


























Field Study of Hygrothermal Performance of Log Wall with Internal Thermal Insulation

Water vapour pressure on the indoor and outdoor air as well as inside the wall between the insulation
layer and the log layer are presented in Figure 7. During the spring-summer period the air vapour
pressure inside the wall was higher than the air vapour pressure in the bedroom, indicating the drying
of the wall to the indoor air. Water vapour pressure was higher in the test walls with hygroscopic
thermal insulation.

As the air pressure difference across the structure was +2...3 Pa the main moisture transport
mechanism is assumed water vapour diffusion.

The RH on the inner surface of the log wall stays at the high level during the whole measurement
period. Based on the mould growth model [Hukka and Viitanen 1999] in all the cases, the temperature
and RH level inside the wall exceeded the temperature and relative humidity conditions favouring
initiation of mould growth on wooden materials, see Figure 8.

In the case of the mineral wool insulation temperature and RH conditions are favourable for mould
growth more than 88% of the time. With cellulose insulation the risk for mould growth is higher in
walls without air- and vapour barrier (84 % of measured time length) than with air- and vapour barrier
(75 % of measured time length). With the reed insulation mat more than 93% of the time is favourable
for mould growth.
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Figure 8. Temperature and RH conditions are favourable for mould growth for “green” insulations

(left) and for mineral wool (right).

According to the mould growth assessment, there should be a high risk for mould growth.
Nevertheless, the wall was not opened for examination. No visual inspections were done and no
mould could be observed.

4 DISCUSSION

Field measurements showed a high humidity level in the internally insulated log wall. Hygrothermal
conditions on the inner surface of the log wall were favourable for mould growth in all test walls.
Insulation material (hygroscopic or not) did not significantly lower the risk for mould growth.
Different test walls were separated by metal battens and polyurethane foam tightening to prevent
diffusion and conduction between the test walls. Although there may have been some minor leaks
between the test walls, the potential for the diffusion and conduction was low and possible heat and
moisture movement between the test walls was probably minor.

Some earlier studies carried out in wooden buildings in cold climate conditions have shown the
possibilities to assemble additional insulation layer inside a log wall without a vapour barrier
[Saarimaa et al. 1985; Koski et al. 1997]. According to Saarimaa [1985] it is possible to use internal
insulation without vapour barrier but there were too many uncertainties to be convinced that the
measurement results assure it. According to Koski [1997] no hygrothermal problems occurred with
log walls with internal insulation. Neither was there great differences discovered between the log wall
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with a vapor barrier and without a vapor barrier. The main reason for that was the internal sheeting.
The internal sheeting proved to have a rather high vapor resistance compared to the sheeting used in
this study. The internal sheeting had about five times higher vapour resistance than a gypsum board.
Nevertheless the results obtained in the studies referred to were not based on many long-term
measurements in dwellings with high humidity loads. To work out viable renovation solutions critical
boundary conditions should be obtained.

The test walls studied were located in apartments with high humidity loads. This was caused mainly
due to low air change rate (natural ventilation) because the ventilation system was not renovated.
Therefore, to guarantee good indoor climate and energy efficiency of buildings, the following three
components must be maintained in the process of renovation:

¢ hygrothermal performance of building envelope;

e performance of ventilation;

o performance of heating systems.

5 CONCLUSION

The measurement results of the temperature and RH of the internally insulated log wall were
analysed. All the test walls with different thermal insulation resulted in high humidity levels that were
favourable for mould growth on wooden material more than 75%...80% of the time. It was found that
the vapour permeable air barrier paper mounted between the insulation material and the finishing
layer has very low impact on the RH levels inside the wall and has no impact on temperature. High
RH levels between the insulation material and the log layer correspond to the calculated steady-state
winter conditions where the partial vapour pressure in the wall between the insulation material layer
and the log layer exceeds the saturation pressure level. The internal insulation of the log wall could be
used if the vapour pressure inside the wall is lowered. Thus the moisture excess inside the room by
installing a mechanical ventilation system is reduced or the diffusion resistance by adding vapour
retarding foil to the warm side of the insulation layer is increased.

Even the internal thermal insulation seems to be a possible solution when the external style has a high
value and must be preserved, the solution should be carefully calculated in order to prevent
occurrence of hygrothermally critical conditions. In the studied case the durability of the renovation
solutions is questionable because the measurement results show inadequate hygrothermal
performance of the internally insulated log wall. In addition, the high risk of mould growth can lead
to mould problems that can cause health problems for the inhabitants of the apartment.
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ABSTRACT

Today there are different computer programs for the hygrothermal analysis of the building envelope to help architects and
engineers during design processes. It is economical and more efficient to use the simulation tools for assessing different
retrofitting solutions compared to in situ measurements. The decisions made depend on the performance of the simulation
model. Among other input data the material properties of the wall assemblies are required to make the simulations. The data
influencing moisture transport can be introduced differently in the program. The quality of the results depends on the input
variables, on the assumptions and simplifications made. A good correlation between the calculated results and measured
values was achieved after the modification of the material properties and adding a factor as air change rate in the material
layers inside the wall. Drying and wetting are determined more accurately if the convective air flow is included in the
hygrothermal simulation model.

The HAM-calculation program WufiPro5.1 was selected for the investigation of the hygrothermal performance of the
internally insulated log wall. Long-term temperature and relative humidity measurements inside the retrofitted log wall were
used to validate the hygrothermal simulation model. The objective of this paper is to describe the validation of the simulation

model against field measurements.

1. Introduction

Today there are different simulation programs for the
hygrothermal analysis of the building envelope to help
architects and engineers during design processes. With the
simulation programs it is possible to assess the heat, air, and
moisture flow through the building envelope in different
climatic conditions. The program can also help to select
renovation solutions with respect to the hygrothermal
response of building assemblies subjected to various
climates.

Results of the simulations are influenced by different input
data, such as wall construction details, material properties,
initial conditions, and climate conditions. For more reliable
results the simulation models need to be validated based on
laboratory or field tests.

This paper presents the validation of the simulation model
of internally insulated log walls based on field
measurements. After the validation, the simulation model
will be used to study the hygrothermal performance of
different renovation solutions and the influence of different
boundary conditions. The final purpose is to work out
hygrothermally “safe” solutions, for example to avoid mould
growth or internal condensation in the wall.

1.1  Background

The energy performance of existing buildings needs to be
improved to save energy and increase thermal comfort. The
wooden apartment building selected for research object in
this study was the prevalent building type before World War
II in the suburbs of many towns in Estonia. Currently these
areas are historic listed areas with specific planning and
building regulations set to preserve the existing

environment. According to regulations no changes to the
facade are permitted. Internal insulation is a possible
solution when the external style has a high value and must
be preserved. The internal insulation is highly susceptible to
hygrothermal risks in a cold climate. By changing the
building to be more energy efficient, the hygrothermal
conditions of the existing external wall change.

It is not economical and not even always possible to use in
situ measurements for the assessment of the hygrothermal
performance of the wall. The HAM-calculation program has
good tools to investigate the hygrothermal performance of
the wall.

1.2 Preliminary study

The study started with long-term field measurements of
hygrothermal performance of the internally insulated log
wall (Arumégi 2011). The values of temperature and relative
humidity (RH) were measured inside the wall between the
additional thermal insulation layer and the log layer. Also,
the indoor and outdoor climate was measured. The
durability of the renovation solutions is questionable because
the measurement results show inadequate hygrothermal
performance of the internally insulated log wall: there was
high risk of condensation and mould growth inside the wall.
Based on the mould growth model (Hukka and Viitanen
1999), the mould index for different walls raised to values
from 4,6 to 5,3.

2. Methods

2.1 Studied walls

Thel40 mm thick log wall was sealed with a tow and
covered externally with sheathing paper and 20-mm wooden



cladding. Wall was internally insulated with three different
50mm thick insulation materials: reed insulation mat,
cellulose insulation and mineral wool. Insulation materials
were covered inside the room with air barrier paper, gypsum
board (render in case of reed). The sections of the studied
walls are presented in Fig. 1.
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Fig. 1  The sections of the studied test wall.

2.1.1  Simulation model

The WufiPro5.1 (WUFI) was selected for the hygrothermal
analysis. Comparison between calculation results against
field measurements using WUFI simulation tool has shown
a good correlation (Kalamees 2003, Hagerstedt 2011).

The program introduces two potentials for moisture flow:
the liquid transport flux depends on relative humidity and
the water vapour diffusion flux depends on vapour pressure.
The airflow is not considered in the assessment of moisture
behaviour.

The governing equations employed in the WUFI model for
mass and energy transfer are as follows (Kiinzel 2000):

Moisture transfer:

ow 0@

— .=V (DVo+6V ) (1)
6(0 at ( [ @ P (qopsa))

Energy transfer:
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where ¢ is the relative humidity (-), t is time (s), T is
temperature (K), c is specific heat (J/(kg'K)), w is moisture
content (kg/m®), p is vapour pressure at saturation (Pa), A
is thermal conductivity (W/(m'K)), H is total enthalpy
(I/m?), D, is liquid conduction coefficient (kg/(ms)), 3, is
vapour permeability (kg/(m's-Pa)), h, is latent heat of phase
change (J/kg).

Heat and moisture convection is not calculated. The air flow
is calculated in a simplified way, as air change between
studied layer and indoor/outdoor air.

In the simulation program it is possible to describe the air
flow inside the material layers. The air flow can be added as
the air change rate. The air in material layer is mixed with
outdoor air or indoor air. In studied cases the new material
layers added inside the room are more air tight than the
existing log layer and external cladding. So the air inside
the wall is mixed with the outdoor air.

2.2 Material properties

WUFI contains a large material database from different
sources. In addition to basic constant data (bulk density,
porosity, specific heat capacity of dry material, thermal
conductivity of dry material, water vapour diffusion
resistance factor of dry material) WUFI database includes
also some moisture-dependent properties: moisture storage
function w (kg/m’), liquid transport coefficient for suction
D, and for redistribution Dy, (m*/s), thermal conductivity A
(W/(m'K)) and vapour diffusion resistance factor p (-).

The liquid transport coefficient for suction D, describes the
capillary uptake of water when the imbibing surface is fully
wetted. The liquid transport coefficient for redistribution
D, describes the speed of distribution of imbibed water
when wetting is finished. As soon as the water is removed
from the suction surface, the field of capillary pressures
changes to a new equilibrium. Redistribution is dominated
by the smaller capillaries since their higher capillary tension
draws the water out of the larger capillaries. Since
redistribution is a slower process than suction, the moisture
diffusivity for redistribution generally is markedly lower
than moisture diffusivity. Depending on the material, this
redistribution can be 3 to 20 times slower than absorption,
typically about one tenth (Krus 1996, Kiinzel 2000).

To get a better understanding about the relationship between
material properties and diffusive and capillary moisture flow
in the wall. Four different cases were calculated.

The influence of the material properties to the total moisture
flow is presented in Fig. 2
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Fig. 2 Total moisture flux in the middle of the material in
different cases of pu and Dy.

In the first case, case “W”, the material properties were used
as described in the material database, both moisture-
dependent. In the next to cases, “X” and “Y”, the water
vapour diffusion resistance factor was set as constant, In the
last case, “Z”, the simulation was done excluding capillary
flow. In different cases the moisture flow through the log
layer was described by the vapour diffusion resistance factor
and capillary flow according to the cases shown in Fig. 2.

Because the measurement results showed high humidity
level inside the wall during the whole measurement period
there exists in addition to water vapour flow also the water
flow in liquid form. Therefore material properties should be
described considering both moisture flows: vapour diffusion
and liquid transport. Both properties depend on moisture
content of the material.

Material properties affecting the speed of liquid moisture
transport are liquid transfer coefficients. The effect of
capillary flow may have a significant impact on the
simulation results depending on the materials. In case the
material properties were used as described in the material
database, both moisture-dependent, the capillary flow starts
to have an impact on moisture flux on higher RH levels than
95%. The results of simulation tests on external walls with
capillary flow are presented by Vinha 2007. If vapour
resistance change significantly already in the hygroscopic
range the capillary flow was set to start affecting the
materials when the value of water resistance started to
diminish (Vinha 2007).

The liquid transfer coefficient of the library material was
compared with the moisture diffusivity values presented in
the literature. The results of different tests and the variability
of the values isare presented by Time 1998, Kumaran 1996,
2002, Krus 1999, Sonderegger 2011. The comparison
between the moisture diffusivity of the library material data
and results presented in the literature show the difference of
about two orders of magnitude. The material properties of
the wood layer in the simulation model was changed
according to the difference, the liquid transport coefficient
for suction and the liquid transport coefficient for
redistribution were multiplied by 100. The modified
materials were used to describe the log layer of the walls.

The simulations were done using modified material. The
properties of different materials used in simulation models
are presented in Table 1.

Table 1 Material hygric properties in simulation models.
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2.3  Airflow in the wall

Assumption was made that moisture flow can be affected by
convection. The convection can be caused by the
temperature difference or by wind.

The convective flow was entered as the air change source in
the material layers on both sides of the existing log layer.
First rough estimation was done about the air change rate
based on the studies made by Vinha 2007, Kiinzel 2011,
Kehl 2011, Hagerstedt 2011. The final air change rates used
in the simulation models were 2,5 1/h between the external
cladding and the existing log layer, 2 1/h in side the 5 mm
thick insulation layer, and 0,5 l/h in the rest of the



insulation layer on the internal side of the log layer. Air
change source described in the simulation model is shown in
Fig. 3.

Position Air change rate
[1/h]
1 between external claddingand 2,5
log layer
2 between insulation and log 20
layer (5mm insulation layer)
3 inside insulation material 05

(45mm insulation layer)

Fig. 3 Air change source in the material layers.

2.4  Boundary conditions

The outdoor and indoor temperature and RH was measured
at one hour intervals inside the room and outside the wall.
The results are shown in Fig. 4.
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Fig. 4 The measured temperature and relative humidity.

Outdoor temperature varied between -21.5°C and +33.6°C
and RH between 22% and 100%. During 2009-2010 winter
average outdoor temperature was -7.4°C (min. -21.5°C,
max. +4.2°C) and RH 89% (min. 62%, max. 100%). Indoor
temperature varied between +13.5°C and +27.5°C and RH
between 43% and 83%. During 2010-2011 winter average
indoor temperature was +17.4°C (min. +13.5°C, max.
+24.5°C) and RH 64% (min. 43%, max. 74%).

The dependence of the indoor temperature on the outdoor
temperature is shown in Fig. 5. Indoor temperature depends
quite linearly on the outdoor temperature. Indoor RH was
high during the cold period consequently of low temperature
and high humidity loads.
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Fig. 5 The dependence of the indoor temperature on the
outdoor temperature.

Humidity loads are presented as internal moisture excess
that shows the difference between the indoor and outdoor air
humidity by volume (potential for water vapour diffusion).
Dependence of the moisture excess on the outdoor
temperature is shown in Fig. 6. Black dotted line presents
the 90 % critical level. During cold periods the weekly
average internal moisture excess was +7 g/m’.
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Fig. 6 The dependence of the moisture excess on the
outdoor temperature.

The boundary conditions of the external and internal surface
of the wall were calculated using temperature and RH
measurement results to eliminate the effect of surface
transfer coefficients. The internal surface RH was calculated
by changing the water vapour pressure at saturation
according to the measured temperature on the surface of the
wall.

3. Results

3.1 Influence of definition of material properties and
airflow

Two potentials for moisture flow are introduced in the
program. The liquid transport flux depends on relative
humidity and the water vapour diffusion flux depends on
vapour pressure in a porous hygroscopic building material.
There is an interaction between water vapour diffusion and
liquid transport in building components (Kiinzel 1995).
Depending on the gradients of vapour pressure and relative
humidity the moisture flow can run in same or in opposite
directions. For example in cold climate under winter
conditions the vapour pressure is higher inside than on the
outside of the building due to the temperature difference.



The vapour diffusion takes place from the inside to the
outside. Usually the relative humidity is higher outside than
inside thus the gradient of relative humidity runs the water
content opposite direction.

The phenomenon described introduces some error into
calculations if the material properties are described only
using water vapour diffusion resistance factor or moisture
diffusivity in the simulation model.

In the studied walls the hygrothermal properties of wood
play important role, because log layer is geometrically
dominating material.

In different cases the moisture flow through the log layer
was described by the vapour diffusion resistance factor and
capillary flow according to the cases shown in Fig. 2. The
results in case of mineral wool are shown in Fig. 7.
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Fig. 7 Calculated relative humidity inside the wall A
between the insulation (mineral wool) and log layer.

No convective air flow is considered in different simulation
cases presented in Fig. 7.

In all cases the calculated relative humidity values were
higher than the measured values. There was no good
correlation between the measured and calculated results. In
all cases the slope of drying and wetting follows the
measured value line but drying starts later and lasts for a
shorter time. Therefore the RH level stays higher than
measured RH level.

The RH values after the wetting process are on the same
level in case of the library materials and modified liquid
transfer coefficients with constant vapour diffusion
resistance factor equal to dry material. In comparison of the
cases there is the difference between changes in the RH
levels before the drying. The reason for that may be the
speed of moisture transport. The closest results to the
measured results are in case with the moisture dependent
vapour diffusion resistance factor and with increased liquid
transfer coefficients affecting in the hygroscopic range. By

change of the liquid transport coefficients the proportion of 3-2.1

the capillary flow was increased on the lower levels of RH.

The slope of drying and wetting follows the measured value
line and drying starts later and lasts for a longer time than
in case with out capillary flow. Therefore the simulations
with changed liquid transport coefficients give better results.

Airflow inside the insulation layer influence moisture
conditions of internally insulated log wall in a cold climate
as shown by by Ojanen 2007.

Air tightness measurement showed air leakage rate of the
building envelope qs¢= 7,4 m*/(h-m?). Therefore in real life
the air leakages exist through the log layer in the wall.

Additionally, the poor air tightness of the existing log layer
favours the convective flow through gaps, cracks and holes
inside the wall.

The air flow was added in the simulation model so the air
inside the wall is mixed with the outdoor air. Air change
source described in the simulation model is shown in Fig. 3.

The simulation results with the convection inside the wall
are presented in Fig. 8.
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Fig. 8 Calculated relative humidity inside the wall A
between the insulation (mineral wool) and log layer with the
air change rates.

The added air flow lowered the RH level in side the wall
between the insulation and log layer in all cases.

The final results show good correlation between the
measured values and calculated values when the liquid
transport coefficients start to affect in the hygroscopic range
and the air flow is considered. During spring the drying and
during autumn the wetting are well in line with the
measured results. There is a good correlation between the
drying and wetting period.

3.2 The wall descriptions and calculated results in
different test wall assemblies.

The initial log wall construction consisting of a 140 mm log
sealed with a tow and covered externally with sheathing
paper and 20-mm wooden cladding was insulated from the
interior using three different insulation materials: mineral
wool, cellulose wadding and a reed insulation mat.

Walls A and B with mineral wool insulation

The comparison of calculated temperature and measured
temperature showed very good agreement for wall A.
Temperature and relative humidity levels in the wall
between the log and mineral wool are presented in Fig. 9
and Fig. 10.
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Fig. 9 Calculated temperature inside the wall A between the
insulation (mineral wool) and log layer.
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Fig. 10 Calculated relative humidity inside the wall A
between the insulation (mineral wool) and log layer with
changed transport coefficients.

3.2.2  Walls C and D with cellulose wadding insulation

Temperature and relative humidity levels in the wall
between the log and cellulose wadding are presented in Fig.
11 and Fig. 12.
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Fig. 11. Calculated temperature inside the wall C between
the insulation (cellulose wadding) and log layer.

There is a good correlation between the measured
temperature values and calculated temperature values.
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Fig. 12 Calculated relative humidity inside the wall C
between the insulation (cellulose wadding) and log layer.

There is a difference in the beginning of the period.

3.2.3 Walls E and F with reed insulation

Temperature and relative humidity levels in the wall
between the log and reed insulation mat are presented in
Fig. 13 and Fig. 14.
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Fig. 13. Calculated temperature inside the wall E between
the insulation (reed insulation mat) and log layer.

There is a good correlation between the measured
temperature values and calculated temperature values.
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Fig. 14. Calculated relative humidity inside the wall
between the insulation (reed insulation mat) and log layer.



4. Discussion

Including or excluding the capillary flow in the simulations
affects the calculation results. Including the capillary flow in
the simulation model improved the calculation results.
Dividing the total moisture flow between diffusion and
capillary flow may cause errors without knowing the exact
properties of the material.

The first calculated RH values excluding the capillary flow
were much higher than the measured RH levels inside the
wall between the log layer and the insulation if the material
properties from the programs database were used. Also in
the case including the capillary flow RH levels were higher
than measured values. After entering the air change rate into
the simulation model the calculated RH levels were higher
than the measured results. It is arguably better if the
calculated results are higher than the measured values. It
can be concluded that the calculated results show the
riskiness of the internal insulation if the assessment of the
hygrothermal performance of the retrofitting solution has to
be done. The situation would be worse if the calculation
results were smaller than the measured values. Then there
would be a possibility of making a wrong decision on using
internal insulation as the retrofitting solution.

The air change rate in the material layers was also noticed to
have an effect on the calculation results. The air change rate
was considered to be the moisture flow affecting factor
connected to the air tightness of the existing log wall and
was equal in simulation models with different insulation
materials. The air change rate was introduced as a constant
during the whole calculation period. This can cause an error
because in real life it is not constant due to the variable
temperature gradient and wind.

The quality of the simulation results depends on the input
variables, on the assumptions and simplifications made and
on simulation settings. Hygrothermal performance
simulations using HAM-simulation programs may contain
different kinds of errors beginning with the description of
the existing wall assemblies to the chosen material
properties in the case of retrofitted building constructions.

No laboratory tests were conducted to obtain the data about
the properties of the different building materials used in the
existing wall construction. The material database of the
simulation tool and material data from the literature was
used. The hygrothermal properties of the building materials
not described in the material database were entered into the
program based on the results from the literature.

The hygrothermal properties of different species of wood
vary considerably. Properties may also vary because of the
age of the wood and history of the climate conditions the
wood has been exposed to. There is a need of information
about the possible changes in material properties during the
ageing. To get more reliable calculation results the material
properties should be determined by laboratory tests.

5. Conclusion

The simulation models of six internally insulated log walls
were validated using long-term field measurements. The
WUFI was selected for the hygrothermal performance
simulations.

A good correlation between the calculated results and
measured values was achieved after the modification of the
material properties and adding a factor as air change rate in
the material layers inside the wall. Drying and wetting are
determined more accurately if the convective air flow is
included in the hygrothermal simulation model.

The quality of the results depends on the input variables, on
the assumptions and simplifications made and on simulation
settings.

In cases of retrofitting, the properties of building materials
used in existing wall constructions should be determined by
laboratory tests, if possible, to get more reliable calculation
results.

The validated model will be used in further studies to make
analysis of the performance of the internally insulated log
wall in cold climates.
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