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Abstract
In the paper there are presented tools for structural modelling of throttle diagrams that are developed as
a basis to building transducers used for measuring fluid parameters. The definitions of throttle diagrams
are improved and their classification is developed. Dependences are obtained to calculate the number of
measuring channels in a throttle diagram and the number of possible variants of measuring transducers
using the combinatory apparatus. A procedure for mathematical description of throttle diagrams in the form
of graphs is proposed which makes it possible to obtain all diagrams with different measuring channels on
the basis of certain throttle diagram. The model is developed in the form of a graph. A schematic diagram
and a mathematical model of a transducer measuring physical and mechanical parameters of Bingham
plastic fluid are developed based on a throttle diagram.
Keywords: throttle diagram, measuring transducer, model, fluid.

c⃝ 2018 Polish Academy of Sciences. All rights reserved

1. Introduction

Measuring transducers and systems with throttles as sensors are widely used for continuous
measurement of physical and mechanical parameters of fluids. Throttles are the elements that
create resistance to the flow of liquid or gas [1]. They are divided into laminar and turbulent ones
depending on the regime of fluid steady motion. They are also divided into constant and variable
throttles depending on the change of their hydraulic resistance during measurement, which is not
caused by changes of liquid parameters.

The measurement method using throttle elements is called hydrodynamic or gas-dynamic
depending on the dynamic processes that arise during the movement of liquid or gas through the
throttle. The application of throttle elements of different types and dimensions which are arranged
in parallel and in series, in bridge and differential measuring diagrams, enables to synthesize
hydro-gas-dynamic transducers and systems for measuring physical and mechanical parameters
of fluids with different transform functions and metrological characteristics [2].

Thus, in [3] a viscometer with a differential measuring diagram is considered. It is built on
the basis of a series-parallel connection of tubes or capillaries. They form a hydraulic bridge
equivalent to the Wheatstone bridge in electronics. A hydrodynamic transducer created on the
basis of bridge diagram with laminar and turbulent throttle elements is used in an intelligent
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information-measuring system of automobile fuel quality [4]. The principle of measurement is
in continuous pumping of the explored oil products through the transducer and automatic astatic
balancing of the bridge by changing the volumetric flowrate of the product. Such parameters as
kinematic viscosity, density, dynamic viscosity, octane number, cetane number and oil product
index are determined with high accuracy by the values of the volumetric flowrate and the total
pressure drop across the bridge at the moment of its balance. Similar transducers based on a
bridge diagram with different types of throttle elements are also used for measuring the viscosity
and density of emulsions [5]. In addition to traditional methods of balancing the viscometer
bridge by changing the flowrate or length of one or more capillaries, another method is described
in [6]. In this transducer the resistance of fluid flow is regulated by a mechanical device. The
viscometer built on a capillary bridge in [7] is intended to measure a specific viscosity. The
viscometer in [8] is built on the basis of a diagram with three different capillaries. It measures the
relative viscosity by which the molecular weight of a polymer is determined. Throttle elements
in the form of tubes are also used to measure the parameters of non-Newtonian fluids. Thus, in
[9] methods and systems are considered for real-time determination of rheological parameters of
liquids in wells in drilling operating conditions.

The papers [10, 11] show that gas-dynamic transducers can be used for measuring micro
flowrate of gases (below 3.0 · 10−6 m3/s) as well as small flowrate of gases (from 3.0 · 10−6

to 3.0 · 10−3 m3/s). The throttle elements of such transducers form the branches of a bridge
measuring diagram which provides high sensitivity and accuracy of flowrate measurement. In
[12], an analyser of nitrogen-hydrogen gas mixture is proposed to be built on the basis of a gas-
dynamic bridge diagram. It is shown that the characteristics and functionality of the analyser
depend on various combinations and the numbers of laminar and turbulent throttles in the bridge
diagram.

It should be noted that the theory of synthesizing the measuring transducers based on one
throttle element is well developed for many practical applications. Thus, in a variable differential
pressure flowmeter the fluid flowrate is determined by the pressure drop across the primary device
(throttle element) mounted in a pipeline [13]. The international standards [14] show the achieved
level of flowrate measurement by using the differential pressure transducers with various primary
devices. The computer-aided design of differential pressure flowmeters is developed in [15] on
the basis of these standards.

The connection of several identical or different types of elements in throttle diagrams in
different ways and the possibility of choosing different measuring channels create a wide range
of diagrams for the transducers measuring physical and mechanical parameters of fluids with
specified functional and metrological characteristics. However, for a systematic solution of the
task of choosing a throttle diagram and measuring channels of the transducer we need tools for
modelling and analysis of diagram structures.

The purpose of the study is to develop the tools for structural modelling of throttle diagrams
and choosing measuring channels using the graph theory, evaluating their number in order to
synthesize transducers measuring physical and mechanical parameters and gas- or hydrodynamic
characteristics of fluid with a specified functionality.

2. Classification of throttle measuring diagrams

In the previous papers [16, 17] we presented the following types of throttle diagrams: primary
throttle element, primary cortege, primary rank, composite cortege, composite rank, throttle ma-
trix. The primary throttle element (throttle) is a throttle diagram built on the basis of one throttle
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element. The primary cortege is a throttle diagram with a serial connection of primary throttle
elements and the primary rank is a throttle diagram with a parallel connection of primary throttle
elements. The number of elements of the primary cortege is called length and the number of
elements of the primary rank is called width. It should be noted that a primary cortege of length 1
and a primary rank of width 1 transform into a primary throttle element. The composite cortege
is a throttle diagram with a serial connection of primary throttle elements and primary ranks. The
composite rank is a throttle diagram with a parallel connection of primary throttle elements and
primary corteges.

A throttle matrix is investigated in [17]. It is a diagram containing parallel branches with the
same number of in-series connected throttle elements. It should be noted that according to the
developed description of throttle diagrams the throttle matrix is a composite rank with primary
corteges of the same length.

However, not all throttle diagrams can be described with the existing definitions. Therefore,
our task is to extend the existing concepts of composite ranks and composite corteges.

Let us divide a set of composite ranks into three groups: throttle matrices, partial throttle ma-
trices and composite throttle matrices. The definition of a throttle matrix is discussed above. The
definition of a partial throttle matrix is proposed as follows. It is a diagram containing parallel
branches with different numbers of in-series connected throttle elements. Applying the terminol-
ogy of throttle diagrams, a partial throttle matrix is a composite rank with primary corteges of
different lengths (including length 1) as its elements.

A composite throttle matrix is the third type of composite ranks. We interpret it as a diagram
which contains a parallel connection of primary corteges and branches with a serial connection of
primary corteges with primary ranks, throttle matrices or partial throttle matrices. If one applies
a composite throttle matrix instead of any throttle in the parallel branches of such a diagram it is
possible to synthesize more complex structures of a composite throttle matrix.

We also propose to extend the definition of a composite cortege. It is a diagram with a serial
connection of primary corteges, primary ranks and composite ranks. From the proposed defini-
tion it follows that a composite cortege must contain at least two types of diagrams, for example a
primary cortege and a composite rank or a primary rank and a primary cortege etc. Consequently,
a composite cortege is a throttle diagram that covers a lot of variants for constructing measuring
diagrams.

Thus, taking into account the known and the proposed types of diagrams the authors devel-
oped a classification of throttle diagrams which is given in Table 1. The developed classification
of throttle diagrams enables to investigate different diagrams for the purpose of constructing
transducers for measuring fluid parameters.

3. Modelling of throttle measuring diagrams

Let us apply the graph theory to modelling throttle measuring diagrams using the basic terms
and definitions [18].

In order to perform a measurement the measuring channels are created in every throttle di-
agram. The connection points of throttle elements which are called diagram nodes are used for
measuring channels. Such nodes of the diagram numbered in a certain way are the graph ver-
tices and the measuring channels are the graph edges. Since the output signal of a measuring
channel is the differential pressure between different nodes of the diagram, we can describe a
measuring channel by a directionless edge connecting two different graph vertices. In this case,
a non-oriented simple graph is obtained. Consequently, the graphs enable mathematical descrip-
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tion of a set of nodes of the throttle matrix and a set of measuring channels. Taking into account
transform functions of each measuring channel corresponding to the graph edges, we obtain a
loaded graph which can serve as a basis for construction of mathematical models of measuring
transducers.

It is necessary to mark the nodes in the diagram and to determine their number in order to
describe a measuring diagram in the form of a graph. Let us analyse the throttle diagrams from
Table 1 to determine the number of nodes in different types of diagrams.

Table 1. Classification of throttle diagrams.

No Diagram name Examples

1 Primary throttle element

2 Primary cortege

3 Primary rank

4 Composite
rank

Throttle
matrix

Partial
throttle
matrix

Composite
throttle
matrix

5 Composite cortege

The simplest throttle diagram consists of one primary throttle. Obviously, the number of
nodes in such a diagram equals 2. For a diagram with a serial connection of throttles, that is a
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primary cortege, the number nc of nodes is proposed to be calculated by the formula:

nc = nel +1, (1)

where nel is a number of primary throttle elements in cortege.
For example, Fig. 1a shows a primary cortege which contains 2 throttles and 3 nodes and

Fig. 1b shows a primary cortege which contains 3 throttles and 4 nodes.

a) b)

1 2 3 1 2 3 4

Fig. 1. Primary corteges: a) length 2; b) length 3.

Having analysed the throttle diagrams with a parallel connection of their elements we defined
that the number of nodes in a primary rank does not depend on its width:

nr = 2. (2)

For example, Figs. 2a–2c shows that primary ranks of widths 2, 3, . . . , p have 2 nodes re-
gardless of the number of throttles in the diagram.

a) b) c)

Fig. 2. Primary ranks: a) width 2; b) width 3; c) width p.

The simplest composite rank is a throttle matrix of size p× r. It is investigated by the authors
in [17], where the formula for determining the number nm of nodes is proposed:

nm = p · (r−1)+2, (3)

where p is the number of elements in each column of throttle matrix (the number of rows); r is
the number of elements in each row of throttle matrix (the number of columns).

For example, Fig. 3 shows throttle matrices of various sizes with numbered nodes. Using (3)
we find that the throttle matrix in Fig. 3a has 4 nodes, while the other two matrices (Figs. 3b, 3c)
have 6 nodes each.

a) b) c)

Fig. 3. Throttle matrices: a) size 2×2; b) size 2×3; c) size 4×2.
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It is seen from Fig. 3 that the number of nodes in a throttle matrix increases with an increase
in the number of throttle elements. For example, the matrix in Fig. 3a with 4 throttles has 4 nodes
and the matrix in Fig. 3b with 6 throttles has 6 nodes. The matrices shown in Figs. 3b, 3c are
of different sizes 2× 3 and 4× 2 with correspondingly different numbers (6 and 8) of throttle
elements but they have the same number of nodes nm = 6. Proceeding with (3), we can conclude
that the number of nodes in throttle matrices with the same number of elements will be larger for
the matrices with a larger number r of columns.

Let us consider the second type of composite rank – a partial throttle matrix. Such a diagram
contains different number of in-series connected throttle elements in parallel branches. Taking
into account (3) we propose a formula for determining the number npm of nodes in a partial
throttle matrix:

npm =
p

∑
i=1

(ri −1)+2, (4)

where p is the number of rows in the diagram; ri is the number of throttle elements in i-th row of
partial throttle matrix.

For example, Fig. 4 shows three diagrams of partial throttle matrices with marked nodes.
The first diagram (Fig. 4a) contains 6 elements (3 elements – in the first row, 2 elements – in
the second row, 1 element – in the third row). The second diagram (Fig. 4b) also contains 6
elements (4 elements – in the first row, 2 elements – in the second row) and the third diagram
(Fig. 4c) contains 7 elements (2 elements – in the first and in the second rows, 3 elements – in
the third row). Using (4) we determine that the first throttle diagram has 5 nodes while the other
two diagrams have 6 nodes.

a) b) c)

1 1 6 61 3

2 3
2 3

4 5
5

4
2

4 5

Fig. 4. Partial throttle matrices.

From Fig. 4 we see that the number of nodes in partial throttle matrices depends on the way
of connection of throttle elements. Usually the number of nodes in a diagram increases with an
increase in the number of elements (the diagram in Fig. 4a contains 6 throttles and 5 nodes while
the diagram in Fig. 4c contains 7 throttles and 6 nodes). However, the diagrams with the same
number of throttles but with different ways of their connection can have different numbers of
nodes (each of the diagrams in Fig. 4a and Fig. 4b contains 6 throttles as well as 5 and 6 nodes
respectively). Though the diagrams with different numbers of throttles can have the same number
of nodes (the diagrams in Fig. 4b and Fig. 4c contain 6 throttles and 7 throttles respectively and
both have 6 nodes).

Let us consider the third type of composite ranks, that is a composite throttle matrix. It is
formed by a parallel connection of primary corteges and branches with a serial connection of
primary corteges with primary ranks, throttle matrices or partial throttle matrices. We propose to
calculate the number ncm of nodes in a composite throttle matrix with the following formula:

ncm = Npcm +Nb +2, (5)
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Npcm =


0, at g = 0;

g

∑
i=1

(neli −1), at g ≥ 1;
(6)

Nb =
h

∑
j=1

(nb j −2), (7)

where: Npcm is the total number of nodes in the branches consisting only of primary corteges;
g is the number of branches of primary corteges which are part of a composite matrix (if the
composite matrix does not contain primary corteges, then g = 0); neli is the number of elements
in i-th primary cortege; Nb is the total number of nodes in the branches with a serial connection of
primary corteges with primary ranks, throttle matrices or partial throttle matrices that are parts of
a composite matrix; h is the number of such branches (h ≥ 1); g+h = p ≥ 2 is the total number
of branches of composite matrix; nb j is the number of nodes in j-th branch which is calculated
by the formula:

nb = Npc +Npr +Nm +Npm − (a+b+ c+d −1), (8)

Npc =


0, at a = 0;

a

∑
k=1

nck , at a ≥ 1;
(9)

Npr =


0, at b = 0;

b

∑
l=1

nrl , at b ≥ 1;
(10)

Nm =


0, at c = 0;

c

∑
r=1

nmr , at c ≥ 1;
(11)

Npm =


0, at d = 0;

d

∑
s=1

npms , at d ≥ 1,
(12)

where: Npc is the total number of nodes in primary corteges which are part of j-th branch of a
composite matrix; a is the number of such primary corteges (if the j-th branch does not contain
primary corteges, then a = 0); Npr is the total number of nodes in primary ranks which are part
of j-th branch of a composite matrix; b is the number of such primary ranks (if the j-th branch
does not contain primary ranks, then b = 0); Nm is the total number of nodes in throttle matrices
which are part of j-th branch of a composite matrix; c is the number of such throttle matrices (if
the j-th branch does not contain throttle matrices, then c = 0); Npm is the total number of nodes
in partial throttle matrices which are part of j-th branch of a composite matrix; d is the number
of such partial throttle matrices (if the j-th branch does not contain partial throttle matrices, then
d = 0).

If one applies a composite throttle matrix instead of any throttle in a parallel branch of a
composite throttle matrix, then the number of its nodes should be added into (8).

Figure 5 shows a diagram of a composite throttle matrix which is a parallel connection of
two branches. For this diagram Npcm = 0 and the total number of branches is p = h = 2.
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1

2

3

4

5

6

Fig. 5. A composite throttle matrix.

The first branch contains two corteges of length 1 and a partial throttle matrix, the second
branch contains one cortege of length 1 and a primary rank of width 2. Taking into account that
for the first branch a = 2 and Npc = 4, b = 0 and Npr = 0, c = 0 and Nm = 0, d = 1 and Npm = 3
and using (8) we find that nb = 5. For the second branch – a = 1 and Npc = 2, b = 1 and Npr = 2,
c = 0 and Nm = 0, d = 0 and Npm = 0 and nb = 3, then using (7) we find the number Nb = 4. The
total number of nodes is determined using (5) – ncm = 6.

Finally, let us analyse diagrams of a composite cortege type. They can contain primary
corteges, primary ranks and composite ranks (throttle matrices, partial throttle matrices and com-
posite throttle matrices). With this in mind the authors proposed a formula for determining the
number n of nodes in a composite cortege:

n = Npc +Npr +Nm +Npm +Ncm − (a+b+ c+d + e−1), (13)

where: Npc is the total number of nodes in primary corteges which are part of a composite cortege,
it is calculated by (9); a is the number of such primary corteges (if a composite cortege does not
contain primary corteges, then a = 0); Npr is the total number of nodes in primary ranks which
are part of a composite cortege, it is calculated by (10); b is the number of such primary ranks
(if a composite cortege does not contain primary ranks, then b = 0); Nm is the total number of
nodes in throttle matrices which are part of a composite cortege, it is calculated by (11); c is the
number of such throttle matrices (if a composite cortege does not contain throttle matrices, then
c = 0); Npm is the total number of nodes in partial throttle matrices which are part of a composite
cortege, it is calculated by (12); d is the number of such partial throttle matrices (if a composite
cortege does not contain partial throttle matrices, then d = 0); Ncm is the total number of nodes
in the composite throttle matrices which are part of a composite cortege:

Ncm =


0, at e = 0;

e

∑
i=1

ncmi , at e ≥ 1,
(14)

where e is the number of such composite throttle matrices (if a composite cortege does not
contain composite throttle matrices, then e = 0). At least two of the values a, b, c, d, e should not
be equal to 0 in order to obtain a composite cortege.

For example, let us consider a composite cortege containing 10 throttle elements and consist-
ing of a primary element (cortege of length 1), a throttle matrix of size 2×2 and a partial throttle
matrix of 5 elements (Fig. 6). Using (13) and taking into account the numbers of different types
of diagrams (a = 1, b = 0, c = 1, d = 1, e = 0) we determine that this throttle diagram has 8
nodes.
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Fig. 6. A composite cortege.

It should be noted that a primary cortege or a primary rank, or a throttle matrix, or a partial
throttle matrix, or a composite throttle matrix are partial cases of a composite cortege. So, the
formula (13) can be used to calculate the number of n nodes in every throttle diagram.

It follows from the formulae (1)–(5), (8), (13) and Figs. 1–6 that the number of nodes in a
diagram depends on its type and the way of connection of throttle elements.

Let us apply such terms of the graph theory as empty and complete graphs to describe throttle
diagrams with measuring channels [18]. An empty graph describes a throttle diagram without
measuring channels while a complete graph covers all possible measuring channels that can be
built on the basis of a certain diagram. Therefore, the authors propose to determine the number
m of all measuring channels that can be created in a certain throttle diagram with n nodes by the
formula:

m =
(n−1) ·n

2
. (15)

Usually all measuring channels of a throttle diagram are not involved simultaneously in mea-
suring the physical and mechanical parameters of fluid. Such variants of construction of measur-
ing transducers with one, two and several measuring channels should be described with the use
of partial graphs. The set of all partial graphs of the complete graph covers all possible variants
of construction of measuring transducers on a throttle diagram of a certain type which will differ
in combinations of measuring channels.

The diagram with no measuring channels is described by an empty graph. With this in mind,
based on the formula for calculating the number of partial subgraphs of a graph of size m [17]
we derived the dependence used for determining the number nMT of all variants of construc-
tion of measuring transducers on a certain throttle diagram with different numbers of measuring
channels:

nMT = 2m −1. (16)

Let us consider some of throttle diagrams and their equivalent graphs (Fig. 7).
Thus, a primary cortege of length 3 (Fig. 7a) has 4 nodes in which 6 different measuring

channels can be created (graph in Fig. 7b). A composite cortege consisting of a partial throttle
matrix and a primary element (Fig. 7c) has 4 nodes in which 6 different measuring channels can
be created (see graph in Fig. 7d). A partial throttle matrix consisting of two corteges of length
3 and length 1 (Fig. 7e) has 4 nodes in which 6 different measuring channels can be created
(see graph in Fig. 7f). A composite throttle matrix (containing 6 elements) (Fig. 7c) consists of a
primary cortege of length 2 and a composite cortege consisting of a primary element and a partial
throttle matrix. It has 5 nodes in which 10 different measuring channels can be created (see graph
in Fig. 7h).

From (15) and Fig. 7 we see that increasing of the number of diagram nodes leads to an in-
crease in the number of measuring channels in it. As a result the number of transducers measuring
the physical and mechanical parameters of fluids increases.
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a) b)

1 2 3 4 1 2 3 4

c) d)

1

2

3 4 1

2

3 4

e) f)

1

2 3

4
1

2 3

4

g) h)

1

2

3

4

5 1

2

3

4

5

Fig. 7. Throttle diagrams and their equivalent graphs: a) a partial cortege of length 3; b) its equiva-
lent graph; c) a composite cortege; d) its equivalent graph; e) a partial throttle matrix; f) its equiv-

alent graph; g) a composite throttle matrix; h) its equivalent graph.

At the same time throttle diagrams with the same numbers of nodes have the same complete
graphs (Fig. 7b, Fig. 7d, Fig. 7f). But, since they meet different types of throttle diagrams which
may contain different throttles, the measuring transducers with different characteristics can be
created on the basis of them. In order to analyse the possibilities of a certain diagram and its
measuring channels, one should construct a model of this diagram in the form of a loaded graph
with a set of edges and corresponding transform functions.

Based on our research we propose the following procedure for mathematical description of
throttle diagrams using the graph theory:

1. Taking into account the fluid parameters to be measured one should select a throttle dia-
gram. One should also take into account the number of parameters, the fluid properties, the
requirements concerning accuracy, sensitivity of the transducer, etc.

2. Places of connection of throttle elements in the measuring diagram (diagram nodes), should
be numbered and described in the form of vertices of the graph.

3. Each measuring channel of the throttle diagram should be described by a directionless
edge which connects two different vertices of the graph. In this case, a non-oriented simple
graph is obtained. The complete graph covers all measuring channels that can be created
in a certain diagram.

4. Then, one should add transform functions to each measuring channel that correspond to
certain graph edges. As a result one will obtain a loaded graph which is a generalized
model of the throttle diagram with measuring channels.
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5. After that one should analyse the possible partial loaded graphs. They correspond to the
diagrams with only those measuring channels that will be used to measure specified fluid
parameters.

6. As a result of the analysis one should choose a partial loaded graph and construct a mathe-
matical model of the transducer measuring specified physical and mechanical parameters.

The developed procedure of mathematical description of throttle diagrams in the form of
graphs makes it possible to construct generalized models of throttle diagrams of different types,
to investigate functionality of the diagrams with different numbers of measuring channels in
order to synthesize a mathematical model and a principle diagram of the transducer measuring
specified fluid parameters.

4. Synthesizing measuring transducer based on composite throttle matrix
using developed procedure

The developed procedure of mathematical description of throttle diagrams is applied to con-
structing a transducer measuring rheological parameters of non-Newtonian Bingham plastic fluid
[19] on the basis of a throttle matrix. A schematic diagram of such a transducer is presented in
Fig. 8. The cylindrical tubes of the same internal diameter are the sensitive elements of this trans-
ducer. The throttle elements are arranged in parallel branches, each of which consists of a serial
connection of single tubes of different lengths and packets of tubes of different lengths. Branches
differ only in the ways single tubes and packets are connected. The design feature of the throttles
is the same difference of the lengths of single tubes and the lengths of packet tubes.

a) b)

Fig. 8. A schematic diagram of a measuring transducer built on the basis of a composite throttle matrix (a) and its
equivalent partial loaded graph (b): PDT – a differential pressure transducer; UY – a computing device.

A measuring transducer operates in the constant flow mode. Since the construction of each
branch with throttles is identical, the hydraulic resistance of each branch will be the same. Con-
sequently, the fluid flowrate through single tubes is twice less than the total flowrate F0 of the
controlled fluid which is fed into the throttle diagram. The flowrate in each of N packets tube is
less than 2N times.

The differential pressures ∆P1, ∆P2 and ∆P3 between the diagram nodes 2–3, 4–5 and 1–8
are the output signals of the transducer which are represented by the equivalent partial loaded
graph (Fig. 8b).

The graph contains 8 vertices (vertex 6 and vertex 7 are isolated) and three loaded edges
incident to vertices 1, 2, 3, 4, 5, 8 with their corresponding weight, namely the transform function,
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for each measuring channel:
∆Pi = fi (XP, XC, F0) , (17)

where: XP is a vector of physical and mechanical parameters of the fluid; XC is a vector of
constructive characteristics of tubes and packet tubes; i = 1,2,3 is the number of measuring
channel.

Consequently, the proposed transducer, measuring the plastic viscosity η , the yield stress τ0
and the density ρ of Bingham plastic fluid, contains three measuring channels.

Let us determine a mathematical model of the transducer. The differential pressure that
arises during motion of Bingham fluid in a single tube should be determined by the simplified
Buckingham-Reiner equation [19, 20]:

∆P =
64F0L
πD4 η +

16L
3D

τ0 +
2αF2

0
π2D4 ρ, (18)

where: L is the length of a tube; D is the diameter of a tube; α is a correction coefficient for the
input effects of tubes.

The differential pressure in each packet tube is determined by:

∆P =
64F0L
NπD4 η +

16L
3D

τ0 +
2αF2

0
N2π2D4 ρ, (19)

where N is the number of tubes in a packet.
The first component of equations (18)–(19) depends on the viscous properties of fluid, the

second component depends on the plastic properties of fluid. The third component is caused by
the input effects of the tubes and depends on the density.

Let us determine the differential pressures between nodes 2–3, 4–5 and 1–8 in the measuring
diagram. To do this let us determine the differential pressure between nodes 1 and 2:

P1 −P2 =
64F0Lls

πD4 η +
16Lls

3D
τ0 +

2αF2
0

π2D4 ρ, (20)

between nodes 1 and 4:

P1 −P4 =
64F0Lls

πD4 η +
16Lls

3D
τ0 +

2αF2
0

π2D4 ρ +
64F0Lsp

NπD4 η +
16Lsp

3D
τ0 +

2αF2
0

N2π2D4 ρ, (21)

between nodes 1 and 3:

P1 −P3 =
64F0Lss

πD4 η +
16Lss

3D
τ0 +

2αF2
0

π2D4 ρ, (22)

between nodes 1 and 5:

P1 −P5 =
64F0Lss

πD4 η +
16Lss

3D
τ0 +

2αF2
0

π2D4 ρ +
64F0Ll p

NπD4 η +
16Ll p

3D
τ0 +

2αF2
0

N2π2D4 ρ, (23)

and between nodes 1 and 8:

∆P3 = P1 −P8 = ∆Pη ,τ0 +
4αF2

0
π2D4

(
N2 +1

N2

)
ρ, (24)

where: Lls, Lss are lengths of long and short single tubes, respectively; Ll p, Lsp are lengths of
tubes in long and short packets; ∆Pη ,τ0 is a component of the differential pressure in the tubes
placed between nodes 1 and 8, which depends on the viscous and plastic fluid properties.
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In order to determine the differential pressure between nodes 4 and 5 we subtract (23)
from (21):

∆P2 = P5 −P4 =
N −1

N
· 64F0∆L

πD4 η , (25)

where ∆L = (Lls −Lss) =
(
Ll p −Lsp

)
is the difference between lengths of long and short single

tubes and packets. So the constructive characteristics of the tubes and the channel between nodes
4 and 5 are chosen in order to compensate the impact of the yield stress and density on the plastic
viscosity measurement.

In order to determine the differential pressure between nodes 2 and 3 we subtract (22)
from (20):

∆P1 = P3 −P2 =
64F0∆L

πD4 η +
16∆L
3D

τ0 . (26)

Applying the formulae (24), (25) and (26) we obtain a static mathematical model of the proposed
measuring transducer:  η = k1k2∆P2;

τ0 = k3 (∆P1 − k1∆P2) ;
ρ = k4k5

(
∆P3 −∆Pη ,τ0

)
.

(27)

where k1 =
N

N −1
, k2 =

πD4

64F0∆L
, k3 =

3D
16∆L

, k4 =
π2D4

4αF2
0

, k5 =
N2

1+N2 are proportionality

coefficients. The computing device UY calculates the values of fluid parameters by using the
differential pressures ∆P1, ∆P2 and ∆P3 measured by differential pressure transducers.

Thus, using the developed procedure for a mathematical description of throttle diagrams we
constructed a model in the form of a partial loaded graph (Fig. 8b), a schematic diagram of trans-
ducer measuring rheological parameters of Bingham plastic fluid (Fig. 8a) and its mathemati-
cal model (27). The obtained mathematical model was validated by simulation for Newtonian
and Non-Newtonian fluids with viscosity of 5–50 mPa·s, yield stress of 0–10 Pa and density of
1000–1400 kg/m3 using tubes with a diameter of 2–6 mm, a length difference of 0.1–0.3 m and a
flowrate of 60–120 L/h. The results of the simulation proved the possibility of hardware creation
of a measuring transducer on the basis of the proposed diagram.

5. Conclusions

In the paper the problem of determining the possible variants of constructing measuring trans-
ducers on the basis of throttle diagrams of different types was solved using the graph theory and
combinatorics.

A classification of throttle diagrams was developed which includes primary elements, pri-
mary corteges, primary ranks, composite corteges and composite ranks. New definitions of a
partial throttle matrix and a composite throttle matrix were proposed. The definitions of a com-
posite cortege and composite ranks have been improved. Using the combinatorics tools the de-
pendences were obtained for determining the number of nodes and the number of measuring
channels in throttle diagrams of different types, as well as the number of possible variants of
measuring transducers constructed on the basis of a certain diagram.

A procedure for mathematical description of throttle diagrams was developed which makes
it possible to construct mathematical models of throttle diagrams of different types in the form
of graphs, to investigate functionality of diagrams with different numbers and arrangements of
measuring channels. The model was developed in the form of a graph, a schematic diagram
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and a mathematical model of the transducer measuring physical and mechanical parameters of a
Bingham plastic fluid, namely its plastic viscosity, yield stress and density, was developed based
on a throttle matrix.

The obtained results make it possible to synthesize a hydro-gas-dynamic throttle transducer
measuring one or several fluid parameters with specified functionality and metrological charac-
teristics. The developed procedure and dependences will be useful for creating algorithms of the
process of synthesizing diagrams of transducers measuring specified fluid parameters. This is the
subject of the further research.
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