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Abstract

Monitoring of thermal conditions in a separate room and a building is one of the most important practical tasks on the stage of building
commissioning. The task can be solved by in-situ temperature measurement of and the results are calculated by a simple mathematical
model. The model is a system of balance differential equations for average temperatures of a heater, air and internal boundary.

The parameters of equations are heat-transfer coefficients of heaters, heat-transfer coefficients of internal and external boundary
and heat capacitance of objects in a room. These parameters are calculated in a reverse problem. Non-steady-state situations appear
with temperature changes in a room. The target values are calculated through the analysis of temperature dependence.

The automated complex for this algorithm consists of a system of temperature sensors, a microcontroller, a radio data link and a
hosting server. The system was tested in residential and production buildings, and the monitoring proved to be low-cost.

The system also allows to measure heat energy input to high precision according to individual characteristics of a room and a
heater. The accuracy is provided by experimental study of heat-transfer coefficients of heaters and statistical data analysis.
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1. Introduction

Energy efficiency is one of the most important tasks of society. The problem of rational heat consumption is current
because heating systems in residential buildings are the most power-intensive engineering systems in many countries.
Control and monitoring of indoor thermal conditions represent an important task with the aim of ensuring suitable
working and living spaces to people [1-5].These tasks include investigations of heater efficiency [6, 7] and effective
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heat-retention lagging of the room [8, 9], instrumentation and automation for measurement and control of thermal
conditions and power consumption.

The measurement of heat energy input to high precision in one flat in an apartment building with a vertical heat
supply system is an important problem. The problem is still relevant, despite the huge number of heat energy metering
systems [10—15]. An apartment-level heat meter [14], which measures the mass flow rate of a heat-transfer fluid,
cannot be used in this block of flats because of high costs, poor precision and other major deficiencies. The heat cost
allocators for the determination of the consumption of room heating radiators [15] are also not widely used in Russia,
because these heat cost allocators only allow the determination of the heat consumption of each radiator in a flat as a
share of the total heat consumption of the block of flats or a user group. It is not possible, with the heat cost allocators
to calculate heat consumption in one flat, individually. The main problem is that such systems cannot be applied in
the old housing stock, where the problem of energy saving is particularly important. The heat cost allocators [10—13,
15] have substantial defects: some characteristics of a room and a heater are not measured and taken into account by
correction factors measured in the laboratory. The heat cost allocators do not take into account the individual
characteristics of a room and a heater.

The problem can be solved by in-situ temperature measurement of objects and the results are handled by a simple
mathematical model. The proposed approach also allows to measure heat energy in SI units input to a high rate of
precision in one flat. The measuring device is mounted on the heater surface in order to record the time integral of the
temperature difference between the heater surface and the room. In addition, the proposed approach also permits
monitoring of thermal conditions in a separate room and to assess the effective heat-retention lagging of the room in
real time without additional financial costs. This is possible because the same temperature sensors are used for
monitoring and heat metering.

Many studies have focused on mathematical models of thermal conditions in buildings [16-20]. On the one hand,
mathematical models of thermal conditions in buildings [16] provide a comprehensive discussion of the theory and
practice of a mathematical simulation method for studying the thermal behaviour of rooms and buildings. However,
this scientific approach uses many calculations. These mathematical models can be used for power supply engineering
and construction and predict room temperature, but they are difficult and costly for technical feasibility.

On the other hand, building energy analysis programs can predict energy use and cost for all types of buildings
[17-20]. As arule, these programs use the national normative documents and the hidden mathematical models, which
form the basis of their algorithms of calculation. This approach is not developed enough to be applied in practice for
energy audit and heat energy measurement.

Based on the above, the main requirements of a mathematical model for monitoring thermal conditions in a separate
room and a building is simplicity, quick operation and high precision.

The scientific novelty of this work is in the method of measuring the heat-transfer coefficients of heaters and the
approach of measuring heat energy according to individual characteristics of a room and a heater. Automation of
monitoring includes automated data collection from the temperature sensors and data communication to the hosting
server by radio data link. The results are handled by a mathematical model on the hosting server. The automation
systems of the control and the monitoring of indoor thermal conditions are widely used [1-5]. In particular, there are
many opportunities to build wireless monitoring systems using ZigBee [2]. However, the use of the technology ZigBee
leads to higher prices of finished products. In this regard, we have developed a radio modem operating at 868 MHz.

In the present paper the following goals are set:

* Monitoring thermal conditions in a room: investigations of heater efficiency and effective heat-retention lagging
of the room;

* Model analysis of thermal conditions in a separate room with account of behaviour of temperatures of a heater, air
and an internal boundary;

* Model analysis with account of the condition of a heater when its characteristics and its temperature change under
external impacts;

* Energy audit and measurement of heat energy using the same system of temperature sensors;

* The proposed mathematical model can form the basis of the algorithm and the software of automatic control
systems of heat supply in a separate room and a building.
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Nomenclature

hq heat transfer coefficient of ambient air

h; heat transfer coefficient of internal boundary
h3 heat transfer coefficient of a heater

Ragj heat transfer coefficient of adjacent rooms
T; indoor air temperature

T, ambient air temperature

T, temperature of internal boundary

Tagy temperature of adjacent rooms

T3 temperature of a heater

AT AT = T3 — T\ the time-dependent thermal gradient between environment and heater
Ts supply temperature

Tr return temperature

G mass flow rate of a heat-transfer fluid

C heat capacity of indoor air

C heat capacity of internal boundary

Cs heat capacity of a heater

7 time constant of air in room

% time constant of internal boundaries

73 time constant of a heater

0] thermal energy

2. Model formulation
2.1. Mathematical model of the thermal and air conditions in a room

The basis of mathematical modeling is a system of balance differential equations for average temperatures of a
heater, air and the internal boundary. This approach does not consider some characteristics of the current process.
However, the main processes of heat transfer are described in the following paragraphs.

The mathematical model is considered for a separate room that contains internal and external boundaries, a heater
and has adjacent rooms. The increase in thermal energy is due to a heater, and its loss due to heat transfer to the
external environment and the adjacent rooms. The thermal energy is a dependent variable in balance differential
equations.

The first equation considers the change of thermal energy of air O, in a room:

d
Dby (0 =T~y (1~ Ty) by (T - ) M

The second equation for the internal boundary is documented. The temperature of adjacent rooms is not equal to
the temperature of the internal boundaries of the room in question:

d
ey (1) o (1, T @

We introduce the ratio: Q1 = Ci- T1, Q> = C>- T». The system of equations can be written as:
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These equations must be supplemented by the initial conditions, for example, indoor air temperature and
temperature of the internal boundary in the initial instant t=0. The ambient air temperature and temperature of a heater

are dependent variables. The coefficients /., 42, i3 included in the equation, are of integral character and can be found
experimentally.

2.2. Equations for a heater

The thermal conditions in a room provide a heater the temperature of which was set constant in the preceding
discussion. But in fact the temperature of a heater is changed during operation.
The equation for a heater in dynamic rating is written down:

d
.é%zg{n—za—@wz—n) @

This equation considers inert properties of a heater, speed of heat transfer fluid and other parameters. The increase
in thermal energy is due to a heating medium supply, and its loss due to heat transfer to the indoor air.

In the first approximation, we consider that the flow temperature and the surface temperature of the heater are
proportional to each other with the correction coefficient O3 = Cs - T5.

In a real situation, the temperature of the heater is a function of time. Therefore, the system of Eq. 3 should be
supplemented by the Eq. 4. Below, we write the system of equations describing the thermal conditions in a room:

dT,

G =y (T =T) =y (T, =Ty) ~h, (T = T,)
drT.

Cz'd_tzzhz‘(Tl_Tz)—hadj’(Tz_Tadi) ¥
drT;
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This system can be applied to calculation of the thermal conditions of rooms in stationary and dynamic conditions.
Some assumptions were accepted:

» The time constant 73 is the parameter characterizing the inertial properties of a heater. The time constant 73 is much
less than time constants of air in a room 7; and of internal boundaries .. We accept that temperature of air equal
to temperature of an internal boundary. Therefore, the equation for a heater in a system (1) can be solved
independently of the system (1);

If the temperature of a heater is constant, the equations of air and an internal boundary can be solved independently
of the third equation in the system (1);

The heat transfer coefficient of a heater is an integral quantity which takes into account the heat transfer surface
area.

The parameters of equations are heat-transfer coefficients of heaters, heat transfer coefficients of internal and
external boundaries and heat capacitance of objects in a room. These parameters are calculated in a reverse problem.
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Non-steady-state situations appear with temperature changes in a room. The target values are calculated through the
analysis of temperature dependence.

We considered the third equation in system (1) for a heater. If the speed of heat transfer fluid is equal to zero, heat-
transfer coefficient of a heater is calculated as:

dr,

ATy

dt
hy=—*— 6
on-r ©)

According to Newton's law of cooling, the thermal energy of a heater can be defined by using the equation:

Q= h-(Ty~T)-At (7)

Known /3 value allows to find the remaining parameters of the Eq. 5. The thermal conditions in a room is a steady-
state (d71/dt = 0). The ambient air temperature does not change. Some assumptions were accepted: 7;= T>. Basic data
for calculation were selected from one point of the time: 7,, 73, T)= T.q = T>. Substituting these data and the known
value of /3 in the first equation (5) can be found 4,:

hy-(Ty - T,
ha — 3 ( 3 1 ) (8)
(h-T,)
The system of equations (5) establishes a relationship of heat transfer coefficients in the whole chain of summing up,
transformation and scattering of thermal energy, namely heat-transfer fluid - heater - air - boundary. Evaluation of each of
these relations in the conditions determines the influence of the parameters /a, /2, 3 on the heat exchange process.

3. Results and Discussion

3.1. Model check

To check the mathematical model adequacy (5) and to investigate heating processes in a room, we simulated the
reference value parameters taking into account real thermo-technical characteristics of external boundaries (the given
resistance of heat transfer and air permeability).

3.1.1. Heating of cooled air in a room

We can simulate the heating of cooled air in a room. Let’s imagine that the air and the walls in a room are cooled
by the cold air from the outside (open window). Because of response delay, the walls are cooled less than the air. Then
the room system was stabilized and the air and the walls were heated by the heaters.

The parameter values 43/Cy = 5,15 - 105, s7!; ho/C1 = 2,78 - 107,571 hy/C1 = 0,56 - 1073, 57! with the equation system
(3) allow us to conduct simulation in MatLab. The initial data for the equations are: the average air temperature in the
beginning is equal to 8 °C, the temperature of internal boundaries is 12 °C.

The established conditions:

» Temperature of a heating source 45 °C;
* Outside temperature —17 °C;

* Temperature of communicating rooms 17 °C.

The gained temperature dependences are given in Fig. 1.
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Fig. 1. Time dependences of air temperature T1 and room boundaries T2.

Figure 1 shows that in the beginning the wall and air temperature are different and the air temperature in the room
is less than the temperature of the room boundaries.

The dependences are exponential with the phase of rapid air temperature grow and much slower grow of the room
boundaries temperature. Both dependences stabilize after a while. The time of the transition process is a very important
characteristic because it allows to measure the response delay in heating or cooling of a room. Figure 1 also shows
the crossing of two curves at one point.

3.1.2. Self-cooling mode of a heater

In this case, the heating medium supply is interrupted G=0 at the initial time t=0. The results of the simulation are
given in Fig. 2 the parameter is the value of the heat capacity of a heater.

The analysis of the gained results is quite clear: the temperature decrease is exponential and the time constant (the
rate of decay) depends on the heat capacity of a heater).

t, min.

0 50 100 150

Fig. 2. Self-cooling of a heater depending on its heat capacity.
3.2. Automated system monitoring and field experiment

The experiment was made in a room of an apartment building. The floor area of the room is 14 sq.m. There is a
window, a cast iron radiator of a MS-140-500 series with six sections, isolating valves and internal and external
boundaries in the room.

The ADT7410 digital temperature sensor of high accuracy measures the temperature of a heater and indoor air.
The third sensor measures the temperature of ambient air. The data from sensors is transferred to the computer.

To collect the data from heat and energy meters we developed a wireless modem with ONEwire, 12C, RS485,
RS232, UART, etc [21]. The wireless modem parameters: input voltage 3,7 — 6,0 V; input current — not more than 35
mA in transmission mode, in sleeping mode — less than 1 uA; battery supply is possible, operating frequency —433/868
MHz. To choose the frequency range we conducted a series of experiments in noise measurement in those ranges.

Data Acquisition and Transmission Devices provide wireless communication of meters connected to the wireless
modem and the server. The Data Acquisition and Transmission Devices and the servers are connected by Ethernet or
GSM/GPRS. The wireless modem RF433/868 can combine all the connected devices and the Data Acquisition and
Transmission Devices in a MESH network with the possibility of data transfer to the server.
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Figure 3(a) shows the results of the field experiment during the cooling process of a heater with six sections. The
heat transfer coefficient of a heater is calculated in Eq. 6.

The measurement procedure for measuring heat transfer coefficient consists of the following actions. The
temperature of a heater as a time function is measured in the cooling rate in Fig. 3(a). The air temperature is measured.
A simple moving average is used with time series data to smooth out short-term fluctuations. The rate of temperature
change in a heater as a time function is found on a segment of the cooling curve. This segment consists of z of points.
n is the minimum number of indication when the heater temperature falls to the value not less than 3 K. The heat
transfer coefficient of a heater is calculated in Eq. 6. The heat capacity of a heater is reference data. The approximation
by linearization is applied for the heat transfer coefficient as a AT function. It is necessary to find the slope of the
curve at two points (h u AT).
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Fig. 3. Field experiment (a) Temperatures of a heater and air as a time function is measured in the cooling conditions;
(b) Heat transfer coefficient as AT function.

Known 43 value allows to find the remaining parameters of the Eq. 1. The second experiment was carried out to
investigate the heat transfer coefficient of ambient air. The measurements were taken for 24 hours. The thermal
conditions in a room is steady-state. The ambient air temperature does not change. Some assumptions were accepted:
T;= T.. Basic data for calculation were selected from one point of the time: 7, = - 14,11 °C; T3 =50 °C; T, = T,q =
T, =26 °C. Fig. 3(b) helps us calculate the value of 43 = 11,85 W/°C when AT = 24 °C. These data are added in Eq.
8 and we get the result i, = 7,09 W/°C.

The known value of the heat transfer coefficient of ambient air allows to evaluate a heat leakage through the
external boundary in real-time. For example, the thermal outputs of a heater and a heat leakage through the external
and internal boundaries, when AT =24 °C, h; = 11,85 W/°C, h, = 7,09 W/°C:

o P3=h3- AT(W)=11,85"24=284,4 W - thermal outputs of a heater;
o P,=hs  AT(W)=7,09-24=170,16 W - heat leakage through the external boundaries;
o P,=2844-170,16=114,24 W - heat leakage through the internal boundaries.

Thus, we see that according to Eq. 1 in the steady-state when the air in the room does not change (window and
door closed), the whole thermal capacity of the heater should be spent through the external and internal boundaries.
We can assess the condition of external and internal boundaries and take the necessary measures to improve energy
efficiency for a known value of thermal outputs.

4. Conclusion
We presented the mathematical model that can form the basis of the algorithm and the software of automatic control

systems of heat supply in a separate room and a building. The scientific novelty of this work is in the method of
measuring the heat-transfer coefficients of heaters and the approach of measuring heat energy according to individual
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characteristics of a room and a heater. The system of balance differential equations establishes interrelation of the heat
transfer coefficient of ambient air, the heat transfer coefficient of internal boundary and the heat transfer coefficient
of a heater. The assessment of each of these ratios in specific operating conditions allows to define the influence of
various parameters of the heat exchange process. The known value of the heat transfer coefficient of ambient air
allows to evaluate heat leakage through the external boundary in real-time.

The proposed approach also allows to measure heat energy input to high precision according to individual
characteristics of a room and a heater. The automated complex for this algorithm consists of a system of temperature
sensors, a microcontroller, a radio data link and a hosting server. Accuracy is provided by an experimental study of
heat-transfer coefficients of heaters and statistical data analysis. The approach also allows to perform the energy audit
and measurement of heat energy using the same system of temperature sensors. The offered approach also allows to
perform the monitoring of thermal conditions in a separate room and a building whole at the stage of building
commissioning.
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