REPUBLIC OF AZERBAIJAN

On the rights of the manuscript

ABSTRACT

On the dissertation for the degree of Doctor of Philosophy

VIBRATION-FREQUENCY DENSITY METER OF LIQUID
BASED ON A SINGLE-TUBE
RESONATOR OF INCREASED QUALİTY FACTOR
Specialty:

3337.01 Information - measurement
and control systems
(technological measurement)

Field of science:

technical sciences

Applicant:

Bahruz Gurban Amiraslanov

Sumgait - 2022
1

The work was performed at Azerbaijan state University Oil and
İndustry, “Electronics and Automation” department.
Scientific supervisor

doctor of technical sciences, professor
Salahaddin İmamali Yusifov

Official opponents:

doctor of technical sciences, professor
Tofiq İbrahim Suleymanov
doctor of technical sciences,
associate professor
Namiq Tahir Abdullayev
doctor of philosophy in technical sciences,
associate professor
Aida İsmayıl Guliyeva

Dissertation council FD 2.25 of Supreme Attestation Commission
under the President of the Republic of Azerbaijan operating at Sumgait
State University
Chairman of the Dissertation Council:
doctor of technical sciences, professor
_______________ Agil Hamid Huseynov
Scientific secretary of the Dissertation Council:
doctor of philosophy in technical sciences,
associate professor
________________ Turgay Kilim Huseynov
Chairman of the scientific seminar:
doctor of technical sciences, professor
________________ Ali Hasan Nagiyev
2

DISSERTATION CONTENT
Relevance of the topic. In some areas of industry, including
oil industry, the requirements for extraction of petroleum products,
delivering accounts, and measuring their quantity during
transportation of oil through pipes have increased. At the same
time, creation and application of new devices and equipment for
accurate determination of density of petroleum products has made
actual. The measurement of density during the transportation of
petroleum products through the pipe in the stream, the automatic
measurement of the fluid density in the continuous production
mode is required with defining a very small error.
Applied density meters provide measurement with accuracy
small errors in automated control systems of technological
processes (CA TP), perform in the fields of complex conditions of
operating conditions, in the environment of vibrations, temperature
changes, viscosity of liquids, etc.
Flow density meters in liquid medium is considered as one
of the main nodes during information-measurement exchange in
systems of controlling automated of technological processes (CA
TP) in food, chemical, petrochemical and other industries.
Vibration-frequency method has found wider application
among density measurement methods in information-measurement
systems by means of flow density meters. First of all, this is
explained by the conversion of the density measurement directly
into the frequency signal in the measurement converters of
vibration-frequency density units (VFD).
In this regard, vibration-frequency densities are preferred
over analog-to-Analog Devices compared to other types of liquid
densities. The main parameter of the VFD, which determines the
accuracy of measurement, is the quality of its sensitive element.
Such as oscillating moving coil, coating, cover, membrane, pipe,
etc.as sensitive element. mechanical resonators are used. These
mechanical resonators form the operation of the mechanical
oscillation system organized with distributed and centering
parameters.
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From this point of view, tubular resonators with distributed
parameters have higher quality, which is why they are widely used.
They divided into single-tube or double-tube resonators. Camerton
resonator measuring density meters have higher quality than singletube resonator density meters. The complexity of the production of
the Camerton resonator density meters is that the manufacturers of
the leading vibration-frequency density meters have switched to the
production of single-beam resonator density meters, the preparation
of which is more simple and convenient to use in series production.
At the same time, for the time being, the quality parameters
of the used single-beam resonators are largely inferior to the singlebeam resonators.
It should be noted that the expansion of the field of
application of density meters in industry has led to a significant
complication of their working conditions. First of all the significant
expansion of the range of temperatures, pressures, the level of
vibrations and a number of other influencing factors.
Requirements for density meters include highly
contaminated liquids, as well as liquids with additional components
(free water, mechanical inclusions, etc.).) have increased in terms
of ability to work. In this area, Great Britain's Solarton, Japan's
Yokogawa, etc., worldwide. Companies occupy one of the leading
places. In Azerbaijan, the EIB density meter of Neftkimyaavtomat
is widely used in MDB countries. Y.K.Taranenko, Y.P.Zhukov,
V.V.Navrotsky, A.Q.Murashov, M.V., Kulakov M.V. Along with
the research of such scientists as Kulakov, Azerbaijani scientists
T.K.Huseynov and N.A.Abdulova's studies took place. Research in
this area continues today.
In connection with the above, the search for scientifically
substantiated principle of single-boron quality resonators of
structure, shape and construction and the development of highprecision liquid density meters on their basis are actual scientifictechnical and technological issues.
The aim of the dissertation: The purpose of the dissertation
is devoted to the development and study of a single-tube resonator
of vibration-frequency densities in a liquid medium in an
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information-measuring system of an automated control system of
technological processes (CA TP).
Scientific novelty of the dissertation. In the course of the
work, the following main conclusions that differ in scientific
novelty are drawn to the defense:
1.synthesis of the form of a high-quality single-beam resonator
using the method of electromechanical analogies.
2. development of a mathematical model of a single-layer resonator
of a stepped-variable cross-section.
3.development of engineering methodology of calculation of
single-layer resonator with given absolute precision and high
quality step-variable cross-section.
4.principles of construction of StepWise-variable cross-section
single-beam resonator, which provides lowering of the main
destabilizing factors (temperature, pressure and flow rate of liquid
measured density) that affect the accuracy of density measurement.
Research methods. The basis of the conducted researches is
mathematical physics, theory of electromechanical analogies,
theory of dances and theoretical bases of information-measurement
techniques.
The reliability of the obtained results ensured by comparing
the numerical results known in the literature in special cases with
mathematical accuracy, analytical formulas obtained by strict
analytical methods.
The practical significance of the dissertation. The
engineering methodology of the calculation of the parameters of a
single-beam resonator of a stepped variable cross-section allows to
determine its geometric dimensions at the design stage, taking into
account the reactive forces falling on the supports and the material
of the resonator to ensure the high quality of the resonator and the
condition of ensuring the given absolute sensitivity.
The device designed and designed to measure the quality of
the mechanical oscillation system vibration-frequency densities and
other mechanical vibration transmitters can be used for
experimental research.
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Realization of the results of the dissertation work. The
dissertation work was carried out in the scientific research work of
the problem Laboratory of the Department of “Electronics and
automation” of Azerbaijan oil and Industry University. It was
worked out directly in the developed theoretical and practical
research work with the participation of the author:
-A new high-quality stepped variable-cross-section resonator
has been developed for vibration-frequency density meters. The
results of scientific researches were applied in laboratory and
teaching-methodical works of Azerbaijan oil and Industry
University (Baku City) and Sumgayit State University (Sumgayit
City).
-The device measuring the quality of the mechanical dance
system of the resonator of the vibration-frequency density meter
based on the single-beam resonator has been applied at the objects
of the scientific institution “Neftkimya avtomat” (Sumgayit city)
and the oil and gas production department “Surakhani neft”.
- In addition, on the basis of the obtained results, patents of the
Republic of Azerbaijan were obtained for the measurement of
liquid medium density according to the results of research and
application in various fields of industry (N98/001013,12.06.97,
G01 N 9/04 and I 2008 0025, 28.01.2008 (Azerbaijan)).
The main theoretical and experimental studies submitted to the
defense:
- mathematical model of one-bed resonator with the highest
quality step-variable cross-section;
- minimization of reactive forces falling on the resonator's
base and vibrational energy losses at the base of the housing unit;
- methodology for determining the rational parameters of the
resonator at the design stage, while improving the quality and
ensuring the absolute sensitivity as a result of minimization of
vibrational energy in the resonator body joints;
- vibration-frequency development of single-section design of
stepped-variable cross section for liquid density meter;
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Approbation of dissertation work. The main results of the
dissertation were reported, listened and discussed at the following
conferences:
International
scientific
and
technical
conference
"Measurement and control of granular materials (MCGM'97)",
Shanghai, China X.R., 1997;
International scientific and technical conference "Machine
Design and Production Conference (UMTIK'98) ", Ankara, Turkey,
1998;
International
scientific
and
technical
conference
"Measurement and control of granular materials (MCGM'2000) ",
Shanghai, China X.R., 2000;
International Conference "Problems of cybernetics and
informatics "(Baku, Azerbaijan, 2008);
International scientific-practical conference "Scientific
perspectives of the XXI century. Achievements and prospects of
the new Century", Novosibirsk, Russia, 2014;
International scientific-practical conference "Modern
concepts of scientific research", Moskva, Russia, 2014;
International scientific and technical conference
"Applied science as a tool for the development of petrochemical
industries ", Salavat, Russia, 2017;
International Scientific and Technical Conference: SES2019, Kazan, Rusiya, 2019;
International scientific and technical conference ”Industrial
engineering”, Russia, 2021;
III International conference MIP: engineering-2021:
Advanced technologies in material science, mechanical and
automation engineering, Krasnoyarsk ş., Russia, 2021;
as well as:
Theses of the Republican scientific-practical conference
"Ecology and Progress", Sumgayit city, Azerbaijan, 1999;
Abstracts of the Republican scientific conference
" Life protection", Sumgayit city, Azerbaijan, 1998;
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Abstracts of the Republican scientific conference "Modern
problems of informatization, cybernetics and information
technologies",Azerbaijan, 2004;
Abstracts of the Republican scientific conference "Materials
of IX and XI Republican scientific conference of graduate students
and young researchers", Baku, Azerbaijan, 2003 and 2006 ;
Theses of the Republican scientific conference "Applied
Problems of Mathematics and new information technologies",
Sumgayit city, Azerbaijan, 2007;
Information systems and technologies: achievements and
prospects. Materials of the international scientific conference,
Sumgayit city, Azerbaijan, 2018 and 2020;
The structure and volume of the dissertation work. The
dissertation consists of an introduction, four chapters, conclusion,
list of literature and appendices. The work is presented on 175
pages, contains 50 pictures and 11 tables, and a list of 149 titles of
literature.
The total volume of the dissertation with the sign. The
total volume of the dissertation consists of 162 644 characters. In
the introduction to the dissertation there are 12881 signs, in the 1st
chapter 46434 signs, in the 2nd chapter 20969 signs, in the 3rd
chapter 20287 signs, in the 4th chapter 53214 signs.
Publications on the dissertation: 14 articles, 20 theses and 2
patents (inventions) on the topic of the dissertation were published.
In the introduction, the relevance of the research work is
substantiated, the purpose of the work is formulated, as well as the
main scientific results of the dissertation are listed, the application
areas of the research results are indicated and their practical
significance, as well as the main provisions submitted for defense
are given.
In the first chapter deals with the main requirements
placed on modern liquid flow densities measuring density
automatically are formulated, and the prospects of vibrationfrequency densities that provide these needs are substantiated. As a
result, as a result of the analysis of the state of vibration
Densitometers, closed-type aerated resonator Densitometers have
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the best characteristics, but their inadmissibility in series
production in practice requires replacing them with lower-quality
simple single-beam resonators. In this regard, the search for
vibration density meters on the basis of high-quality single-layer
resonators of new shape and construction is an actual issue.
The second chapter is devoted to the study and
development of mathematical model of single-beam resonator with
variable-beam cross-section. Analyzes carried out in the field of
development of vibration-frequency liquid density meters show
that at present, two methods of synthesis of tubular resonators can
be distinguished: heuristic synthesis and synthesis using the method
of electromechanical analogies. The possibilities of scientific
justification of the synthesis of the shape of the resonator show that
it is more expedient to conduct a synthesis by the method of
electromechanical analogies. According to this method, the
synthesis of the algorithm is as follows:
1. selection of a resonator based on this method during the
synthesis of a new form ;
2. development of a linear model of the selected resonator
with the collected parameters;
3. development of an electrical analog of a mechanical model
of a resonator;
4. analysis of the electric analog and its improvement in order
to minimize the amount of oscillatory energy of the electric analog;
5. development of a linear mechanical model of a high-quality
resonator according to the analog improvement scheme;
6. presentation of its new form according to the linear
mechanical model of the resonator.
In order to synthesize a new form of resonator according to
the given algorithm, a single-tube is taken and a straight pipe 1 is
prepared (Figure 1), the ends of the pipe are fastened to the
supports 2.
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Figure 1. The initial form of the synthesized resonator
The resonator is connected with the 4 body through the 3
flexible elements, through which the inclusion and outflow of fluid
is performed, and the registration of its state is carried out with the
5 sensitive plate.
Taking into account the fact that the resonator forms a double
symmetry with respect to the center, we make a mechanical model
for the same half, taking one side from its half (Figure 2). Let's
name the mass of the moving half of the pipe m1 , the mass of the
support m2 , and the mass of the base M . Masses are under elasticplate interaction between themselves. In the given model, these
interactions are replaced by mechanical resistances r1 and r2
containing c1 and c2 flexible elements.
According to the method of electromechanical analogies,
the electrical analogue of the model (Figure 2) is a contour system,
which is shown in Figure 3.

Figure 2. Mechanical model of the primary synthesized
resonator with the collected parameters
Mechanical power is replaced by an equivalent voltage source in an
electrical analogue.
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Figure 3. Electrical analogues of mechanical models with the
accumulated parameters of the primary synthesized resonator
LM Inductance can not be ignored, since the mass of the
base is much larger than the M mass of the pipe and the stop.
Currently, the losses in the supports correspond to the loss of
energy in their R2 resistance, which is proportional to the I 2
current passing through the R2 resistance. Using the method of
contours currents, let's adopt the next following marking for this:
1
1
+ R1
z11 = jωl1 +
+ R1 , z12 =
jωc1
jωc1

z 21 = z12 , z22 =

1
1
+ R1 + jωl2 +
+ R2
jωc1
jωc2

The system of equations is as follows for the current values of the
current:

I 1 z11 − I 2 Z12 = U
− I 1 z12 + I 2 Z 22 = 0

(1)

Then the price of the I 2 current:

∆z =

z11 − z12
− z12 z 22

;
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(2)

I2 =

Uz12
1 z11U
=
=
;
∆z − z12 0 z11 z 22 − z122

(3)

z11 z 22 − z122 ≠ 0

From the expression (3) we conclude that if the number of
I 2 current is small, then the denominator of the (3) fraction will be
large. His is the most rational way to reduce its I 2 current increase
of z 22 resistance, so to be more precise l 2 increase, because R1
and C1 corresponds to the parameters of the tube called resonator.
So these parameters are selected at the end of the measurement
conditions and the given sensitivity can not be changed.
R2 the increase in energy leads to an increase in the loss of
energy in the supports, and C 2 the decrease in it corresponds to a
decrease in the rigidity of the connecting elements, which are
selected for constructive considerations.
I 2 there is another way to reduce its current, which is the
inclusion of an L0 − R0 − C0 additional circuit in the scheme. In
this case, two options for inserting an additional circuit are
possible: in front L1 − R1 − C1 (figure 4a) or L1 − R1 − C1 and
L2 − R2 − C 2 (figure 4b). We study each variant separately.

Picture 4. Electrical analogues of mechanical models with
accumulated parameters of improved shaped resonators
12

Variant I. Let's accept the following naming as in the
previous case :

1
1
*
= R0 +
+ R0 , z 01
jωc0
jωc0
1
1
+ L1 + R1 +
= z 01 , z11* = R0 +
jωc0
jωc1
1
*
*
z12* = R2 +
, z 21 = z12
jωc2
1
1
*
= R2 +
+ L2 + R3
z22
jωc1
jωc2

*
z 00
= jωl0 +

*
z10

We compile a system of equations for current values:
*
*
 I 0 z00
− I1 z01
=U

*
*
*
− I 0 z01 + I1 z11 − I 2 z12 = 0

*
*
− I1 z12 + I 2 z22 = 0

(4)

Then I 2 the price of the current :
*
*
z00
− z01
*
*
∆z = − z01
z11
*
0 − z12

0
*
;
z12
*
z 22

*
*
z00
− z01
U

I2 =

(5)

1
Uz * z *
*
*
= − z01
z11
0 = * * * 01 *12
*2 *
∆z
z00 ( z11 z22 − z122 ) − z01
z22
*
0 − z12
0

(6)

Comparing the schemes in Figure 3 and 4 among themselves, we
see that,
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*
*
z11 = z11
− z 01
*
z12
= z12
*
z 22
= z 22

If we describe in it the expressions (3) and (6) in the following
form:
* *
Uz01
z12
I2 = * * *
*2 * ,
z00 ( z11 z22 − z12*2 ) − z01
z22

I2 =
By z 01

Uz12
*
z11* z 22 − z 01
z 22 − z122

multiplying the copy and denominator of the second

fraction I 2 / I 2∗ we find the connection:

(
(

)
)

*
*2
z11* z 22 − z122 − z 01
z 22
I 2 z 00
=
*
*2
I 2* z 01
z11* z 22 − z122 − z 01
z 22

(7)

So, if it is z 00 > z 01 , then I 2 / I 2∗ > 1 , and I 2 the second is less than
the first.
Varinat II. By conducting an analog conversion, we get :

(

)

*
* *
* *
z 22
z 00
z11 − z10*2 − z 00
z12
I2
= * * *
*
*2
* *
* *
I 2 z12 z 00 z 22 − z10 − z 00 z12 + z 00
z12 z12

(

)

(8)

(8) as it appears from the expression that, z11 by way of selecting
the parameter I 2 / I 2∗ > 1 the fulfillment of his condition can be
achieved.
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We draw up the model according to the distributed
parameters of the resonator in relation to the scheme in Figure 4 as
in Figure 5.

Figure 5. Mechanical model with aggregated parameters of
improved shaped resonator
The model given in a simple case is suitable for the
implementation of resonator with step-shifting cross section, pipe
ends in a solid joint form (Figure 6). The found form of the
resonator provides for the reduction of the reactive force formed in
the places of attachment to the supports during its oscillation,
which, in comparison with the previous form of the resonator,
ultimately provides for its quality improvement.
For the methodology of conducting the resonator report,
its exact mathematical model is developed and studied.

Figure 6. New synthesized resonator shape
For this purpose, the structural model of the resonator has
been studied, the general view of this resonator is shown in Figure
7.Resonator stage-consists of variable cross-section 1 pipe, the ends
15

of which are firmly fixed on 2 supports. The operating mode of the
resonator is created by an alarm system in the first harmony of the
pipe in motion. The alarm system consists of 3 electromagnetic
receivers and 5 electronic amplifiers with 4 oscillators connected to
the corresponding input and output. The frequency of the
authorization changes with a change in the density of the fluid
passing through the tube and is taken from the outlet of the
amplifier.

Figure 7. General view of resonator
The task consists in determining the analytical
dependence of the resonator between the specific frequency of
oscillations and the density of the fluid contained in the resonator.
Given the absolute symmetry of the resonator, the report
scheme can be adopted as in Figure 8, i.e., we can look at the
implementation of the task for the half-section of the pipe.

Figure 8. Reporting scheme of the resonator
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Conditionally divide the half of the pipe into two areas : the
first – the area from the pipe joints to the supports to the change of
its outer diameter; the second – the area from the area where the
outer diameter changes to the middle of the pipe. If we take the
lengths of these accepted areas of the pipe, respectively, l1 and l 2 ,
on it l1 + l 2 = l . Other parameters of the pipe are as shown in the
scheme. We build two coordinate systems that are connected in
each field. Let's name the inclination of the axis of the pipe in each
area accordingly y1 and y 2 . These quantities are states of points on
the pipe, determined by t time function x1 and x2 coordinates. If
we do not take into account friction, the motion equation will take
the following picture:

∂ 4 y1
∂ 2 y1
EJ
m
+
= 0;
1
1

∂x14
∂t 2


4
2
 EJ ∂ y 2 + m ∂ y 2 = 0;
2
2
4

∂x 2
∂t 2


(9)

here – E modulus of elasticity; – J 1 , J 2 moments of inertia
by arrows of the cross-section of the pipe; m1 , m2 - unit of mass of
the length of the pipe filled with liquid.
A to conduct analysis we use Krylov functions and
integrals. The boundary conditions for the case under consideration
will be as follows:
x1 = 0;

y1 = 0;

x 2 = 0;

∂y 2
= 0;
∂x 2

∂y1
= 0;
∂x1

∂ 3 y2
= 0;
∂x 23

On the condition of connection x1 = l1 və x2 = l2
writings are as follows:
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when the

y1 = y2 ;

∂y1
∂y
=− 2;
∂x1
∂x 2

∂2 y
∂ 2 y2
;
EJ1
EJ
=
2
∂x12
∂x22

∂ 3 y1
∂ 3 y2
EJ1
EJ
=
−
2
∂x13
∂x22

(10)

If we conduct substitution as follows:

yi ( xi , t ) = z i ( xi )v(t ), i = 1,2

(11)

Where z i ( xi ) solution of differential equation from IV degree :

ziIV − vi4 zi = 0;

(12)

it is possible here, v(t ) – the solution of the differential equation
from the 2nd degree :
vi + ωυi = 0;

ω = vi2

(13)

EJ i
mi

Here ω = 2πf the frequency of the cycle of the dance and
f - this is the specific frequency of the dance. Below we proceed
from (9) and (10) equations to ordinary derivative equations.
IV
4

 z1 + v1 z1 = 0;
 IV
4

 z 2 + v2 z 2 = 0;

(14)

when there are the following boundary conditions:
z1 (0) = 0;

z1 (l1 ) = z 2 (l2 ),
z1'' (l1 ) =

z1' (0) = 0;

E 2 J 2 ''
z 2 (l2 ),
E1 J1

haradaki,

vi4 =

z 2'' (0) = 0;

z1' (l1 ) = − z 2' (l2 ),
z1''' (l1 ) = −

z 2''' (0) = 0;

E 2 J 2 '''
E J
(15)
z 2 (l2 ), z1′′′(l1 ) = − 2 2 z 2′′′(l2 )
E1 J1
E1 J1

m1ω 2
, i = 1,2
Ei I i
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In order to simplify writing, Let's adopt the following naming:

U i = U (liν i ); Si = S (liν i );
Ti = T (liν i ); Vi = V (liν i );

To solve the equation (15), taking into account the first
four conditions described in the expressions in the Krylov function
(13), it can be written as follows :

 z1 ( x1 ) = a1U 1 + b1V1 ;

 z 2 ( x2 ) = a2U 2 + b2 S 2 ;

(16)
where, a1 , a 2 and b1 ,b2 – desired constants. Using the terms of
connection, we get 5-8 conditions of the system (15):

where is that,

a1U 1 + b1V1 = a 2U 2 + b2 S 2 ;
a T + b U = k a T + k b V ;
 1 1
1
1
1
2 2
1 2
2
(17)

;
a
S
b
T
k
a
S
k
b
U
+
=
+
1
1
1
1
2
2
2
2
2
2


a1V1 + b1 S1 = k 3 a 2V2 + k 3b2T2 ;

k1 = − 4

E1 J 1 m2 k = E 2 J 2 k 2 ; k = E2 J 2 k 3 ;
; 2
1
3
1
E1 J 1
E1 J1
E 2 J 2 m1

Let's compose a matrix.

U 1V1

V =

T1U 1

V1 =
F1 =

S1T1
V1 S1
a1
b1

;

U 2S2

;

Ф=

;

Ф1 =

kT2 kV2

F2 =

;

k 2 S 2 k 2U 2
k 3V2 k 3T2
a2
b2

;

(18)

;

On it (17) equation can be written as follows:
 F1V = F2Ф

 F1V = F2Ф1
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(19)

or
where
as:

(20)
V − V1 ) F1 = 0 , on it, its elements are designated
XF1 = 0

X = (Φ 1Φ

−1

x11 = k1k 2U 1 ( S 2V2 − U 2T2 ) + k 2T1 (U 22 − S 22 ) − k1 S1 (U 2V2 − T2 S 2 );

x12 = k1k 2V1 ( S 2V2 − U 2T2 ) + k 2U 1 (U 22 − S 22 ) − k1T1 (U 2V2 − T2 S 2 );
x 21 = k1 k 3U 1 (V22 − T22 ) + k 3T1 (T2U 2 − S 2V2 ) − k1V1 (U 2V2 − T2 S 2 );
x22 = k1k3V1 (V22 − T22 ) + k3U1 (T2U 2 − S 2V2 ) − k1S1 (U 2V2 − T2 S 2 );

(19) it is necessary to comply with the condition of the
formula for the presence of a solution that differs from zero
det x = 0 . Opening the identifier, we get the equations for
determining the frequencies of the specific oscillations of the
analyzed resonator tube:
x11 x 22 − x 21 x12 = 0

(21)
Let us proceed to the second part of the issue, i.e., to the
question of finding the analytical dependence between the
parameters of the resonator and the number of reactive force in the
places of conjugation of the resonator.
In accordance with the theoretical part, the force in the
compound power is determined as follows:
F = EJ 1 y1 (0, t )

This is also the harmonic function of the time, the function
is v(t ) such function. The amplitude price of this quantity is equal
to the following:
FA = EJ 1u1 (0)

(16) considering the expression

u1 ( x1 ) = (U (v1l1 )V (v1l1 )) F1

where

u1 (0) = v1 (0,1) F1

20

(22)

(20) with respect to the testimony F1 – this is v1 a special vector
of the X matrix calculated at the time v1 of its prices.
Which according to the thesis is determined with accuracy up
to the speed of the scalar (21), which is the solution of the equation
and can be as follows, for example, to be accepted:
λ  x12 
F1 =



2 EJ 1  − x11 

(23)
F1 we get the following statement by implying the description of
the above :
λ 3
(24)
FА =

2

v1 x11 ;

where λ - constant, which determines the intensity of the
dances, which depends on the initial conditions.
As a sliding of the middle point of the pipe as a
characteristic of the intensity of the oscillations h amplitude is
acceptable. Let's assume that in the system, regardless of the
parameters of the system h recording amplitude is provided. Let's
express the amplitude through these parameters.
As long as,

h = z2 (0)

than

h = (0,1) F2

(19) is taken from the expression
(25)
F2 = Φ −1 F1V
(25) by opening the phrase and The found value (24) if we put it in
place in the testimony λ buy for
hE 2 J 2 k1 (U 2V2 − S 2T2 )
U 2 (T1 x12 − U 1 x11 ) − k1T2 (U 1 x12 − V1 x11 )
(25) as follows from the statement that FA when the following
equation is performed, it is theoretically taken equal to zero:

λ=

21

U 2V2 − S 2T2 = 0
(26)
In this case, by selecting the resonator parameters from
the condition of the Equality (26), it is possible to achieve a
sufficient reduction in the energy losses of the oscillations of the
pipe from the support to the body by reducing the reactive forces in
the places of connection of the pipe to the supports.
Using the obtained equal (26), in practice, a methodology
has been developed for the calculation of parameters of single-row
step-variable cross-section resonator. This method allows to realize
in practice the calculation of parameters of variable cross-section
single-section resonator with maximum absolute sensitivity to the
density of the measured fluid and at the places of attachment of the
resonator with maximum quality at the expense of minimization of
reactive forces.
Let's look at ensuring the condition of maximum
improvement of quality of single-beam resonator.
Let's accept the change in the opener so that there is
convenience in the next reports
m1
(27)
⋅ 6,28 F0 ⋅ l1
ω1 = ν 1l1 = 4
EJ 1
ω 2 = ν 2 l2 =

4

m2
⋅
EJ 2

(28)

6,28 F0 ⋅ l2

ω1 suppose that, (21) it is the root of the equation and ω1 = 3.155 .
This time ω 2
(26) the root of the equation should be and
ω 2 = 2.365 . This time(27) and (28) after the non-existent
transformations in his statements, he takes the following form:
3.155 = 4 ⋅ 4

( D12 − d 2 ) ρ T + d 2 ρ ж
⋅
E ( D14 − d 4 )

2.365 = 4 ⋅ 4

6,28 F0 ⋅ l1

( D22 − d 2 ) ρT + d 2 ρ ж
⋅
E ( D22 − d 4 )
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6,28 F0 ⋅ l2

(29)
(30)

Taking into account the experience of the development of
vibration-frequency Densitometers and the obtained expressions,
the sequence of rational parameters selection of a single-boron
step-variable cross-section resonator can be proposed as follows:
- ρ T density and E selection of the material of the resonator
taking into account the modulus of elasticity and the properties of
the measured liquid;
- of the pipe arising from the technological condition of the
measurement d determination of internal diameter;
- the outer part of the central part of the single-boron resonator D1
diameter and D2 selection of peripheral parts taking into account
the technological condition of pipe preparation;
- arising from the experience of the development of vibrationfrequency density meters, F0 finding the specific frequency of the
empty single-chamber resonator ;
- (30) by using the expression resonator l 2 reporting of the length
of the periphery area;
- ω1 = 3.155 when (23) by using the expression resonator l1
reporting the length of the center area;
Chapter III is devoted to the influence of the main
destabilizing factors on the indicators of the measured medium
vibration density transmitter, namely the influence of temperature,
pressure and flow rate of the measured liquid.
As a result of the conducted studies, the following attitudes
are taken to determine the change in the oscillations of the
resonator:
- resonator temperature from t 0 to t during the change:
A(α E − α L ) + ρ (α E + 2α L )
1
∆f t = f t − f to = − f t
∆t
2
A+ ρ
Where: α E and α L - the temperature coefficient of
elasticity and the coefficient of linear expansion, respectively;
f t0 – filled with liquid ρ H density t 0 the frequency of oscillations
0

of the resonator in temperature;
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f t - filled with liquid ρ H

density t the frequency of oscillations of the resonator in
temperature;
- Ölçülən mayenin təzyiqinin P0 -dan P -yə dəyişməsi
zamanı aşağıdakı kimi təyin oluna bilər:
∆f P = f p − f po =

(VL ) S
1
fP
∆P ,
2 0 0.484 E n 4 − 1 d 4
2

(

)

where:
f p - frequency of oscillations of the tube filled with liquid ,
P - pressure and ρ the density is denoted by;
f P0 - frequency of oscillations of the tube filled with liquid;

ρ - density and P0 (0.1 мПА) starting pressure;
V – it is the coefficient of its brought length, which depends on
the conditions of connection of the ends of the pipe.
v - during the change of measured fluid velocity
f =

0.907 d
2

E

ρT

(n

2

)

+1

A
A+ ρ

1 − 0.405

 2 ρυ 2
Ed 2 n 4 − 1

(

)

.

Using differential circuits connected to the resonator and
at the expense of the inclusion of compensators, a new construction
of single-section stepped-variable cross-section is considered,
ensuring the reduction of the effects of the above factors.
Analysis of the measurement error arising from the phase
shift in the authorization system is carried out.
In the Chapter IV the results obtained as a result of
experimental study of high quality single-beam resonator, the
design of which was developed on the basis of the methodology
given in chapter 2 of the dissertation are given.
To conduct experimental research, an installation was
developed: this installation includes a signal generator of the ГЗ
112 type on the resonator and test board under study, a
chronometer-density meter of the ЧЗ-34А type, a universal digital
voltmeter of the B7-16A type, an amplifier of the 100У-101 type,
a power source, an oscilloscope of the B7-16A type, an exciter and
a transmitter.
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Electromagnetic converters are used to record excitation
and oscillations. In the receiver for adjusting the oscillation system
to the resonant frequency EMP determined by the indirect method
by its quantity, it is carried out through the resonant frequency of
the resonator during the forced oscillations of its arms.
A special device has been developed to measure the
quality of the resonator. The scheme of vibration-frequency
densities on the basis of a single-boron step-variable cross-section
resonator has been proposed.
The specific frequency and quality of resonator dances
were investigated by experiment. The first experiment consists of
two stages. At the first stage, the frequency of the oscillations of
the resonator while it was idle, and at the second stage, the
frequency of the resonator in its state filled with distilled water was
measured.
The results of the experiment showed that the error of
determining the frequency of specific oscillations of the step variable cross-section resonator using the proposed analytical
expressions did not exceed 10 percent.
During the second experiment, two resonators were
investigated. The first is one-sided (top is smooth), in the second
case, the stepped-variable cross-section. As a result, the experiment
showed that the quality of the step-variable cross-section resonator
was 2.33 times higher than the quality of the single-sided, i.e.
smooth top resonator.
The practice of manufacturing vibration-frequency liquid
density meters shows the need to automate the process of adjusting
the electromagnetic impact system. When the electromagnetic
receiver of the oscillations is in a motionless state, the movement of
the electromagnetic amplifier of the oscillations to the left or to the
right is continued until the maximum possible signal is generated at
the output of the receiver.
The solution to the problem of automating the
construction of the electromagnetic impact system of the resonator
of vibration-frequency fluid density meters using the provisions of
the theory of fuzzy regulation seems relevant.
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As a controlled quantity, the action of the actuator
receiver of the oscillations was considered. Figure 10 presents a
simplified structural scheme of the system for automatic regulation
of the displacement of the electromagnetic impact of the vibrationfrequency liquid densitometer.

Figure 10. Simplified structural scheme of the system of automatic
regulation of the electromagnetic activator of the
vibration-frequency liquid density meter
To the input of the system, the voltage U from the 1 block enters from the 4 - analog digit converter. The received
price is given to one of the inputs of the fuzzy controller.
The received price is given to one of the inputs of the
fuzzy controller. The second input includes derivatives dU/dt from
the 5 calculation block.
Fuzzy controllers include: fazzifier-6, intended for the
conversion of fuzzy signals into fuzzy sets, a set of fuzzy rules
describing the fuzzy connections between the input and output
parameters of the controller, i.e. a table of linguistic rules – 7;
defazzifier - 8, where a fuzzy price obtained after defazzification in
the form of a fuzzy control effect enters the input of the engine - 9
and Engine – 10. The following linguistic variables were used to
work with fuzzy controllers:
1. Voltage. The voltage of the amplitude level of the oscillations.
2. Dynamics. Dynamics of voltage change(derivative of voltage).
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3. Direction. Direction of the next switch of the engine.
4. Duration. The duration of the start of the electric motor.
Computational experiments are carried out using the
Fuzzy Logic Toolbox software complex in the Matlab
environment. The surfaces of the change of the direction of the next
conduction in the process of the studied model and the duration of
the electric motor connection time have been obtained. Figure 11
shows the surfaces of the change in the direction of the next
passage of the electric motor and the connection time of the electric
motor depending on the frequency of voltage oscillations and the
price of its derivative.

Figure 11. Surface dependence of output parameters of input
variables
As a result of the analysis of the results obtained, it was
established that the fuzzy controller in most cases performs a
smaller amount of transitions than manual, and also allows
maintaining the gap between the tube and the receiver of
oscillations.
This reduces the time for adjusting the level of the
resonator oscillation frequency and does not require increasing the
requirements for the accuracy of the geometric dimensions of the
pipe. It should also be noted that devices based on fuzzy logic have
another important feature of relatively simple expansion.
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It is easy to add new features and functional capabilities to
such devices, it is not complicated. That is, if there is a need to
include additional functions, there is an opportunity to add them to
the operation of the fuzzy device. For this reason, devices based on
fuzzy logic are relatively easy to use compared to others and can be
reprogrammed with new features just in case of current need.
The procedure for adding new functional capabilities is
simple and not complicated. Therefore, adding new features when
the need arises does not create complexity. As a result of the
studies, a number of results were obtained:
1. Fuzzy controls were adopted in most cases, so that the
realization of less transitions was achieved in comparison with the
presence of manual switches. This density leads to a decrease in
time for adjusting the amplitude level of the oscillations of the
meter.
2. Devices based on fuzzy logic have one more important
feature - simple expansion, which is relatively comparable. It is
easy and not complicated to add new features, new features for
such devices. That is, if additional functions are required, it is
possible to add them to the fuzzy device.
It is confirmed that devices based on fuzzy logic are more
preferable for automatic adjustment of the level of amplitude of
oscillations of vibration-frequency densities than devices based on
ordinary logic. Automatic adjustment of the level of the amplitude
of the oscillations becomes more qualitative, the number of
transitions decreases.
A qualitatively new direction is the creation and
development of transmitters with the transformation of directly
controlled parameters into frequency - modulating signals-in the
direction of creating high-precision and reliable density meters
used in various fields of industry. The single-beam resonator,
which differs from other high-quality structures with a stepped
cross-section, allows to expand the application areas of vibrationfrequency densities.
In particular, the concentration of disperse systems of
suspensions and pipelines, which are the raw materials or products
28

of a large number of technological processes in various sectors of
the industry, increasing the accuracy of measurements when
measuring the density by vibration-frequency Densitometers can
significantly increase the importance of using these resonators.
En-section step-shifting resonators can be successfully
used in vibration amplitude density meters, where single-section
resonators are traditionally used.
The principle of operation of these devices is based on the
dependence of the amplitude of forced oscillations of the tubular
resonator on the density of the fluid passing through it. At the same
time, the greatest sensitivity of the device is provided during its
operation in the immediate vicinity near the resonance area.
Initially, the resonator is filled with liquid taken as a
sample, for example, with distilled water, then its oscillation is
tuned to the system resonance state, but at the same time it registers
the maximum price of the amplitude of the oscillations.
In addition, the resonator is filled with the studied liquid,
for example, it is filled with a water-cement mixture that differs
from the comparable density. The resonance condition is disrupted
and the amplitude of their oscillations decreases. The measurement
limit is changed by selecting the comparable fluid and tuning it to
the subsequent resonance state.
The effect of the amplitude of the oscillations and the
measurement of the amplitude of the oscillations are carried out by
changing current electromagnets as a rule. Vibration-amplitude as a
sensitive element of the density meters, straight tubes firmly fixed
at the ends are used.
Due to the large scattering energy in the places of
connection of the resonator tube to the supports, other structures
receive a small quality, which sharply limits the amount of possible
amplitude of the oscillations in such mechanical oscillations, and
therefore the potential measurement sensitivity is also reduced.
Therefore, improving the quality of vibration-amplitude
densities by preparing and using a cross-section step-by-step
variable for a single resonator can increase the measurement
precision and accuracy of these devices.
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It should be noted that one-way variable resonator can be
regarded as a special case of one-way resonators with variable
stiffness. Therefore, further research in this area may be related to
the search for new forms of monorail resonators of high quality
with variable hardness.
One of the promising directions of possible application of
single-beam resonators of stepped-variable cross-section is the
possibility of constructing vibration-frequency densities for
suspensions on their basis.
A characteristic parameter in the construction of vibrationfrequency densities for suspensions on the basis of a single-boron
resonator with a stepped variable cross-section is the
concentration(accumulation) of the solid phase. It is known that the
density of such environments is unequivocally related to the
concentration of disperse phase, which is explained by the wide use
of density meters, such as the death of the concentration of twophase systems.
The peculiarity of its movement in a two-phase
environment in a vibratory field is that the dispersion dances with
some displacement compared to the movement of the dispersion
medium (liquid) as a result of the inertia of the phase (solid
particles) and as a result of the action of friction forces: the
relationship between the amplitude of the oscillations of liquid and
solid particles is As a result of the influence of these factors, the
degree characteristic of the density meter for suspensions differs
from the characteristic for homogeneous liquids with the
appearance of such a formula.
The choice of these or other converters of the concentration
of suspensions is primarily due to the ability of the sensitive
element to prevent the deposition of solid particles inside or outside
it. Therefore, mechanical resonators should not have sharp bends or
stagnant zones, they should be accessible for periodic cleaning or
washing.
These requirements are met by single-layer resonators,
including step-by-step variable cross-section single-layer
resonators.
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In recent years, designers of vibration-frequency
Densitometers have been searching for new forms of pipe
resonators for working with liquids under pressure. At the same
time, designers try not to use flexible connecting elements, similar
to silicones, which leads to the coordinated mechanical exchange of
external structures of the resonator. However, the refusal to use
flexible connecting elements leads to a decrease in the quality
coefficient of the mechanical oscillation system. In this regard, the
use of single-layer resonators of stepped-variable cross-section
allows to avoid the reduction of the quality coefficient as a result of
refusal to use elastic connecting elements, i.e. increase the quality
coefficient.
Of particular interest is the possibility of using monorail
resonators to measure the density of granular shaped substances.
There are several types of granular shaped matter to measure the
density of seals, including their actual density. When using
vibration-frequency Densitometers, in order to measure the actual
density of granular media, the upper part of the resonator tube must
go beyond the limits of the hardened part, and the lower part must
be closed with a lid. The transmitter should be installed in the flow
path of the devilish fluid medium. The involuntary environment
that enters the vibrating resonator fills it by squeezing it. The
transmitter indicators are recorded after some time after the filling
process is completed by pressing the granular liquid medium into
the resonator. After the measurement process is complete, the lid is
opened and the resonator is discharged until the next measurement
work is performed.
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CONCLUSION
1. According to the results of analysis carried out from the
literature, modern demands on liquid flow density meters were
systematized. The perspectives of tubular resonator vibrationfrequency densities are shown.
2. The physical basis of the work of vibration-frequency
Densitometers was revealed as a result of the analysis that
determining the accuracy of the device is its mechanical resonator,
and its main parameter is the quality coefficient.
3. By replenishing the demand for single-layer resonators,
the question was raised about the search for a new shaped resonator
of high quality.
4. As a result of systematization of data on synthesis of
forms of resonators for high-quality resonator vibration-frequency
density meters, an algorithm has been proposed using
electromechanical analogies method.
5. Using the proposed algorithm, a new resonator with a
pipe-shaped stepped variable cross-section has been synthesized,
since the two periphery of the pipe is made up of thick and central
thin parts, forming a double symmetry by the center.
6. The exact mathematical model of the synthesized new
resonator has been studied and developed in order to obtain
arithmetic expressions. The condition of rational parameters
selection of single-layer resonator of the stepped-variable crosssection has been found. This condition provides to improve the
quality of the mechanical oscillation system by reducing the
scattering energy falling on the places of attachment of the
resonator to the housing.
7. The exact mathematical model of the synthesized new
resonator has been studied and developed in order to obtain
arithmetic expressions. The condition of rational parameters
selection of single-layer resonator of the stepped-variable crosssection has been found. This condition provides to improve the
quality of the mechanical oscillation system by reducing the
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scattering energy falling on the places of attachment of the
resonator to the housing.
8. The influence of factors affecting the frequency of
resonator oscillations(temperature, pressure and flow rate of
measured fluid) was analyzed. Determination of the frequency of
their oscillations as a result of the influence of the resonator factors
and calculation of possible reduction of the influencing factors are
obtained.
9. In order to verify the main theoretical provisions in the
work, experimental studies of a single-row stage-variable crosssection resonator were carried out. The results of experimental
studies showed that experimental and computational data coincide
(the Maximum error of reports does not exceed 10 percent), as well
as improvement of quality of resonator with the previous design
increased 2.33 times.
10. Based on the results of theoretical and experimental
studies, the report of the main parameters of the single-beam
resonator of the stage-variable cross-section and methodological
recommendations of its selection were developed. In this case, the
condition for ensuring the yield frequency of the empty tube and
mimimumization of the oscillatory energy losses falling to the
places of connection in the housing is taken into account.
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