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Purpose. Solving analysis problems and improvement of modern physically inhomogeneous heat supply and heating
systems. Developing the mathematical models that are suitable for applying all the features of the theory of energy circuits.

Methodology. The study was conducted through applying fundamental laws of physics, fundamental principles of
the theory of energy circuits and sectoral theories of hydraulic and electrical circuits, formalized methods for analysis
of utility networks, methods of mathematical modeling.

Findings. Contour and nodal mathematical models were improved as an instrument of a generalized approach to
the modes analysis of heat supply and heating systems. It has been shown that the mathematical models can adequate-
ly reproduce modes of studied systems. The models take into account the nature of the power and features of the two
forms of mechanical energy — kinetic and potential. It is important for the analysis of mine heating modes, as there
are considerable differences in height and emergency modes, due to leakages of heat-transfer agent to the environment.

Originality. The generalized approach complies with all the requirements by principles of the metrical and energy
analogies. It allows applying previously unavailable tools for the modes analysis of heating systems, in particular,
power balance. The important advantage of this approach is the observance of unified system variables, which allows
describing the phenomenon in circuits of different physical nature.

Practical value. The developed mathematical models provide an effective tool for analysis of the planned and exist-
ing modern heat supply systems and their optimization in terms of minimizing energy costs.

Keywords: heat supply and heating, hydraulic circuit, metric and energy analogies, energy circuit, power balance

Introduction. Heat supply system is an important com-
ponent of power supply for the coal mining. Thermal en-
ergy is needed for heating the air that is supplied to the
mine for domestic usage and preventing mineshaft icing
during the cold season.

Heat is provided by heat-technical installations (boil-
ers), which usually operate on coal. According to [1] the
amount of thermal energy needed for mining coal unit is
the same as the amount of needed electricity and some-
times more. For the abovementioned purpose, coal is writ-
ten off for simpler internal calculation or through offsets
[2] so expenditures for heat supply in the mines are not
paid enough attention.
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A significant energy consumption contributes to high
cost of coal mining, which is one of the reasons for loss-
es — the profitability of the majority of domestic mines
is within 0.74 [3]. It must be noted that heating is ranked
as the third the most costly part of coal mining technol-
ogy [1].

Thus, the question of efficient heat energy consump-
tion by the mine companies is very acute. The issue can-
not be solved without providing energy efficient modes
of heat supply system [4], in particular, under typical
conditions for mining companies where a varying load
and a fixed load are occurring within the same system.

The discussed problem can be solved only by apply-
ing the modern methods for analysis and improvement
of heat supply system modes (including hydraulic modes)
as a whole, taking into account all the components of such
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systems (source-network-heat unit-customer). This requi-
res a system approach to the analysis of elements of dif-
ferent nature and structure with regard to the relation-
ship between all elements of the system.

Unsolved aspects of the problem. The formalized meth-
ods for the hydraulic modes analysis of heat supply sys-
tems have been applied through the interdisciplinary theo-
ry of hydraulic circuits [5]. The abovementioned approach
is based on the replacing of the heat supply system by hy-
draulic circuit. Contour sets of equations for the hydrau-
lic circuit (contour mathematical model) in matrix-vec-
tor form looks like [4, 5]

AX;m Z—Gm
BY =0 , (1)
Y=E-Ap,

where A, B are incidence and circle matrixes; X m is the
column vector of the heat carrier mass flows and Y is the
column vector for the pressure differentials of branches;
Gm is column vector of the heat carrier mass flows in the
nodes; E is the column vector of operating pressures in
branches; Ap, is the column vector of pressure losses
(transformation of mechanical energy into thermal) in
the branches of the hydraulic circuit.

For heat supply systems and heating systems vector
operating pressures in the branches should be defined as

E=gpH,

where H is the column vector of operating heads in branch-
es; p is the diagonal matrix of the heat carrier densities in
the branches; g is gravity of Earth.

The nodal mathematical model is different from the
contour model due to the form of Kirchhoff's second
rule [5].

The mathematical apparatus of the theory of hydrau-
lic circuits is focused on the analysis of modes for homoge-
neous hydraulic systems. However, domestic heating sys-
tems had homogeneous hydraulic nature 20—30 years ago.
Development of the modern heat supply systems is as-
sociated with significant complication of their construc-
tion as well as with wide implementation of automatic
control equipment for hydraulic and thermal-hydraulic
modes [6] (mixed pumps, pressure regulators, heat flow
regulators, and others). Hence, the heat supply systems
are increasingly becoming physically heterogeneous.

Solving the problem of analysis of modes for heat sup-
ply systems is impossible without consideration of its all
elements, including those with the different physical na-
ture.

Therefore, physically heterogeneous heat supply sys-
tems as well as consumers’ heating systems require de-
veloping the new approaches to the modes analysis that
will take into account the network essence of task.

Analysis of the recent research and publications. A con-
cept of the energy circuit was introduced for generalized
representation of properties of system components with
different physical natures [7]. The concept aims to com-
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bine mathematical representation of the different physi-
cal processes and phenomena within one mathematical
model.

An important role is performed by principles of anal-
ogy that are applicable for certain common properties,
attributes or relations of different subjects and phenom-
ena. The theory of the energy circuits is based on two prin-
ciples: metric analogy and energy analogy [7].

The principle of metric analogy requires a selection
of the key action variables (flow and effort) that are con-
formed to Kirchhoff’s first or second rule [7].

The principle of energy analogy allows taking the fun-
damental physical law of the energy conservation as a ba-
sis of equation branch [7, 8]. One of the most important
statements of the energy analogy principle is a require-
ment for the product of effort for flow to give power

Y. X=P,

where X is a serial action variable or flow; Y'is a parallel
action variable or effort, P is branch power (energy flow)
of the energy circuit.

Hence, the principle of continuous power genera-
tion and power consumption in the circuit is valid.

Two other statements of the energy analogy principle
allow obtaining dependencies for defining the two en-
ergy forms: potential and kinetic [8]. These statements
define the requirements for determining parallel and se-
rial state variables (mass and impulse) of the circuit.

Compliance with the aforementioned statements of
the metric and energy analogies makes it possible to ap-
ply common approaches to the analysis of all elements
of heat supply systems and to realize the benefits of for-
malized methods for the analysis.

The theory of energy circuits is the basis of modern
approach to improving energy systems modes, especial-
ly heat energy systems, improving their energy efficiency
and form a coherent picture for perception of modern
heat supply systems.

Unsolved aspects of the problem. The principles of for-
malization for phenomena in circuits of differential na-
tures are known. However, many sectoral disciplines are
applying the system variables that do not satisfy them.
Such theories include, in particular, the theory of hy-
draulic circuits and the theory of thermal circuits.

As a result, neither the hydraulic circuits theory nor
the thermal circuits theory can apply all the possibilities
of mathematical tools available through the theory of
energy circuits. For example, the power budget cannot
be formed, as is the case with the theory of electrical cir-
cuits. It also complicates the analysis of system modes
which include physically heterogamous elements.

Objectives of the article. This study aims to prove the
possibility of using a generalized approach to the theory
of energy circuits for solving the problems of modes anal-
ysis within heat supply systems. Therefore, the contour and
nodal mathematical models of heat supply system and
heating system need to be improved and meet all prin-
ciples of metric analogy and energy analogy.

It is necessary to consider the efficiency of the pro-
posed approach for solving the problems of analysis and
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improvement modes within heat supply systems with de-
pendent connection of consumers to a heat network both
via mixed valves and via heat entries with mixed pumps.

Presentation of the main research and explanation of
scientific results. Featured mathematical tools of the the-
ory of hydraulic circuits are considered in comparison
with mathematical tools of the theory of electric circuits.

In the theory of electric circuits voltage U [V] is ac-
cepted as a parallel action variable (force) (set of these
variables is conformed to Kirchhoff’s second rule). Cur-
rent strength 7 [A] is accepted as a serial action variable
(flow) (set of these variables is conformed to Kirchhoff’s
first rule) [9].

Such basis pair of variables allows obtaining a com-
plete picture of communication [8] between the major
variables of an electric circuit (Fig. 1).

The basis of such connection is the compatibility of
the dimensions for the main pair of variables for which
their product yields a stream of energy or power (it is
rounded by a dashed line in Fig. 1).

State variables that are the integral values of the ac-
tion variables, such as the magnetic flux @ [Wb] and the
electric charge g [C] complement this link. They form
the basis of the definition of two forms of energy — ki-
netic energy W) and potential energy W,

The contour set of the state equations for electric cir-
cuit (contour mathematical model) corresponds to the
contour set of the state equations for hydraulic circuit
(1) and looks as

Al =—J
BU=0
U=E-AU

where }, U are the column vectors of currents and volt-
ages of the branches; J is the column vector of the cur-
rent sources in nodes; £ is the column vector of electro-
motive forces in the branches of electric circuit, AU is
the column vector of voltage drops in the branches.

serial action variable
Currentstrength

parallel state variable
Magnetic flux

Wy = f odl = ol [)] e,
~J [Wb]
Kiné"tic‘_gnergy
. RS Power = kS
S| [= 2|3
s T P=U-T,[W] I% .
v Poten}ial\e\nergy

Qg>_+m=fWUQW$1

serial state variable paraliél"a(:t—ionyar.iable
Charge Voltage

Fig. 1. Rectangle of bonds between the basic electric cir-
cuit variables
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The result of solving the set of equations is the cur-
rents vector and voltages vector of electric circuit branch-
es. As the product of these two variables gives power P
[W], making the power balance of electric circuit is easy.

According to the formal methods of analysis the for-
mula for determining power of energy sources (regard-
ing linear DC electric circuits for which the hydraulic
circuits are appropriated) looks as [9]

P=EI-U,J, )

and consumers’ power
P, =AUT =(RIT, 3)

where Ris matrix of the resistances branches of DC elec-
tric circuit; U , is the column vector of the electric circuit
nodal voltages. In equations (2, 3) the product of vectors
is scalar.

In addition, the system variables can define the poten-
tial energy form (as the form of an electrostatic field ca-
pacitor) and kinetic energy form (as the form of magnetic
field inductance) of the electric circuit (Fig. 1). Quantita-
tively, they can be defined as the integral of state variables
for the corresponding action variables, and qualitatively
this connection can be illustrated through their product.

According to the theory of hydraulic circuits pres-
sures drop AP [Pa] (set of these variables is conformed
to Kirchhoff’s second rule) and heat carrier mass flow
X, [kg/s] (set of these variables is conformed to Kirch-
hoff’s first rule) are assumed for the main pair of vari-
ables [5]. However, the variables pair does not fulfill the
basic statement of energy analogy principle — the vari-
ables’ product is not power

AP-X, #P,

or in dimensions

i.e. dimension of parallel and serial variables product does
not correspond to the power unit.

The result leads to disrupted harmonious relationship
between the main variables of the hydraulic circuit (Fig. 2),
which is inherent for variables of the electric circuit (Fig. 1).

Connection between such state variables as mass M [kg]
and pressure impulse /, [Pa‘s] and their corresponding ac-
tion variables is also disrupted. In this case it is not possible
to obtain the kinetic W) and potential W, forms of energy.

As a result, the equations of power balance such as
(5) and (6) cannot be applied, that is unexpected to some
extent. The continuity of power generation and power con-
sumption is present in the hydraulic circuit as well as in
the electric circuit. Moreover, there is no possibility to
determine the potential and kinetic forms of energy (ac-
cording to the principle of energy analogy). It leads to
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some incompleteness of the formalized methods in the
theory of hydraulic circuits.

The possible solution of abovementioned drawbacks
is selecting the following variables as a basic pair:

- volume flow of heat carrier X, [m?®/s] is equivalent
flow (serial action variable);

- pressures drop AP [Pa] is equivalent effort (parallel
action variable).

The product of these basis variables gives power

AP-X,=P,

or in dimensions

m’ N m’ N-m J
e s
The selected pair of variables corresponds to the first

statement of the principle of energy analogy. It is neces-
sary to prove that this pair of variables is also subordi-
nated to Kirchhoff’s rules.

Pressures drop AP (effort) conforms with the epony-
mous variable of the theory of hydraulic circuit [5], so
there is no need for separate proof, that this variable is
subordinated to Kirchhoff’s second rule.

With regard to the volume flows X, of the heat carrier
there are some warnings. Proof that the set of mass flows
X, is subordinated to Kirchhoff’s first rule is derived
from a fundamental law of nature — the law of mass con-
servation. Hence, equality of the volume flows can be dis-
turbed.

Therefore, it is important to consider in detail the con-
ditions under which the set of volume flows can subordi-
nate to Kirchhoff’s first law. It is shown as an example of
a node with three branches (Fig. 3) and the result will
expand to a node with » branches.

Let us assume there occurs flow separation in a node
(Fig. 3).

Over the time of df the liquid volume ds,v,dr flows
into through the area of the living section jet ds, in plane

parallel state variable
Pressure impulse

/
W, ;7/ f Idx,, o
* ’ Pa-s]

serial action variable
Mass flow

Kinetic energy
har 4o - o
= =< 5 <
? S pP# AF) X "Ifls 4
Il Il
><E = % &
Y Potential energy
e |
! W, # \| Md(AP
[ke] b @
serial state variable \ parallel action variable
Mass Pressures drop

Fig. 2. Rectangle of bonds between the basic hydraulic cir-
cuit variables (as the basic pair variables are selected
pressures drop AP and mass flow of heat carrier X,,)
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1—1. Over the same time of dr the liquid volume ds,v,dt
flows out through the hydraulic section ds, in plane 2—2
and through plane 3—3 the liquid volume ds;v;dt flows
out. According to the continuity equation of flow pro-
vided that the fluid is incompressible (its density remains
constant during movement), the liquid volume that flows
in plane 1—1 during time dt is equal to the liquid volume
that flows out in plains 2—2 and 3—3 over the same time.
A lot of liquids accord with this provision including wa-
ter for which the change in pressure of 1 to 10 MPa increas-
es water density by about 0.5 %. Hence, the abovemen-
tioned principles are correct for water heat supply systems.
For the node (Fig. 3) equation ds,u,dt = ds,0,dt +
+ ds;,dt is obtained which can be reduced to the form

—0,ds; +V,ds, +V,ds; =0, “)

that also corresponds to Kirchhoff’s first rule (positive
flow is taken from the node).

Similar equation can be taken for the three branches
node with the merging flows (Fig. 4).

According to the continuity equation of flow, the lig-
uid volume that flows in the planes 2—2 and 3—3during
time dt is equal to the liquid volume that flows out in the
plane 1—1 over the same time. This can be written as

V,ds; —V,ds, —v;ds; =0. &)

Following the equations (4, 5) a continuity equation
can be written for a generalized node

V,ds; —V,ds, —Vyds; +...+v,,ds, =0, (6)

where minus sign means, that flow is directed to the node.

After integrating the equation (6) within the respec-
tive flows, an equation equivalent to Kirchhoff’s first rule
can be obtained

Fig. 3. Three branches node with flow separation

O O

1y 2
] I
U1 «— U, «—
| I
1T 21
U3 3/
\/
td

3/
e

Fig. 4. Three branches node with the merging flows

83




TEXHOJIOTIT EHEPTO3ABE3NMEYEHHSA

Xyi—-X,—-X;+..+X,=0.

Thus, it can be argued that volume flows of heat car-
rier, which is selected as a serial variable (flow), is subor-
dinated to Kirchhoff’s first rule.

Hence, the selected pair of variables can be applied
for problems analysis of engineering pipeline systems
including heat supply systems. In this case, the relation-
ship between the main variables of hydraulic circuit is
similar as in Fig. 5.

Using of the pressure drop and the volume flow as a
pair of basic variables and their corresponding state vari-
ables, allows calculating two forms of energy. Kinetic
form of energy is proportional to the product 7 X,, or in
dimensions

[pacsh {2 |- 282 |- 1).

m

Potential form of energy is proportional to the prod-
uct VAP, or in dimensions

[m3].[PaJ=|:m3 .%}[N.m]zm.

Next, changes should be made to the system of the
state equations for the hydraulic circuit (1).

After replacing the mass flow of heat carrier by the
volume flow the first equation of system (1), which cor-
responds to Kirchhoff’s first rule, needs to be changed.
Thus, the contour mathematical model (contour set of
state equations) of a heat supply system (1) takes the form

0 ; (7)

serial action variable
Volume flow

parallel state variable
Pressure impulse

X, . [ !
! W,=|1LdX,=I1X, ,I[J P
k -, p v P [ ] <_@
Kinefi‘c.gnergy X
o at ]
<
3|3 e
N [T 5 <
S| +—— . |P=AP-X,,[W] NS —
I I ]
2| [~ 51|+
| ¥ Potenfiél*e_qergy :
) W, = f Vd(AP) = VAP, [J] (Pal

parallel action variable
Pressures drop

serial state variable
Volume

Fig. 5. Rectangle of bonds between the basic hydraulic
circuit variables (pressure drop AP and volume flow of
heat carrier X, are selected as the basic pair vari-
ables)
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where_X, is the column vector of heat carrier volume
flows; G'v is the column vector of heat carrier volume flows
in the nodes.

Linear equations (7) are complemented by nonlinear
pole equation, which is an analytical form of pressure-
flow characteristics of system elements

Ap,, :f(XV).

Pressure-flow characteristics are to be approximated
by power dependence on mass flow of the heat carrier,
for example, quadratic function [5] or cubic polynomial
[4]. With regard to volume flow of the heat carrier, cubic
polynomial will look like

2
+s3|Xv

+s2|Xv

A;m (Xv)=(s1 |Xv 3)sgn()(v), 8)

where sy, $,, 53 are factors of approximation polynomial.

Comparison of function (8) and similar function giv-
en in [4] shows that the difference in (8) is absence of the
specific volume of the heat carrier. It means that both func-
tions have equal reproduction accuracy for pressure-flow
characteristics of system elements (pipelines, circulation
pumps, and others).

Let us show this by the example of a steel (steel elec-
tric-welded) pipeline with passage diameter d,= 50 mm
(inner diameter d;,, = 65 mm) and length 100 m. Ap-
proximation is traditionally performed by the weighted
least squares method. The factors of the cubic approxi-
mation polynomial for both cases are shown in Table 1.

Approximation accuracy is estimated through the max-
imum relative error and the coefficient of variation. For
both cases the maximum relative error is equal to 5.21 %
and the coefficient of variation is equal to 0.169 %.

The same is true for the pipelines with other diame-
ters or produced from other materials.

It should be noted that water cinematic properties sig-
nificantly depend on temperature. Thus, polynomial fac-
tors (8) have different values for straight pipeline (130 °C)
and return pipeline (70 °C) of the same diameter and ma-
terial (Table 2).

It concerns both polynomial (8) and polynomial with
mass flow [4].

Taking into account the pole equation in form (8) the
contour mathematical model (7) of the heat supply sys-
tem will take a form

Table 1

Calculated polynomial factors* for the volume (8)
and the mass [4] flows of a heat carrier for a steel
pipeline with dp = 50 mm and length 100 m

Polyno- | d,/d,, Polynomial factors
mial mm
Sis 52, 53,
kg/(m*s) | kg/m’ | keg's/m'
(15), X, | 50/65 | 1.114-10° | 3.086-10° | 2.063-10'
by [4], X, 1.114-10° | 3.086-10° | 2.063-10*

* approximation of pressure-flow characteristics is done
for the heat carrier temperature 0 °C.
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AX,=-G,

BY =0 , O
- - — — 2 — 1.3 —
Y=E—(S1‘XV+S2‘XV +S3‘Xv jsgn(Xv)

where S, 55, S; are matrixes with approximation poly-
nomial factors (8) for all elements of heat supply system
or heating system.

Taking into account the node form of Kirchhoff’s
second rule the nodal mathematical model looks as

v = —av
——ATP . (10)

(%)

where P is the column vector of pressures in the nodes.

Thereafter, the sets of equations (9, 10) are applied
for calculating modes of heat supply system. Calculation
results of such system are taken as reference values and
are given in [4].

Heat supply system contains one source (a) and four
consumers (b, ¢, d, e). Its scheme is shown in Fig. 6
(numbers 1—8 mark the supply pipelines of heat net-
work, numbers 1'—8' mark the return pipelines). Param-
eters of the flow and return pipelines are the same as in [4].

The consumers ¢ and e are connected to the heat sup-
ply system via mixed valves. The consumers b and d are
connected to the system via heat entry with the mixed
pump. The same scheme of consumers’ connections is in
the last example [4]. The consumer connection scheme
to the network is indicated in Fig. 1 near every consumer.

~E
|

2 —
+S3 ‘XV

+S2‘}v

?:E_(sl\x

Table 2

Calculated polynomial factors (8) for the straight
and return pipelines

Tempe- | d,/d,, Polynomial factors
rature mm
S, 82, §3,
kg/(m*s) | kg/m’ | kgs/m'’
130°C | 50/65 | 1.041-10° | 2.884-10° [ 1.928:10"°
70 °C 1.089-10° | 3.017-10° | 2.017-10*
& = o

b c d
LSS 2 Y s T,
"& I ’ > ¢ & 3 4

=
4 e
- ‘8’
8

Fig. 6. Scheme of heat supply system with four consumers
in two-line form
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In the source a the circulating pump NM 40/16-B with
constant operating pressure 316.4 kPa is installed.

All consumers are the same. According to [4] their
heat load is equal to 0.324 Gcal/hour and pressure loss
in build network for design flow of heat carrier is equal
to 18.22 kPa. Design volume flow of heat carrier in the
build network is equal 3.685:1073 m3/s (corresponds to
mass flow 3.577 kg/s).

According to temperature diagrams (in the heat net-
work it is 130/70 °C and in the consumer network it is
95/70 °C) mixture coefficient of mixing valve u = 1.4
and volume flow removal of heat carrier from the straight
pipeline is equal to 1.594:10~3 m?/s (corresponds mass
flow 1.49 kg/s).

In case of connecting consumers to the heat supply
system via heat entry, the mixed pump NC4 65-30/340
is installed. The pump was selected following the condi-
tion of circulating of heat carrier in consumer network
and mixing of heat carrier from the return pipeline. Its
constant operating pressure is 25.99 kPa.

Graph of the heat supply system is shown in Fig. 7
(edge 0 corresponds to the source; edges 1—8, 1'—8' cor-
respond to the supply and return pipelines of the heat
network in accordance; edges 9—20 correspond to equip-
ment of heat entries and consumers).

The graph contains 8 chords, which correspond to 8
main contours. Numbering of contours is made in a spe-
cial way. At first, there are contours that correspond to the
chords which reproduce the equipment of the heat entry
installed in the supply pipeline of the network (the noz-
zle of the mixed valve, the regulator of the heat flow, and
others). These chords are 13, 15, 17 and 18. Only after that
the contours follow that correspond to the chords which
reproduce the equipment of the heat network of con-
sumers. These chords are 14, 16, 18 and 20.

The parameters of all system elements (elements of
the matrixes S,,S,,S;) and operating efforts of the circu-
lating pumps (elements of the vector E) are needed to
calculate the mode of the heat supply system. Values s,,
s,, 83 for the main equipment are shown in Table 3.

First, it is necessary to determine the initial param-
eters of the consumers’ input equipment. According to
the methods [4] the nozzle diameter of the mixed valve
should be determined by providing desirable coefficient
of the mixing valve, so excessive pressure should be de-

Fig. 7. Graph of the heat supply system which is shown in
Fig. 5 with system of the main contours

85




TEXHOJIOTIT EHEPTO3ABE3NMEYEHHSA

creased by a throttling orifice. The calculated parame-
ters of the entry equipment are shown in Table 4.

The calculated modes parameters for the heat supply
system and consumers according to the generalized ap-
proach and to [4] are shown in Table. 5.

From Table 5 it is clear that the deviations of the cal-
culated flows of heat carrier from those given in [4] are
insignificant. Thus, the proposed model adequately re-
produces the modes of modern heat supply systems.

Moreover, the piezometric graph of heat network is
built (Fig. 8). It corresponds to the graph that is given in [4].

According to the calculation results the power balance
for hydraulic circuit is produced. All elements of the circuit
are presented as nonlinear pressure-flow characteristics (8)
so the formula of consumers’ power (3) takes the form

P, =KS1 ‘i '3jsgn(}v )F

Table 3

Approximation function factors of pressure-flow
characteristics for elements of the system

2 —
S, ‘Xv

+ S2 ‘X;v

Element of Polynomial factors (10)
the syst St 52, 53,
S ke/(m*s) | kg/m’ | kgs/m"

Consumer -4.23-10* | 1.36:10° | -2.95-10°
Circulating pump| -1.82:10° | -9.17-10° | 1.14-10"
(NM 40/16-B)
Mixed 1.34-10° 2.34:10% | -5.45-10°
pump (NC4
65-30/340)

*d,, d,, are the internal diameters of pipeline

Table 4
Calculated parameters of heat entries of consumers

Consumer of the system
Parameter*
b c d e
d,/d,, mm — 11.3/ — 11.3/
11.9 15.6
Ap,, kPa — 83.8 — —
Ap,,, kPa | 235.2 — 150.9 —

*d,, d, are diameters of a mixed valve nozzle and diameter
of a throttling orifice, accordingly; Ap,, Ap,, are pressure losses in
the throttling orifice and in regulator of the heat flow, accordingly

Table 5

Calculated parameters of mode and deviations from the
parameters which are given in [4]

thus, the result is equal to 2.214 kKW.

Hydraulic power of the pumps according to (2) also
equals 2.214 kW, therefore, the power balance of the cir-
cuit is correct. The hydraulic power of the only circula-
tion pump of a boiler-house is 2.013 kW.

The obtained values of power are the basis for the anal-
ysis of energy efficiency for the pair “driving engine — cir-
culating pump”.

The proposed approach is convenient for analysis of
heat supply modes that deviate from the design. As an ex-
ample, let us consider the mode of the heat supply sys-
tem, in which the heat carrier temperature is deviated by
10 % relative to the normative one. Thus, the heat carrier
temperature in the supply pipeline is 117 °C instead of
130 °C. The heat carrier temperature in the return pipe-
line is the same as before and equals 95 °C.

The parameters of non-regulative input equipment
(nozzle diameter of the mixed valve and diameter of the
throttling orifice) that is installed on the inputs of the con-
sumers ¢ and e do not change and are given in Table 4.

However, the parameters of the heat flow regulators
will be changed automatically to provide the desired heat
flow in the network of the consumers b and d. This will
affect the heat carrier removal from the heat supply net-
work (mixing coefficient of heat carrier from the return
pipeline will be another) and hydraulic mode of the heat
supply system as a whole.

The calculated parameters of hydraulic mode for in-
put equipment are shown in Table 6.

Comparison of data in Table 6 and Table 4 shows that
pressure losses on heat flow regulators have been reduced

m_kPa
400

’ d e

I
S

(9%
S

Head (pressure) of the water column

10+ 100
0 0 the length of the pipelines along the heat network, m

0 50 100 150 200 250 300 350

Fig. 8. Piezometric graph of the heat supply system which
is shown in Fig. 5 [4]

Table 6

Calculated parameters of heat entries of consumers for
deviation of heat carrier temperature by 10 % relative to
the normative one

Ele- Calculation data in [4] 85X,
ment | X, m/s | X, ke/s | Xu ke/s % Para- Consumer of the system
a 6.362- 10| 5.946 5.96 -0.235 meter b c d e
b 3.696 - 1073 3.58 3.577 0.075
d,/d, — 11.3/11.9 — 11.3/ 15.6
¢ [3.669-10°| 3553 | 3577 | -0678 n/dy, MM / /
d 369 10°| 3.58 3.577 | -0.074 Ap,, kPa |  — 9.5 - -
e [3.668-107 3.552 3.577 -0.693 Apy, kPa | 224.5 - 127.1 -
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Table 7

Calculated parameters of hydraulic and heat modes of
consumers for deviation of heat carrier temperature by
10 % relative to the normative one

Con- |Calculated parameters|  Peess oP,
sumer W %
Xy, P,
m?/s w
b 3.723-1073 89.43 89.43 0.01
c 3.547-103| 69.83 -21.9
d 3.723-10°3 89.43 0.01
e 3.432:10%| 67.57 -24.4

* P, P, are calculated and desired heat power of consum-
er; 8P, is deviation of the calculated heat power of the consumer
from the desired

to provide the necessary heat power in network of con-
sumers b and d.

The results of calculation of the hydraulic and heat
modes for consumers are shown in Table 7. The desired
heat power and deviations from them are also shown in
the table.

Data from Table 7 show that consumers b and d have
desired heat mode. There is a deviation of the heat mode
from the desired one for the consumers c and e, in which
there is no regulation on the thermal input.

The deviation of the heat mode in the network of the
consumers from the desired exceeds the temperature de-
viation in the supply pipeline of the heat supply system.
In the given example, the deviation of the heat mode for
consumers ¢ and e exceeds 20 %. The consumers, who
are further along the main line from the source of heat
energy, are particularly vulnerable to deviations of the tem-
perature mode. The most deviation of heat mode in the
heat supply system that is shown in Fig. 6 is for consumer e.

Deviation of temperature also causes the increase in
power consumption. Total amount of power was increased
and equals 2.401 kW, which is 8.4 % more than in the pre-
vious example. The hydraulic power of the circulation
pump of the boiler will increase to 2.198 KW or more than
9.2 %.

Conclusions. From the standpoints of the general-
ized approach of the theory of energy circuits the con-
tour and nodal mathematical models of heat supply and
heating systems have been improved. As the main pair of
variables volume flow of a heat carrier and pressure drop
are selected, which corresponds to the principles of met-
ric and energy analogies.

The effectiveness of the approach is proved by the
example of a typical heat supply system where some con-
sumers are connected via mixed valves and some con-
sumers are connected via heat entries with mixed pumps.

The provisions that are given in the article are valid
for water heat supply and heating systems.
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Merta. BupilieHHs 3aga4 aHalli3y Ta yIOCKOHaIeH-
HSI peXKUMIB cydacHUX (hpi3MUHO HEOTHOPIAHUX CUCTEM
TEeIJIONOCTaYaHH Ta onajaeHHs. Po3pobieHHs MaTema-
TUIHUX MOJEJICH, MPUIATHUX IJIST 3aCTOCYBAHHS BCiX
MOXKJIUBOCTEN T€OPil eHEPreTUUHMUX KiJl.

Metoauka. 1151 JOCSTHEHHS TTOCTAaBJIEHOI METH 3a-
CTOCOBYBAJIUCH (PyHAAMEHTaJbHi (Di3UUHi 3aKOHU, (DyH-
JTaMEHTaJIbHI TTOJIOXKEHHS TeOpii eHePreTUIHUX KiJ i ra-
JTy3eBUX T€OPill rimpaBaiuHUX i eIeKTPUIHUX KiJl, hop-
MaJli3oBaHi MeTOIM aHai3y iHXKEHEPHUX MEPEXK, METO-
I MaTeMaTUIHOTO MOMIETIOBAaHHSI.

PesyabraTi. JK iHCTpYMEHT y3arajabHEHOTO ITiIX0-
Iy TO aHAaJTi3y PeXKMMIiB CHCTEM TETUIOIIOCTAYaHHS Ta OTla-
JICHHST BIOCKOHAJICHO KOHTYPHY I BY3JIOBY MaTeMaTH4-
Hi Mmogeni. [TokazaHo, 1110 11i MaTeMaTU4Hi MojeJli 10-
3BOJISIIOTh aJIeKBAaTHO BiATBOPUTU PEXKUMU TaKUX CUC-
TeM. Y po3pobIeHUX MOIEISIX YPaxOBaHO MEPEXXKHUIA xa-
pakTep 3amadi Ta 0COOIMBOCTI NBOX (hOpM MeXaHiuHOL
eHeprii — KiHeTUYHOI # ToTeHuianbHoi. Lle BaxkiuBo B
3aJlauax aHali3y peKMMiB TEIIONOCTauYaHHS IIIAXTHOTO
rOCIOapCTBa, OCKiJIbKM TYT HasiBHI 3HA4YHi nepenaiu
BHCOTH, a TAKOX Y 3amadax aHajli3y aBapiiHUX pexKu-
MiB, KOJIM HasiBHi BUTOKU TETIJIOHOCIST A0 JOBKIJLIS.

HaykoBa HoBu3HA. 3aNpONOHOBAaHUI y3araJbHEeHU
Miaxia BiAMmoBiga€ BCiM BUMOraM MPUHLMITIB METPUY-
HO1 Ta eHepreTUYHO1 aHAJIOTiii Teopil eHepreTUUHUX Kijl
i TO3BOJISIE 3aCTOCOBYBATH JIJIsT aHAJTi3y PEKUMIB CUCTEM
TEIJIONOCTAaYaHHSI paHillle HEeIOCTYIHi IHCTPYMEHTH,
HaIpuKJiam, 0aaHc MOTY:KHOCTI. OMHI€I0 3 BaXKJIMBHUX
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TepeBar IbOTO ITiAX0My € JOTPUMAaHHS €TMHOI CUCTEMU
B3a€EMO3B’SI3aHMX 3MiHHUX, 1110 JIO3BOJISIE OITCYBATH SIBU-
1112 B KoJIaX pi3HOI (Pi3MIHOI IPUPOIN.

IIpakTiyHa 3HAYMMICTb. 3aIIPOITOHOBAHI MaTeMaTHY-
Hi Mofiesi faloTh e(PeKTUBHUIM iIHCTPYMEHT aHali3y pe-
JKMMiB TIPOEKTOBAaHUX i UNHHUX CYYaCHUX CUCTEM Te-
TUIOTIOCTaYaHHS Ta iX ONTUMi3allii 3 TOYKU 30py MiHi-
MyMY €HEepreTUIHUX BUTPAT.

KimouoBi ciioBa: mensonocmauanus ma onaneHus, ei-
dpasniune Koo, MempuuHi ma eHepeemu4Hi aHanoeii, enep-
2emuyHe K010, 6AAaHC NOMYICHOCHI

Lenn. Pemenue 3agay aHanm3a U COBEPIIIEHCTBOBA-
HUS PEXXMMOB COBPEMEHHBIX (PU3NYECKHU HEOTHOPOI-
HBIX CUCTEM TEIJIOCHAOXEeHUs 1 oToruieHusl. Pazpabor-
Ka MaTeMaTU4eCKUX MOJEJIC, MPUTOIHBIX JIJIsT TIpUMe-
HEHUSI BCEX BO3MOXHOCTEI TEOPUM SHEPTETUIECKUX LIe-
Ten.

Mertonuka. /st JoCTUZKEHMSI TTIOCTAaBJICHHOM LI
MPUMEHSIUCH (hyHAAMeHTalIbHbIe (DU3NUECKUe 3aKO-
HbI, (pyHIaMeHTaIbHbIE TOJOXEHUsI TEOPUU DHEPIeTU-
YeCcKMX LieTieil U OTpacieBbIX TEOPUI TUAPABINYECKUX
M 2JIEKTPUYECKHUX LieTelt, (popMaln30BaHHbIE METObI
aHaJIM3a MHXKEHEPHBIX CeTeli, METOIBI MaTeMaTHIeCKO-
TO MOJIEJTNPOBAHUS.

Pesyabratbl. Kak MHCTpyMEHT 0000IIEHHOTO MOIX0-
Jla K aHAJIU3y peXXMMOB CUCTEM TEIUIOCHAOXKEHMS U OTO-
TUIEHUST YCOBEPIICHCTBOBAHBI KOHTYPHASI U Y3JI0Bast Ma-
TeMaTuueckue Moaenu. IlokazaHo, 4To 3TM MaTema-
TUYECKHE MOJE/IN TTO3BOJISIIOT afieKBaTHO BOCIIPOU3BE-
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CTU PEeXUMBbI TaKUX cucTeM. B pazpaboTaHHbBIX MOJe-
JISIX YUTEHBI CETEBOM XapakTep 3a1a4yd U OCOOEHHOCTHU
IBYX (popM MeXaHUYECKOM DHEPTUM — KUHETUIECKOM
1 TIOTeHIIMAJIbHON. DTO BaKHO B 3a/ayax aHajIu3a pe-
KMMOB TENJIOCHAOXEHUS IIaXTHOTO XO35MCTBa, IO-
CKOJIbKY 3[1€Cb UMEIOTCS 3HAUMTEbHBIE MEPEIAIbl BbI-
COTHI, a TAKXE B 3aJla4yax aHAIM3a aBapUUHBIX PEXU-
MOB, KOIZIa UMEIOTCS YTEUKU TEIJIOHOCUTEJISI B OKPY-
JKAIOLIYIO CpELy.

Hayuynas noBusHa. [lpenjoxeHHbIH 0000IIEHHbBIN
MOJXOJl COOTBETCTBYET BCEM TPEOOBAHUSIM MTPUHLIUIIOB
METPUYECKON U DHEPTeTUYECKOM aHaJIOrMil TeOpUU
SHEPreTUYECKUX LEenei v Mo3BOoJISIET MPUMEHSTD IS
aHaM3a peXXKMMOB CUCTEM TEILJIOCHAOXEHMS paHee He-
JIOCTYIHbIE UHCTPYMEHTbI, HAIIpUMEp, OaJlaHC MOIIl-
HocTh. OMHUM M3 BaXKHBIX TTPEUMYIIIECTB 3TOTO IO~
XOJ1a SIBJISIETCS COOIOACHUE EIMHOM CUCTEMbI B3aUMOC-
BSI3aHHBIX MIEPEMEHHBIX, YTO MO3BOJISIET ONMCHIBATD SIB-
JICHUS B LIETISIX pa3IMYHON (DU3NUYECKOI TPUPOIBI.

IIpakTuyeckas 3HauumMocThb. [1peaiokeHHbIE MaTe-
MaThyeckue Moaeu 1aT 3heKTUBHBIA UHCTPYMEHT
aHAIN3a PEKMMOB IMPOEKTUPYEMBIX U JEHACTBYIOLIMX CO-
BPEMEHHBIX CUCTEM TEIJIOCHAOXEHUSI U UX ONITUMU3a-
LIUY C TOYKU 3pEHUS MUHUMYMa SHEPreTMUecKyx 3aTpar.

KioueBsie ciioBa: menjaocrabiicerue u omonaenue, 2u-
dpaeauueckas uens, Mmempu4ecKue u IHepeemu4ecKue aHa-
Jn0euU, IHepeemu1ecKkds uens, 6a1anc MOUHOCMU

Pekxomendosano 0o nybaikauii dokm. mexH. HayK
B.1 Jlewkom. Jlama naoxodxucenns pykonucy 01.12.16.
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