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THE HEAT BALANCE FOR EXTERNAL COMPOSITE WALLS

Abstract

One of the first steps in reducing energy consumption for heating and cooling buildings is
developing of thermal insulation envelope of building. Nowadays contemporary walls have
constructions composed from different layers — which make composite structures. We have
developed model of the heat balance and based on that model simulation that could analyze and
determine the heat balance and temperature distribution inside the buildings in dependence from
external conditions and temperature distribution inside the walls and on their boundaries between
different layers. All cases represents passive isolation, where the heat balance depend only on
materials characteristics, on their heat transfer coefficients, thermal conductance properties and
thickness of used materials. For various combinations of today available construction and insulating
materials, we have calculated the overall coefficients of heat transmission. Our calculations confirm
advantage of usage hollow bricks instead solid bricks, and placing insulation layers on the outer side
of walls. Furthermore, those simulations will serve as test for the wider project of the dynamic heat
flow experiments in general structures and among them in nanostructures as well.

Keywords: the heat balance equation, composite walls, passive isolation.

TOIIVIOTHHU BAJTAHC 3A CITIO/JbAINILE KOMITIO3UTHE 3UJTOBE

Caxcemax

Jeman on mpBHX Kopaka y CMamemy HMOTPOINRE SHEPTHje 3a 3arpHjaBame W xyaheme 3rpaja je
pa3Boj TOIJIOTHE W30JIAIMje KOA OMoTada 3rpanme. [laHammu caBpeMeHH 3WAOBH HMajy
KOHCTPYKIIM]y KOja je CauumbeHa O]l PasiMYMTHX CJI0jeBa — KOJH YHMHE CTPYKTYpy KOMIIO3MTA.
Pa3Buim cMO MoJien TOIUIOTHOT OanaHca M Ha OCHOBY TOT MOJIeNIa CUMYJIAlMjy KOja aHaJIM3upa
onpehyje TOmoTH OajlaHC M TEMIEpaTypHY IUCTPUOYLHjy YHyTap 3rpaja y 3aBUCHOCTH OJ
CIOJBbAIILUX YCIIOBA M TEMIEpaTypHe TUCTpUOYIMje YHYTap 3UA0Ba U HA TPAHUYHUM CJIOjeBUMa
n3mely paznmuutx cinojeBa. CBH Clly4yajeBH NPE/ICTaBIbajy NaCUBHY H30JIALM]Y, I/j€ TOIUIOTHH
OayaHC 3aBHCH caMO O] KapaKTepHCTHKa MaTepujana, of Koe(HIHjeHaTa IpoJia3a TOIUIOTE,
TOIDIOTHE TIPOBOAHOCTH W [eOJpMHE KOPHINTEHWX MaTepHjaja. 3a pa3iHduTe KOMOHMHAIHje
KOHCTPYKTUBHHX U M30JIALIMOHHMX MaTepHjaia, KOju Cy aHac NOCTYITHU, H3PAYyHAIN CMO YKYITHE
Koe(HIHUjeHTe Mpojaza TomioTe. Hamm npopadyHu NMOTBPYYjy NPEeAHOCT KOPUINTEHA LIYIJBHX
YMjecTo IyHUX LUK, Kao M MoTpedy HOoCTaBJbarka M30JALHMOHMX MaTepujaja Ha CIOJhALIbO]
cTpauH 3upoBa. Hanaspe, cumynanyje he cIy>KUTH Kao TECT 3a IIUPH NIpOjeKaT eKCIepuMeHaTa
JMHAMUKE TOINIOTHOT MPOTOKA, KAKO Y CTPYKTYpaMa y OIIITEM CIIy4ajy, TAKOM Y HAHOCTPYKTypama.

Knmyune pujeuu: jeOnauuna moniomnoe 6anamnca, KOMRO3UMHU 3U006U, NACUBHA U30TAYUJA.



1. INTRODUCTION

Until the end of the twentieth century, not much attention was paid to the thermal properties of the
outer walls. The walls were mostly built according to the old empirical rules, and in our country, the
general rule was that thickness of the outer wall must be 1.5 solid bricks[1]. If the wall was not
sufficiently thermally insulated, the rooms were heated more, and as energy sources (wood, coal,
electricity, and gas) were not expensive, the thermal properties of the walls were not relevant for
sizing the outer walls. Due to the energy crisis, the need to save energy for the heating has become
very relevant [2]. The average building in Serbia and the Republic of Srpska consumes 200 to 280
kWh/m2 of energy per year, standard insulated below 100 kwWh/m2, while modern low-energy
houses consume 40 kWh/m2, and passive 15 kWh/m2 and less. In recent years, the debate on the
importance of energy savings has intensified, due to the need to reduce CO2 emissions into the
atmosphere, which is considered one of the main causes of the current problem - global warming.
In addition, there are very important hygienic and health reasons, due to which this phenomenon is
given great attention. For example, when heat is dissipated in large quantities, the surface of the wall
becomes damp (corners of the room) and mold forms. Molds cause allergic effects and emit toxins
[3], which is very harmful to human health.

Thermal insulation of buildings has multiple consequences [4]. It should provide the comfort of the
interior space - not only in terms of providing optimal temperature, but also in terms of also calming
unpleasant air currents that occur due to temperature differences (from the facade wall to the interior
and from the floor to the ceiling). Then, it should provide more permanent protection - after the basic
investment and installation, to perform its role for a longer period, without requiring additional
maintenance and power costs, unlike air conditioning systems. Thermal insulation has a dual role -
depending on where the building is located, the season or time of day, it protects it from winter or
heat, doing so 24 hours per day, through the whole year. Finally, thermal insulation should ensure
energy efficiency - to contribute in reduction of the cost of energy used, but also to have a positive
impact on the environment. After the construction of a thermally insulated house, the savings in
energy consumption can be over 60%, so the primary investment pay off in a few years. However,
efforts are still being made to find ways and new materials to increase efficiency and reduce
investment costs. The motive for researching these problems lies in finding optimization methods
and software solutions that will provide a clear analysis of different combinations of commercially
available insulation materials, as well as their thicknesses, depending on microclimatic conditions
and economic parameters. The goal is to recommend an adequate solution for the construction of
walls in buildings — especially civil engineering (max. 1 to 2 floors), which are most common and
numerous in villages and peripheral areas of larger settlements and cities.

Additionally, but not least, is the fact that the minimization and introduction of nanostructures in
building materials is becoming a reality. In addition to a large number of questions about the
potential hygienic and health danger of embedding nanoparticles in buildings, there is a real need to
incorporate nanostructures into materials, because nanostructures showed completely different
properties when compared to the same substances made in macro sizes. In addition to the necessary
experiments in real conditions, it is necessary to analyze and previously develop computer
simulations of heat flow through such structures. Finally, after complete elaboration and test-
verification, this software could be used to test the thermodynamic and hydrological properties of
new materials, based on modern nanostructures.

2. HEAT CONDUCTION

Three basic ways of heat transfer are known [3,5-9]. First is conduction, where heat transfer occurs
from one body to another in the direction of heat flux movement, i.e. from a place of higher
temperature to a place of lower temperature. The second way is by heat flow (convection), which
takes place through the movement of individual parts of the body or the environment in which the
bodies are located. The third way of heat transfer is by radiation, which is carried out by
electromagnetic waves. Although all three mentioned ways of heat transfer can take place at the
same time, one of them is always dominant. In construction, the dominant one is conduction and in
this case —we talk about the conduction of heat through the wall.

However, there are many real cases in which radiative processes, and especially convective
processes (which are especially related to the processes of heat convection in the air layers), not only
cannot be ignored — but also become dominant. These cases are especially important for phenomena
that are closely related to the condensation of water vapor on the walls. In this paper, however, we



will limit ourselves to heat conduction, with the intention of including other processes in further
research.

2.1. PHYSICS BACKGROUND OF HEAT CONDUCTION

The solution to this problem comes down to considering the flow of heat through a conductive rod
placed between two heat reservoirs located at temperatures T1 and T, as shown in Figure 1.

Q >
L

d

i |

L
i

Figure 1. Heat conduction through the conductive rod between two reservoirs at temperatures:
T1>T2

It has been established that the amount of heat exchanged in a unit of time (heat transfer rate) is a
function (difference) of the temperature of the given heat reservoirs, geometry and other relevant
properties of the conducting rod:

5= 9Q_ 54T _ ar
Q: E— }\de_KXSdX, (1)

where A is the coefficient of thermal conductivity, and K is the coefficient of heat transfer - an
important property of insulating materials. For simplicity, the heat transfer rate per unit area is
defined — as follows:

. Q _ _4dT
q=E_}\dx (2)

and is called the heat flux per unit time in [W/m?]. This is a one-dimensional form of Fourier's law
of thermal conductivity [6-9]. It should be emphasized that Fourier’s law in the general form is the
equation expressed in vector form that shows the heat transfer in real 3D conditions. However, of
special interest is the heat flow normally to the wall surface (heat lost or heat gain), so in this case
the use of a one-dimensional Fourier’s law equation is justified.

2.2. STATIONARY QUASI-ONE-DIMENSIONAL HEAT CONDUCTION
Suppose that we have a thin layer of thickness dx within the isothermal surface (Figure 2).
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Figure 2. Stationary heat conduction through the homogeneous material normally to the
isothermal surface

As the process is stationary [6-9], the input rate of heat transfer must be equal to the output rate.
Therefore, the rate of heat transfer that passes through a layer of thickness dx can be given as a sum
of power series:
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Neglecting the members of the higher ranks, and comparing with the initial definition, it follows:



dA dT ds dT a’t
This equation describes the temperature field for quasi-one-dimensional stationary thermal
conduction. It was analyzed in the case of a homogeneous material, and this was necessary for

further analysis of a single-layer flat homogeneous wall, and later for a multi-layer one.
2.3. HEAT CONDUCTION THROUGH A SINGLE LAYERED WALL

The derived equation can now be applied to the calculation of heat conduction through a flat
homogeneous wall shown in Figure 3. The direction of heat transfer (positive x-axis) is normal to
the isothermal surface [5-9]. The cross section is not a function of X, i.e. S = const., and the
coefficient of thermal conductivity A is constant (in a very real case, it still depends poorly on
temperature and is affected by air humidity and pore dimensions, so these phenomena must be
included in the calculation), so equation (4) reduces on:

d?r

—=0->Tkx)=ax+b. (5)

dx?

This equation describes the temperature field of a single-layer wall. There are two integration

constants: a and b, which are determined from the initial boundary conditions: T(0) = T, and T(L) =
T2 a =%; b = T,.Finally, the temperature field of this simple wall is described by the

expression:
Tx) =T+ (T, —T)7. (6)

Thus, the quasi-stationary temperature profile through a flat single-layer wall is linear, as in Figure
3.
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Figure 3. Temperature profile through the plane wall

For the heat flux in a unit of time, defined by expression (2), taking into account that S = const and
that it can be assumed that A = const., we obtain:

q= — (T, - Tl)% = const. )

Therefore, normally through a flat homogeneous wall, the change in temperature is a linear function
of the distance from the beginning of the wall, and the heat flux in a unit of time is constant.
2.4. HEAT CONDUCTION THROUGH A MULTILAYERED WALL

We will now consider heat transfer through a wall consisting of parallel vertical layers. Each
individual layer represents a different and particular material with a certain thickness (Figure 4).
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Figure 4. Heat conduction through multilayer wall

Taking into account equations (6) and (7), the amount of heat that passes through each layer can be
determined individually [10-13]. As the heat flux of a single-layer wall is a constant quantity, it will
be the same through each of the wall layers. After defining the boundary conditions, the following
follows:

Q:1(Ty) = Q(Ty);
Q2(T3) : Q3(T3); (8)

Qn—l (Tn) : Qn (Tn);

and replacing them in equation (7), after integrating expression (6) — a system of equations is
obtained that describes the amount of heat in individual layers:

o for the 1% layer

Q = (TS, (%)
o for the 2" layer

Q; = i_z(TZ'T3)SZt' (9b)
o for the n™ layer

Qv = (T TSyt (9)

These relations represent the application of Fourier's law to multilayer walls. If heat passes through
a system consisting of several layers of material arranged in parallel — next to each other, in the case
of stationary conduction [6-9], the same amount of heat per unit time passes through each layer, ie:

Q= 25,AT, = 2S,AT, = BS,AT, = - (10)
L1 Lo L3
As all these surfaces are (approximately) equal, i.e. Sy = S, = S3 = --» =S, and if from (10) are
expressed:
SAT, = Q%; SAT, = Q:2; SAT; = Q=; -
A1 A2 A3

and when we all these terms summarize, we get:
S(AT1+AT2+AT3+---)=Q(;—1+i—z+i—z+---). (1)

The sum of temperature differences through the layers is equal to the temperature difference between
the two outer layers of the complex system, i.e. Q = -ASE—I On the other hand, based on the definition
of the heat transfer coefficient from (1), it follows:
Ligle s o241

1
= —+—4+—+ -
A1 Az A3 Ki Kz K3

(12)

1
KU’
where KU is the total (effective) heat transfer coefficient of the complex system, which is also
expressed in [W/(m2 °C) = W/(m2K)].Based on expressions (10) to (12), the expression of heat



current - the amount of heat in a unit of time, a complex system - a multilayer wall, is given in the
following form:

Q = Ky SAT. (13)
This is one of the most important quantities that evaluates the energy efficiency of the wall, and heat
transfer through the whole building (when considering the whole building as complex unity) [10-
13].We have calculated the heat transfer coefficients of individual layers based on standard data
(given in following data tables). Thermal conductivity coefficients of observed (and used) materials
are known, and we vary their required thicknesses, and the wall surface sizes, according to
specification of the building design, while the largest temperature differences are set in relation to
the geographical position and orientation of the object.

3. EXTERNAL WALL INSULATION

Today, a large number of insulating materials are used. Depending on the degree of insulation, an
appropriate combination of materials can be chosen [1,4,8-15]. This section will present several
possible combinations and consider their applicability in the light of energy efficiency. From the
external walls are also required thermal stability, i.e. characteristic (or property) that the wall in the
summer retains the relevant temperature stability on its inner surface. If a ventilated air layer is
provided in the wall cladding on the outside, it is not necessary to check the thermal stability. This
air layer also serves to remove water vapor from thermal insulation materials (Figure 5). The
calculated values for such an assembly are given in Table 1 and graphically presented in Figure 6.

-

exterior finishing lime mortar

ventilated air layer

thermal insulation boards

—— solid brick wall

«— interior finishing lime mortar

Figure 5. The cross section of the constructions for the external insulation for the air-layer
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Figure 6. The total coefficient Ku in dependence of the layer combination (Table 1) and thickness
of thermo-insulating material (given in legend)



Table 1.The total transfer coefficient for various compounds of the material; calculated for
the combination of two lime mortar with an air interlayer, solid brick facade and thermo-
insulation material (from [15])

- ° The heat transfer coefficient The heat transfer
= .g = o K = /L [W/(mz °C)] coefficient
® 2 Material 23 K=2L [Wi(m®
238 23 Insulation thickness L . °C)]
F g = Insulation 3 3 3
© © thickness L = = =
0.02m |0.03m|[0.05m 002 mlo.03 m0.06 m
Lime
mortar 0.85 42.50
2cm
Layer of
air 0.02 2.30
lcm
Styrofoam-
1. expanded 0.04 25 1.67 1.0 0.77 | 0.67 | 0.53
polystyrene
2. Cork 0.03 2.0 1.33 0.8 0.72 | 0.61 | 0.47
3. [[insulation| Polyurethane 0.02 1.0 067 | 04 0.53 | 0.42 | 0.29
4. th'c'iness Stitched straw || 009 | 45 [ 3.00 [ 18 0.90 | 0.82 | 0.69
5. Stitched reed 0.05 25 1.67 1.0 0.77 | 0.67 | 0.53
6. plate of: | Durisol 0.25 125 8.33 5.0 1.30 | 0.99 | 0.92
7. Expanded perlite| 0.07 35 2.33 14 0.85 | 0.76 | 0.63
8. Honeycomb 006 | 30 | 200 | 1.2 0.82 | 0.72 | 0.58
plastic
9. Mineral wool 0.14 7.0 4.67 2.8 0.97 | 0.90 | 0.80
Solid
brick 0.61 2.44
25cm

As can be easily seen from Table 1 and the graph in Figure 6, the total wall thickness does not exceed
35 cm. Judging by these values, the air layer contributes greatly to the thermal insulation of a given
assembly. It is noticed that the combination 3 gives the lowest value of the total coefficient of heat
transfer, therefore it provides the best thermal insulation. Combinations 1 and 2, as well as 5 and 8
also give very good results. Lately, hollow blocks are used more, partly because masonry is faster,
buildings are lighter, and because of the need to save thermal energy (regulations for thermal
protection are stricter, so the thickness of external walls built of solid brick would increase
significantly).Table 2 will give the same combination of materials as Table 1, only with hollow
brick. A graphical representation of these results is given in Figure 7.

External insulation with hollow brick @2cm

@3cm
1 ¢ O5cm
[
Total heat
transfer
coefficient
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Figure 7. The total coefficient Ku in dependence of the layer combination (Table 2)and thickness
of thermo-insulating material (given in legend)

Table 2.The total transfer coefficient for various compounds of the material; calculated for
the combination of two lime mortar with an air interlayer, hollow brick and thermo-
insulation material (from [15])

— ©
=S ! Material 25 -§ The heat transfer coefficient The heat transfer
é E 3 F<g K=/l [W/(m? °C)] coefficient

(&)




- 2
Insulation thickness L : K_'Ul‘ [W/(m
Insulation 9|
thicknessL | L= | L= | L=
0.02m |0.03m|0.05 m 002 mlo.03 m0.05 m
Lime
mortar 0.85 42.5
2cm
Layer of
air 0.02 2.3
lcm
Styrofoam-
1. expanded 0.04 2.5 1.67 1.0 0.68 | 0.60 | 0.48
polystyrene
2. Cork 0.03 2.0 133 | 0.8 0.63 | 0.55 | 0.43
3. [[insulation| Polyurethane 0.02 1.0 067 | 04 0.48 | 0.39 | 0.28
4] th'c‘iness Stitched straw | 0.09 || 45 | 3.00 | 1.8 077 | 071 ] 0.61
5. Stitched reed 0.05 2.5 1.67 | 1.0 0.68 | 0.60 | 0.48
6. | plate of; | Durisol 0.25 | 125 833 | 5.0 0.86 | 0.84 | 0.78
7. Expanded perlite| 0.07 35 2.33 14 0.73 | 0.66 | 0.56
8. Honeycomb 006 | 3.0 | 200 | 1.2 0.71 | 0.63 | 0.52
plastic
9. Mineral wool 0.14 7.0 4.67 2.8 0.82 | 0.77 | 0.70
Hollow
brick 0.42 1.7
25cm

It can be seen from Table 2 and Figure 7 that the maximum wall thickness is 35 cm, but very good
insulation was obtained even with a total wall thickness of 32 cm. It can be noticed that the best
insulation is provided by the combination with a 5 cm thick polyurethane board, given under no.5.
2 cm thick Durisol plate provides the weakest protection. It can be noticed that approximately the
same value of the total coefficient heat transfer is given by the combination of 5 cm thick expanded
polystyrene, cork and reed. The combination with 2 cm thick polyurethane provides almost the same
protection. The 5 cm thick straw or mineral wool joint provides similar protection as the combination
of reed, expanded perlite or 3 cm thick honeycomb plastic. Comparing the results from Tables 1 and
2, as well as the graphs from Figures 6 and 7, it is noticeable that better protection is obtained with
each combination when hollow is used instead of solid brick.

4. CONCLUSIONS

In this paper, we have calculated heat conduction coefficients through different walls. The
advantages and necessity of installing thermal insulation are stated and examples of several
combinations for two ways of passive insulation are given and analyzed. Only thermal insulation of
the wall was considered. Numerous thermal insulation materials are presented and the value of the
total heat transfer coefficient for a large number of combinations is given. It was stated that it is
more adequate to install the outer insulation than the inner one, because the insulating shell does not
break, which avoids the formation of "thermal bridges" and the protection becomes more complete.
The results obtained when calculating the total heat transfer coefficient speak for themselves. It is
clear that leaving an air layer not only regulates the removal of water vapor from thermal insulation
materials, but also provides better protection. It has been shown that the use of hollow bricks in
combination with an air layer provides the best insulation. There are several other reasons why is
more convenient to use hollow bricks instead of solid bricks. The disadvantage of this construction
in relation to the external insulation is that the walls are very thick, for example 40 or 45 cm, although
this thickness can be reduced to 32 cm and meets the minimum of energy requirements.

The next important result of the simulations is yet to come. The test simulation proved to be accurate
because it confirmed the well-known results and facts about the importance of installing insulation
layers, the use of air layers inside walls and finally the use of composite structures. The next phase
of research will include the use of very thin insulation layers and simulation of heat flow through
these structures, when made in the form of composite layers or superlattices. In that sense, previous
research and developed simulations have a test or control function.
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