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Abstract

The effective thermal conductivity of hollow brick blocks filled with different
insulation materials is analyzed using a combination of experimental and
computational approaches. In the experimental part, thermal properties of brick
body, mineral wool and expanded polystyrene are measured and a semi-scale
experiment is performed to determine heat fluxes and temperature distributions
across the brick. Based on the semi-scale experimental results, computer
simulations are carried out and the thermal parameters of the materials filling the
brick cavities are optimized. Finally, the effective thermal conductivity of hollow
brick block is determined.
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1 Introduction

Reducing energy consumption and eliminating wastage are among the main
goals of the European Union (EU). EU support for improving energy efficiency
will prove decisive for competitiveness, security of supply and for meeting the
commitments on climate change made under the Kyoto protocol. There is
significant potential for reducing consumption with cost-effective measures.
With 40% of energy consumed in buildings, the EU has introduced legislation to
ensure lower energy consumption. The key part of this legislation is Energy
Performance of Buildings Directive (EPBD, directive 2002/91/EC) [1], which
was first published in 2002. This directive required all EU countries to enhance
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their building regulations and to introduce energy certification schemes for
buildings.

In 2010 there was introduced new adoption of recast EPBD (Directive
2010/31/EU) [2], which toughened the regulations given by original EPBD. The
EU Members are facing new tough challenges, among them moving towards
new and retrofitted nearly-zero energy buildings by 2020 (2018 in the case of
public buildings), the application of cost-optimal methodology for setting
minimum requirements for both envelope and technical systems.

These increasing requirements to the energy consumption and energy
efficiency of the buildings led the building material producers to develop new
materials that will find its use in low-energy and in the future to nearly-zero
energy buildings.

As the crucial role in these kinds of buildings is played by thermal insulation
systems, also the load bearing structures should meet high demands on thermal
insulation properties. This is the reason why hollow brick blocks have appeared
on the European building ceramics market and have practically replaced the
traditional solid bricks. However, the development of the new types of bricks
was very fast and their thermal properties were improved in more or less
intuitive way. Experiments in steady state conditions then either confirmed the
expected values of effective thermal conductivity or showed a failure in a trial-
and-error process.

In recent time there appeared new types of hollow brick block. As the original
brick blocks contain cavities filled with air, the new types are filled with
different insulation materials, such as mineral wool or expanded polystyrene. At
first glance, this innovation seems to be useless, as the thermal insulation of the
dry static air is lower than common thermal insulation materials. But it is
important to notice, that when the cavities are filled with solid materials, the heat
transfer by radiation is negligible and thus the total effective heat transfer of new
types of hollow brick blocks may be lower than traditional hollow brick block
filled with air.

In this paper, a combined experimental-computational approach is applied for
the determination of effective thermal conductivity of hollow brick blocks with
the cavities filled with hydrophobic mineral wool and expanded polystyrene. At
first, the large semi-scale experiment with hollow brick block was conducted in
different temperature conditions on exterior and interior side. Such experiment
provided heat fluxes on exterior and interior side of brick block, as well as
temperature distribution across the block. Finally, the finite element approach
was applied to fit the measured heat fluxes and temperatures, in order to
determine the effective thermal conductivity of hollow brick block.

2 Experimental

2.1 Setup of the semi-scale experiment

For the realisation of semi-scale experiment, a testing device described in [3, 4]
was used. It consisted of climatic chamber system that enabled simulation of
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difference climate conditions of a building envelope sample with the real
thickness of all its components. In the tested structure, continuous monitoring of
temperature was performed. For temperature monitoring commercially produced
sensors by Ahlborn were employed. The accuracy of resistance thermometers
was £ 0.4°C in the temperature range from -20°C to 0°C, and + 0.1°C in the
temperature range from 0°C to 70°C. The heat flux was monitored by the heat
flux plate sensors Ahlborn FQAO020C of cylindrical shape having diameter
33 mm. The accuracy of these sensors was = 5% of the measured value.

The climatic chamber system consists of two climatic chambers, connected
by a specially developed tunnel for testing of large specimens. The construction
of the particular chambers is based on common commercial solutions for
controlling temperature and relative humidity conditions, but the solution of
connecting tunnel between the chambers and the organization of additional
admission holes for parallel measurements are specific. The organization of the
experiment is shown schematically in Fig. 1, the real measuring device is
presented in Fig. 2.
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Figure 1: Scheme of the semi-scale measuring device.

During the experiment constant values of temperature and relative humidity
were maintained for exterior and interior. For the exterior the temperature was
held at 30 + 1°C and for interior at 15 £ 1°C. The relative humidity was
constant at 30 £ 2%. The sensor placing is shown in Fig. 3. In total we used
4 plate sensors for heat flux monitoring (HF1-4), 4 sensors for monitoring
exterior and interior temperature and 12 sensors for monitoring the temperature
within the hollow brick block (1-7 for polystyrene filling, VIII-XII for mineral
wool filling).

The dimensions of hollow brick block are 500 x 247 x 249 mm.
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Figure 2: The semi-scale measuring device.
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Figure 3: Sensors placement in the hollow brick block.
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2.2 Material characteristics

The data for basic physical properties of brick body were obtained by helium
pycnometry and by the gravimetric method. The bulk density was 1389 kg/m’,
the matrix density 2830 kg/m’®, and the open porosity 0.509 m*/m’. The thermal
conductivity in dry state determined using the impulse method (Isomet 2104)
was 0.30 W/mK. The thermal conductivity of expanded polystyrene was
0.039 W/mK [5]. The thermal conductivity of mineral wool is dependent on its
bulk density. The bulk density of mineral wool contained in the cavity
was calculated as 102 kg/m3, so the thermal conductivity according to [6] was
0.045 W/mK.
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2.3 Experimental results

The experimental measurements were accomplished for two types of brick
blocks that were placed into the measuring device at the same time — one brick
was filled with mineral wool, the other brick with expanded polystyrene. For
both types the heat fluxes on cold and hot side were recorded and the average
values were calculated. The same was done for exterior and interior temperature.
The experimental results are summarized in Tables 1 and 2.

Table 1: Experimental results for hollow brick block filled with polystyrene.
Heat flux — exterior -2.3230 W/m’
Heat flux — interior 2.2436 W/m’
Average heat flux 2.2833 W/m*
Avg. exterior temperature 15.43 °C
Avg. interior temperature 30.65 °C
Table 2: Experimental results for hollow brick block filled with mineral
wool.
Heat flux — exterior -1.9035 W/m®
Heat flux — interior 2.3153 W/m®
Average heat flux 2.1094 W/m*
Avg. exterior temperature 15.43 °C
Avg. interior temperature 30.65 °C

3 Computational

The main objective of the computational part of the experiment was to optimize
the heat fluxes and temperature distribution across the hollow brick block in
order to determine the effective thermal conductivity of the system. For this
purpose some advance optimization method should be used, for example genetic
algorithms [7], but in this case we used simple trial-and-error method.

For the calculation of heat transfer finite element method was used. The
computational simulations were performed without taking into account any heat
loss, i.e., the hollow brick block was supposed to be very well insulated on
lateral sides. The average exterior and interior temperatures measured during the
experiment, 30.65 °C and 15.43 °C, were used as the Newton’s boundary
conditions, in order to make possible a direct comparison of computational and
experimental data.

All simulations were performed for steady-state heat transfer using the
Fourier’s law, defined as

dT
q= _/15» (1)

where ¢ is heat flux [W/m’K] and A is thermal conductivity [W/mK].

WIT Transactions on Engineering Sciences, Vol 75, © 2012 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



298 Advanced Computational Methods and Experiments in Heat Transfer XII

The effective thermal conductivity of the hollow brick block A, was
calculated using the equation

Ax
Ay =4 AT )
where Ax [m] is the total thickness of the brick block (0.5 m), AT [K] is the
temperature difference between hot and cold face of the brick block, and
g [W/m?] is the heat flux in the boundary element of the hollow brick block
calculated according to

AT,
q :ﬂ“bbe ) 3)

e

where A, [W/mK] is the thermal conductivity of the brick body
(A = 0300 W/mK), Ax, [m] is the thickness of the boundary element
(4x = 0.001 m), and AT, [K] is the temperature difference between the opposite
sides of the rectangular element in the direction of the heat flux.

Figure 4: Detail of meshed brick body including cavities.

The whole optimization process is described in following steps:

1. The hollow brick block including cavities was meshed and the materials
were assigned to respective elements. The mesh consisted in total of
78 687 nodes and 77 819 quadrilateral elements (see Fig. 4)

2. As the computer simulations were assumed as steady state, the average
heat flux was calculated from heat fluxes on hot and cold face of the
hollow brick block. The average flux of brick block filled with
polystyrene is 2.2833 W/m? and average heat flux brick block filled with
mineral wool is 2.1094 W/m®.
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3. Next, the first simulations were carried out with standard values of

thermal conductivities of filling materials declared by producers for dry
state (Agps = 0.039 W/mK, A, = 0.045 W/mK). These values were fitted
in subsequent steps. The thermal conductivity of brick body was fixed
during whole optimization process to 0.300 W/mK. The heat transfer
coefficient on the surface of the brick was defined according to Czech
National Standard as 7.69 W/m?K [8]. Simulation results of this phase are
shown in Tables 3 and 4, row 1.

Table 3: Optimization process of hollow brick block filled with expanded
polystyrene.
Aeps o q Ao max AT
[W/mK] [W/m’K] [W/m?] [W/mK] [°C]
1. 0.039 7.69 2.1985 0.0753 0.88
2. 0.0414 7.69 2.2818 0.0783 0.82
3. 0.0414 3.00 2.1493 0.0782 0.44
4. 0.0458 3.00 2.2818 0.0836 0.44
Table 4: Optimization process of hollow brick block filled with mineral
wool.
Agps a q Aefr max AT
[W/mK] [W/m’K] [W/m?] [W/mK] [°C]
1. 0.045 7.69 2.4043 0.0827 0.69
2. 0.0365 7.69 2.1100 0.0722 0.70
3. 0.0365 3.00 1.9968 0.0721 0.49
4. 0.0398 3.00 2.1082 0.07629 0.48

4. The thermal conductivities of filling materials were fitted in order to get

better agreement between measured and simulated heat flux through the
hollow brick block. Simulation results are summarized in Tables 3, 4,
row 2.

. Next, after achieving agreement between measured and simulated heat
fluxes, the temperature distribution was optimized by modifying the heat
transfer coefficient. Simulation results of this phase are shown in Tables 3
and 4, row 3.

. Finally, the agreement between heat flux and temperature distribution of
measured and simulated data was achieved by re-optimization of thermal
conductivities of filling materials. The final results of whole optimization
process are shown in Tables 3 and 4, row 4. The comparison of measured
and simulated data from the last optimization step is shown in Figs. 5
and 6.
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Figure 5: Comparison of simulated and measured data for hollow brick block
filled with expanded polystyrene.
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Figure 6: Comparison of simulated and measured data for hollow brick block
filled with mineral wool.
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4 Discussion

Results of experimental and computational analysis proved that cavity filling
significantly influences the effective thermal conductivity of hollow brick
blocks. Assuming that experimental measurements were performed with high
accuracy, the results of numerical simulations provided very precise information
about effective thermal conductivity.

In order to bring the computer simulation closer to the reality, it was
necessary to fit heat transfer coefficient between brick surface and surrounding
environment of climatic chambers. This coefficient is dependent on temperature
and relative humidity of the air, air flow and material of brick body. According
to Czech National Standard CSN 73 0540-03, Thermal protection of buildings,
Part 3: Design Value Quantities [8] the value of heat transfer coefficient for
vertical walls is equal to 7.69 W/m®. This value was set as initial in first phase of
optimization, but during the optimization process it was lowered. Such lowered
value was substantiated by the different environmental conditions in the climatic
chamber as compared with the normal interior or exterior conditions; the air flow
was slower, and the relative humidity was lower.

The average heat flux for hollow brick block filled with expanded polystyrene
was measured as 2.2833 W/m’. In case of using the standard values of thermal
conductivity of expanded polystyrene defined by producers (0.039 W/mK for flat
insulation boards), the difference between simulated and measured heat fluxes
was 3.7%. Even if the difference is almost inconsiderable, its impact on total
effective thermal conductivity remains quite high. Therefore, the thermal
conductivity of expanded polystyrene had to be modified to 0.0458 W/mK,
which reduced the difference between measured and simulated heat fluxes to 0.1%.
The increase of thermal conductivity of expanded polystyrene can be simply
explained by different technological production process for hollow brick blocks
than for standard insulation boards. In the cavities there are space restrictions for
expansion of the polystyrene and therefore there is higher pressure when the pore
system is being formed. Therefore, the total porosity of the polystyrene filling is
lower and the pores are smaller. The effective thermal conductivity of hollow
brick block filled with expanded polystyrene with 0.1% error in heat fluxes was
determined as 0.0836 W/mK.

Contrary to the polystyrene filling, the thermal conductivity of mineral wool
filling was decreased during optimization process. In the first phase of
optimization procedure the thermal conductivity was estimated based on bulk
density of mineral wool extracted directly from the cavity. Such approach should
bring some initial error to the simulations (the difference between simulated and
measured heat flux in the first phase of optimization was 13.9%), because the
direct measurement of thermal conductivity of mineral wool was not performed.
Therefore, in subsequent simulation steps the thermal conductivity of mineral
wool had to be modified in order to find match between simulated and measured
heat fluxes. After final iteration the total difference in heat fluxes was reduced
under 0.1% and the effective thermal conductivity of hollow brick block filled

WIT Transactions on Engineering Sciences, Vol 75, © 2012 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



302 Advanced Computational Methods and Experiments in Heat Transfer XII

with mineral wool was determined as 0.0763 W/mK. The thermal conductivity
of mineral wool was considered as 0.0398 W/mK.

5 Conclusions

Based on the results obtained in this paper, it can be concluded that the current
trend of development of hollow brick blocks aimed at the improvement of their
thermal insulation properties by filling the cavities with different materials than
air is prospective. By proper choice of filling material the effective thermal
conductivity of the system can be improved. Comparing the results of computer
simulations, the hollow brick block with cavities filled with mineral wool
exhibited better thermal performance than expanded polystyrene filling. The
further research of hollow brick blocks should be aimed at increasing the
precision of heat flux measurement in the experimental part and involving more
advanced optimization methods in numerical solutions, such as genetic
algorithms.
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