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Purpose. Investigation of a moisture frequency transducer based on a moisture-sensitive capacitive element of a cylindrical
structure with mesh electrodes for a system for measuring the amount and parameters of crude oil.

Methodology. When constructing a moisture-sensitive element, an oscillatory method for measuring humidity was applied to
achieve high sensitivity and accuracy while maintaining a low cost of the device. A moisture sensitive capacitive sensor based on a
cylindrical structure with mesh electrodes was introduced into the measuring generator system based on a transistor structure with
a negative differential resistance.

Findings. Analytical expressions are obtained to describe the dielectric constant of an inhomogeneous mixture of water and oil.
Using these equations, the capacitance of a moisture-sensitive sensor with mesh electrodes is calculated as a dependence of the
moisture content of crude oil. It was determined that the capacitance of the moisture sensitive sensor increased from 20 to 44 pF
when the mass moisture of crude oil changed from 0 to 30 %. The sensitivity of the developed capacitive sensor is 0.8 pF/% when
using a measuring device in the form of a crude oil pipeline with a diameter of 50 millimeters.

Originality. A mathematical model has been developed for the primary transducer of the moisture content of crude oil based
on a cylindrical capacitor structure with net-like electrodes, which allows determining the value of the capacitance of the primary
transducer of the moisture content of crude oil. A self-oscillator device for controlling the moisture content of crude oil has been
developed on the basis of the structure of bipolar and field-effect transistors with a cylindrical capacitor structure with mesh elec-
trodes.

Practical value. Circuitry solutions for a moisture transducer for crude oil have been developed. The results of experimental
studies showed that for the selected version of the moisture converter circuit, the output signal frequency decreased in the range
from 1.617 to 1.27 MHz with a change in the mass moisture content of the Turkmen mixture from 0 to 30 %, respectively, and is
close to a linear dependence. The wide frequency range of the output signal of the secondary converter with the frequency output
of the measured information increases the accuracy of moisture measurement in crude oil by an order of magnitude.

Keywords: crude oil, moisture content, capacitive sensor, frequency converter, negative differential resistance, moisture sensitivity

Introduction. The development of the oil industry pro-
vokes a range of important issues that need to be taken into
account to provide a stable process of hydrocarbon resource
production technology [1], development of modern tools and
devices to improve the production of the oil fluid [2] as well as
forecasting of geothermal fluid production [3]. At the same
time determination of the moisture content of oil has always
been a relevant topic and object of scientific research. Water, as
an integral component of various oils and greases, comes into
contact with the surface of metals, contributing to their corro-
sion and physical demolition [4]. Therefore, it is necessary to
develop devices for controlling oil moisture directly in the flow
for the prompt making decision on the regulation of this pa-
rameter.

The presence of moisture in oil can affect the operation of
flow meters, wear of mechanisms and the appearance of pos-
sible emergency situations [5].

Water molecules in oil products can chemically interact
with other impurities, while the resulting compounds can ad-
versely affect some metals, and also increase the likelihood of
cavitation (the appearance of bubbles and cavities in a liquid
filled with steam) [6, 7].

Excessive moisture in the insulating (for example, trans-
former) oil leads to premature aging and an increase in the
likelihood of electrical breakdown [8]. Therefore, highly sensi-
tive control of this physical quantity is necessary to improve
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the reliability of structures and mechanisms, as well as to in-
crease production efficiency.

Literature review. In the oil industry, moisture meters are
used during individual measurements in wells [9], group pro-
duction measurements [10], as well as in the process of dehy-
dration in tanks of oil depots [11].

At this time, systems for measuring the quantity and qual-
ity parameters of crude oil are used, designed for automatic
accounting and delivery of commercial oil from the manufac-
turer to the consumer, to determine the quality indicators of
oil at oil refining facilities, as well as during accounting and
settlement operations in the transportation of oil and oil prod-
ucts [12].

The system for measuring the quantity and quality indica-
tors of oil and oil products automatically measures the mass
(volume) of oil, quality indicators of oil (density, viscosity,
moisture, pressure, temperature) and transfers the informa-
tion to the central computer and then displays this information
at the operator’s automated workstation.

The oil quantity and quality measurement system is based
on volumetric [10], mass [11] and ultrasonic [12] oil flow me-
ters. The way of constructing such systems is regulated by
technical conditions and other regulatory documents, and de-
pends on the technological regime of oil pumping, as well as
the physical and chemical properties of oil [9—12].

The complete set of such measurement and control sys-
tems is to a greater extent determined by the requirements of
the consumer, but functionally it consists of the following
components: a technological component, an information pro-
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cessing system and management of life support systems (light-
ing, heating, fire alarm, ventilation, gas control system).

A structural block diagram of a system for measuring the
quantity and quality of crude oil parameters is shown in Fig. 1
[13]. The technological part consists of the following blocks:
the block of measurement and regulation, block of filters and
the block of pipe piston installation [13].

The unit of measurement and regulation in turn includes
the unit of quality indicators, the block of measuring lines, the
block of reference means, the block of test installation, knots
of regulation of expenses of oil product and pressure, the sam-
pling device, technological and drainage pipelines.

The information processing system includes an operator
and an information processing unit, which consists of an auto-
matic protection and signaling board and a board of the infor-
mation and computer complex [13, 14].

Fig. 2 shows the structure of the control and monitoring
system. Measuring and control reserve line equipped with fil-
ters, flow meters, temperature and pressure meters. In this
case, valves and other locks can be manually or automatically
driven.

In the quality measurement unit, all measuring devices are
mounted in series on a quality line with a diameter of 50 mm
which ensures drainage of gas and moisture, alternating
switching on of measuring instruments.

Consider in more detail the block of measuring lines and
the block of measuring quality indicators, which are shown in
Figs. 3 and 4 respectively.

The system for measuring the quantity and parameters of
crude oil provides automatic measurements and calculations

Life support Information processing

management system i B system

! l

0il BF %}

0Oil

Fig. 1. Block diagram of the system for measuring the quantity
and quality parameters of oil: BF is the block of filters, BPI
is the block of pipe-piston installation, BMR is the block of
measurement and regulation

A
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Fig. 2. Block diagram of the measurement and control unit:
BCl is the block of check installation, BRM is the block of
reference means, BML is the block of measuring lines,
BMQ is the block of measuring quality indicators, SSD is
the sample-sampling device

Fig. 3. The block of measuring lines:

1 — entrance collector; 2 — working line; 3 — backup line; 4 — con-
trol line; 5 — strainer; 6 — laboratory manometer; 7 — flow meter;
& — control collector; 9 — output collector; 10— visual inspection of
leaks; 11— hut-off valves; 12 — sampling device; 13 — temperature
meter

Fig. 4. The unit for measuring quality indicators:

1— oil from the sampling device; 2 — manual sampler; 3 — shut-off
valves; 4 — automatic sampler; 5 — thermostatic cylinder for the
hydrometer; 6 — temperature meter; 7 — laboratory manometer;
& — flow density sensor; 9 — connection point of the pycnometer or
the device for determining the content of free gas; 10 — viscometer;
11 — moisture meter; 12 — flow meter; 13 — oil output to the outlet
manifold of the unit of measuring lines

in real time of instantaneous and average values of the mea-
sured physical quantities. Including measurement of volumet-
ric and mass consumption of oil, temperature, pressure and
humidity on each of the measuring lines.

The quality of the moisture measurement in crude oil de-
pends on a type and parameters of the used sensors [15]. Cur-
rently, there are a large number of various sensors for measur-
ing the moisture content of oil [16]. Some of the known sen-
sors are of a high cost and at the same time of a low reliability,
while others utilize outdated measurement technologies [17].

Purpose. The purpose of the study is to develop a new de-
sign of the capacitive sensor for measuring the moisture con-
tent of crude oil in a pipeline for a crude oil quality control
unit. The main task of the study is development of a new mois-
ture-sensitive structure to increase the sensitivity and accuracy
of measuring the moisture content of crude oil. The applica-
tion of this moisture-sensitive structure is also possible for
laboratory measurements in order to increase the measure-
ment accuracy, and, as a consequence, to enhance the effi-
ciency of consumption of oil. Theoretical analysis and experi-
mental study on the processes of converting the humidity of
Turkmen Blend oil into the frequency of an electrical signal.

Theoretical and experimental research. Currently, there is a
wide range of primary oil moisture sensors which, however,
have a number of disadvantages, such as low accuracy, out-
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dated measurement technology, low reliability. The solution to
this problem is possible by using a cylindrical moisture sensi-
tive cylindrical structure.

Increasing the accuracy of measuring the moisture content
of oil is also associated with the use of highly efficient second-
ary converters of information [17, 18].

An oscillating structure can serve as such an effective
secondary converter of a parametric capacitive humidity
sensor [19]. In this case, a change in the capacitance of the
primary sensor causes an unambiguous change in the fre-
quency of the output signal of the oscillator [19, 20]. At the
same time, modern methods for calculating the signal fre-
quency allow performing calculations within the information
control and measuring system without the use of an ADC,
which significantly reduces the signal processing speed, leads
to an increase in the cost price and the appearance of a
quantization error [19]. The proposed humidity sensitive ca-
pacitive sensor (Fig. 5) consists of mesh-shaped electrodes,
which are placed opposite each other so that the location of
the holes in the first electrode coincides with the holes in the
second electrode [20]. The electrodes / and 2 are firmly at-
tached to the dielectric tube 3, and they are covered with a
layer of polymer 4 and contain holes 5 for the movement of
the fluid flow having dielectric properties. The outer diame-
ter of the dielectric tube is 50 mm, and the distance between
the electrodes is 1.5 mm.

The capacitive humidity sensitive sensor works in this way.
During the flow of fluid through the dielectric tube, which
contains a moisture-sensitive capacitive sensor for measuring
humidity, the fluid through the holes 5 fills the space between
the electrodes 7/ and 2, which are covered with a polymer layer
4 and are rigidly fixed in the dielectric tube 3.

This causes a change in dielectric constant. Depending on
the change in humidity of the measuring fluid, its dielectric
constant changes, therefore, the capacity of the humidity sen-
sor also changes.

If the material consists of a mixture of components with
different dielectric constants, the total polarization of the ma-
terial can be found as the sum of the polarizations of the com-
ponents. In our case, to find the total dielectric constant &, it
is necessary to take into account the dielectric constant of a
heterogeneous mixture of water and oil product €, in which the
particles are placed chaotically and the dielectric constant of
the polymer ¢,.

Let us first determine the dielectric constant of a heteroge-
neous mixture of water and oil ¢.. Water molecules act as a
dispersed phase, and the dispersed medium, respectively, is a
petroleum product. An empirical Bruggeman equation is pro-
posed for the evaluation g,

B8 _(1_q) 3%

where ¢, is the dielectric constant of water; ¢, is the dielectric
constant of oil; a is the volumetric water concentration.

Fig. 5. Moisture-sensitive capacitive sensor for measuring the
humidity of petroleum products General view (a), cross sec-
tion (b):

1, 2 are the electrodes; 3 is the dielectric tube; 4 is the polymer
layer; 5 are the holes

Water is a substance that can be polarized, so to determine
the value of the dielectric constant of water, we use the com-
plex dielectric constant of water

&) =€) - j(¢]-128,), 2

where €] is the complex dielectric constant of water; €] is the
real component of the complex dielectric constant of water;
tgd, is the tangent of the angle of dielectric loss of water.

The real component of the complex dielectric constant of
water €, and the tangent of the angle of dielectric loss tg§, in
turn are calculated from equations

€01 —&
e —g 4 c1”Cor. 3
1= €01 1+(‘M1)2’ (3)
(eci —€g1) 0T,

tg61 = b
) &0, (01))?

4)
where g, is the optical dielectric constant of water; g, is the
static dielectric constant of water; o is the frequency of the elec-
tric field [Hz]; 1, is the relaxation time of water molecules (s).

The real component of the complex dielectric constant of
oil &) and the tangent of the angle of dielectric loss of oil tgd,
in turn are calculated from the equations

' €c2"%0.

€,=€p, + 5
2o 1+(or,)? ’ )
(8cr —€0y) OT,

tg62 = 5
Ecy +Epy - (0T,)?

(6)

where g, is the optical dielectric constant of oil; g, is the
static dielectric constant of oil; 1, is the relaxation time of the
oil (s).

Find the modulus of complex dielectric constant of oil

g, =+/(gh)? +(g), - 1g3,)*. %)

Use the expression to determine the volume concentration
of water

=V Vs (8)
Vmix = VHZO + V’ (9)

where VHZO’ V, V. are the volumes of moisture, oil and mix-
ture respectively (m?).

Determine the volume of water ¥} o
VHZO :mHZO/pHZO’ (10)

where my o is the water mass (kg).
Substituting expressions (9, 10) in (8) we obtain

m
o= H,0 . (11)
Pn,0 '(mHzo/pHZO + V)
Write down the expression for mass humidity W
m m
W =—22.100 % =—=2—.100 %; (12)
My m+ mHZO
W-m
= 1

My .o 100—W (13)

where m, m,,;, are the mass of oil and mixture, respectively
(kg).
Substituting the value my o from expression (13) into (11)
we obtain
o= W-p .
(IOO—W)-pHZO+W-p

14

To calculate the capacity of the humidity-sensitive sensor
with mesh electrodes, taking into account the active area of
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the electrodes S, as well as all the following expressions, the
equation will look like

_g;8.8,(nR? - pnRY)
" dBe,. +B,e,)

where g, is the dielectric constant of vacuum (F/m); R, is the
hole radius (m); p is the number of holes in the electrode.

According to expression (15), the capacity of the moisture-
sensitive sensor with mesh electrodes in the environment
“Maple 18” was calculated. Fig. 6 presents the theoretical and
experimental dependences of the capacity of the humidity-
sensitive sensor on the humidity of oil in the range from 0 to
30 % of the mass humidity.

As can be seen from the graph, the theoretical and experi-
mental dependences have a good match. Thus, when the mass
humidity content of Turkmen Blend oil changes from 0 to
30 %, the capacity increases from 20 to 44 pF. The adequacy of
the mathematical model can be estimated using a relative error
of 3 %. The sensitivity of the humidity-sensitive capacitive
sensor can be increased by changing its geometric dimensions.
So you can increase the number of mesh electrodes in the di-
electric tube, which will increase the capacity of the capacitor
cylindrical structure, and thus increase the sensitivity of the
sensor. Also, the increase in the sensitivity of the capacitive
sensor can be achieved by increasing the diameter of the mesh
electrodes, which is necessary when used in the unit for mea-
suring the quality of crude oil pipelines with a diameter greater
than 50 millimeters.

At the given geometrical sizes of the humidity-sensitive ca-
pacitive sensor sensitivity at change in mass humidity of Turk-
men Blend oil from 0 to 30 % makes 0.8 pF/%. To increase the
accuracy of measuring the humidity content in crude oil, a
humidity-sensitive capacitive sensor was connected to a sec-
ondary means of processing, namely an oscillator on a transis-
tor structure with negative differential resistance (Fig. 7) [19,

(15)
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Fig. 6. Theoretical and experimental dependences of tank
change on Turkmen Blend oil humidity
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Fig. 7. Oscillator based on a transistor structure with negative
differential resistance

20]. To carry out the experimental studies we used bipolar
transistor BC847 and silicon p-channel MOSFET BSS84, re-
sistors: R, = 8.2 kQ, R, = 5.6 kQ, R; = 1 kQ and inductance
150 pH, to create the circuit, shown in Fig. 7. The voltage of
the power sources is equal to 5.0 V.

In Fig. 8 shows the theoretical and experimental depen-
dences of the change in the frequency of the output signal of
the oscillator on the negative differential resistance from the
humidity of the Turkmen Blend oil.

Discussion. The paper proposes a new capacitive sensor for
measuring the moisture content of crude oil. This sensor is
based on a cylindrical capacitor structure with mesh elec-
trodes. The sensor is located in the crude oil quality measure-
ment unit. It measures the moisture content of the oil flowing
through a pipeline with a diameter of 50 mm. The dielectric
constant of a heterogeneous mixture of water and oil was de-
termined. This provided determining the total dielectric con-
stant of the cylindrical capacitor structure with mesh elec-
trodes. The capacitance of the cylindrical capacitor structure
with mesh electrodes was calculated when the moisture con-
tent of Turkmen Blend crude oil varied in the range from 0 to
30 % of the mass moisture.

When the mass moisture content of Turkmen Blend
crude oil changes from 0 to 30 %, the sensor capacitance in-
creases from 20 to 44 pF. In the study, it was determined that
the sensitivity and accuracy of measuring the moisture con-
tent in crude oil significantly increased when the capacitive
sensor was connected to the oscillatory circuit of the auto-
generator based on transistor structure with negative differ-
ential resistance. The sensitivity is 4600 Hz/% when the mass
humidity of oil changes from 0 to 30 %. As can be seen from
Fig. 8, theoretical and experimental dependences have a good
match.

Conclusions. A mathematical model of the capacitive
humidity sensor has been developed, which describes the
dependence of the electric capacity on the humidity con-
tent of crude oil. The primary humidity sensor is a capacitor
cylindrical structure with mesh-shaped electrodes, which
are fixed in a dielectric tube. The sensitivity of the devel-
oped sensor for Turkmen Blend oil is about 0.8 pF/%. The
discrepancy between theoretical and experimental results
does not exceed 3 %. When the geometric dimensions of the
humidity-sensitive capacitive sensor change, its electrical
capacity increases, which leads to an increase in the sensi-
tivity of humidity measurement in oil. Further increase in
accuracy and sensitivity of humidity measurement in crude
oil is possible due to use of the humidity-sensitive capaci-
tive sensor in combination with secondary means of pro-
cessing.
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Merta. JJociixKeHHsI YaCTOTHOTO MepeTBOproBaya BOJIO-
I'M Ha OCHOBI BOJIOTOUYTJIMBOIO EMHICHOI'O €JIEMEHTA LIWJIiH-
NPUYHOI KOHCTPYKIIii i3 CiTYaCTUMU €JIeKTpOJaAMU JJIsI CUC-
TEMM BUMipIOBaHHS KiIBKOCTI i MapaMeTpiB cupoi HapTH.

Metoauka. [Ipy moOynoBi BOJIOrOYYTJIMBOrO €JeMEHTa
3aCTOCOBAHO OCLMJISITOPHUIA METO, BUMIPIOBAHHS BOJIOTOCTI
IIJII TOCSITHEHHSI BUCOKOI YYTJIMBOCTI I TOYHOCTI IpU 30epe-
KEeHHI HM3bKOI BapTOCTi nmpuiany. Bosorouyrnusuii emHic-
HMI CEHCOP Ha OCHOBI LIMJIIHAPUYHOI CTPYKTYPHU 3 CiTYACTU-
MU eJIEKTPoaMu OyB yBEICHUI 10 CUCTEMU BUMipIOBaTbHO-
ro reHepaTtopa Ha OCHOBi TPAaH3UCTOPHOI CTPYKTYPHU 3 Bill’€M-
HUM TU(GEPEHILIITHUM OITOPOM.

PesyabraTn. OTprMaHi aHaTITUYHI BUpa3u 151 OMUCY Ji-
€JIEKTPUYHOI TPOHUKHOCTI HEOAHOPIAHOI CyMillli BOAY I Ha-
(Tu. 3acToCOBYIOUM 11i PiBHSIHHS, pO3paXOBaHa EMHICTb UyT-
JIUBOTO 710 BOJIOTOCTi CEHCOPA 3 CITYACTUMU eJIEKTPOIAMU K
3aJIeXKHICTh BOJIOTOCTI cupoi HagTu. Byno BU3HavyeHO, 1110
€MHICTb YYTJIMBOTO JI0 BOJIOTOCTi ceHcopa 3pociaa 3 20 1o
44 n® y BUMaaKy, KOJIM MacoBa BOJIOTIiCTh CUPOi HapTh 3Mi-
nuiacs Bin 0 1o 30 %. YyTiuBicTh po3po0I€HOr0 EMHICHOTO
ceHcopa ctaHoBUTh 0,8 md/% mnpu BUKOpUCTaHHI BUMIpIO-
BaJIbHOI YCTaHOBKHM Yy BUIJISIAI TPyOOIpOBOMY CUpOi HadhTH
niametpoMm S50 MisiMeTpiB.

HaykoBa HoBu3Ha. Po3poOieHa MareMaTuyHa MOJENIb
MEPBUHHOTO TEPeTBOpIOBaYa BOJIOTOCTi CUpOi HadTH Ha
OCHOBI KOHJEHCATOPHOI HUIIHAPUYHOI CTPYKTYPU 3 CITKOIO-
NIOHUMU €JICKTPOJaMM, IO J03BOJISIE BUBHAYMTU 3HAYEHHS
€JIEKTPUYHOI EMHOCTI MIEPBMHHOTO MEPETBOPIOBAYa BOJOTOCTI
cupoi HabTu. Po3pobiieHo aBToreHepaTOpHUii 3acié KOHTPO-
JTI0 BOJIOTOCTi CMPOi HA(TU HAa OCHOBI CTPYKTYPH OIiMOJISIPHOTO
i1 TIOJILOBOTO TPAH3UCTOPIB i3 KOHAEHCATOPHOIO LUTiHAPUY-
HOIO CTPYKTYPOIO 3 CITKOTIOIIOHUMU €1€KTPOIAMMU.

IIpakTiyna 3nayumictb. Po3po0sieHO cxeMoTexHiuHe pi-
LIIEHHSI TIepETBOPIOBava BOJIOTOCTi cupoi HadTu. Pe3ynpratu
€KCIepUMEHTAIbHUX MOCiIKeHb MOoKa3alu, 1110 A oopa-
HOTO BapiaHTy CXeMH MePEeTBOPIOBAYA BOJIOTOCTi 4YaCTOTa BU-
XiTHOTO CUTHaJly 3MeHIIyBajacs B miarma3oHi Bim 1,617 mo
1,27 MTI'u 3i 3MiHOIO MacoBOi BOJIOrOCTi Ha(TU TYpKMEH-
cbkoi cymitri Bix 0 mo 30 % BinmoBinHO, i € 6JIM3BKOIO 1O JTi-
HiltHO1 3asexxHocTi. LIupokuii miana3zoH 4yacToT BUXiIHOTO
CUTHAJTy BTOPMHHOTO MepeTBOPIOBaYa 3 YaCTOTHUM BUXOIOM
BUMIipIOBaHOI iH(GopMallii Ha TOPSIAOK IiABUIIYE TOYHICTh
BUMipIOBaHHSI BOJIOTOCTI B cUpiii Ha(Ti.

KimouoBi ciioBa: cupa nagpma, emicm 6on10eu, EMHICHULL CeH-
cop, 4acmomHull nepemeoproead, Gi0’eMHull OugpepeHyitiHuil
onip, yymaugicms 0o 0102u
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