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INTRODUCTION

Hygrothermal Interaction
in Romanesque Rotunda in Znojmo =

IBPSA-CZ

Tepelné-vihkostni interakce v romanské rotundé ve Znojmeé

The contribution is aimed at the hygrothermal interaction of an indoor climate with an original mural painting
in the Romanesque Rotunda in Znojmo. This hygrothermal interaction has been analysed through impact of
the heating, ventilation, and number of visitors on the indoor climate with the subsequent impact on the
mural painting. This triple parametrical numerical simulation was performed in the WUFI®Plus 3.0 software
and independently in the BSim 2000 software and CalA 4.0 software. The numerical simulation of the indoor
climate is validated with real long-term measurements from 2011 — 2015 in hourly time steps. A correlation
of 99 % was obtained for the WUFI®PIus 3.0 software with the BSim 2000 software for the indoor climate
and a correlation of 97 % was obtained for the hygrothermal diffusion in the peripheral wall with the
CalA 4.0 software. The obtained results show that a thermal stress up to 2.6 K and a dryness effect up to
18.3 kg/m? caused by the intensive heating act on the mural painting. A thermal stress up to 1.4 K and a dry-
ness effect up to 26.8 kg/m® was also obtained by the intensive ventilation on the mural painting. This ob-
tained knowledge shows that a natural indoor climate in combination with conservation heating should be
preferred over a controlled indoor climate in the Romanesque Rotunda in Znojmo.
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Prispévek je zaméren na tepelné-vihkostni interakci vnitfniho prostfedi s pivodni ndsténnou malbou
v romanské rotundé ve Znojmé. Zminénd tepelné-vihkostni interakce je analyzovéna vlivem vytdpéni, vétrani
a poctem ndvstévniki na vnitini prostiedi s ndslednym dopadem na nasténnou malbu. Uvedena triple
parametrickd numerickd simulace je provedena v softwaru WUFI®Plus 3.0 a nezavisle v softwaru BSim
2000 a softwaru CalA 4.0. Provedend numerickd simulace vnitiniho prostredi je validovdna se skutecnym
dlouhodobym mérenim v obdobi 2011 — 2015 v hodinovém kroku. Korelace softwaru WUFI®Plus 3.0 se
softwarem BSim 2000 je dosaZena na 99 % pro vnitini prostiedi a tepelné-vihkostni difize v obvodové
sténé koreluje se softwarem CalA 4.0 na 97 %. Ziskany vysledek ukazuje teplotni napéti v ndsténné malbé
az 2.6 K a efekt vysusovani az 18.3 kg/m® zplisobeny intenzivnim vytapénim. Teplotni napéti v ndsténné
malbé az 1.4 K a efekt vysusovani az 26.8 kg/m?® je zplisoben také intenzivnim vétranim. Ziskané poznani
uprednostriuje pfirozené vnitini prostfedi v kombinaci s konzervacnim vytapénim pred fizenym vnitinim
prostredim v romdnské rotundé ve Znojme.

Klicova slova: numericka simulace; tepelné-vihkostni difuse; preventivni konzervace

Research Aim
The main research aim is the analysis of the hygrothermal impact of the

The Romanesque Rotunda in Znojmo was built in the 11" century as
a part of the Znojmo Castle in the Czech Republic. This rotunda, with
an outer diameter of 9.2 m and a total height of 12.6 m, includes an
original layer of lime plaster with a fresco-secco mural painting. The
upper part of the mural painting presents personages of the Premyslid
genealogical cycle and combines secular iconography with a religious
theme. The lower religious part is composed of typical scenes from
the life of Jesus Christ and the Virgin Mary. This unique combination of
secular iconography with a religious theme legitimates the sovereignty
of the Premyslid dynasty.

The peripheral wall with the mural painting is built from granite stones
and lime mortar in a thickness of about 1.10 m. This masonry is com-
posed from two faces of quarry stone and is filled by a lime mortar with
granite stone residue in an opus implectum type in between. The internal
surface of the masonry is covered by lime plaster in two layers. The
bottom layer of the lime plaster covers the unevenness of the stones in
a thickness of up to 8 cm and the fine surface layer of the lime plaster
includes an intonaco. This intonaco includes the fresco-secco technique.
The fresco type is applied on the fresh surface and painting’s colours are
dissolved in the plaster, but the secco type is applied on the dry plaster
surface, see also [1].
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heating, ventilation, and number of visitors on the indoor climate with the
subsequent impact on the mural painting. This hygrothermal interaction
was studied through numerical simulations in WUFI®PIus 3.0 and also
independently in the BSim 2000 software and the CalA 4.0 software.
The numerical simulation of the indoor climate was validated with real
long-term measurements provided in hourly time step over the period of
2011 —2015. The result of numerical simulation is assessed by preven-
tive conservation method of Target range, Historical climate method [2],
and according to mandatory Decision [3]. The unacceptable indoor cli-
mate, known as the “Frost risk”, the “Dryness effect” and “Microbiology
risk”, has been evaluated according to the ASHRAE Handbook [4].

METHODS

The hygrothermal impact of the heating, ventilation and number of visi-
tors on the indoor climate with the subsequent impact on the surface of
the mural painting has been analysed in two different independent cal-
culation ways, see Fig. 1. The first calculation is coupled in WUFI®Plus
3.0. The second calculation is composed from BSim 2000 designed for
the numerical simulation of indoor climates and CalA 4.0 designed for
the hygrothermal diffusion. The hygrothermal diffusion in the peripheral
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Figure 1 Hygrothermal numerical simulation in WUFI®Plus 3.0 and BSim 2000 with CalA 4.0.

wall is run with nonlinear material characteristics for the water content
of the granite stone and lime mortar. The numerical simulation of the
indoor climate has been validated with real long-term measurements in
the Romanesque Rotunda in Znojmo, see Fig. 2.

WUFI®Plus 3.0 Software

The software WUFI®PIus 3.0 was developed at the Fraunhofer IBP for
unsteady hygrothermal numerical simulations of a whole building, as
well as the building components, see [5]. The hygrothermal balance of
an indoor climate is calculated in each thermal zone by Equations (1)
and (2), see [6] for more information. The heat and moisture transport
in a multilayer building component is solved by Differential Equations (3)
and (4), see [7] for more information. The right side of Equations (3) and
(4) contain the storage term and the left side includes the heat flux and
moisture transfer. The heat and moisture transfer are solved by a fully
implicit scheme in a variable grid.

Qg + Qg + Oy + Qe =V 02 aaT‘T"‘ ()
G+ Gy + Gy = V% @)
v(wr)+/wvv(av(¢psat))=%£%+ch 3)
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BSim 2000 Software

The software BSim 2000 from the Danish University at Aalborg is de-
signed for unsteady hygrothermal numerical simulations of indoor cli-
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mates with variable internal loads defined in the thermal zone. The nu-
merical simulation of the indoor climate is based on a weighted average
of the heat and moisture balance according to Equations (1) and (2) in
each thermal zone, see [8] for more information.

CalA 4.0 Software

The software CalA 4.0 is developed at the Brno University of Technology
for unsteady hygrothermal diffusion in inorganic porous materials. The
heat and moisture transport are driven by three differential equations
solved by the finite volume method with respect to the nonlinear material
characteristics in aa regular orthogonal grid. The thermal diffusion in
the material is based on a temperature gradient, see (5). The moisture
diffusion is solved on the pressure gradient for water vapour (6) and
separately for liquid water (7), similar in [9]. This software is designed for
the numerical simulation of building components, see [10].

V(AVT) 4+l + Qe = % pC (5)
V(6VD, )~ F+ G =% ©)
V(pr ) +f+ Lsource = aaM;W 7)
RESULTS

The hygrothermal impact of the heating, intensity of the ventilation, and
number of visitors on the indoor climate was analysed in 43,824 hourly
time steps by a numerical simulation with nonlinear material charac-
teristics. The numerical simulation correlated with the real long-term
measurements by 98 % for the air temperature and by 89 % for the
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Figure 2 Hygrothermal impact of the heating, ventilation and number visitors on the indoor climate.
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indoor air relative humidity, see Fig. 2. The indoor climate was applied as
the boundary condition in the hygrothermal diffusion. The hygrothermal
diffusion is analysed by the hygrothermal difference between the indoor
climate and the surface monitoring of the mural painting, see Fig. 3.

Impact of Heating on Indoor climate

The impact of the floor heating on the indoor climate was studied for the
historical state before year 1997 without any heating, and the current
state in the years 2011 — 2015 with a heat power of 3 kW and a maximal
installed heat power of 9 kW, see Fig. 2a | 2b. The heating system is set
at a temperature of 8 + 2 °C and the electric floor heating uses a power
of 3 KW in the current state.

a) The historical state without the floor heating shows an appropriate
indoor climate in a frequency of 38 % of the days for the Target
range and a frequency of 51 % of the days according to the Historical
climate method. An unacceptable indoor climate is reached in a fre-
quency of 25 % of the days which is caused by a Frost risk in 3 % of
the days, the Dryness effect in 7 % of the days and a Microbiology
risk in 15 % of the days.

b) The current state with a heat power of 3 kW shows an appropriate
indoor climate in a frequency of 67 % of the days for the Target
range and a frequency of 73 % of the days according to the Historical
climate method. An unacceptable indoor climate is reached in a fre-
quency of 12 % of the days, which is caused by a Frost risk in 0.8 %
of the days, the Dryness effect in 7 % of the days and a Microbiology
risk in 4 % of the days.

c¢) The maximal heating from a heat power of 9 kW shows an appropri-
ate indoor climate in a frequency of 49 % of the days for the Target
range and a frequency of 56 % of the days according to Historical
climate method. An unacceptable indoor climate is reached in a fre-
quency of 20 % of the days, which is caused by a Frost risk in 0.4 %
of the days, the Dryness effect in 19 % of the days and a Microbiol-
ogy risk in 0.8 % of the days.

In summary, the hygrothermal impact of the floor heating on the indoor
climate shows a positive effect with the lower Microbiology risk and
Frost risk, but a negative effect with the increased Dryness effect in the
indoor climate. The maximal heating from the installed heat power of
9 kW increases the annual heat energy consumption about 21 %. The
impact of the floor heating on the mural painting is shown in the section
Impact of Heating on Mural painting.

Impact of Ventilation on Indoor climate

The impact of the intensity of the ventilation on the indoor climate was
studied for the theoretical unventilated state by the ACH = 0.00 h
(0 m¥h), the current state in the years 2011 — 2015 (see the preview
result) with the previously estimated ACH = 0.15 h™' (45 m%hour) and in-
tensive ventilation with ACH = 0.60 h' (180 m3/hour), see Fig. 2¢ | 2d.

a) The unventilated indoor climate shows an appropriate indoor cli-
mate in a frequency of 0.3 % of the days for the Target range and
a frequency of 0.4 % of the days according to the Historical climate
method. An unacceptable indoor climate is reached in a frequency
of 94 % of the days, which is caused by a Frost risk in 0.4 % of the
days, the Dryness effect in 0.1 % of the days and a Microbiology risk
in 93 % of the days.

b) The intensive ventilation shows an appropriate indoor climate in
a frequency of 52 % of the days for the Target range and a frequency
of 56 % of the days according to the Historical climate method. An
unacceptable indoor climate is reached in a frequency of 21 % of
the days, which is caused by a Frost risk in 0.8 % of the days, the
Dryness effect in 16 % of the days and a Microbiology risk in 4 % of
the days.
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In summary, the hygrothermal impact of the ventilation on the indoor
climate shows a positive effect with the lower Microbiology risk. Never-
theless, the intensive heating used for the elimination of the Frost risk
increases the Dryness effect. The hygrothermal impact of the intensive
ventilation on the mural painting is shown in the section Impact of Ven-
tilation on Mural painting.

Impact of Visitors on Indoor climate

The hygrothermal impact of the number of visitors on the indoor climate
was studied for a theoretical state without visitors, the current state ac-
cording to the real amount of tickets sold in the years 2011 — 2015 with
a monthly average of 3 visitors per hour (see the preview result) and
double the current state with 6 visitors per hour, see Fig. 2e | 2f.

a) The state without any visitors shows an appropriate indoor climate in
a frequency of 49 % of the days for the Target range and a frequency
of 53 % of the days according to the Historical climate method. An
unacceptable indoor climate is reached in a frequency of 25 % of the
days, which is caused by a Frost risk in 0.7 % of the days, the Dryness
effect in 18 % of the days and a Microbiology risk in 4 % of the days.

b) Double the number of visitors shows an appropriate indoor cli-
mate in a frequency of 54 % of the days for the Target range and
a frequency of 58 % of the days according to the Historical climate
method. An unacceptable indoor climate is reached in a frequency of
22 % of the days, which is caused by a Frost risk in 0.7 % of the
days, the Dryness effect in 17 % of the days and a Microbiology risk
in 7 % of the days.

In summary, the hygrothermal impact of the number of visitors on the
indoor climate shows a positive effect with the lower Dryness effect, but
a negative effect can be seen with an increased Microbiology risk and
an increased indoor air temperature in the summer season. The impact
of the visitors on the indoor climate is minor in comparison with the floor
heating and ventilation effects.

Impact of Heating on Mural painting

The hygrothermal impact of the heating on the surface of the mural
painting was studied for the historical state before the year 1997 without
any floor heating, the current state in the years 2011 — 2015 with a heat
power of 3 kW and a maximal installed heat power of 9 kW. The impact
of the floor heating on the surface of the mural painting is expressed by
the hygrothermal difference between the indoor climate and the surface
monitoring on the mural painting, see Fig. 3a.

a) The historical state without any heating shows a stable indoor climate
with a temperature difference of -0.11 = 0.10 °C (up to -0.88 °C)
and a median difference in the water content of -0.69 + 1.51 kg/m?
(up to -9.78 kg/m?®). Nevertheless, the floor heating in a historical
building is necessary to eliminate the Frost risk, see 3.1a.

b) The current state in the years 2011 — 2015 with a heat power 3 kW
shows a temperature difference of -0.16 + 0.28 °C (up to -1.09 °C)
and a median difference in the water content of -0.69 + 3.29 kg/m?3
(up to -18.3 kg/m?®) with a dependence on the heating season.

¢) The maximal installed electric heat power of 9 kW shows a tempera-
ture difference of -0.24 = 0.35 °C (up to -2.61 °C) and a median differ-
ence in the water content of -5.72 + 3.98 kg/m?® (up to -18.3 kg/m?).
This impact of the floor heating on the median difference in the water
content is significant in the winter heating season, see Fig. 3a.

In summary, the intensive heating of the indoor climate increases the risk
of a fractal failure in the mural painting and this historically new hygrother-
mal gradient causes mechanical tension in the original lime plaster layer.
Nevertheless, the heating of the indoor climate in the historical building is
suitable on the low heat power on the low set-point temperature.
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Impact of Ventilation on Mural painting

The hygrothermal impact of the ventilation on the mural painting was
studied for the unventilated indoor climate with ACH = 0.00 h*, cur-
rent state in the years 2011 — 2015 (see result 3.5b) with the previ-
ously estimated ACH = 0.15 h™" and an intensive ventilation with ACH =
= 0.60 h"'". The impact of the ventilation on the original mural painting
is expressed by the hygrothermal difference between the indoor climate
and the surface monitoring on the mural painting, see Fig. 3b.

a) The unventilated indoor climate shows a temperature difference of
-0.2 £ 0.33 °C (up to -1.59 °C) and a median difference in the water
content of -0.57 + 1.70 kg/m® (up to -5.63 kg/m®). This small fluctu-
ation in the water content is positive, but the relative humidity of the
indoor air over 90 % RH increases the Microbiology risk, as well as
the dissolving the colour pigments in the mural painting.

b) The intensive ventilation shows a median temperature difference
of -0.04 = 0.29 °C (up to -1.39 °C) and a difference in the water
content of -10.6 + 10.2 kg/m3 (up to -26.8 kg/m®). The intensive
ventilation of the indoor climate increases Dryness effect, which is
caused by the intensive heating to eliminate the Frost risk.

In summary, the current state in the years 2011 — 2015 with an estimat-
ed ACH = 0.15 h" (45 m%hour) is suitable and this natural ventilation
respects the natural hygrothermal response of the historical building.

CONCLUSION

The hygrothermal interaction of the indoor climate with an original mural
painting in the Romanesque Rotunda in Znojmo was analysed by a nu-
merical simulation in WUFI®PIus 3.0 and BSim 2000 + CalA 4.0

Numerical simulation

The 99 % correlation of the WUFI®PIus 3.0 with BSim 2000 software is
caused by the identical geometry, identical calculation model, material
characteristics, user profile in the zone, and weather file. Arange of -0.3 K
to -0.1 K was obtained in the difference in the indoor air temperature.
A range of 0.5 % RH to 0.7 % RH was obtained in the difference in the
indoor air relative humidity . A 98 % and 89 % correlation quality was
obtained with the real long-term measurements and for the relative hu-
midity of the air temperature for the indoor climate, respectively.
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Figure 3 Hygrothermal impact of the heating and ventilation on the surface of the mural painting.
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The 97 % correlation of the WUFI®PIus 3.0 with CalA 4.0 software is
caused by the identical model, material characteristics and boundary
conditions. The obtained difference is caused by the equidistant calcu-
lation grid in the CalA 4.0 (336 elements) software versus the adaptive
grid in the WUFI®PIus 3.0 (376 elements) software. The diffusion of the
liquid moisture according to Equation (7) in CalA 4.0 software was not
obtained. A range of -0.2 Kto 0.1 K was obtained for the difference in the
temperature distribution. A range of -4 % RH to 3 % RH was obtained for
the difference in the relative humidity.

Hygrothermal interaction

The hygrothermal numerical simulation for the years 2011 — 2015
shows the impact of the floor heating, natural ventilation and number
of visitors on the indoor climate with the subsequent impact on the
mural painting.

It is suitable to heat the historical building on a low heat power on the
heating system’s low set-point temperature. Overheating the indoor cli-
mate increases the Dryness effect and the Thermal stress in the mural
painting. Oppositely, the historical state without any heating increases
the Microbiology risk and the Frost risk.

It is suitable to ventilate the historical building with respect to the natural
hygrothermal response of the historical building. The intensive ventila-
tion causes a short-term fluctuation in the indoor climate with a negative
impact on the mural painting. Oppositely, the reduced ventilation of the
indoor climate increases the Microbiology risk.

The number of visitors to the building increase the Microbiology risk and
the indoor air temperature in the summer tourist season. Nevertheless,
the hygrothermal impact of the visitors is minor in comparison with the
impact of the ventilation and heating on the indoor climate. A strictly de-
fined tourist season and a limited number of visitors to the Romanesque
Rotunda in Znojmo is supported.
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Indoor Environment

Nomenclature

¢ thermal capacity [J-kg'-K]

D conduction coefficient [kg-m'-s']

f mass condensation [kg-s”]

G mass flux of water vapour [kg-s'-m]
H  total enthalpy [J-m™]

/ latent heat of phase change [J-kg™]
L mass flux of liquid water [kg-s'-m]
p pressure [Pa]

Q  bulk heat flux [J-s7-m¥]

T thermodynamics temperature [K]

V' netvolume [m’]

w  moisture content [kg-m=]

X absolute humidity [kg-m=]

6 permeability of water vapour [kg-s'-m'-Pa]
k  permeability of liquid water [kg-s™-m~'-Pa’]
A thermal conductivity [W-m™-K]

p bulk density [kg-m=]

T time [s]

@  relative humidity [-]

Subscripts

air properties of air

cond conduction

diff diffusion

int internal

sat saturation

solar solar

source  source

v water vapour

vent ventilation

w liquid water
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