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Table 1 presents specific energy consumptions idigid

Abstract—Combined experimental and computational analysis dfuildings into several categories according to Engopean

hygrothermal performance of an interior thermalulaon system
applied on a brick wall is presented in the pajpethe experimental
part, the functionality of the insulation systemtésted at simulated
difference climate conditions using a semi-scalevicde The

measured temperature and relative humidity profilesused for the
calibration of computer code HEMOT that is finalipplied for a

long-term hygrothermal analysis of the investigatedcture.
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|. INTRODUCTION

ONTINOUS decrease of fossil fuels supplies andeaase

in their prices are reflected in the operating exgas of
buildings. In this work, we have focused on the siue
reduction of operating expanses of older buildingsere the
heating costs represent almost 80% of the totalggneosts.
Non-industrial buildings are one of the biggest staners of
energy and account for 30-40% of the total primenmgrgy

used in developed countries, and this consumptisn i The improvement of thermal performance of existing

increasing [1], [2], [3]. The energy behaviour bése types of
buildings has received a great deal of attentioBurope, and

hygrothermal

technical standardCSN EN 730540-2:2007 — Thermal
Protection of Buildings [5]. Since the most of ¢ixig
buildings do not meet the requirements of the eursdrict
thermal technical standards, there is need to ivaprihe
existing structures in order to eliminate thermetges and
decrease the heat losses.

TABLE |
SPECIFICENERGY CONSUPTIONSOF RESIDENTIAL HOUSES

Energetic type of Energy consumptions (kWhfa)

building
Heating systems Total
Passive house 15 42
Low energy house 50 130
Standard new building 115 170
Old building 220 280

buildings is usually done by additional exteriorermal
insulation systems. In this way, the thermal brlgee fully

(2002/91/CE) [4]. This directive states that builglienergy
demand depends on building construction qualifypatiology,
and the efficiency of the energy systems deployedhie
building. With the reference to the sustainable eligyment
principles, especially the passive and low energifdimgs
should be constructed.
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of the reconstructed building envelopes. There wereloped
many exterior thermal insulation systems takingaaiages of
assorted types of thermal insulation materials mo@anic
basis (expanded plastics, wood wool, cork, strashnical
hemp) as well as on inorganic basis (foamed glglass and
mineral fibers). Particular products differ in threxl resistance,
heat capacity, shape, flammability, specific conitpms of

their structure, etc., what in the relation to ttlesigners’
requirements assigns the possibilities of theirliagfion in

building practice.

However, the exterior insulation systems cannogjelied
universally. The typical examples represent hissdri
buildings, where the preservation of original atettionical
view of facades is one of the top interests of eoretionists.
Also in case of too complex facade surfaces, thieriex
systems fail. In these cases, the interior thermsidilation
systems find use [6], [7]. However, one must take account
the possible problems of these insulation systérhe. main
problem is risk of water vapor condensation in rtiedr
insulation layer transported from the interior alfiso the
thermal bridges at the contact of external walld #ioors are
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not fully eliminated. Another problem representpassible
frost damage of external parts of buildings envetopNithin
the design and on-site application of interior tharinsulation
systems, all the above given problems must be deresil.

In this paper, the functionality of an interior thel
insulation system is tested. This system is baseuydrophilic
mineral wool and uses water vapor retarder instéatiandard
water vapor barrier.

Il. SEMI SCALE EXPERIMENT

A. Semi-Scale Testing System

Semi-scale experiments represent relatively newwrigoe
for determination of hygrothermal behavior of binlgl
structures and their particular components withimeirt
exposure to the defined climatic loading. The eixpent
presented in this paper uses a sophisticated dedévice that
enables simulation of climatic conditions that aseclose as
possible to the real climatic conditions on buitisite.
Nevertheless, it still maintains laboratory chagacso that the
expenses can be kept considerably lower comparéuetest
house testing. That is why we denote it semi-segperiment.

accuracy of particular sensors was as follows: ciipa
relative humidity sensors applicable in the ranfjawmidities
5-98 % +2 %, temperature resistance sensors + O i6e
temperature range from —20 °C to 0°C, and = 0.1r"@he
range from 0°C to 70°C. The whole measuring sysieas
operated by a computer, including the climatic daiay into
the exterior climatic chamber.

B. Description of the Investigated Structure and Inbuilt
Materials

An interior thermal insulation system was appliedaobrick
wall fragment including a part of the window franaad
glazing. Instead of the polymer water vapor bayrigater
vapor retarder was used that eliminates the pessilter
vapor condensation in the construction. New tydewaierials
for water vapor retarder as well as for thermalliation layer
were designed, manufactured, and tested within pghst
decade [9], [10] which can be utilized in the syste

The composition of the investigated building enpelavas
formed from the exterior to the interior by loadahkag
structure - brick wall 600 mm thick, water vapotareler on
lime-cement basis in the thickness of 10-15 mm] deasity

A climatic chamber system suitable for simulatioh ofydrophilic mineral wool insulation material of 10@m

difference climate conditions for building envelopamples thickness, and water vapor permeable plaster wite t
with the real thickness and size of its components thickness of 15 mm. 1-D scheme of the tested mgldi

developed in our previous investigations [8]. THanatic
chamber system consists of two climatic chambemnected
by a specially developed tunnel for placing thedisd
specimens. The test space is water and vapor paodf
thermally insulated. The climatic conditions in thgstem are

controlled by programmable microprocessor that make

possible to simulate relative humidity and tempaet
corresponding to the real climatic data of the tegerence
year. Fig. 1 shows the scheme of the climatic dersystem.

Sensors -

N

. Interior |-
Climate <

o %

Fig. 1 Scheme of the climatic chamber system

In the presented experiment, monitoring of relativenidity
and temperature changes in the specific placebeostudied
construction detail was done. For this purpose histipated

envelope is given in Fig. 2.
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600 mm ‘7_OL 30
10-15 100 mm
1 brick wall

2 water vapor retarder

3 soft layer of thermal insulation

4 hard layer of thermal insulation
5 water vapor permeable plaster

Fig. 2 Scheme of the tested building envelope

TABLE Il
BASIC PROPERTIES OF APPLIEMATERIALS

Material Bulk density Total open porosity
(kg/m®) (%)
Ceramic bric 177¢ 31.¢
Water vapor retard 1321 46.€
Soft layer of thermal 96 96.3
insulatior
Hard layer of therm: 178 93.1
insulation
Interior plaster 1580 46.3

system of probes produced by Ahlborn was used. The
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In Table IlI, there are presented basic physicape@ries of
inbuilt materials. Bulk density was measured grathnally
and total open porosity was calculated using thigixndensity
values determined from the Archimedes’ weight.

C.Structure Arrangement and Measuring Process

The walling of the studied structure was done ie th
standard way using dry water vapor retarder andstgia
mixtures and wet technological process. Into thelistd wall
fragment, part of the wooden window frame with gigzwas
placed in order to study a more complex constractietail.
When the sample of the tested building envelope was
constructed, the process of sample preparationdiviged in
two phases: installation of the probes to the samphd
positioning of the sample into the tunnel betwds d¢limatic
chambers. In our measurements, the combined sefizors
monitoring of temperature and relative humidity eversed.
The accuracy of the relative humidity measurememts tested
individually using saturated salt solutions withesiied
relative humidity. The particular samples were pthinto the
beforehand bored holes and the upper part of the dypening
was sealed by silicone gel. The placing of the @ensvas
chosen regarding to the required complex knowleddge
temperature and relative humidity distribution awith respect
to the possible condensation zone. Figs. 3-6 shampke
preparation, application of the insulation systamg sensors
placing.

Fig. 3 Sensors placing along thehorizontal axighefwall

After positioning all sensors, the prepared stmgctwas
placed into the connecting tunnel, which was thennected
by sleeve connectors with the climatic chamberse Th
structure, placed into the connecting tunnel, waernbally
insulated from the tunnel wall using extruded pblsene
boards in combination with mineral wool and prodeith a
water- and water vapor-proof coating (see Figl6}his way,
1-D moisture and heat transport was ensured.

Fig. 6 Studied sample insulated in the testing élinn

When the climatic chambers were connected, theatitm
conditions in both of them were set up. In the dhamwhich
should simulate interior climatic conditions, th@nstant
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conditions typical for common residential houseseaghosen.

In the chamber, simulating exterior climatic coralis, the
real climatic data of temperature and relative Idityiof the
reference year for Prague, Czech Republic, weré.uEhe
data corresponded to time interval of October 1Gdbruary

problems, whereas the basic variables charactgrizive
hygrothermal state of building constructions (terapgre,
moisture content, relative humidity) can be obtdinas
functions of space and time [12]. The mathematical
formulation of coupled heat and moisture transgopations

14. In this way, the most unfavorable winter climat is done according to Kinzel [13] and the code warksthe

conditions were simulated. The exterior
simulated within the semi-scale experiment are rgiveFigs.

climatic tada basis of finite element method.

Within the computational analysis of the studiedicture,

7, 8. the calibration of the computer code HEMOT was dainfirst

in order to obtain optimized material parameterddag-term

100 simulations of structure performance. At firste tbomputer
generated mesh was adjusted in sections A-A’, Bt®'the

| 4 i " M M n.lhlh Ml.m, positions of the sensors in the measured stru¢Eigs. 9, 10)
M “| M’m H [l i ’ ‘ ” so that the same data could be obtained both iexperiment
60 - ”} y | ‘ "“ I
\

[
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Fig. 7 Exterior relative humidity of the experiment T BB
L 2,3,5,4x10,20,30,9x30,20,2x10,5,3,2 rn |}
n
25 2,332 mm/ 2,3,9,10,5,3,2 mn
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Fig. 9 Sensors placing and computer generated reestion A-A’

2,3,5,10,20,40,30,25,2x20,10,5,3,2

window wooden frame
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Time of experiment (h)

Fig. 8 Exterior temperature of the experiment 2,3,5,20,15,20,2x40,30,10,5,3,2  2,3,5,10,2x20,30,2x40,20,10,5,3

I1l.  COMPUTATIONAL ANALYSIS AND CODE CALIBRATION Fig. 10 Sensors placing and computer generated, rsestion B-B’

For the computational analysis of the studied mwblthe . . . .
As input data for computational modeling, material
computer code HEMOT [11] was used. The numerical . : o
arameters determined in our laboratory during ipresv
simulation tool HEMOT has been developed at th
. ) ) . eéxperiments were employed [9], [10], [14], [15]cept for the
Department of Materials Engineering and Chemidtggulty
o . . . . . . material parameters of wooden window frame and tlzat
of Civil Engineering, Czech Technical UniversityRmague in
. were taken from the database of the computer casid®1T.
order to support coupled heat and water transpoporous . ; o
. . . . The following parameters were used: bulk densipecsic
building materials. It allows simulation of transpo

phenomena in constructive building details for 18d &2D heat capacity, open porosity, thermal conductivity
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dependence on moisture content, apparent moisiffuisidity,
sorption isotherms and water vapor diffusion resise factor.

calibration procedure we found that the moisturiusiivity
must be expressed as function of moisture conteotder to

The initial conditions for calculations were chosas data get sufficient accuracy of computational simulasion

measured in the semi-scale experiment for timé.

After first series of calculations with originaltda sufficient
agreement between measured and calculated databieased
for temperature profiles only. On this account,ibration
process of HEMOT code was started in order to Hi t
measured profiles of relative humidity. Within tipiocess, the
original moisture transport parameters of particulaterials
were modified as well as moisture and heat transfer
coefficients on both surfaces.

IV. RESULTS AND DISCUSSION
The measured and calculated temperature and eelativ

TABLE Il

MODIFIED HYGRIC PARAMETERS OFSTUDIED MATERIALS

Ceramic brick

Water vapor diffusion

Moisture diffusivity resistance factor

(m?/s) 0
Original 1.52e-09 8.1
paramete
Modified Moisture dependence 25.8
parameter mim®  nfls
0.00 - 1.52e-09

0.090 - 5.52e-09
0.315 - 1.52e-08

Vapor retarder

Water vapor diffusion

Moisture diffusivity resistance factor

e : alculat ature (n?1s)
humidity profiles determined in the calibration tgesof _ @)
. s . . Original 5.43e-08 10.6
HEMOT code for the section A-A’ code are preseriteBigs. parameter
11, 12. Modified Moisture dependence 7.0
parameter m3m® nf/s
0.0000 - 5.43e-09
100 0.0016 - 5.43e-08
% o 0.468- 5.43¢07
/ \\\ Mineral wool Moisture diffusivity
80 — - soft laye (m?s)
70 e \\\ Tg’ Original 6.12e-07
g P - 3 parameter
260 5/4 ceramicbick wall ¥\\ 2 Modified Moisture dependence
z ' \\ £ parameter m¥m®  nfls
2% £ 0.0000 - 6.12e-07
2w 3 0.0016 - 9.12e-06
% watervaporretarder \ £ 0.96- 6.12¢05
& 30 \L\i Mineral wool ~ Moisture diffusivity
=+ December 1 - measured data 2
20 —0—December 1 - calculated data & - ha_rd_ Iayer (m /S)
~0~-January 1-calculated data "\X Original 1.22e-06
10 +— ~& January 1-measured data paramete
Modified Moisture dependence
0 ‘ ‘ ' ‘ ‘ ‘ ‘ parameter m3m® nf/s
0 100 200 300 400 500 600 700 800

Distance (mm)

Fig. 11 Relative humidity profiles, section A-A’
30

The final transfer coefficients that were obtaingthin the

0.000 - 1.22e-06
0.002 - 4.22e-06
0.93 - 1.22e-05

fitting process are given in Table 4.
25 =4 December 1 - measured data 4
=C=December1 - calculated data o TABLE IV
~orJanuary 1 -calculated data y M ODIFIED TRANSFERCOEFFICIENTS
20 & January 1-measured data A
2 ‘/’ Parameter Original Modified
2 ceramic brickwall / .
215 Heat transfer — exterior 25.0 35.0
8 3 (W/m?K)
£ 2 Heat transfer — interior 8.0 5.0
Qe [ 2
10 8 (W/m“K)
£ Moisture transfer — 5.88e-08 5.88e-07
H exterior (s/m
5 ~ g
L4 5 . .
? Looking at the comparison of measured and caladlate
0 ; ; ; ; ; ; ‘ results presented in Figs. 11 — 12, one can sek tliea
100 200 300 400 500 600 700 800

Distance (mm)

Fig. 12 Temperature profiles, section A-A’

differences are very low for temperature as welloaselative
humidity profiles. On that account we can concludes
overall agreement is acceptable for the studiedlpm and
the calibrated code HEMOT can be considered raidbt

The data given in Figs. 11, 12 were achieved wita t long-term hygrothermal analysis of investigated Iding
optimized parameters given in Tables 3, 4. Withire t envelope.
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Since the code HEMOT was validated and calibratedhfe
studied structure, long-term simulation of testedilding
envelope was performed in the final part of theguajpVithin
these simulations, 3 years cycle of climatic cdodg of the
Prague reference year was applied on the extaderaf the
brick wall provided with newly designed interioretimal
insulation system. These results are presente@yi E3 — 16.
Looking at the thermal function of the investigatavelope
fragment, the benefit of the thermal insulation leggpion was
quite obvious. This finding basically proved theplgability
of the developed insulation system for ceramic kiiased
building envelopes.
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Fig. 13 Temperature distribution in the studiedsttire during
year of simulation, section A-A’
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Fig. 14 Relative humidity distribution in the stadistructure during
3 year of simulation, section A-A’

o

@

=]

®

[

Qo

€

(0}

T g0 8
900 04 06

1000 —— 0.2 ’
Time (days) Distance (m)

Fig. 15 Temperature distribution in the studiedsttire during %
year of simulation, section B-B’
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Fig. 16 Relative humidity distribution in the stadistructure during
3rd year of simulation, section B-B’

V.CONCLUSIONS

The semi-scale experimental testing and long-texmpaiter
simulations of the hygrothermal performance of ekbwall
provided with an interior thermal insulation systémluding
hydrophilic mineral wool insulation and water vapetarder
on the surface of the load bearing structure haswsh
satisfactory thermal and hygric functions of thellwahe
experiments and calculations presented in the patso
demonstrated the applicability of semi-scale mezment
systems for the verification and calibration of qgaational
models solving the process of coupled moisture hadt
transport in building structures. The obtained deateealed the
necessity of computer codes calibration before e for the
long-term analyses of structures’ performance. Alsoe
demand on exact determination of thermal and hymgeterial
properties that are used as input data for comipuotdt
modeling was revealed. Their exact knowledge, agltymin
dependence on moisture and temperature changescéssary
in order to achieve satisfactorily precise dataresponding
with the reality of buildings.
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