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ABSTRACT

Energy use in buildings accounts for a significant part of the energy use and greenhouse gas
emissions. New building regulations and new measures have been introduced to improve the
energy efficiency of buildings. In these buildings the envelope constructions will have
significant amounts of traditional thermal insulation, e.g. wall thicknesses up to about
400 mm are expected in passive houses. Such large thicknesses are not desirable due to
several reasons, e.g. floor area considerations, efficient material use and need for new
construction techniques.

Vacuum insulation panels (VIPs) are regarded as one of the most promising existing high
performance thermal insulation solutions on the market today. Thermal performances 5 to 10
times better than traditional insulation materials (e.g. mineral wool) are achieved, resulting in
substantial slimmer constructions. However, the robustness of building envelope systems
applying VIPs has been questioned. In addition, thermal bridging due to the vacuum
insulation panel envelope and load bearing elements of the walls may have a large effect on
the overall thermal performance. Degradation of thermal performance of VIPs with time is
also a crucial issue due to moisture and air diffusion through the panel envelope.

In this work the thermal performance and robustness of vacuum insulation panels in wood
frame wall constructions were studied by hot box measurements and numerical simulations.
The thermal performance of three different wall configurations was examined. VIPs were
sandwiched between traditional insulation in walls where the load bearing elements were
standard 36 mm thick wooden studs, I-profiled studs and U-profiled studs. The measured
mean values of the thermal transmittance (U-value) were 0.09 W/(m*K) with 36 mm wooden
studs, 0.10 W/(m’K) with U-profiled studs and 0.11 W/(m?K) with I-profiled studs.

Keywords: Vacuum insulation panel, VIP, Wood frame wall, Hot box, Numerical simulation,
Thermal performance, Building insulation, Thermal bridge, Thermal conductivity,
Thermal transmittance, U-value, Thermal resistance.
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1. INTRODUCTION

As energy requirements for buildings are tightened, the building envelopes applying
traditional building insulation materials are getting thicker in order to have a sufficient high
thermal resistance, i.e. a low thermal transmittance (U-value). Traditional building insulation
materials like mineral wool, expanded or extruded polystyrene have thermal conductivity
values typically between 33 to 40 mW/(mK). However, there exist other materials and
solutions with lower thermal conductivities than these conventional building insulation
materials. One of these solutions is the vacuum insulation panel (VIP), which exhibit
conductivities as low as between 3.5 to 4 mW/(mK) in the pristine non-aged condition. The
VIP solution consists of an open pore structure of fumed silica core with a metallized polymer
laminate envelope acting as a moisture and air barrier around the core material. Depending on
the properties of the laminate envelope, the thermal conductivity of VIP will increase during
the years, e.g. up to 8 mW/(mK) after 25 years ageing. A perforated VIP, e.g. by a nail, will
have a thermal conductivity of about 20 mW/(mK). It will be crucial to the thermal
performance, to make the construction with VIPs in the building envelope as robust as
possible.

Comprehensive work has already been carried out on investigations of the thermal properties,
performance and service life of VIPs (Brunner et al. 2005). It should be noted that VIPs are
rather complex products, where the panel core and laminate envelope have widely different
thermal properties (Tenpierik et al. 2007). The work carried out on VIPs regarding their
thermal performance includes numerical calculations (Schwab et al. 2005, Willems et al.
2005), analytical evaluations (Tenpierik and Cauberg 2007), laboratory measurements on a
smaller scale (Wakili et al. 2004) and field studies of building projects (Platzer 2007). A
recent extensive review on VIPs for building applications has been given by Baetens et al.
(2010), also including material concepts beyond VIPs.

The work presented here represents the second phase of an on-going experimental study of
VIPs applied in the building envelope. The first phase explored the effect and importance of
several ways of arranging different VIPs in various large scale structures (Grynning et al.
2009). The studies included hot box investigations of single and double layer configurations
versus panel thicknesses, edge effects, effect of air gaps between the VIPs, staggering of
VIPs, i.e. overlapping panels, and taped VIP joints. The second phase hot box measurements
presented here, investigate the effect of applying different structural vertical timber frame stud
profiles between the VIPs in order to minimize the heat loss through the building envelopes.
Specifically, the thermal performance of standard wooden studs, I-profiled studs and
U-profiled studs were examined with VIPs as the main thermal insulation between the vertical
studs. These investigations are part of the large scale tests of VIPs to be studied within the
research program Robust Envelope Construction Details for Buildings of the 21st Century
(ROBUST), where on-going and future work will incorporate tests on VIPs in practical and
useable configurations.

2. EXPERIMENTAL

2.1 Test materials

Vacuum Insulation Panels

The VIPs used in the hot box measurements are of the type va-Q-vip B delivered from the
company va-Q-tec (va-Q-tec 2009a). The panels used are 40 mm thick, 600 mm wide and
1000 mm high (nominal dimensions). A 0.1 mm thick multilayer MF-2 type foil is used and
the panels are in addition covered with a 0.3 mm thick fire retardant glass fibre material.



Studs
Standard 36 mm wooden studs, I-profiled studs and U-profiled studs were examined with
VIPs combined with mineral wool as the thermal insulation between the vertical studs. These
studs and the corresponding wall structures will be referred to as 36 mm stud, I-stud and U-
stud throughout this paper. The studs are shown in Figure 2-1. Description of the studs:
e 36mm stud: Standard wooden stud with 36 mm thickness and originally 198 mm
height. The height was reduced to 170 mm, the same as the I-stud and the U-stud.
e |-stud: I-profiled studs where the flange material was 47 mm x 47 mm wooden studs
and the web material was 8 mm thick fibreboard. The web was glued to the flanges.
The total height of the I-stud was 170 mm.
e U-stud: U-profiled studs where the flange material was 45 mm x 45 mm wooden
studs and the web material was 8 mm thick fibreboard. The web was nailed to the
flanges. The total height of the U-stud was 170 mm.

Figure 2-1 The different studs used in the wood frame wall constructions.

Mineral Wool
Mineral wool with 25 mm and 70 mm thickness was used in the tested wall constructions, on
both sides of the VIPs and in the I-stud and the U-stud (see Figure 2-2 to Figure 2-4).

Medium Density Fibreboard
Medium density fibreboard (MDF) with 6 mm thickness was used in the tested wall
constructions, outside the insulation and the studs (see Figure 2-2 to Figure 2-4).

2.2 Test equipment

Measurements in the hot box have been carried out according to the governing standard,
NS-EN ISO 8990:1997. The hot box at SINTEFs laboratory in Trondheim, Norway is a
guarded hot box with a metering area of 2.45 m by 2.45 m. The U-values reported for the wall
sections are however for the sizes reported in the figure texts for each wall section (Figure 2-2
to Figure 2.4). Measurements in the hot box were done for the following wood frame wall
constructions with vacuum insulation panels:

1. Wall with 36 mm studs

2. Wall with I-studs

3. Wall with U-studs
The temperature was 0°C on the cold side, and 20°C on the hot side of the walls.



2.3 Wall with 36 mm studs
The wall consists of two 36 mm studs with insulation as shown in Figure 2-2. The sections

with insulation have a nominal total thickness of 182 mm, and consist of the following layers:
6 mm MDF — 65 mm mineral wool — 40 mm VIP — 65 mm mineral wool — 6 mm MDF.

3é6mm stud

400 Mineral wool

182
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Figure 2-2 Wall with 36 mm studs. Nominal dim.: h=2000 mm, w=1872 mm,

t=182 mm.



2.4 Wall with I-studs

The wall consists of two I-studs with insulation as shown in Figure 2-3. The sections with
insulation have a nominal total thickness of 182mm, and consist of the following layers:
6 mm MDF — 65 mm mineral wool — 40 mm VIP — 65 mm mineral wool — 6 mm MDF. The
volume between the web and the flanges of the I-stud is filled with mineral wool.
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l-stud
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Figure 2-3 Wall with I-studs. Nominal dim.: h =2000 mm, w = 1894 mm, t = 182 mm.




2.5 Wall with U-studs

The wall consists of two U-studs with insulation as shown in Figure 2-4. The sections with
insulation have a nominal total thickness of 182mm, and consist of the following layers:
6 mm MDF — 65 mm mineral wool — 40 mm VIP — 65 mm mineral wool — 6 mm MDF
The volume between the flanges of the U-stud and the VIP is filled with mineral wool.

Mineral wool
MDF U-stud
VIP Mineral wool
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Figure 2-4 Wall with U-studs. Nominal dim.: h =2000 mm, w = 1816 mm, t = 182 mm.
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2.6 Instrumentation

In addition to the general instrumentation in the hot box, the wall constructions were
instrumented with 40 thermocouples and 2 heat flow meters as shown in Figure 2-5. There
were 14 thermocouples on each side of the wall, and 6 thermocouples on the web of each
stud. The heat flow meters were located on the hot side of the wall, close to the centre of the
VIPs between the studs (approximately 100 mm to the left of the centre to avoid interference
with the thermocouples). The two heat flow meters, referred to as TNO PU 43T.0024 and
TNO PU 43T.0025, have been calibrated in a heat flow meter apparatus.

Heat flow
meter

Heat flow
meter

Figure 2-5 Placement of thermocouples and heat flow meters on wall and studs.
Upper left: Hot side, Upper right: Cold side.
Lower left: 36 mm stud, Lower middle: I-stud, Lower right: U-stud.



3. NUMERICAL SIMULATIONS

U-values have been calculated using the two dimensional, finite element program THERM
Version 5.2 (Finlayson et al. 1998). The wall constructions which were tested in the hot box
were modelled as shown in Figure 3-1, using the dimensions and thermal conductivities
summarised in Table 3-1.

Nominal dimensions as shown in Figure 2-2 to Figure 2-4 have in general been used, except
for the VIP panels. The measured average thickness of the VIP panels were 38.0 mm, i.e. 5 %
less than the nominal dimension of 40 mm. The thickness of the mineral wool was increased
accordingly to 66 mm.

The total thermal resistance of two VIP panels were measured in a heat flow meter apparatus
according to the governing standard (NS-EN 12667 2001). The results from these
measurements were used together with the wvalues for VIP foil conductivity
Aoit = 0.54 W/(mK) (Tenpierik and Cauberg 2007) and VIP fire protective glass fibre
Aot = 031 W/(mK) (va-Q-tec 2009b) to calculate an average VIP core conductivity
Acore = 0.00426 W/(mK).

It is common to measure the thermal conductivity through the thickness of fibreboard plates,
but the thermal conductivity in the longitudinal direction is not well known. The thermal
resistance in the longitudinal direction, i.e. the direction of the heat flow through the I-stud
and the U-stud, was therefore measured in a heat flow meter apparatus according to the
governing standard (NS-EN 12667 2001). The corresponding thermal conductivity
M| = 0.38 W/(mK) were used in the numerical simulations.

The thermal conductivity of the 36 mm studs were calculated on basis of measured density
and moisture content (Grynning and Uvslekk 2008), which gave Ay 36mm = 0.10 W/(mK). This
thermal conductivity was used for the 36 mm studs, but also for the wooden flanges in the
I-studs and U-studs although their density was not measured.

Typical thermal conductivity for wood Ay typ = 0.13 W/(mK) from NS-EN ISO 10456 (2007)

is considerably higher. The U-values of the wall structures were also calculated with this
thermal conductivity for comparison.

Table 3-1 Thermal conductivities and dimensions used in numerical simulations

Thermal Thickness
Item conductivity [mm] Reference/Comment
[W/mK]
VIP core 0.0043 372 Thermal conductivity based on
measurement of 2 VIP panels
VIP multilayer MF-2 .
type foil 0.54 0.1 Tenpierik and Cauberg (2007)
VIP fire retardant
glass fibre material 0.31 0.3 va-Q-tec (2009b)
36 mm wood stud 0.10 (0.13) 36 Thermal conductivity of 0.10 W/(mK) is
calculated from measured density and
Wooden flange in 0.10 (0.13) See Figure 2-3 | moisture content in 36 mm studs. The value
I-stud and U-stud ) ' and Figure 2-4 | in parenthesis (0.13 W/(mK)) is typical value
for wood (NS-EN 1SO 10456 2007)
Fibreboard in web of -
l-stud and U-stud 0.38 8 Thermal conductivity from measurement
Mineral wool 0.037 66 Glava (2008)
MDF 0.18 6 NS-EN ISO 10456 (2007)
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4. RESULTS AND DISCUSSION

The results from the testing in the hot box are summarised in Table 4-1 and Table 4-2. The
presented results are the mean, maximum and minimum value of the thermal transmittance
(U-value) during the time interval where the results were extracted.

The results in Table 4-1, shows the average U-value for the different wall constructions with
studs. The hot box results indicate that the wall with 36 mm studs has the lowest U-value, and
that the wall with I-studs has the highest U-value. This correlates with the results from the
numerical simulations, shown in Table 4-3. The results of the numerical simulations where
the thermal conductivity of wood is increased from 0.10 W/(mK) to 0.13 W/(mK) is shown in
parenthesis in Table 4-3.

The results in Table 4-2, shows the U-value which is measured with the heat flow meters
(HFM), i.e. close to the centre of the VIPs, excluding the effect of the studs. The measured
U-value at the centre of the VIPs is almost the same for all three wall constructions. This is
expected, since this area should not be influenced by the studs.

A comparison of the hot box measurements and the numerical analyses are shown in
Table 4-3, Table 4-4, Figure 4-1 and Figure 4-2. It can be seen that the measurements and
simulations have quite good correlation. All the results are within 6.2% deviation, except the
wall with 36 mm studs, where the results from the numerical simulations are 11.6 % higher.

It should be noted that all the U-values are very low. This means that the measured U-values
are more sensitive to variations in the assembly of the full-scale wall constructions and
possible air leakages.

The low U-values also imply that the numerical simulations are more sensitive to the accuracy
of the dimensions and thermal conductivities used as input. Relatively small variations in the
thermal conductivity and the thickness of the VIP panels, as well as variations in the thermal
conductivities of the studs, have significant impact on the average U-value of the wall. This is
illustrated by the results shown in parenthesis in Table 4-3, where the thermal conductivity of
the wood is increased from 0.10 W/(mK) to 0.13 W/(mK). The deviation from the Hot Box
measurements is then increasing, e.g. from 11.6 % to 17.9 % for the wall with 36 mm studs.

The thermal conductivity Ay 36mm=0.10 W/(mK), which were used in the numerical
simulations, is calculated on basis of measured density and moisture content of the 36 mm
studs (Grynning and Uvslekk 2008). This value is considered to be more accurate than the
standardised value for wood Ay p = 0.13 W/(mK) (NS-EN ISO 10456 2007), but a direct
measurement of the thermal conductivity would be preferable.

The accuracy of the numerical simulations were significantly improved by measurements of
the thickness and thermal resistance of VIP panels, as well as the thermal resistance of the
fibreboard in the web of the I-studs and U-studs. Measurements of the thermal resistance of
the 36 mm studs, as well as the mineral wool and the MDF, are assumed to further improve
the accuracy of the numerical simulations.



Table 4-1 U-value measured in hot box. Average for wall with studs.

11

Mean Maximum | Minimum
U-value U-value ? | U-value”’
WIm*K)] | IW/m7K)] [ [W/(mK)]
36 mm stud |0.094 0.096 0.092
I-stud 0.108 0.109 0.107
U-stud 0.103 0.105 0.101
*) Maximum/minimum U-value

Table 4-2 U-value measured by HFM in hot box. Wall at the centre of the VIPs.

or the time interval where the results were extracted.

Mean Maximum | Minimum

U-value U-value ? |U-value”

W/(m?K)] [ IW/(m K] [ [W/mK)]
36 mm stud 0.082 0.083 0.082
I-stud 0.084 0.084 0.084
U-stud 0.083 0.084 0.082

*) Maximum/minimum U-value for the time interval where the results were extracted.

Table 4-3 Comparison of measurements and numerical analyses - Wall with studs.
The effect of increasing the thermal conductivity of wood from 0.10 W/(mK)
to 0.13 W/(mK) is shown in parenthesis.

Hot Box Numerical Difference
W/(m*K)]_| [W/(m°K)] [%0]
36 mm stud 0.094 0.105 (0.111) 11.6 (17.9)
[-stud 0.108 0.110 (0.112) 15 3.7)
U-stud 0.103 0.108 (0.109) 5.0 (6.2)

Table 4-4 Comparison of measurements and numerical analyses — Wall at the centre of

the VIPs.
Hot Box Numerical | Difference
W/m*K)] | W/I(m?K)] | [%]
36 mm stud 0.082 0.080 -3.2
[-stud 0.084 0.080 -4.9
U-stud 0.083 0.080 -4.0




36 mm stud
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O Hot Box

I-stud

U-stud
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Figure 4-1 Comparison of results — Wall with studs (Table 4-3). Numerical analyses
with thermal conductivity of 0.10 W/(mK) for wood is shown.

36 mm stud

B Numerical
OHFM

I-stud

U-stud

0.000 0.020 0.040 0.060 0.080 0.100 0.120
U-value [W/(m?K)]

Figure 4-2 Comparison of results — Wall at the centre of the VIPs (Table 4-4).



13

5. CONCLUSIONS

The hot box testing and numerical analyses of different wood frame wall constructions with
Vacuum Insulation Panels gave the following thermal transmittance (U-value):

Hot Box Numerical |Difference
WIm*K)] | WAmM?K)] | [%]

Wall with 36 mm stud 0.094 0.105 11.6

Wall with I-studs 0.108 0.110 1.5

Wall with U-studs 0.103 0.108 5.0

The wall sections had a somewhat low fraction of timber frame members and the results are
not necessarily representative for normal walls. However, the comparison of the three wall
structures have shown that with such low U-values, the numerical simulations are more
sensitive to the accuracy of the dimensions and thermal conductivities used as input.

The accuracy of the numerical simulations were significantly improved by measurements of
the thickness and thermal resistance of VIP panels, as well as the thermal resistance of the
fibreboard in the web of the I-studs and U-studs.

Measurements of the thermal resistance of the 36 mm studs, as well as the mineral wool and
the MDF, are assumed to further improve the accuracy of the numerical simulations.
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