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Validation of a One-Dimensional Transient
Heat and Moisture Calculation Tool under

Real Conditions

S. Olof Mundt-Petersen

Lars-Erik Harderup, PhD

ABSTRACT

Stricter Swedish building regulations require a moisture-safety design process to be carried out before houses are built. In
order to predict moisture-critical conditions, a properly verified, user-friendly and reliable calculation tool that could be used

in this design phase, is required.

This paper initially presents a blind method that could be used in order to verify heat and moisture calculation tools in a

reliable manner. Furthermore, general results and findings from blind validations using a transient heat and moisture calculation
tool are summarized and presented. The comparisons include measurements and calculations of temperature and relative humidity
and were carried out in northern European climates.

In general, the results show a good correlation between measured and blindly-calculated values. Comparisons show that the stud-
ied tool can be used during the design phase to predict moisture risks. However, factors such as the influence of impaired-temperature
measurements on relative humidity have to be taken into account. There is also a need for outdoor climate-boundary conditions that
take into account critical periods. Measurements and calculations also established that the most moisture-critical conditions in general

occurred in the exterior part of the frame, behind the air gap.

INTRODUCTION

Background

Several studies show that mold and moisture-related
damage is linked to high costs. As much as 30% of single-
family houses and 15% of other buildings in Sweden have
moisture-related damage (Boverket 2009). Individuals, as
well as insurance companies and the national economy, are
affected by these costs.

At the same time, the risk of moisture-related damage
generally increases in new houses. The awareness of climate
changes, increased energy costs, and new energy demands have
resulted in new houses being more well-insulated (BBR 2011).
Besides the positive effect of reduced energy needs, thicker
insulation also results in a building envelope in which critical
parts more often become exposed to higher levels of relative
humidity (RH). Higher relative humidity leads to the increased

probability of occurrences of mold growth (Nevander and
Elmarsson 1991; Hégerstedt and Arfvidsson 2010; Hégerstedt
2012).

As a consequence, recent Swedish building regulations
have stipulated stricter requirements when predicting the risk
of mold and moisture damage in order to reduce this kind of
problem. Moisture conditions that create odors, unhealthy
indoor climates, and mold growth that affect the health of a
building’s occupants are forbidden. Furthermore, it is strictly
recommended that these factors should be taken into account
and verified before a house is built (BBR 2011).

To minimize the risk of moisture damage, a reliable and
validated user-friendly moisture calculation tool is needed to
predict the hygrothermal performance. A tool that could be
used to make it possible to check and compare different
designs before a house is built (Boverket 2009; Mjornell et al.
2012). From experience, it is known that the construction
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industry today only uses one-dimensional and fast calculation
tools, if any tool is used at all, in the moisture-safety design
process.

Today, there are several tools available that could be used
to predict the hygrothermal performance and mold risks in
constructions. Unfortunately there are only two calculation
tools, WUFI and DELPHIN, that are commercially available
and could be seen as user-friendly. Neither of these calculation
tools seems to have been properly verified by independent
researchers using blind methods, i.e., verified without know-
ing the measurement results before making comparisons with
unadjusted calculated results (Mundt-Petersen 2012). Experi-
ences from the northern European building trade also show
that only one-dimensional methods are used. Furthermore, the
only studies found with explicit blind comparisons focus on
moisture control by allowing a high airflow in the air gap
between the cladding and exterior mold-resistant insulation
boards (Hégerstedt and Arfvidsson 2010; Hagerstedt and
Harderup 2011a;2011b). Only a few studies in northern Euro-
pean climates are found in which it is possible to compare
measured and calculated values, such as Nore (2009); Geving
and Holme (2010); Geving et al. (2011); Hagerstedt and
Arfvidsson (2010); Hagerstedt and Harderup (2011a; 2011b).
Most of the other verifications that were found could not be
seen as independent as they were needed during the software
development process or carried out by the developers, such as
Kiinzel (1995); Krus (1996); Kiinzel et al. (2002); Kiinzel et al.
(2004); Zirkelbach etal. (2011). There is also a lack of real-life
field studies in houses where people are actually living (Nore
2009; Salonvaara etal. 2010; Geving and Holme 2010; Zirkel-
bach et al. 2011). It can therefore be established that there is
no independent and blind verified user-friendly moisture
calculation tool. There is also a lack of verified calculation
tools in which real field conditions and northern European
climate conditions have been studied (Mundt-Petersen 2012).

In order to determinate an independent blindly verified
moisture calculation tool, measurements were carried out in a
Swedish research project with starting points at the end of
2008 and in early 2009. The project comprised 148 measuring
positions, of which 85 positions were in walls and 63 positions
in roofs and attics, and measured temperature (7), relative
humidity (RH) and moisture content (MC) in five different
houses located in four different parts of Sweden over a period
of approximately three years (Framtidens trahus 2012).

Aim

The aim of the entire project was to validate a hygrother-
mal tool to be used in the design phase to avoid mold and mois-
ture damage and evaluate the risk of damage in studied
building envelopes. However, the aim of this paper was to
summarize the results of comparisons between measurements
and blind calculations of temperature and relative humidity
carried out in wood-frame walls during the period 2008 to
2011 in northern European climates.

The study aimed to show whether it might be possible to
use the one-dimensional transient heat and moisture calcula-
tion tool WUFI 5.0 as a tool during the design phase in order
to predict and evaluate the risk of mold growth and moisture
damage. It was also intended to analyze under what conditions
the calculation tool can be used and to show important factors
that highly affect the correlation between measured and calcu-
lated values.

Furthermore, this paper aims to present a method that
describes how calculation tools could be reliably verified
under real conditions by using blind calculations.

Since the Folos 2-D visual mold chart was used in the
comparison between calculated and measured values, the risk
of mold growth was simultaneously evaluated in the studied
positions in the walls (Mundt-Petersen et al. 2012).

Limitations

This paper presents a limited number of examples with
general results from the entire investigation of 85 different
positions. Only comparisons between measured and calcu-
lated temperature and relative humidity are shown. Complete
comparisons between measured and calculated values in all
the studied positions are presented in five separate reports
(Mundt-Petersen 2013a; 2013b; 2013¢; 2013d; 2013e).

The study is limited to an investigation of wood-frame
walls with well-ventilated air gaps behind the cladding and an
interior, well functioning vapor barrier. A detailed description
of studied designs, calculation models and used material data
are not given, but could be found in Mundt-Petersen (2013a;
2013b; 2013c; 2013d; 2013e; 2013f). Measurements and;
calculations were carried out in northern European climates.

The study does not in detail analyze analytical solutions
and physical and numerical models in the investigated calcu-
lation tool. Influence of possible measurement errors is
discussed by Sandberg et al. (2011) and Mundt-Petersen
(2013f). No detailed analysis of material data in the calcula-
tions models was made.

All calculations were made in one-dimension since this is
the only tools that is widely used in the construction industry.
The influence of wood studs and other thermal bridges were
therefore deemed as neglectable in the calculations. Further-
more, possible influence of convection was neglected. The
walls were also assumed to have been the results of perfect
workmanship when compared to the drawings and calculation
models used.

The definition of RH;, that was used was limited to
showing the conditions when mold growth on wood based
materials are possible.

METHOD

All calculations were made blind, i.e., made without
knowing the results of any measurements. Blind comparisons
could also be called single-blind. All calculations and compar-
isons in this study were made single-blind and were carried out
by independent organizations and testers, although this is not
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specifically highlighted in each specific case. Blind calcula-
tions are equivalent to situations when the designers carry out
the heat and moisture calculations before a house is built.
Comparisons with calculated values, made after the measured
values had been received, were evaluated using the Folos 2-D
visual mold chart.

Blind Comparisons Between Measured and Calcu-
lated Values. Initially, measuring sensors for temperature,
relative humidity and MC were mounted at different depths
and locations in the walls during the construction phase. The
position of each sensor was well documented in drawings and
photos. All the construction phases were monitored to estab-
lish any possible deviations between the drawings and the real
conditions in the built wall. Measurements were started as
soon as possible, sometimes before the houses were occupied,
and were carried out using a wireless Protimeter Hygro Trac
system (Sandberg 2011; Mundt-Petersen 2013f; GE Sensing
1996). Hourly measurements of temperature, relative humid-
ity, and MC for each specific position were then separately
stored by a measurement collector, inaccessible to the persons
involved in evaluating the calculation tool.

Over a period of three years, when the measurements
were carried out, calculation models of each studied position
were made. The calculation models were based on drawings
and photos from the construction phase with the intention of
reflecting as real conditions as possible. However, since the
calculation tool being evaluated was one-dimensional, the
possible influence of beams, sills and studs was not included
in the calculations.

In 2012 calculations were carried out for each studied
position for the period 2008 to 2011, without knowing the
measured results. The calculations were made using the
indoor and outdoor climate-boundary conditions collected
from indoor measurements and closely located outdoor
climate stations (SMHI 2012).

After the blind calculations had been completed and sent
to the measurement collector, the previously inaccessible
measurements were retrieved. Comparisons between the
measurements and the calculated temperature and relative
humidity were then made over time using the Folos 2-D visual
mold chart.

Note that it was possible to make adjustments to the calcu-
lation models to achieve better correlation, or even a perfect
match, between the measured and blindly-calculated values in
almost all the studied positions. However, this was not a part
of the blind verification presented in this paper.

The Need for Blind Comparison. Software used as a tool
to predict mold and moisture-related damage before a house is
built to be blindly verified and without being influenced by the
program developer. In this case, this was fulfilled by carrying
out the calculations before the results of the measurement were
known, i.e., they were blind calculations, and they were then
compared to the measurements. Blind validations are reliable
since intentional or unintentional adjustments of calculated
results, to obtain better correlations to the measured values, are

impossible. There are also other positive effects since the blind
calculations are similar to the situation the designer has to deal
with before a house is built. This provides important informa-
tion about how the user perceives the tool. Many poor calcula-
tion results are due to inaccurate models or incorrect boundary
conditions—such as unrealistic climate data, false material
data, or inaccurate surface resistance—created by the user.
Errors like these could be avoided by providing better default
values, clearer instruction manuals, or stricter parameter limit
values in the software.

Notice that the method used is not double-blind since it is
possible to guess the measured results before the calculations
are made. This is also possible during the design phase. It
should also be mentioned that nonblind comparisons might be
needed in the early development phase of equations and calcu-
lation tools.

Folos 2-D Visual Mold Chart. The Folos 2-D visual mold
chart was used to evaluate and compare results between
measured and calculated values in different designs, positions
within the walls, and surrounding climates. Besides showing
the measured and calculated values and the correlation
between measured and calculated values, the Folos 2-D visual
mold chart also indicates the risk of mold growth. By using the
Folos 2-D visual mold chart, it is also possible to establish
measures to be taken and to compare different designs in order
to reduce the risk of mold growth (Mundt-Petersen et al. 2012).

The chart is briefly described together with the general
results to make it easier to understand when it is used in
context. The moisture-critical limit used was the LIM I limit
(Sedlbauer 2001).

MATERIALS

The Studied Houses. Measurements and calculations
were carried out in five different wood-frame houses. The
measurement and calculation positions were located at differ-
ent depths and locations in the walls, which had five different
designs and faced different directions. The studied designs are
shown together with examples of comparisons in the results
section. The houses were located in four different towns in
Sweden (as shown in Figure 1) each with different climate
conditions.

Choice of Evaluated Calculation Tool. The criteria for
choosing the evaluated tool were that it had to be user-friendly
and available to the Swedish timber industry, i.e., a commer-
cial tool (Boverket 2009). The most user-friendly and
commercial software seems to be WUF]I, and that is why it was
chosen for the blind evaluation. The chosen tool was also
specifically mentioned as a possible tool in previous investi-
gations (Boverket 2009).

The materials and material data used in the calculation
models were chosen from the WUFI 5.0 material data base
(WUFT 2009). All calculation models, including the used
materials and material data, are presented together with the
description of the studied positions in separate reports. In
these, the positions and the results from comparisons between
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Figure 1 Locations of the studied houses in Sweden.

measurements and calculations over the investigated period
are presented (Mundt-Petersen 2013a; 2013b; 2013c¢; 2013d;
2013e; 2013f). Detailed boundary conditions and material
data are given by Mundt-Petersen (2013f).

The Climate-Boundary Conditions and Periods with
Impaired Climate-Boundary Data. To achieve better agree-
ment between measured and calculated values, use of the stan-
dard outdoor climate in the calculation tool was avoided. Real
measured climate data from climate stations closely located to
the studied houses was collected during the measuring period
and then used in the calculations (SMHI 2012).

Periods with flawed climate data or a lack of climate data
have been replaced and are shown in the Folos 2-D visual mold
chart together with the other results.

RESULTS, ANALYSIS, AND DISCUSSION

This section presents examples of general results and
findings that could be established from 85 positions at differ-
ent depths in walls with different designs, locations and orien-
tations in five different houses (Mundt-Petersen 2013a;
2013b; 2013c; 2013d; 2013e). The investigated design is
shown together with the results in each figure, in which the
studied positions are marked with a red cross.

General Results and Description of the
Folos 2-D Visual Mold Chart

In general, there was a good correlation between the
measured and blindly-calculated values in most of the studied
positions, as shown in the examples in Figures 2, 3, and 6, i.e.,
the calculated values can be used in further analysis to predict
the risk of mold growth in a reliable manner. However, there
are also differences between measured and calculated values
in many positions. These are presented and analyzed below.
Possible factors influencing differences are also discussed.

Description of the Folos 2-D Visual Mold Chart. The
Folos 2-D visual mold chart (in Figures 2 to 10) shows calcu-
lated temperature (yellow) and measured temperature (dark
blue) on the right y-axis. The calculated relative humidity
(turquoise), measured relative humidity (black), RH;; depen-
dent on the calculated temperature (red), and the RH > RH_;;
difference for calculated values (light brown) and measured
values (purple) are shown on the left y-axis. The time presented
on the x-axis indicates the conditions at any specific time, and
of particular interest are the periods when RH > RH ;.

Critical conditions occur, and mold growth is possible,
when the RH is above the RH_;; line. The RH_;; line is defined
by the temperature that, at any specific time, exceeds the RH ;;
limit LIM I invented by Sedlbauer (2001), i.e., the chosen
RH_;; line is converted over time by using the actual temper-
ature at each point in time. This means that critical conditions
depend on the prevailing RH and temperature, where a high
temperature gives a lower RH_;; line and vice versa.

However, depending on the moisture resistance of differ-
ent materials and legislation in different countries, other mold
growth limits could be used by choosing another appropriate
RH,;; curve. A further description of the Folos 2-D visual
mold chart and how it can be used can be found in a separate
paper (Mundt-Petersen et al. 2012).

General Results. Examples of general results are shown
in Figures 2, 3, and 6.

Impaired Climate-Boundary Data. Periods with
impaired or lack of climate-boundary data have been replaced.
Those periods are shown as dots or a line (green) at the top of
the Folos 2-D visual mold chart. Vertical lines indicate a short
period with lack of climate-boundary data and dots creating a
horizontal line indicate longer periods that lack climate-
boundary data. Lower values of dots or longer vertical lines
indicate the lack of outdoor temperature or relative humidity
data, which has a higher influence on the calculation results
than the higher values or shorter lines that indicate lack of
other less important climate-boundary conditions.

Influence of Temperature on the Relative Humidity

Differences between measured and blindly-calculated
relative humidity depend in many cases on differences
between measured and calculated temperatures, i.¢., the vapor
content is the same but different measured and calculated
temperatures give different vapor contents at saturation.
Furthermore, this creates differences between the measured
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temperature (yellow) and measured temperature (dark blue).The RH,
it (light brown) and measured RH > RH

(red). Calculated RH > RH
boundary data (green,).

100
90

80

70
60

Relative humidity [%]

RH > RH crit [%)]
5

J-H-—I\I

" 82 4513

170 170

l LRI | ] I.’ T

50

40 w /-‘J'
s

20 20

10 VMY Wa, A WA N My 10
»

Calculated RH
——Calculated RH crit

mt derived from the calculated temperature
it (purple). Periods with replaced climate-

THNTE ™ Ll 100

T T

LR L [ )
90

WMM P¥hah

Temperaturéq]

% o o g " o o2 g v d

P N [ N P A P [ ~a
A B " % 2 2 " 2

WO Y ¢ & ¢ F

—Measured RH Calculated T —Measured T
~——Calculated RH > RH erit-Measured RH > RH crit-Replaced climate data

Figure 3 Example of comparisons between measured and calculated RH and temperature in the middle of a wall. Calculated
RH (turquoise) and measured RH (black). Calculated temperature (yellow) and measured temperature (dark blue).

RHCm derived from the calculated temperature (ved). Calculated RH > RH

it (light brown) and measured RH >

H.,; (purple). Periods with replaced climate-boundary data (green).

and calculated relative humidity. This particular effect of
temperature on relative humidity can be found in all the stud-
ied designs and houses. In most studied positions, a higher
measured temperature creating a lower relative humidity, as
shown in Figures 4 and 5, were found.

Differences Between Measured and Calculated Values
During Cold Periods. Differences, depending on tempera-
ture, between measured and blindly-calculated relative humid-
ity mainly occur during the colder periods in the outer part of
the studied walls. As expected, differences tend to be greater
in a colder climate, as shown in the example in Figure 4.

There may be several reasons for differences between
measured and blindly-calculated temperature in the exterior
part of studied walls during colder periods.

One factor was the thermal bridges due to studs and beams
that are disregarded in the one-dimensional calculations. Studs
and beams located close to the measuring sensor in the exterior
part of the wall cause higher temperatures. This also explains
why this effect becomes more obvious in colder climates. Two-
dimensional studies of thermal bridges in a central Sweden
climate show that the temperature increases by approximately
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Figure 5 Example of comparisons between measured and calculated RH and temperature, where measurements were carried
out on the topside of the sill behind a mold-resistant facade insulation board in the exterior part of a wall. Calculated
RH (turquoise) and measured RH (black). Calculated temperature (yellow) and measured temperature (dark blue).
RH,,,, derived from the calculated temperature (ved). Calculated RH > RH..;, (light brown) and measured RH >
RH,,., (purple). Periods with replaced climate-boundary data (green).

0.5°Cto 1°C. This reduces the relative humidity by 2.5% to 5%
in the outer part of the stud (Forsberg 2011; Olsson 2011).

The sensor thickness of approximately 50 mm may also
affect the temperature. Its size reduces the thickness of the
surrounding thermal insulation which creates a higher temper-
ature in the studied position, especially when the outdoor
temperature is low. The temperature may also depend on the
specific location of the temperature sensor within the larger

measuring sensor. Furthermore, the sensor might create heat
during measurement processing.

Another factor might be that differences between
measured and calculated temperatures have a greater influ-
ence on the relative humidity of the lower vapor content that
occurs in a cold climate.

Differences between the measured and calculated values
may also depend on incorrect or delayed measured relative
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Figure 7 Example of comparisons between measured and calculated RH and temperature in the installation layer on the inside
of the vapor barrier in the interior part of a wall. Calculated RH (turquoise) and measured RH (black). Calculated
temperature (vellow) and measured temperature (dark blue). RH,,;, derived from the calculated temperature derived

from the calculated temperature (ved). Calculated RH > RH,,;, (light brown) and measured RH > RH,,;, (purple).
Periods with replaced climate-boundary data (green).

humidity. This becomes more evident in the winter when the ature reduced the relative humidity in this area. Higher
outdoor relative humidity is high. temperatures also improve the drying-out process and make

Influence of Under-Floor Heating Close to the Sill. A the sill warmer. It is important to observe that this positive
number of sensors were mounted at different depthsinthe wall ~ effect requires vapor-permeable insulation that allows the

on top of the sill, as shown in Figure 5. drying-out process to take place.
In houses with under-floor heating, as shown in the slab However, the differences between measured and calculated
in Figure 5, a positive effect was generated as a higher temper-  values clearly show that it is not possible to use one-dimensional
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derived from the calculated temperature (ved). Calculated RH > RH,,,;, (light brown) and

measured RH > RH,.;, (purple). Periods with replaced climate-boundary data (green,).

calculation tools in all situations and that heating sources need
to be included in the evaluation of a design.

Most Moisture-Critical Positions. By using the Folos
2-D visual mold chart for the studied positions at different
depths it could be established by both measurements and
calculations that the most moisture-critical conditions
occurred in the outer part of the wall. The critical conditions
mainly occurred during longer periods at the end of the
summer or in early autumn when there was high vapor content

and low temperature that created a high relative humidity, as
shown in Figure 6. Higher temperatures deeper within the
wall reduced the relative humidity and furthermore the risk of
mold growth. An exterior mold-resistant facade insulation
board on the outside of the studs behind the air gap, as shown
in Figure 2, which increases the temperature where there are
organic mold-sensitive wood beams, can therefore be used as
moisture protection. However, when the relative humidity is
high at low outdoor temperatures below 0°C, there are no
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moisture-critical conditions. Such nonmoisture-critical
conditions occur during the winter period in the studied house
in northern Sweden, as shown in Figure 4. Thinner walls also
have higher temperatures on the exterior parts, which reduce
the relative humidity and the risk of mold growth.

Influence of Vapor Content on the Relative Humidity

In some cases the differences between the measured and
blindly-calculated values is difficult to explain. They occurred
during the winter, when the relative humidity was low, in the
inner part of some of the studied walls, mainly in the installa-
tion layer (in which cables and sockets are located) behind the
vapor barrier, as shown in Figure 7. It should not have been
possible to record that both the measured temperature and
relative humidity were below the calculated values at the same
time. The reason may have been the influence of the moisture
capacity of the stud in the installation layer or flaws in the
measurements or calculation models. The location of the
measured indoor climate-boundary conditions, remote from
the studied wall, might also have created the anomalous result.

However, this is not as common, nor does it have as big an
influence as the differences in temperatures have on the rela-
tive humidity.

Drying-Out in Installation Layers in
Bathrooms between Two Vapor-Tight Membranes

In four positions in two of the studied designs, sensors
were mounted in the installation layer in bathrooms, between

the vapor barrier and the interior waterproof membrane (blue
dashed line) as shown in Figure 8. Measurements in these
positions indicated that the speed of the drying-out process
was faster here than predicted by the calculations, as shown in
Figure 8. A faster rate of drying out could also be observed in
the not presented MC measurements.

The faster drying-out process may depend on several
factors. The vapor barrier, outside of the installation layer,
probably have bad joints and overlaps. Vertical or horizontal
vapor transport, which cannot be taken into account in the one-
dimensional calculations, may also speed up the drying-out
process. The vapor barrier might also have been damaged or
have a lower vapor resistance in reality than the vapor barrier
used in the calculation model.

Correlation between Measured and
Calculated Values in Air Gaps behind the
Cladding and on the Exterior Facade

Several positions in the air gap behind the cladding were
studied in all five houses. In the house located in the north of
Sweden, comparisons between measured and calculated
values were also carried out on the outside of the fagade
surface.

In general, all comparisons between measured and calcu-
lated values in the air gap showed a significantly lower
measured relative humidity of approximately 10% to 15%
compared to calculated values. The lower measured relative
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humidity is a result of a higher temperature and occurs during
the entire studied period (as shown in Figure 9).

Differences between measurements and calculations on
the cladding surface in the house located in the north of
Sweden were similar to the corresponding differences in the
air gap. However, the comparisons in the wall oriented towards
the south had bigger differences than the other studied direc-
tions. Those differences were probably created by the influ-
ence of solar radiation that could be better simulated in the
calculation.

Amplitude Variations in Temperature and
Relative Humidity

Where moisture-critical conditions are concerned, the
amplitude might be of interest as mold growth is dependent on
the duration of the critical conditions (Viitanden and Ojanen
2007; Isaksson et al. 2010). The amplitudes in different posi-
tions, in Figures 2 to 8, show that there were greater amplitudes
in the measured temperature and relative humidity than in the
blindly-calculated values in the construction. Close to the inside
of the wall there were low amplitudes in both the measured and
calculated values (as shown in Figures 7 and 8). In the middle
of the wall, the amplitudes are slightly larger, mainly in the
measured values (as shown in Figure 3). Closer to the air gap,
the amplitudes, mainly of the measured values, become signif-
icantly greater, (as shown in Figures 2,4, 5, and 6). In the air gap
and on the outside of the facade, the amplitudes are mainly the
same when the measured and calculated values are compared,
as shown in Figure 9. The amplitudes of both the measured and
calculated values were also lower during the cold periods of the
year (as shown in Figures 2, 4, 5 and 6). Comparisons (not
presented here) also show that there were larger amplitudes in
the calculated and measured values in positions orientated
towards the south (Mundt-Petersen 2013b; 2013d).

Variations in amplitudes during different periods of the
year and for different orientations of the studied positions
depend on differences in temperature. There were greater vari-
ations in temperature during the summer and these created
larger amplitudes during those periods. Furthermore, the posi-
tions orientated towards the south were affected more by the
heat variations created by solar radiation.

The studied positions in the exterior part of the wall were
more affected by the variations in the outdoor climate than the
positions closer to the interior side of the wall, which were
thermally influenced by the more stable indoor climate.

The reason for different amplitudes between measured
and blindly-calculated values in the exterior part of the studied
walls may have depended on the difference in heat and mois-
ture capacity in the actual materials compared to the materials
in the calculation model. The specific measurement sensors
were also protected by a plastic shell and not directly exposed
to the surrounding material. This material may include a
volume of air that is more quickly affected by temperature
changes than the surrounding materials.

Influence of Variations in
Climate-Boundary Conditions between
Different Years

The outdoor surrounding climate affects the conditions in
the exterior part of a wall. Significant variations between
different years were found by comparing the same positions
over longer periods. By comparing the relative humidity in
Figures 2 and 10, for the same position during two different
years (2009 and 2011), it was found that there were signifi-
cantly different behaviors.

The conclusions are that the different outdoor climates
during different years created major variations in the studied
positions. The variations affected temperature, relative humidity
and duration, all of which affect the risk of mold growth (Viitan-
den and Ojanen 2007; Isaksson et al. 2010). Outdoor climate
variations between different years especially affected the most
moisture-critical positions in the exterior part of the wall.

It may therefore be questionable whether mean or stan-
dard climate-boundary conditions should be allowed in the
moisture-safety design process for external walls as they may
reduce or disregard the influence of moisture-critical periods.
Climates that do not include critical outdoor periods may
result in negative consequences when the risk of mold growth
is investigated before a house is built. There is therefore a need
for reliable outdoor climate-boundary conditions including
the effect of periods with moisture-critical climate or other
safety factors that could be used during the moisture-safety
design phase.

The variations between different years also show that
correct climate-boundary conditions must be used during vali-
dation of transient mold growth models and of transient heat
and moisture calculation tools.

The influence of periods with impaired climate-boundary
conditions (as shown in green in Figures 2 to 10) that affect the
correlation between measured and calculated values could
also be found in some positions. However, as long as the
period with impaired climate data not is too long, it does not
seem to have any major influence on the comparison between
measured and calculated values.

CONCLUSIONS

Although there are a number of differences between the
measured and blindly-calculated values shown above, it must
be stated that most of the 85 blind comparisons show such a
good correlation, as shown in Figures 2, 3 and 6, that they
could be used to predict the risk of mold growth in further anal-
ysis. [t may therefore be established that WUFI 5.0 can be used
as a tool to predict moisture risks in wood-frame walls with a
well-ventilated air gap and an interior vapor barrier. However,
there are factors and observations that affect the results and
these need to be taken into account if the tool is to be used for
moisture safety purposes. These include:

1. Differences in temperature can have a great effect on the
relative humidity.
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a. In the studied positions the measured temperature was
in general higher than calculated values, which make
the measured relative humidity lower than the calcu-
lated values.

2. A correct calculation model must be created in the calcu-
lation tool. It is essential that reliable outdoor climate-
boundary conditions are used.

a. This is necessary because outdoor climates have a
great influence on the exterior moisture-critical part
of wood-frame walls.

b. Mean or standard outdoor climate-boundary condi-
tions without extremes must not be used.

c. It should be investigated whether it is possible to use
other safety limits combined with mean or standard
climates.

d. Solar radiation has a higher influence on the hygro-
thermal conditions in the outer part of a wall in reality
compared to calculated results.

3. One-dimensional models cannot be used in all situations
and influence of heating sources need to be considered in
the hygrothermal calculations.

4.  The amplitudes of the measured values were higher than the
calculated values, especially in moisture-critical positions
in the exterior part of the wall.

5. Note that previous studies also show that a correct airflow
in the air gap was required in the calculation model in
order to obtain correct results (Hégerstedt and Arfvidsson
2010). It must therefore be possible to obtain these flows
in the finished house.

Furthermore, it was found that the most moisture-critical
positions generally occurred in the exterior part of the wall, in
organic material on the inside of the air gap. Under-floor heating
had a positive influence on the studied walls with vapor perme-
able materials on the outside.

Comparisons between measured and calculated values
over time must also be made using real climate-boundary
conditions as there are significant variations in annual climate
that affect the results between different years.
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NOMENCLATURE

RH = relative humidity

RH_; = limit for possible mold growth in wooden
materials

RH>RH,; = critical conditions showing that mold growth

is possible
T = temperature
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