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Abstract. The paper deals with computer testing of the temperature distribution in buildings by using COM-
SOL Multiphysics software. It is devoted to a description of a computer application created in the Application
Builder user interface for simulation of the temperature distribution in a room heated by two heat sources. The
application allows you to change geometric dimensions of all elements of the studied model and their spatial
distribution, as well as a choice of physical properties needed to access the distribution of temperature in the
room depending on the ambient temperature and the heat input of the considered sources. Main functions of
the application are presented by simulation of cyclic heating and cooling of the tested room.

1 Introduction

The constant increase in population living in cities leads
to the energy demands of households. Apart from industry
and transport, households are currently major energy con-
sumers. In the European Union Member States, the main
use of energy by households is for heating their homes
(64.7 % of final energy consumption in the residential sec-
tor) [1], which causes the ever-increasing global warming
of the Earth [2].

Raising living standards in cities while ensuring a neg-
ative impact on the environment solves so-called smart
cities projects [3, 4] which include smart buildings with
modern technology to provide the required comfort [5, 6].
But to reduce the energy demand for buildings heating or
cooling, proposals for reconstruction of construction of
new buildings should include both stationary parameters
of buildings, and also non-stationary boundary and user
conditions. To a comprehensive assessment of all major
factors, it is necessary to use a combination of experimen-
tal testing with modern computer technology that is con-
tinuously being developed for engineering and scientific
calculations of stationary and non-stationary processes.

In order to use the available computer tools for the sim-
ulation of the thermal behavior of systems with accumula-
tion, we are currently testing the COMSOL Multiphysics
software. By use COMSOL Multiphysics, we would like
to create a complex software tool for the assessment of
energy performance of selected models of building parts
[7-9]. Our research aims to find a methodology for as-
sessment of the heat-accumulation properties and thermal
insulating materials of the external wall. From this aspect,
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we deal with a study of relationship between the time con-
stant and the constant o [10]. Simultaneously, we would
like to ensure the possibility of universal use of this tool
not only for specialists who are trained to control the soft-
ware but also for external users via a web interface. In this
regard, we follow the paper [8] in which we presented pa-
rameterized room modules enabling users to specify both
geometric and physical properties.

In the present paper, we describe a possible method
for conversion of these modules into a computer applica-
tion using the Application Builder interface that is a part
of software COMSOL Multiphysics. In the following sec-
tions, we describe the physical background of heat trans-
fer in the tested room module, the method used to create
an application’s user interface, including an example of its
main features.

2 Theoretical description of the studied
problem

For computer simulation by COMSOL Multiphysics soft-
ware, we use Laminar Flow Interface of the Conjugate
Heat Transfer Module. This module is used primarily to
model slow-moving flow in environments where tempera-
ture and energy transport are also an important part of the
system and must be coupled or connected to the fluid-flow
in some way. The interface solves the Navier-Stokes equa-
tions together with an energy balance assuming heat flux
through convection and conduction. The density term is
assumed to be affected by temperature and flow is always
assumed to be compressible [11]. The basic theoretical
relations used by Conjugate Heat Transfer Module for a
physical description of our model is described in follow-
ing subsections 2.1 - 2.3.
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2.1 Heat transfer in solids

The heat transfer in solids interface is solved in COMSOL
for the basic equation (1) [12—14]:

oT

oC, (E + Usrans -VT)+V(q+qr) =0 t+0 )

where the symbols denote:

o - density, [kg . m‘3];

C, - specific heat capacity at constant stress,
[J kg™ -K"];

T - absolute temperature, [K];

t - time, [s];

Uyans - Velocity vector of translational motion, [m . s‘l];

q - heat flux by conduction, [W . m‘z];
q, - heat flux by radiation, [W . m‘z];

Q - additional heat sources, [W . m‘3];
0,.4 - thermoelastic damping, [W . m‘3].

The conductive heat flux ¢ is given by Fourier’s law of
heat conduction (2):

q=—kVT 2)

where symbol k& means thermal

[W-m™- k],

conductivity,

For the steady-state problem, the temperature does not
change with time and the terms with time derivatives dis-
appear.

2.2 Heat transfer in fluids

The heat transfer in fluids interface is solved for the fol-
lowing basic equation (3) [12]:

oT
QCP(E+u-VT)+V(q+qr)=Qp+Qud+Q 3)

where the symbols denote:

u - velocity vector, [m . s‘l];

0 - heat sources other than viscous dissipation, [W . m‘3].

Q, denotes the work done by pressure changes and is
the result of heating under adiabatic compression as well
as some thermoacoustic effects:

P
0,- apr(a—’: tu- Vp) (4)

where:
@, - coefficient of thermal expansion, [K‘l];
p - pressure, [Pa].

2.3 Convective heat transfer

The heat transfer between solids and fluids can be de-
scribed by boundary conditions for convective cooling or
heating whereby a fluid cools or heats a surface by natural
or forced convection. It is possible to model this process
either by using a heat transfer coefficient on the surfaces
or by extending the model to describe the flow and heat
transfer in the surrounding fluid.
Convective heat flux is solved by the equation (5):

n'qzh'(T_Text) @)

where:

n - normal vector toward exterior, [—];

h - heat transfer coefficient, [W -m~2- K‘l];
T..: - external temperature, [K].

Depending on the type of convection conditions and on
the type of geometry, it is possible to divide the convective
heat flux on natural or forced convection with internal or
external flow. In our case, we suppose natural convection
with external flow.

For the heat transfer coefficient correlation applied to
natural convection on a vertical wall, it holds [12]:

0.67Ra;’*

9
( o 1oV forRa; < 107, (6)
1+(0.492k) )

HCy

h:ﬁ 0.68 +

2

k 0.387Ra,* 0
h = 7 0.825 + NTE for Ra;, > 107,
(1+(0.492k) )
HCy

@)
where Ra; denotes Rayleigh number computed from equa-
tion (8):

_ gapQZCp [T = Toxl L
ku

ar for 10* <Ra; < 10", (8)
L - characteristic length (height of the wall), [m];

(- dynamic viscosity, [Pa.s];

g - acceleration of gravity, [m . s‘Z].

All material properties are evaluated at (T + Ty,)/2.

For the heat transfer coefficient correlation applied to
natural convection on the top surface of on a horizontal
wall, it holds [12]:

IfT > T,y then

k

h= Z0.54Ray4 for 10* <Ra, < 107, 9)
k 1/3 7 11

h=70.15Ra,” for 10" <Ra, < 10", (10)
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Fig. 1. Geometric sketch of the model.

while T < T, then

he K

L

Ra; is given by equation (8), and the characteristic
length, L, is defined as area.

For the heat transfer coefficient correlation applied to
natural convection on the bottom surface of on a horizontal
wall, equations (9), (10) hold when T < T,,,. Equation
(11)isused when T > T,,, [12].

0.27Ra,’* for 10° < Ra; < 10'°.

(1D

3 Method used for the computer
application design

The basic model for simulation of temperature and heat
flow distributions was built in standard Model Builder in-
terface which is designed for users who have knowledge of
programming in COMSOL Multiphysics. This parameter-
ized model is described in paper [9]. Its geometry sketch
is shown in Figure 1. Solution of the model is based on
equations described in previous section 2. To convert the
basic model into an application form, we used Applica-
tion Builder interface that includes many tools which help
you to create comfortable computer applications so that
the simulations can be performed by a wide range of users,
regardless of their knowledge of programming the models
in COMSOL Multiphysics. The applications created in
the Application Builder can be deployed and used on all
operating systems, including running in a web browser to-
gether with COMSOL server [12].

4 Description of the programmed
computer application

As mentioned, the purpose of the application is to study
temperature and heat flow distributions in the tested room
under the specified winter conditions. Also, the applica-
tion can be used to estimate the boundary conditions and

BASIC ELEMENTS
1 - Front wall 6 - Bottom layer of the ceiling
2 - Right wall 7 - Top layer of the ceiling (thermal insulation)
3 - Left wall 8 - Left column
4 - Back (outside) wall 9 - Middle column
5 - Floor 10 - Right column
DOOR

11 - Door leaf
12 - Niche beside the door

13 - Panel in the niche beside the door
14 - Door frame

WINDOWS
15 - Right window frame 20 - Window 4
16 - Left window frame 21 - Window 5
17 - Window 1 22 - Window 6
18 - Window 2 23 - Window 7
19 - Window 3 24 - Window 8
HEATERS

25 -Left heater 26 -Right heater

parameters that can the time evolution influence. The ap-
plication is designed for a parameterized 3D model with
the geometric sketch that is depicted in Figure 1. The ba-
sic model contains only elements that significantly affect
the heat flow between the rooms and the surroundings. It
includes peripheral walls, thermally insulated ceiling and
floor. The other geometric elements of the solved model
include windows, door and two heaters inside the room. It
is also assumed that the ceiling and one wall of the room
are in contact with the environment outside of the building.

A user interface of the application is shown in Figure 3.
It is structured as a group of user windows arranged in a
sequence that corresponds to the process of creating the
geometric sketch of the model, defining simulation condi-
tions, calculating and visualising results, including export-
ing output data. The scheme in Figure 2 demonstrates this
process. As is shown, the first step of the model prepara-
tion consists of defining the geometric design of the model.
The application enables the user to modify dimensions and
spatial distribution of all geometric elements of the model.
The actual design can be continuously displayed and con-
trolled.

In the second step of the model preparation, physical
properties of the model elements can be modified. In our
case, the user can modify thermal conductivity, density a
and specific heat capacity of all solid materials. Properties

N\ )
m,\ MATERIALS > CONDITIONS \ STUDY RESULTS >
H, 2 y/ Z(/

,,,,,,,,,,, +T,Q- OUTSIDE VIEW

I-SKETCH OF MODEL |
/* BASIC ELEMENTS T, Q- 2D SLICES INSIDE|
THE ROOM

]’ DOOR
'WINDOWS AND *T,Q THROUGH THE
OUTSIDE WALL
*TIN THE MIDDLE OF
THE ROOM
*Q IN CENTER OF THE
OUTSIDE WALL

‘WINDOW FRAMES
{» HEATERS
" DISPLAY GEOMETRY

Fig. 2. Sketch of the computer application structure.
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GEOMETRY | MATERIALS | CONDITIONS | STUDY | RESULTS

T, Q Outside View T, Q 2D Slices inside the Room | T, Q through the Outside Wall | T in the Middle of the Room - Time Evolution | Q in Center of the Outside Wall - Time Evolution

Intime 3600724 seconds

Time=86400 5 Slice: Temperature (degC)

Display Temperature and Heat Flow Ditribution Inside the Room (2D Slices):

Temperature Distribution Plot Export data Heat Flux Distribution Plot Export data

yzplane: for  x= 4000 mm = yzplane:  for  x= 4000 mm =

Xz plane: for y= 3000 mm = xz plane: for ¥y = 3000 mm =

xy plane: for z= 1500 mm = xy plane:  for z= 1500 mm =
aa@l L-eEEHO <8 ol eaRE | LrrtEDNO <0 am

Time=86400 s Slice: Total heat flux, y component (W/m?)

x10%

-0.2
-0.4
-0.8
-0.8

e

Fig. 3. User interface of the programmed computer application.

of air inside the room are loaded from the Materials library
which is a part of the COMSOL Multiphysics tools.

The purpose of the third step is setting initial and
boundary conditions necessary for the computer simula-
tion. The user can define the initial temperature of the
air inside the room, supposed heat transfer coefficients in-
side and outside the building. The temperatures of the en-
vironment outside the tested room and thermal power of
the heaters can be inserted either as constant values to text
fields of the application or they can be imported as the
time-dependent data. In this case, they need to be defined
and changed in the basic version of the model prepared in
the Standard Builder of the COMSOL Multiphysics inter-
face.

The fourth step is designed to set numerical calculation
parameters and recalculate solutions for modified parame-
ters and model conditions. For this purpose, the user can
modify total time and a time step of the simulation. The
mesh of the model has to be defined and changed in the ba-
sic version of the model prepared in the Standard Builder
interface.

In the final step, results of the simulation can be dis-
played or exported as images or TXT data files. The appli-
cation allows you to view temperature and heat flow inside
the room and in the walls as 2D slices in the selected cuts,
the time evolution of the temperature in the middle of the
room or time evolution of the heat flow in the center of the
outside wall.

5 Example of the application using

We demonstrate the above-described method for assess-
ment of temperature distribution in the room which sim-
plified geometric model is shown in Figure 1. It contains

only such elements which significantly affect the heat flow
between the rooms and the surroundings.

The testing aims to evaluate the influence of the cyclic
heating and cooling on the temperature distribution and
time evolution of the temperature inside the tested room
under the following winter conditions:

e initial air temperature inside the room 21 °C,

o time evolution of the air temperature in the neighbouring
rooms is shown in Figure 4a,

e time evolution of power of heaters inside the room is
depicted in Figure 4c,

e heat transfer coeflicient between the walls of the room
and the air inside the building and heat transfer coeffi-
cient between the walls of the room and outside air was
in COMSOL automatically computed by relations de-
scribed in section 2.3,

e physical properties of all elements of the models are
shown in Table 1,

e time evolution of outside air temperature is shown in
Figure 4b,

e dimensions of the tested room: length 8.7 m, width
7.2 m, height 3 m,

e thickness of the inner walls, ceiling, and floor 30 cm.

Results of our experiment are presented in Figures 5 -
8. Figure 5 shows the time evolution of air temperature in
the middle of the room during its cyclic heating and cool-
ing. Under given conditions, the temperature increased
during the studied time. During the first day of the simula-
tion, when the room was not heated, the inside temperature
decreased. After that during cyclic heating by heaters in-
side the room, the temperature was increased. The total
increase during simulation was approximately 0.6 °C.
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Table 1. Properties of the main geometrical elements of the simulated room.

Geometrical Thermal Density Specific
element conductivity heat capacity
[W.m’l.K"] [kg.m’3] [J.kg’l,K’l]
Inner walls 0.27 900 960
Outside wall 0.80 817 900
Floor 1.43 2300 1020
Ceiling 0.82 1251 1021
Window frame 0.20 420 2510
Ceiling insulation 0.04 30 1270
Columns in the outside wall 0.32 2192 1018
Glass in the windows 0.76 2600 840
Window frames 0.18 400 2510
Door leaf 0.11 800 1150
Niche next to the door 0.20 1380 1100
Door frame 58 7850 440
Glass door trim 0.76 2600 840
Heaters 58 7850 440
a) Temperature of air in the neighboring rooms Point Graph: Total heat flux, y component (W/m?)

Py 22 P Under the studied room

% A Behind the front wall

% 21 Behind the left wall

: 20 S Behind the right wall

0 50 100 150 200

t(h)
b) Temperature of outside air

Total heat flux, y component (W/m?)

4
Time (s)

0 50 100 150 200
t(h)

5 C) Power of heaters inside the studied room Fig. 6. Time evolution of the heat flux in the outside wall.
Left heater
2

Right heater

0 50 100 150 200 Figures 7 - 8 show results of the simulation in the out-

th side wall. Figure 7 demonstrates temperature distribution
in center of the wall computed in selected times one day,
five days and nine days of heating and cooling the room.
Figure 8 shows heat flux for the same conditions. But all
computed data can be exported from COMSOL and pro-

Fig. 4. Boundary conditions used for simulation.

Point Graph: Temperature (degC)

215} cessed for other studies.
21.4f
g’ 21.3F
T a2 6 Conclusion
S 211f
é 202_;: Application Builder interface enabled transform 3D model
F 08l designed to test the thermal stability of the room into the
20.7¢ computer application which provides the opportunity to
20'6; s : : T use the model for engineers and scientists without the nec-
Time (s) essary knowledge of COMSOL Multiphysics control.

At present, the programmed application offers testing
thermal stability for various geometry size and material
properties of all elements of the presented model of a room
in conditions corresponding to the winter period.

Fig. 5. Time evolution of the air temperature inside the room.

Figure 6 depicts time evolution of heat flux in the mid- Further work will be focused on modification of the
dle of the middle of the external wall. The computed heat application for other boundary conditions as well as for
flux was approximately between 40 W.m=2 and 64 W.m™2 other types of construction structures concerning their

except for the initial time of simulation, in which the re- thermal insulation. We will also deal with the subsequent
sults were not accurate because the conditions were not processing of output data obtained by computer simula-
included in historical data before the beginning of the sim- tions.

ulation.
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Fig. 8. Heat flux distribution in the outside wall in selected times of the simulation.
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