difference of T,,. Meanwhile, the response values of
MCPA with different inner diameters exhibit obvious dif-
ference. And the response values of the sensor with a larger
inner diameter are relatively smaller, which is as a result that
the difference in the sensor structure with different inner
diameters makes a certain difference existed in the electric
field of the corresponding excited electrodes.

According to Fig. 14, it can be observed that MCPA with
different inner diameters and RSCP have nice response char-
acteristics for water medium measurement under different
values of p,, at different high temperatures, respectively. The
current loss existed in the system circuits would exhibit a
nonlinear change with the change of the fluid component
or conductivity inside the sensors, causing the non-constant
current in the measurement field of the sensors, which will
lead to that the measurement results of MCPA with different
inner diameters and RSCP show a nonlinear change under
different values of p,, at different high temperatures.

Figure 15 shows the fitting curves of experiment results
between MCPA with three different inner diameters and

Fig. 14 Response values of con- 6.0
ductance probes under different
values of p,, at different high
temperatures: a MCPA with

D =20, 30 and 50 mm, respec-
tively, b RSCP with ID =20 mm
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RSCP. As can be observed from Fig. 15, the abscissa posi-
tions corresponding to each discrete point with three differ-
ent marker symbols represent the response values of RSCP
experiment results, and the ordinate positions represent the
response values of experiment results of MCPA with differ-
ent inner diameters at the same condition with RSCP. The
continuous curves represent relation curves of experiment
results between MCPA with different inner diameters and
RSCP by using the linear fitting. Under the same condi-
tion, the response values between MCPA with three differ-
ent inner diameters and RSCP show a relatively nice linear
function relation, and the relation curves can be given as:

are better, and MCPA with three different inner diameters and
RSCP in different mineralization degree and conditions have
a nice linear relation, hardly influenced by the mineralization
degree and temperature. Consequently, MCPA with different
inner diameters have a better characteristic and a linearly pro-
portional relation in different mineralization degree and temper-
ature, so it can meet the actual requirements with high minerali-
zation degree water and high temperature of the oil-producing
wells better. In the actual work, the response values obtained
by MCPA with different inner diameters and the response val-
ues obtained by RSCP in the downhole are substituted directly
into the interpretation chart of the relative conductivity and the

Fy = 5.1235F; +0.3218 (p,, € (0.5g/L,7.0g/L), T, € (40°C, 80°C) and D = 20 mm)
Fy = 5.0391F, +0.1654 (p,, € (0.5g/L.7.0g/L), T, € (40°C, 80°C) and D = 30 mm) 4)
Fy = 3.8095F, + 0.2821 (p,, € (0.5g/L.7.0g/L), T, € (40°C, 80°C) and D = 50 mm)

where Fy is the measured frequency of RSCP, Fy, is the
measured frequency of MCPA and p,, is the water salinity.
The good and bad points of the fitting curves by the
response values of MCPA with different inner diameters and
RSCP in different mineralization degree and temperature
conditions is measured by the relative index R? of the curve
fitting degree (Kong et al. 2016a). According to Eq. (4), the
corresponding relative indexes of MCPA with three different
inner diameters and RSCP fitting curves in different miner-
alization degree and temperature conditions can be obtained:

interpretation chart is obtained by the calibration in different
flow rate and water cut conditions in the simulation well experi-
mental facility using the MCPA- and RSCP-based instruments.
And some errors would be generated by the current leakage
and the influence of temperature on the system circuits for the
linear fitting curves of MCPA and RSCP in different conditions
of both p,, and T,,. Meanwhile, there exists some difference in
the coefficient of the corresponding fitting curve, as a result
of the different structure parameters of MCPA with different
inner diameters and machining error, when the inner diameter

R2=1- 2708 _ (9945 (p, € (0.5 g/L.7.5g/L), T, € (40 °C, 80 °C) and D = 20 mm)

R = | _ OIS

QIHBIL — 09949 (p, € (0.5 g/L,7.5 g/L), T, € (40 °C, 80 °C) and D = 30 mm) Q)

 Yous

2 _
R =1 14.81896733

=0.9962 (p, € (0.5g/L,75¢g/L), T, € (40 °C, 80 °C) and D = 50 mm)

Analyzed from the relative index R?, with the change of min-
eralization degree and temperature, the curve fitting degrees

of MCPA values differently, and the corresponding curve has
a nice fitting index.
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Conclusions

In consideration of the problem that the response values corre-
sponding to the water conductivity cannot be obtained by RSCP
for water holdup measurement in horizontal oil-water two-phase
flow, the spatial sensitivity distribution of MCPA in the meas-
urement field with different structure parameters S and D was
discussed and analyzed, on the theoretical model foundation of
MCPA for water conductivity measurement in horizontal segre-
gated flow. And the optimum structure parameters of the sensors
for segregated flow measurement are obtained, that is, when
S'=4 mm, the spatial sensitivity is more uniform. The response
characteristics of MCPA with different D values was analyzed
by the simulation experiments, the spatial sensitivity distribu-
tion curve of which and the response values curve show a nice
consistency. The experimental results verified that the response
characteristics of MCPA with three different D values are basi-
cally consistent under different y, or H,, / D and that the charac-
teristic of MCPA is hardly influenced by the insulated oil phase
or non-conductive materials under the condition that y,, > 5/ D
orH, / D > 6/ D. And it analyzed response characteristics and
indicated good linearity characteristics between the designed
MCPA with three different inner diameters and RSCP for pure-
water phase measurement with experiments under different
mineralization degrees of water and different temperatures. The
experiment results of the sensors with three inner diameters in
different flow rates show that the sensor with the inner diameter
50 mm is more suitable to the water cut measurement when the
flow rate is large, and the reliable calibrated values correspond-
ing to the water conductivity can then be obtained, which meets
the demand of horizontal oil-producing wells.
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