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Abstract. A model of the building heating system, consisting of energy
source, a distributed automatic control system, elements of individual
heating unit and heating system is designed. Application Simulink of
mathematical package Matlab is selected as a platform for the model.
There are the specialized application Simscape libraries in aggregate with a
wide range of Matlab mathematical tools allow to apply the “acausal”
modeling concept. Implementation the “physical” representation of the
object model gave improving the accuracy of the models.

1 Introduction

When creating complex models of a heating system, as a rule, the occurrence of difficulties
is usually caused by following requirements (for example, to highlight works [1-6]):

1) simulation of individual components of building life support systems (for example,
the control system, heating appliance, heat exchanger, etc.);

2) maintenance of model functioning in a wide temperature range.

Solution of the first problem is to find a compromise between the model description
completeness and its adequacy and accuracy of studied system reproduction. The choice of
internal and external influencing factors (which must be also adequately reproduced)
variety is an important step in developing of the model. Excessive accuracy influences
negatively on the capabilities of a computer, increasing simulation time. When solving the
problem as a part of this work, there were used approaches, described in [7, 8].

Another no less important problem is to extend the temperature range of model
operating. This is necessary condition for the investigation of district heating system
reliability. The problem resides in narrow range of individual model component operating
temperatures. For example, the temperature difference of the coolant reaches 90 °C during
simulation. At temperatures of approximately 0 °C, the decrease of modeling accuracy is
inevitable. This problem is solved by optimization of thermal component models.

The aim of the present work is to develop a thermal model of the building.

2 Research object
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The object of research is a three-floored administration building (total area of 9870 m* and
volume of 35.926 m®) which is located in West Siberia (Tomsk city). Heat supply of the
building is provided by the central heating unit at the temperature chart 95/70 °C. The
individual heating unit has been designed under the “independent scheme” [9]. Water is
used as a coolant in the heating system internal circuit [10].

The thermal model of the building has been developed the actual operation of the
building. The application Simulink of the mathematical package Matlab [11] has been
selected as a platform for a model. Block-oriented approach has been applied to simulation
and “visual” programming of building heating system in combination with a wide range of
Matlab mathematical tools. An extension package Simscape, which implements a
“physical” simulation concept [12], has also been applied to develop the model.

3 Thermal model of building

As a rule, thermal processes in buildings are described by mathematical equations,
reflecting the heat transfer stationary mode. Upon that, heat flows are constant and don’t
depend on time, and thermal processes parameters (for example, coefficients of external
and internal envelopments heat transfer, heat irradiation from heating appliance, etc.) are
chosen from the reference literature.

In practice a stationary mode is observed only for a very limited time, due to constantly
changing external disturbing factors. It is important to note, that the developed model
considers dynamics of the real object functioning mode, as well as thermal processes
nonlinearity and non-stationarity.

The law of energy conservation for a typical premise is at the basis of the thermal model of
the building heating system there [7]:

dEa/dt = th - Qec (1)
E,= Va'pa'ca'Ta) (2)

where
E, internal energy of air in the premise [J]
V, volume of air in the premise [m’]
pa air density [kg/m’]
¢, air heat capacity [J/(kg-K)]
T, air temperature in the premise [°C]
Ohs heat input to the premise from the heating system [W]
Q.. total heat loss of the premise through exterior envelopments [W]
During simulation, the following assumptions were accepted:
e specific heat capacity and density are characterized by constant
values;
e coolant loss are lacked (equality of input and output expenditures);
¢ heat exchange with adjacent premises is lacked.
Considering the accepted assumptions, the law of energy conservation will be as
follows:

my - Cq- (dTa / dt) = th - Qcc (3)
Ohs = &ha " Cha " (11 - T2) (4)

where
m, mass of air, contained in the premise [kg]
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Zha coolant mass flow rate [kg/h]
¢ha coolant heat capacity [J/(kg-K)]
T initial coolant temperature [°C]
T, finite coolant temperature [°C]
The following laws were applied to simulate different mechanisms of heat transfer
between model components:
e Newton-Rikhman Law, describing the convective heat exchange:

ge=k-A-dT )

where
qx heat flow [W]
k heat irradiation coefficient [W/(m?-K)]
A surface area of heat irradiation [m?]
dT temperature difference [°C]
e Fourier's Law, describing the conductive heat exchange:
g:=@A/b)-A4-dT (6)

where
¢, 1s heat flow [W]
A is thermal conductivity coefficient [W/(m-K)]
b is layer thickness of heat exchange surface [m]
A is surface area, perpendicular to heat flow [m?]
dT is temperature difference [°C]

Model implementation in the Matlab package is based on representing of each
individual functional component in the form of s-functions and subsystems blocks. In the
process of simulation, the redistribution of heat flow is observed between sources, thermal
energy transfer medium and its consumers.

Fig. 1-3 shows basic blocks of the developed thermal model of the district heating
system of the building. The model comprises the following main functional components
[8]:

a heating appliance (radiator);

a mixer tap;

a valve;

a thermal protection block of the premise;
a weather block;

a block of the premise temperature mode.
321

g S

Transport Delay Smesiel2

1 ——
Tosm2 Tozm %
vl |

Lhp-

Fig. 1. The main thermal model blocks of the district heating system of the building: block of
individual heating unit elements.
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Fig. 2. The main thermal model blocks of the district heating system of the building: a — heat
consumption controller, b — heat calculator, ¢ —heat supply source.
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Fig. 3. The main thermal model blocks of the district heating system of the building: block of premise
model.

A heating appliance
The process of heat transfer from the heating system coolant to the environment is carried
out through the radiator case. Under that, different heat exchange mechanisms are involved:
1) convection and conductive heat exchange are realized at the “coolant — radiator
wall” site;
2) heat transfer through the wall is carried out by thermal conductivity;
3) the “radiator wall — premise” site is characterized simultaneously by radiant heat
exchange, convection and thermal conductivity.

Heat transfer rate of all of these sites reflects the total heat transfer coefficient Kz -

In general, heat transfer simulation of a heating appliance is a complex problem that
requires the use of mathematical physics methods to analyze the temperature distribution on
the radiator surface. The most optimal approach at simulation is to use the average
logarithmic temperature difference between the radiator surface and air inside the premise

[7]:
Tiog = (T1 - To) /' In [(T} - Tiw) / (T - Tiw)] (7

where
T coolant temperature at the radiator input [°C]
T, coolant temperature at the radiator output [°C]
T;, temperature inside the premise [°C]
The model of the heating appliance is based on the law of energy conservation:

Mpy * Cha * (dTZ / dt) = th - Qbat (8)
Qbat = Kot * Avat - Tlog (9)
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where
my, weight of the coolant inside the radiator case [kg]
cha coolant heat capacity [J/(kg-K)]
Ohs heat input from the heating system coolant [W]
Ohae heat irradiation of the heating appliance [W]
Ky, heat transfer total coefficient [W/(m?-K)]
Apa heat irradiation surface area of radiator [m?]

Eq. (8) allows describing the change in coolant energy at radiator output (the left side of
the equation), depending on balance between radiator heat input and heat irradiation (the
right side).

Model implementation of the heating appliance using Simulink is shown in Fig. 4.
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Fig. 4. A model of the heating appliance.

A thermal protection block of the premise
This block is a set of external envelopments (walls, windows, ceiling) models, as well as air
inside the premise. The functioning of the block is described by the following equation:

Qec: [(Kw : Aw) + (Kc ! Ac) + (Kwd ! Awd)] ’ (Tln - Text) (10)
where

Q.. total premise heat loss through external envelopments [W]
T;, air temperature inside the premise [°C]
T outside air temperature [°C]
K total heat transfer coefficient [W/(m?-K)]
Ay surface area of envelopments [m?]
Indexes w, ¢, wd of parameters K; and A; means respectively wall, ceiling and window.
Given equation permit determining the total heat loss of the premise and is used at the
Eq. (3). In turn, the total coefficient of single-layer construction heat exchange is
determined by geometric and thermophysical characteristics:

Ei Rim A Hiexe
where

k; i heat irradiation coefficient on the inner surface [W/(m?-K)]
k; .y heat irradiation coefficient on the outer surface [W/(m?-K)]
E; layer thickness of a heat exchange surface [m]
4; thermal conductivity coefficient of layer [W/(m-K)]
According to the law of energy conservation (by analogy to the Eq. (3)), the thermal
inertia of envelopments is considered in the block, at that, characteristics such as weight,
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heat capacity and the initial temperature of constructions elements are used. Block
implementation using Simulink is shown in Fig. 5.
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Fig. 5. A model of the block of the heating protection of the premise.

4 Summary

A model of the district heating system of the building, which allows investigating the
stability of typical buildings and constructions thermal mode (to analyze cooling processes
of the heating system coolant, air temperature reduction in premises of various
configurations, as well as exterior envelopments) during heat supply failure, has been
developed. It is also possible to use the model for energy efficiency investigation of
different buildings.

The reported study is supported by the Russian Foundation for Basic Research RFBR
(contract 16-38-00628).
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