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Summary

This document reports the findings of a market and research review related to state-of-the-art highly
insulating window frames. The market review focuses on window frames that satisfy the Passivhaus
requirements (window U-value less or equal to 0.8 W/m?K ), while other examples are also given in
order to show the variety of materials and solutions that may be used for constructing window frames
with a low thermal transmittance (U-value). The market search shows that several combinations of
materials are used in order to obtain window frames with a low U-value. The most common insulating
material seems to be Polyurethane (PUR), which is used together with most of the common structural

materials such as wood, aluminum, and PVC.

The frame research review also shows examples of window frames developed in order to increase the
energy efficiency of the frames and the glazings which the frames are to be used together with. The
authors find that two main tracks are used in searching for better solutions. The first one is to
minimize the heat losses through the frame itself. The result is that conductive materials are replaced
by highly thermal insulating materials and air cavities. The other option is to reduce the window
frame area to a minimum, which is done by focusing on the net energy gain by the entire window
(frame, spacer and glazing). Literature shows that a window with a higher U-value may give a net
energy gain to a building that is higher than a window with a smaller U-value. The net energy gain is
calculated by subtracting the transmission losses through the window from the solar energy passing
through the windows. The net energy gain depends on frame versus glazing area, solar factor, solar

irradiance, calculation period and U-value.

The frame research review also discusses heat transfer modeling issues related to window frames.
Thermal performance increasing measures, surface modeling, and frame cavity modeling are among
the topics discussed. The review shows that the current knowledge gives the basis for improving the
calculation procedures in the calculation standards. At the same time it is room for improvement
within some areas, e.g. to fully understand the natural convection effects inside irregular vertical

frame cavities (jambs) and ventilated frame cavities.
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1 Introduction

1.1 Background

In northern climates the construction of well-insulated buildings is important for reducing the energy
use for heating, especially in small residential buildings. Even in larger commercial buildings where
internal gains may exceed the transmission losses, well-insulated buildings are desirable. This is
because well-insulated buildings have less transmission losses and because thermal discomfort due to
badly insulated constructions can be avoided. Because of this, focus has been put on the insulating
capabilities of building sections for years. In Norway, for instance, the requirements for the thermal
transmittance (U-value) of new building sections like roofs, external walls and windows were last
restricted in 2007 (NBC 2007). Table 1 shows the U-value requirements and also the evolution of the
U-value requirements for different building sections according to the Norwegian building code. From
1969 to 2007 the thermal transmittance requirements of new outer walls were reduced from 0.46
W/m?K to 0.18 W/m?K. For windows the reduction has been from 3.14 to 1.2 W/m?K. Even though
there have been a reduction for all building envelope parts it is evident that the U-value requirement
for windows and doors is very different that the requirements for the other envelope parts. The reason
for this is of course that windows are built from other materials than the opaque materials used in

typical roofs, walls and floors.

Because of the large difference in U-value between windows and other building constructions, the
energy losses through windows will contribute to a large part of the transmission losses for a building.
For a two-story residential house with base area of 8 x 10 m? height of 2 x 2.5 m and with 30 % of the
walls covered by windows about 60 % of the total energy loss through the building envelope of that
building will be through the windows, if the building envelope sections of the building comply with
the U-value requirements of NBC (2007). If the window area is reduced to 20 % the corresponding
percentage is about 45 %. Thus, decreasing the U-value of windows can be an important factor in
reducing the energy use for heating in residential buildings. However, it should not be forgotten that

windows also allows for solar energy to enter the building.

The window frame is an important part of a fenestration product. Looking at a window with a total
area of 1.2 x 1.2 m? and a frame with a width of 10 cm, the area occupied by the frame is 30 % of the
total. If the total area of the window is increased to 2.0 x 2.0 m? the percentage is 19 % (still using the
same frame). That is, a substantial part of the heat loss will be attributed to the frame, especially if the

frame has an U-value that is higher than the glazing U-value.




In rating fenestration products engineers area weight the thermal performance of the different parts to
find one number describing the entire product. Thus, to get a window with a low U-value, both the
glazing and the frame need to have a low thermal transmittance (in addition to the edge part of the
window). Below, typical glazing and frame types will be presented as an introduction to the window

frame research and market state-of-the-art.

Table 1. Thermal transmittance (W/mzK) requirements according to Norwegian building codes?.

Building Sections Norwegian building Norwegian building Norwegian building Norwegian building
code 1969 code 1987 code 1997 code 2007
(NBC 1969) (NBC 1987) (NBC 1997) (NBC 2007)

Temperature >18°C >20°C

Outer Wall 0.46 0.3 0.22 0.18

Window 3.14 24 1.6 1.2

Door 3.14 2.0 1.6 1.2

Roof 0.41 0.2 0.15 0.13

Floor 0.46 0.3 0.15 0.15

% This table simplifies the U-value requirements for some building sections and building codes. Please refer to the different
building codes for detailed information.

1.2 Report Outline

The focus in this report lies on window frames with a high thermal performance; that is on frames with
a significantly lower U-value than traditional frames, and frames for which special actions have been
taken to reduce the heat loss or in other regards increase the thermal performance. Because the thermal
transmittance of window frames is coupled to the glazing spacer (according to some calculation
procedures), information related to typical glazing spacers is also included. The main part of the work
in this report relates to the research review (Chapter 4) and the market review presented in Chapter 5.

The following division in chapters is selected:

e Chapter 1 gives a short background for this report.

e Chapter 2 explains typical thermal performance rating procedure for windows and window
frames.

e Chapter 3 explains the typical parts that a window is made of, and typical ways of
classification.

e Chapter 4 presents frame related research found in scientific journals and reports. Modeling
issues has got the most attention, but new frame designs are also presented.

e Chapter 5 presents the most interesting results from the market review. A separate list is given
in the Appendix.

¢ In Chapter 6 the findings of the previous two chapters are summarized and discussed.

e Chapter 7 concludes the report.




2 Thermal Performance Rating

The most common way of rating fenestration products is by the U-value and the g-value (solar factor).
The U-value is the thermal transmittance and the g-value is the total solar energy transmittance
(denoted with a number between 0 and 1). In addition the air leakage will have an influence on the
energy performance of the various products. The visible transmittance and condensation resistance are
also important factors that may be noted. All these parameters can be found by performing
measurements or simulations according to documents published by 1SO, CEN and NFRC. These
documents will not be further described here. Instead issues related to various window and frame U-
value calculation procedures and other rating procedures, important for understanding some of the

topics in later chapters, will be described.

2.1 Thermal Transmittance (U-value)

First, the authors note that people should be aware of two different ways of calculating the thermal
transmittance (U-value) of windows and window frames, in particular. These are often referred to as
the ASHRAE procedure (based on ASHRAE SPC 142P) and the ISO procedures (described in 1SO
10077-2). (The two procedures are also described in ISO 15099.) The two approaches are different in
the way they treat the effect of the glazing spacer on the heat transfer through the frame and the
glazing unit near the frame. The ASHRAE method assumes that the spacer influences both the heat
transfer through the frame and the heat transfer through the glazing in an *‘edge-of glass’’ region. The
edge-of-glass region is set equal to a 63.5 mm (2.5 inch) wide area, measured from the glazing/frame
sight line. To find the frame and edge-of-glass thermal transmittances the frame is simulated with the
glazing/spacer inserted. The total window U-value is calculated according to

_ chA: +ZufrAf +Zuegp\e
UW,ASHRAE - (1)

A

where U is the center-of-glass U-value and where A, A;, A, and A; denote the center-of-glass area, the
frame area, the edge-of-glass area, and the total window area, respectively. Uy and Uy are determined

from the following equations:
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where I; is the projected length of frame area and l¢4 is the length of the edge-of-glass area, which is
equal to 63.5 mm. These lengths are measured on the internal side. @ and dgy are heat flow rates
through frame and edge-glass areas (internal surfaces), respectively, including the effect of glass and
spacer. Both @y, and @4 are expressed per length of frame or edge-glass areas. The summations in Eq.
(1) are used to account for the various sections of one particular component type; e.g. several values of
the projected frame area, A, are needed in order to sum the contributions of different values of Uy,
corresponding to sill, head and side jambs. T,; and T.. denote the interior and exterior temperature,

respectively.

To follow the ISO method the frame has to be simulated both with an insulation panel and with the
glazing/spacer. A linear thermal transmittance that depends on the spacer/glazing configuration can
then be calculated. The additional heat transfer due to the existence of the spacer is then assumed to be
proportional to the glazing/frame sightline distance that is also proportional to the total glazing spacer

length. Thus, the total window U-value is calculated according to

U,A +D U A+ 1LY
UW,ISO = A

(4)

where Uy is the center-of-glass U-value and where A and Ay, denote projected vision and frame area.
A is the total window area. To find the frame U-value the frame is simulated with an insulation panel

instead of the real glazing and spacer. ¥ and Us are then determined from the following equations:

W =1 Ul Ul ()

2D
) Ifu""’ (6)
L2 is the thermal coupling coefficient determined from the actual fenestration system (frame, glazing
and spacer) and Lp2D is the coupling coefficient determined from the frame/panel insert system.
Further, U, is the thermal transmittance of the foam insert, I, is the internal side exposed length of
foam insert, I is the internal side projected length for frame section, and | is the internal side projected

length of the glass section.

Note that the two ways of calculating the frame U-value in Eq. (2) and Eq. (6) give different frame U-
values. The reason for this difference is that one of the U-values is found by simulating the frame with
the actual glazing system, while in the other method the frame is simulated with an insulation panel.

The frame U-values presented in this report are based on Eqg. (6), that is 1ISO 10077-2.




Blanusa et al. (2007) compare the 1SO and ASHRAE procedures and find that the two procedures give
U-values that differ both for the frame and the entire window product. The difference is largest for
small windows. A maximum difference of 3 % is found for entire windows. The difference was
explained by the way the corner regions of the window frame and glazing are treated by the assembly
of the overall thermal transmittance for a three-dimensional window from the two-dimensional
calculations. It is therefore important, if products are compared, that the procedures used to find the U-

value are noted.

2.2 Energy Gain

Nielsen et al. (2000) introduces a method to rate and select windows for new buildings or buildings
that are going to be retrofitted. The method considers Net Energy Gain for the windows in question;
that is, a net energy gain is calculated by subtracting the transmission losses through the windows

from the solar energy passing through the windows,

E=1-g-U-D [kWh/m’] (7

| (kWh/m?) is the solar gain during the heating season corrected for the g-value’s dependency on the
incidence angle. D (kKh) is the degree hour during the heating season. The heating season is in this
study set to 24/9-13/5. | and D are dependent on the climate and | also depends on the orientation of
the windows. A negative net energy gain indicates that the heat loss is larger than the solar gain.
Nielsen et al. (2000) only consider the net energy gain for the windows, and not other losses and gains.
The net energy gain calculations are based on the temperature and solar radiation conditions of a
Design Reference Year (hourly values), and in their study D = 90.36 kKh. Using this method it is
possible to produce diagrams that show the net energy gain as a function of the U-value, g-value,
orientation, and tilt of the glazing or windows, see Figure 1. The method can take into account shading
and utilization degree of the heat transmitted into the building. The authors note that the method
should only be used in heating dominated buildings. The method is further elaborated on in Lautsen
and Svendsen (2005) and Svendsen et al. (2005).

It is noted that similar methods also have been suggested by others, e.g. for rating fenestration
products in Canada. There, thermal transmittance losses (using the U-value), solar heat gain and air
infiltration losses are counted for. Arasteh et al. (2007) also presents similar plots as Nielsen et al.
(2000), and use these to define the performance criteria for residential Zero Energy Windows.
Through the use of whole house energy modeling, typical efficient products are evaluated in five US
climates and compared against the requirements for Zero Energy Homes. The performance threshold

at which a window provides net energy gain for the building rather than net energy loss is determined
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by simulating the building in question with no heat flow through the windows, i.e., the g-value and U-
value properties of the windows were set to zero, representing perfect thermal resistance, with no solar
transmittance. Both cooling and heating is accounted for, with thermostat set points being 21.1 °C for
heating and 25.6 °C for cooling.

There also exist software tools that are especially designed to evaluate the thermal performance of
windows. An example is RESFEN (Mitchell et al. 2005), which calculates heating and cooling energy
use and associated costs as well as peak heating and cooling demand for specific window products
(http://windows.Ibl.gov/software/resfen/resfen.html). Users define a specific "scenario” by specifying
house type (single-story or two-story), geographic location, orientation, electricity and gas cost, and
building configuration details (such as wall, floor, and HVAC system type). Users also specify size,
shading, and thermal properties of the window they wish to investigate. The thermal properties that
RESFEN requires are: U-value, solar heat gain coefficient, and air leakage rate. RESFEN calculates
the energy and cost implications of the window compared to an insulated wall. The relative energy and

cost impacts of two different windows can be compared.

Net energy gain [kWh/m ZJFS

50 25 0 25 50 .75 -100

0,80
-125
Q0,70 ! s~
0,60 - -180
® 0.50 1 475
S 040 |
m -
[
) -200
0,30 |
225
0,20
0,10 } / — _/ -250
0,00 L . . - ) — . .
0 0,5 1 15 2 25 3

U-value [W/m?K]
Figure 1. Example of net energy gain diagram for a one-family house in Danish climate during the period 24/9—
13/5 (heating season). The net energy gain is determined taking into account the orientation of the

windows in the building and a shading factor of F = 0.7 (Nielsen et al. 2000).

2.3 Classification Schemes

There exist several certification schemes that producers can try to fulfill in order to say that their
product is energy efficient. One of the most strict one (in regard to requirements of a low U-value), is
the one specified by the Passivhaus Institute in Germany (www.passiv.de). To fulfill the Passivhaus
requirements (www.passiv.de) the following demands have to be reached for the glazing, window and

frame:

11


http://www.passiv.de/
http://www.passiv.de/

e U;<0.80 Wm’K (window glazing)
e U,<0.80Wm’K (window as awhole)
e Ussothat Uy < 0.80 W/m?K  (window frame)

If a glazing with a Ug-value equal to 0.80 W/m?K are to be used in a window where the U,,-value have
to be 0.80 W/m?K, the frame U-value must be smaller than 0.80 W/m?K, because of the edge of glass
region where the spacer is situated (see Egs. 3 and 5). If for example the glazing has a Ug-value
considerable below 0.80 W/m?K the frame U-value may be somewhat above 0.80 W/m?K and still be
able to fulfill the window U,, < 0.80 W/m’K requirement. The exact value has to be calculated for the

different windows configurations.

The majority of the windows and frames reported below comply with the Passivhaus requirements.
The standard I1SO 10077-2 is used to calculate the frame U-value. That is, an insulation panel is used

instead of the actual glazing, see also Chapter 2.1.
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3 What Makes a Window?

3.1 Window

According to Wikipedia (2007) and Encyclopzadia Britannica (2007) a window is an opening in an
otherwise solid and opaque surface that allows the passage of light and air. Encyclopaedia Britannica
(2007) further notes that windows often are arranged for the purposes of architectural decoration.
Since early times, the openings have been filled with stone, wooden, or iron grilles or lights (panes) of
glass or other translucent material such as mica or, in the Far East, paper. Modern windows are almost
always filled with glass, though a few use transparent plastic. A window in a vertically sliding frame is
called a sash window: a single-hung sash has only one half that moves; in a double-hung sash, both

parts slide. A casement window opens sideward on a hinge.
Within this report a window is defined as consisting of:

e Window glazing

0 Glass (single, double, triple, etc.)

0 Spacer (Al, Swisspacer, Thermix, etc.)

o Cavity gas (air, argon, krypton, xenon)

o0 Glass coating (low emissivity coatings, solar control coatings, etc.)
e Window frame

o0 Various frame/casing structures, fixed/opening windows, etc.

o Structural frame materials

0 Highly thermal insulating materials
Windows may be classified into various types, e.g. according to their operating system. One example

is depicted in Figure 2. Figure 3 shows properties which have to be addressed in order to make a

high-performance window with respect to thermal insulating properties.

1| %) &) T |

Double Hung

Casement Awning

Figure 2. Figures showing classification of windows according to their operating system. From

http://lwww.efficientwindows.org/otypes.cfm.
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Mew frame materials
and designs

Low-emissivity and/or
solar control coatings

Low conductance gas fills

Insulating spacer
" between glazings

Figure 3. Properties making up a high-performance window (http://www.buildcentral.com/windows/about.asp).

The U-value of the window glazing have been decreased throughout the years, e.g. from 3.0 W/m?K to
1.6 W/m?K and further down to 1.2 W/m?K for double glazing. By applying triple glass panes and low
emissivity coatings on two glasses, the Ug-value has been further decreased down to 0.7 W/m’K
(argon filled cavities) and 0.5 W/m?K (krypton filled cavities). Window frame U-values above
1.0 W/m?K for traditional window frames are therefore becoming a minimum factor in the window
design of today, which may hamper the goal of reduced heat loss through the windows. In order to
reduce the heat loss from buildings in general and windows in particular, it is therefore crucial to

develop highly thermal insulating window frames.

3.2 Window Glazing

The glazing is usually the larger part of a window. Various classification systems of glazing types or

window glass panes may be found in the literature, where one example is shown in Figure 4.

Typical window glazing U-values depending on number of glasses, thickness of cavity, choice of
cavity gas and number of low emissivity coatings are given in Table 2. Increasing number of glasses,
increasing number of low emissivity coatings and application of argon or krypton instead of air,
decreases the Ug-value substantially. The lowest Ug-value of 0.5 W/m?K is found for a glazing with
three layers of glass, two low emissivity coatings and krypton in the cavities for a normal 4E-12-4-12-

E4 configuration (E = low emissivity coating, each cavity 12 mm, 4 mm thick glasses).

14
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Single-glazed Clear Single-glazed with Double-glazed Clear Double-glazed with

Bronze fGray Tint Bronze /Gray Tint
Double-glazed with High Double-qglazed with High- Double-glazed with Double-glazed with Low-
Performance Tint Solar-Gain Low-E Moderate-Solar-Gain Lowi- Solar-Gain Low-E,
Argon/Krypton Gas E, Argon/Krypton Gas Argon/Krypton Gas
Triple-glazed with Triple-glazed with Low-
Moderate-Solar-Gain Solar-Gain Low-E,
Low-E, Argon/Krypton Argon/Krypton Gas

Gas

Figure 4. Classification of glazing types/window glass panes (http://www.efficientwindows.org/gtypes.cfm).

Table 2. Typical Ug-values for window glazings depending on number of glasses, choice of cavity gas and

number of low emissivity coatings (E = low emissivity coating, each cavity 12 mm, 4 mm thick

glasses).
Glazing U-value ( W/(m°K) )
. . . Cavity Gas
Glazing Configuration y
(mm) .
Air Argon Krypton
4 5.8 - -
No low
emissivity 4-12-4 2.9 2.7 2.6
coating
4-12-4-12-4 2.0 1.9 1.7
4-12-E4 1.6 1.3 1.1
Low
emissivity 4-12-4-12-E4 1.3 1.0 0.8
coating
4E-12-4-12-E4 1.0 0.7 0.5
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3.3 Window Frame Types

The various window frame types are at this stage divided into the groups listed below. This division is
based on the actual frames found in the market review (see Chapter 5). Other window frame
classification systems may  also be found, e.g. the one given in
http://www.efficientwindows.org/ftypes.cfm. In this report, the subdivisions are made according to the
structural load carrying element for the opening windows (a fixed frame group and a glass facade

system group have also been specified - for further details see Chapter 5.1):

e Wood frame

e Wood frame with insulation-filled Al cladding
e PVC frame

e PVC frame with insulation filled Al cladding
o Al frame

e Fixed wood and Al frame

e Glass facade system
All these frames include insulating materials in addition to the structural materials.

As noted above typical window frames seldom reach Us-values below 1 W/m?K. They normally have
Us-values quite a bit larger than 1 W/m°K. The Us-value for wood frames is mainly decided by the
thickness of casement and frame in the heat flow direction. Typical thicknesses are between 80 and
100 mm for the casement and between 60 and 70 for the frame. This results in a mean Us-value for
casement and frame of 1.5 to 1.7 W/m?K. For plastic frames the U:-value is between 1.6 and
2.8 W/m?K, and is mainly dependent on the number of air cavities and the location of the load
carrying element which usually is of metal. Window frames constructed of metal, usually aluminum,
should be constructed of one outer and one inner profile and separated by an insulating material (a
thermal break), i.e. polyamide. The thermal break is necessary to meet low U-value requirements and
also to achieve acceptable surface temperatures. Traditionally metal frames have had a high Usvalue,
but new aluminum frames with a thermal break may have Us-values varying from about 1.4 to 2.8
W/m?K.
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4 Window Frames Research

This chapter presents various topics related to the thermal performance of window frames found in
research papers and reports. The main focus has been on reports and papers that only study the
window frame. But because the frame usually is a part of a complete window, research on topics
related to windows in general is also presented. For these reports and papers the issues related to the
frame and focusing on energy rating topics have been selected. Research focusing on the glazing and

glazing topics are not referred in detail.

4.1 Effect of Frame and Spacer on Window U-Value

The thermal performance of the window frame has an effect on the thermal performance of the entire
window, because the U-value of the entire window is an area-weighted average of the individual
components (glazing, edge and frame). A good window frame will therefore influence the total

window U-value positively compared to a poor window frame.

Carpenter and McGowan (1989) studied the effect of various frames and spacers on the thermal
performance of the entire window. They found that double-glazed windows with insulation spacers
have a 6% lower U-value than those with aluminum spacers. Furthermore, insulating spacers can
reduce the total window U-value by as much as 12% in high-performance windows (three glass
panes), as compared with aluminum spacers. (Further, they also found that the U-value of aluminum
frames is 39 % higher than wood frames for standard double-glazed windows and up to 52 % higher
for high-performance glazings. The frame U-values ranged from 11.2 W/m?K for aluminum frames
and 2.1 W/m?K for wood frames. They used a method similar to the alternate method in 1SO 15099 to
calculate the frame U-value. That is, the frames were simulated with glazing and spacer, not with an

insulation panel to find the frame U-value.)

4.2 Thermal Performance Improving Measures

There are several ways of improving the thermal performance of windows and frames in particular.
There are also several ways of assessing if one product has a better performance than another product.
With regard to window frames the thermal transmittance (U-value) seems the most appropriate way of
assessing the thermal performance. But when the ultimate goal is a complete window (glazing and
frame) with a good thermal performance, other measures may also be useful, like the Net energy gain
method presented above. Using the latter method may show that a window with a U-value of 0.97
W/m?K (frame U-value equal to 1.49 W/m?K) have a higher net energy gain than window with a U-
value of 0.79 W/m?K (frame U-value equal to 0.75 W/m?K), Lautsen and Svendsen (2005). The

reason for this is that the former window has a larger glazing area than the latter window.
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With regard to frame U-value, one may look at changing the geometry as an option to modify the
thermal transmittance. Replacing high-conductivity materials with low-conductivity materials is
another way to reduce the thermal transmittance of frames. Here we present measures that various

researchers have investigated in order to improve the frame’s or the window’s thermal performance.

In 1992 Byars and Arasteh examined various design options for reducing the frame U-value. They
studied the effect of substituting wood (conductivity equal to 0.1159 W/mK) with an insulating
material and also substituting the glazing spacer with an insulating material (conductivity equal to
0.0294 W/mK). The insulating material for the frame was not a real material with the structural
properties needed for a window frames, but rather a material with the wanted thermal properties
(reported in percentages of the conductivity of wood). The authors found that reducing the thermal
conductivity of the jamb and sash from 100% of the conductivity of wood to 50% and 10% of the
conductivity of wood for the sash and jamb, respectively, resulted in a U-value decrease from 1.48 to
0.57 W/m?K (with an insulated spacer). The authors also investigated the effects of varying cladding
thickness and fill materials on “clad frame” frame U-values. They found that changing the fill material
from wood to an insulating material was more important than changing the clad thickness (i.e. from 2
mm to 1 mm). Once the fill was insulated the, the cladding thickness and conductivity became

important.

Two papers, Noyé and Svendsen (2002) and Lautsen and Svendsen (2005), describe how the Net
Energy Gain method can be used to find better window designs. As explained above, this method
takes both the thermal losses and the gains into consideration. The window with the largest net energy
gain does therefore not necessarily have the lowest frame U-value. Lautsen and Svendsen (2005)
examine 7 different window designs. The design of the two windows having the largest net energy

gain is presented below.

The window with the largest net energy gain (18 kWh/m? for Danish climate) is shown in Figure 5. It
is a proposal, and the frame construction is made of fiber glass reinforced polyester, which is both
very slim and deep. There is room for three glass panes with an unusually large gap, which has the
effect that the depth of the frame is as much as 150 mm. The frame can be made even deeper for walls
with more thermal insulation. The total area of the window is 1.23 m x 1.48 m and the frame width is
25 mm. Thus, the glass percentage is 93%. The frame U-value is 1.49 W/m?K, the centre U-value of
the glazing is 0.93 W/m?K, and the g-value is 0.58. A version of this window with shutters on the
outside was also tested, and this window produced even a larger net energy gain. The main idea
behind this design, besides increasing the overall solar energy transmittance from the window, is that
it should not be necessary to reduce the insulation thickness in the wall where the window is mounted

(Schultz and Svendsen, 2000, and Schultz, 2002). A traditional and the new design are shown in
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Figure 6. For the new design the thermal bridge effects in the wall can be minimized or eliminated.
The thermal bridge effect by the frame itself is also minimized. The inner and outer pane of the
window has a hard coat low emissivity layer. Another advantage with this design is that it does not

have a sealed glazing unit. This should increase the life time of the product (Schultz, 2002).
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Figure 5. Frame profile made from fiber glass reinforced polyester with three layers of glass (Lautsen and

Svendsen, 2005). The frame U-value is 1.33 W/mK.
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Traditional and new window designs illustrating how thermal bridges in the wall around the windows

Figure 6.
can be reduced by using a wide window. (Schultz, 2002).
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The window with the second largest net energy gain (-2 kWh/m? for Danish climate) has a frame
profile that is made of wood covered with aluminum, see Figure 7. The glazing has a double layer low
energy glazing 4-15-4 mm with 90% argon filling and a low-emissivity coating on the inner pane on
the surface facing the gap. In order to achieve a high g-value the outer pane is made of float glass with
low iron content. The spacer is made of plastic with a very thin stainless steel film. The height of the
frame is reduced by about 5 cm compared to a traditional wood frames by moving the sash out in front
of the outer frame. The glazing area is therefore increased by 15% compared to a similar window of
wood where the frame width is 10 cm (window dimensions: 1.48 x 1.23 m). A large width is selected

to reduce the thermal bridge between the window and the wall.

A Passivhouse window was also simulated. This frame gave a net energy gain slightly smaller (more
heat loss) than the second best frame. This window had a U-value of 0.77 W/m?K, with a frame having

a U-value of 0.75 W/m?K. This frame is shown in Figure 8.

Figure 7.  Slim frame profile (5 cm) made from wood covered with aluminum (Lautsen and Svendsen, 2005). The
frame U-value is 1.33 W/m?K.
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Figure 8. A window satisfying the PassivHaus requirements. The frame is made of a PVC frame profile with PU
foam in the cavities (Lautsen and Svendsen, 2005).

Some authors have also investigated the effect of frame geometry on new and emerging technologies,
such as an electrochromic vacuum glazed window. Fang and Eames (2006) found that the frame rebate
depth had a significant influence on the window U-value. Calculations of the thermal performance of a
vacuum glazing (two glass panes) in a solid wood frame with rebate depths of 0 to 22.4 mm have been
carried out (see Figure 9). The emissivity of the coatings on the two glass surfaces within the
evacuated gap was 0.18. Over the depth of rebates considered, the U-value of the total window area
(glazing had a size of 0.4 by 0.4 m®) decreased from 1.4 to 0.83 W/m?K. The U-value of the center
glazing area decreased from 1.04 to 0.82 W/m?K. The authors also examined the effect of rebate depth
on an electrochromic vacuum glazed window. The construction was similar to the one shown in Figure
9, but with the glass pane to the left replaced with an electrochromic glazing system. Thus, the total
width of the entire glazing system was wider than for the vacuum window alone. For this construction
the total window U-value decreased from 1.48 to 1.13 W/m’K when the rebate depth increased from 0
to 22.4 mm. The center U-value changed from 0.98 to 0.80 W/m?K.
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Figure 9. Schematic showing of a vacuum glazing with a wood frame. W is the rebate depth. The size of the

pillars separating the glass panes in the figure is not comparable to a real vacuum window.

4.3 3D and Other Effects on Thermal Performance

Griffith et al. (1998b) and Carpenter and McGowan (1998) studied heat transfer in curtain-wall
aluminum frames and focused on the effect of the bolts on the heat flow and the temperature
distribution on the warm side surface of the specimens. Both studies conclude that it is important to
include the bolts when the thermal performance of the frames is found. They also found that two-

dimensional program gives accurate results when appropriate calculation procedures are applied.

Hallé et al. 1998 studied the effect of air leakage on the heat transfer in window frames with internal
cavities. They used computational fluid dynamic (CFD) techniques to simulate air leakage effects. The
frame cavities were treated as solids. Two window frames (an aluminum frame with a PVC thermal
break and a PV/C frame) were examined with air leakage rates of 1.65 and 0.55 m*/h per meter crack
length. For the infiltration case the authors found that the air-frame interaction caused the air to be
preheated by the frame. This decreased the apparent thermal transmittance of the frame. For the
exfiltration case, air increases the frame temperature, which increases heat losses and the apparent

thermal transmittance of the frame.

4.4 Heat Transfer Modeling of Window Frame Cavities

A large part of the work related to heat transfer issues in fenestration cavities has focused on the
glazing cavity. The goal has mostly been to develop accurate correlations for natural convection
effects inside multiple pane windows (see e.g. Batchelor 1954, Eckert and Carlson 1961, Hollands et
al. 1976, Raithby et al. 1977, Berkovsky and Polevikov, 1977, Yin et al. 1978, ElSherbiny et al.
1982a, Shewen et al. 1996, Wright 1996, or Zhao 1998). Most of these papers study natural

convection between two high vertical isothermal walls separated by two horizontal adiabatic or
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perfectly conducting walls (a two-dimensional cavity). Some of these studies are also relevant for
frame cavities. The natural convection correlation used to find the effective conductivity for certain

frame cavities are from some of these studies.

Studies of heat transfer in multiple pane windows also include findings of which Rayleigh numbers
there will be secondary (or multicellular) flow (see e.g. Korpela et al. 1982, Lee and Korpela 1983,
Zhao et al. 1997, Lartigue et al. 2000). Secondary flow enhances heat transfer through glazing cavities,

and may also take part in frame cavities of a certain shape, see Gustavsen and Thue (2007).

In solid window frames the heat flow is carried out by conduction, which can be simulated with
standard conduction simulation software. In window frames with internal cavities the heat transfer
process is more complex, involving combined conduction, convection and radiation. Ideally, to fully
describe heat transfer through such window frames there is a need to simulate fluid flow to find the
convection effects and to use either view-factors or ray-tracing technigues to find the radiation effects
inside the cavities. But because of computational resources and the additional modeling efforts these
simulations often require, such simulations still are rare. Instead air cavities are transformed into solid
materials with an effective conductivity; that is, the conduction, convection and radiation effects are
combined into an effective conductivity. Then, like for solid window frames without internal cavities,
standard conduction simulation software can be used to find how well such sections insulate, or the U-
value. Some computer packages (like e.g. Blomberg 2000, Enermodal 2001 or Finlayson et al. 1998)
do find the effective conductivity automatically, by applying procedures specified in international
standards (ISO 15099 or ISO 10077-2). In some computer programs it is also possible to use view-

factors to calculate the radiation heat transfer effects (Finlayson et al. 1998).

Some studies have been performed with focus on heat transfer effects in window frames, and with
focus on window frames with internal cavities. Standaert (1984) studied the U-value of an aluminum
frame with internal cavities. The cavities were treated as solids and effective conductivities were
assigned to each cavity. The effective conductivities of cavities not completely surrounded by
aluminum were calculated from a fixed thermal resistance of R = 0.37 m?K/W (Aeq = L/IR where Agq is
the equivalent conductivity and L is the length of the cavity in the heat flow direction). Cavities
completely surrounded by aluminum were assigned an effective conductivity of 0.1 W/mK. The
thermal transmittance of the frame studied was 5.9 W/m’K. Jonsson (1985) and Carpenter and
McGowan (1989) also treated air in window frame cavities as solids and used equivalent
conductivities to calculate heat flow. In their studies the effective conductivity concept was formulated

as,
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hg x L
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g = Aaie X NU+ (1.1)

where Agq is the equivalent conductivity, A, is the conductivity of air, Nu is the Nusselt number, L is
the length of the air cavity, & and & and are the emissivities of the warm and cold sides of the cavity
walls, respectively. hg is the black-body radiative heat transfer coefficient, which depends on
temperatures of the interior walls of the cavity and also on cavity geometry. Jonsson (1985) used hg =
3.3 W/m?K for different cavity geometries while Carpenter and McGowan (1989) report different hg
values, depending on cavity height to length aspect ratios. The frames studied by Carpenter and
McGowan (1989) had U-values between 2.1 and 11.2 W/m?K. The former value is for a wooden frame
and the latter value for an aluminum frame. Jonsson (1985) examined windows with U-values between
2.79 and 4.23 W/m’K.

Svendsen et al. (2000) and Noyé et al. (2001) examined the accuracy of the radiation procedures
prescribed in EN ISO 10077-2 and found that using view-factors to account for radiation instead of the
simplified correlation in EN 1SO 10077-2, results in U-values that compare better with measured
results. The natural convection correlations of EN ISO 10077-2 were used. Two frames were
examined, one thermally broken aluminum frame and one frame made of PVC. Svendsen et al. (2000)
found that division of air cavities also affects the U-value, but not as much as the change of radiation

model.

Gustavsen (2001) studied heat transfer in window frames with internal cavities, and focused mainly on
convections effects. Most of the results were published in papers and are reported below. Some results
are however only available in the introduction part of the thesis; these will be reported here. Gustavsen
(2001) compares the frame cavity convection correlations from various standards to relevant
correlations found in the literature. He found that the Nusselt number correlations that are to be used
for horizontal window frames according to 1SO 15099 not necessarily is accurate for frame cavities
with a height to length aspect ratio between 0.5 and 5, because 1SO 15099 prescribes that interpolation
have to be used for these geometries. (The correlation for cavities with an aspect ration smaller than
0.5 is based on analytical consideration, while the correlation for high aspect ratio cavities, H/L > 5, is
based on experiments for typical glazing enclosures.) For some geometries and Rayleigh numbers the
correlation works but for others the correlation predicts Nusselt numbers that are not correct. Further,
the author found that the convection correlation prescribed for frame cavities in ISO 10077-2 only is

valid for vertical frame cavities.
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Gustavsen and coauthors have studied several aspect of heat transfer in window frames with internal
cavities. In Gustavsen et al. (2001a), they used infrared thermography to verify that a CFD code was
capable of simulating the natural convection effects taking place in window frames with internal
cavities. In a follow-up study the authors (Gustavsen et al. 2001b) examined three-dimensional
convection effects in simple window frames with internal cavities and concluded that it appears that
the thermal transmittance (U-value) of a four-sided section sections (with one open internal cavity) can
be found by calculating the area weighted average of the thermal transmittance of the respective single
horizontal and vertical sections. However, precise surface temperature predictions require three-
dimensional simulations, especially for the corners of the frames (see Figure 10). In addition, the
authors concluded that two-dimensional heat transfer simulation software agrees well with CFD
simulations, with regard to heat transfer rates for the simple square-shaped frames simulated, if the

natural convection correlations used for the internal cavities were correct.

e Four-sided PVC frame

Temperature [°C]
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Figure 10. Temperatures along the left lower horizontal part of the four-sided two-inch PVC frame compared to
the surface temperatures along the middle of the lowest two-inch profile in the configuration made up
of two separate horizontal profiles (Gustavsen et al. 2001b).

Gustavsen et al. (2005) used computational fluid dynamics (CFD) modeling to assess the accuracy of
the simplified frame cavity conduction/convection models presented in ISO 15099 and used in
software for rating and labeling window products. Three (horizontal) representative complex cavity

cross-section profiles with varying dimensions and aspect ratios were examined, see Figure 11. Stream
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contour plots, Figure 12, and heat transfer rates were presented. The results supported the ISO 15099
rule that complex cavities with small throats should be subdivided; however, the authors suggest that
cavities with throats smaller than 7 mm should be subdivided, in contrast to the ISO 15099 rule, which
places the break point at 5 mm. Further, the authors found that the agreement between CFD modeling
results and the results of the simplified models was moderate for the heat transfer rates through the
cavities. This was explained by inaccuracies in the underlying ISO 15099 Nusselt number correlations
being based on studies where cavity height/length aspect ratios were smaller than 0.5 and greater than

5 (with linear interpolation assumed in between).
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Figure 11. Schematics of cavities studied by Gustavsen et al. (2005). The height and the width of the two
cavities to the left were 30 mm. The right cavity had a width of 30 mm and the height was 10 mm and
20 mm. L, was varied to between 0 and 30 mm for the cavity to the left and 3 and 15 mm for the cavity

in the middle.

Gustavsen et al. (2007) used two-dimensional computational fluid dynamics (CFD) and conduction
simulations to study heat transfer in horizontal window frames with internal cavities (the above
mentioned paper studied only cavities). Temperatures and U-values for typical horizontal window
frames with internal cavities are compared; results from CFD simulations with detailed radiation
modeling are used as a reference. Four different frames were studied. Two were made of polyvinyl
chloride (PVC) and two of aluminum. For each frame, six different simulations were performed, two
with a CFD code and four with a building-component thermal-simulation tool using the Finite Element
Method (FEM). The FEM tool addresses convection using correlations from 1SO 15099; it addressed
radiation with either correlations from ISO 15099 or with a detailed, view-factor-based radiation
model. The practice of subdividing small frame cavities was examined, in some cases not subdividing,
in some cases subdividing cavities with interconnections smaller than five mm (according to I1SO
15099) and in some cases subdividing cavities with interconnections smaller than seven mm. For the
various frames studied (two were made of aluminum and two of PVC), the calculated U-values were
found to be quite comparable (the maximum difference between the reference CFD simulation and the
other simulations was found to be 13.2 percent). A maximum difference of 8.5 percent was found
between the CFD simulation and the FEM simulation using 1ISO 15099 procedures. The ISO 15099

correlation works best for frames with high U-factors. For more efficient frames, the relative
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differences among various simulations are larger. Finally, the effectiveness of the ISO cavity radiation
algorithms was examined by comparing results from these algorithms to detailed radiation calculations
(from both programs). The author conclude that improvements in cavity heat transfer calculations can
be obtained by using detailed radiation modeling (i.e. view-factor or ray-tracing models), and that
incorporation of these strategies may be more important for improving the accuracy of results than the
use of CFD modeling for horizontal cavities. Figure 13 shows a stream contour plot for one of the
PVC frames studied.

AT=10°"C AT=25°C

L;,=3mm

L,=5mm

L,=7mm

L,=10mm

Ls=15mm

Ly=20mm

Figure 12. Stream contours for the cavity to the left in Figure 11 (named the H-cavity). L, is the size of the gap

opening, and AT is the difference between the hot and cold wall temperatures, reported in °C.
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Figure 13. Stream contours for one of the PVC frames studied by Gustavsen et al. (2007).

Gustavsen and Thue (2007) used a commercial computational fluid dynamic program to study the
effect of the horizontal aspect ratio (W/L) on heat flow through three-dimensional cavities with a high
vertical aspect ratio (H/L). These are the kind of cavities that can be found in vertical window frames,
see Figure 14. The cavities studied have two opposite isothermal vertical walls separated by four
adiabatic walls. The vertical aspect ratios are 20, 40, and 80 and the horizontal aspect ratios range
from 0.2 to 5. Simulations of two-dimensional cavities are also included. The simulations show that
three-dimensional cavities with a horizontal aspect ratio larger than five can be considered as being
two-dimensional cavities to within 4% when considering heat transfer rates. A complex flow was also
found, for several of the cavities; one example is shown in Figure 15. Nusselt number correlations for

the different horizontal aspect ratios are presented.
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Figure 14. Geometry studied by Gustavsen and Thue (2007). The vertical aspect ratios, H/L, were 20, 40, and 80

and the horizontal aspect ratios, W/L, ranged from 0.2 to 5.
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Figure 15. y-velocity contours (m/s) at different planes in a cavity where (H/L,W/L) = (40,2). The Rayleigh
number was equal to 2x10*. Each plane is parallel to the y-z-plane in Figure 14. X is the total length of
the cavity. The x-vector is pointing into the page, the y-vector is pointing from bottom to top, and the z-
vector is pointing from left to right. The figures are not in the correct scale (Gustavsen and Thue,
2007).

Fomichev and co-workers have also studied heat transfer effects in the kind of cavities that can be
found in horizontal and vertical frame cavities (Fomichev et al. 2007). They used both experimental
and numerical techniques (two- and three-dimensional CFD simulations) and studied the effect of the

aspect ratios (horizontal and vertical) as well as tilt angle on the heat transfer rates. They concluded

29



that two-dimensional modeling is appropriate to predict natural convection heat transfer in horizontal
frame cavities (such as the ones found in frame head and sill) tilted around the long axis. They further
concluded that three-dimensional simulations is needed to predict natural convection heat transfer in
frame cavities tilted around the short axes, such as the ones found in vertical frame sections (jambs,
and vertical meeting rail and mullion cross-sections). Fomichev et al. (2007) also note that the frame
cavity correlation equations suggested by I1ISO 15099 for vertical frame cavities do not correlate well
with their three-dimensional CFD simulation results. The authors suggest new correlations for both
horizontal frame sections (vertical aspect ratios between 0.5 and 5) and vertical frame sections
(vertical aspect ratios between 20 and 40, and horizontal aspect ratios between 0.5 and 2). The
correlations depend on both Rayleigh number and tilt angle (in addition to the aspect ratios). Fomichev
et al. (2007) in addition did some studies of the convection heat transfer effects for ventilated frame

cavities.

4.5 Exterior and Interior Surface Modeling

When the thermal performance of fenestration products is found, through the calculation of the U-
value, surface conditions (surface resistances) are among the properties. And like for modeling of
internal frame cavities, these properties will pay a more important part for high performance frames
than for frames with a poorer performance. Accurate treatment of the surface conditions is therefore
important, to be able to accurately predict the thermal transmittance and also to distinguish between

various designs with regard to obtaining desired glass/frame surface temperatures.

Curcija and Goss (1993) used a finite element method to study two-dimensional, laminar convection
over an isothermal indoor fenestration surface (glazing/frame assembly). Results were reported for
three typical configurations: glazing with no frame, a single-step frame and a double-step frame. The
authors present local indoor surface convective heat transfer coefficient to be used in two- and three-
dimensional heat transfer analysis of fenestration systems (valid both for the glazing and the frame

part of the product).

Carpenter and Elmahdy (1994) examined the thermal performance for four complex fenestration
systems (flat glazed skylight, a domed skylight, a greenhouse window and a curtain wall) using
computer simulation tools and guarded hot box testing. They found discrepancies of up to 16 %
between the simulated and measured cases, and explain the difference by uncertainties in the warm
and cold side film coefficients and lower warm-side air temperatures because of stagnant airflow.
They also found that that the thermal simulations must account for thermal bridges like bolts in curtain

walls and curbs in skylights.
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In 1994 Curcija and Goss investigated three different ways of modeling heat transfer boundary
conditions for complete (two-dimensional) fenestration systems (with wood frame). A computation
fluid dynamics (CFD) program was used in order to allow for fluid flow in the glazing cavity. Two of
the surface models incorporated fixed indoor and outdoor coefficients and one incorporated variable
(position dependent) coefficients. Component and overall U-factors were compared. The authors
found that the U-values from using variable boundary conditions generally were lower than the ones
calculated using constant surface heat transfer coefficients. The average difference was approximately
15 %. Curcija and Goss (1994) further noted that the effects of variable boundary conditions, which
more accurately model local heat transfer on the indoor and outdoor fenestration surfaces, create
“insulated” zones in the vicinity of the edge-of-glass region, which can significantly change the local
heat transfer and temperature distribution when compared to constant-boundary-condition situations.
This effect of lower heat transfer in these “insulated” zones could be used in the design process, so
that altering the frame design on either side of the frame could create more pronounced outdoor
insulated zones and less pronounced indoor insulated zones, therefore improving the condensation
resistance of the fenestration system. The results also showed that the edge-of-glass area used when
simulating frame and edge of glass (with spacer) should not be defined as 63.5 mm (2.5 in) from the

sight line, since 102 mm (4 in) is a more realistic measure.

In 1998 Griffith et al (1998a) and Arasteh et al (1998) examined how improved radiation modeling
(using view-factor models instead of fix coefficients) could improve the prediction of surface
temperatures when modeling projecting fenestration products. Griffith et al (1998a) found that using
view-factor modeling could improve the accuracy of the models for predicting surface temperature

and lower the results for U-values for projecting windows (skylights, greenhouse windows).

Branchaud and co-workers examined the local heat transfer taking place in open frame cavities (open
to the exterior environment) in 1998. The study shows that there can be a significant variation of the
local convective heat transfer coefficient on the outdoor surface of a fenestration system. The variation
is mainly a result of the products geometry. Based on the CFD simulations carried out, the authors find
that significant convective heat transfer effects extend only up to one times the width of the cavity

opening, for the cavities studied.

Schrey et al. (1998) studied the local heat transfer coefficient for two flush-mounted glazing units.
One of the glazings had a foam spacer while the other one had an aluminum spacer. No window frame
was included in the studies. Wright and Sullivan (1994) used a two-dimensional CFD code to study
the natural convection effects in a vertical rectangular window cavity, but did not consider frame heat

transfer. Secondary flow was also reported.
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4.6 Spacer Research

The glazing spacer and the location of the spacer in the frame may influence the thermal performance
of the window, as seen in some of the reported work above. We therefore also include the result from

some papers related to spacer research, although the focus in this report is on the window frame.

Elmahdy and Frank (1993) studied the effect of various spacers on the surface temperature of double
pane glazings, without frame. Hot box measurements and finite-difference modeling were performed.
Four different spacers were considered: Aluminum spacer, silicone foam spacer, a corrugated metal
spacer and a thermally broken metal spacer. As expected, as the thermal resistance of the spacer bar
increases, the glass surface temperature on the warm side of the spacer bar increases and the glass
surface temperature on the cold side decreases. They also modeled the various glazing/spacer
configurations inserted in a simple wood sash, and found that the difference in the glass surface
temperatures between the various configurations was smaller as a result of the added sash. EImahdy

and Frank (1993) expect the differences to get even smaller for thicker frame profiles.

Loffler (1997) and Lo6ffler and Buck, (1997) presents foamglass as a possible spacer material, and
investigates the possibility for windows without a frame. The authors claim windows without a frame
will have a transparent area which is 10 to 15 cm larger at each edge. This will increase the solar gain
and at the same time reduce the heat loss from window (if the frame has a lower heat resistance than

the glazing).

Elmahdy (2003) describes several different spacer types, see Figure 16, and examines the thermal
performance of various spacers by experiments. The spacers were mounted between two clear glass
panes, and with air in the glazing cavity. The size of the specimens was 152 mm by 1200 mm. The

specimens were tested without and with frames.
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Figure 16. Spacer bar assemblies studied by EImahdy (2003).
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By examining warm-side glass surface temperature of the various glazing units, Elmahdy (2003)
found that 1G8 had the highest temperature. Units IG 4 and 1G9, which almost experienced the same
temperatures, had the second highest temperatures. Thus, these units are therefore best suited for
reducing warm-side surface condensation. Unit IG7 had the lowest surface temperature while unit 1G5
had the second lowest temperature. The temperature difference between the best and the poorest-
performing units was 6 K. The temperatures on the warm and cold sides of the specimens were 21 and
-18 °C, respectively. The experiments showed that the warm-side surface temperature for all
specimens were almost the same when moving away from the edge-of-glass region (about 60 mm
from the spacer). Glazing units (1000 mm by 1000 mm) were also tested as part of a complete
window. The frames were made of various materials (redwood, vinyl, thermally broken aluminum and
foam-filled fiberglass). The foam-filled fiberglass frame combined with glazing unit 1G8 offered the
warmest glass surface temperature (measured 10 mm from the lower sight line). The thermal
resistance of each configuration (glazing/spacer/frame) was also tested, and it was found that the wood
frame windows performed the best, regardless of spacer configuration. The only exceptions were for
spacer bars 1G4 and 1G6, for which the thermal resistance values for the vinyl frame and the wood

frame performed almost the same.

4.7 Evaluation of Condensation Risk

Several studies have been performed on evaluation of condensation risk in fenestration products. But,
for high-performance products internal condensation should not be a problem. On the other side,
external condensation may be a problem for the exterior pane of the glazing system. Still this is a
problem for the glazing and not for opaque frames. This topic is therefore not covered in more detail
here. Interested readers may are referred to e.g. Moshfegh et al. (1989), Carpenter and Hanam (2001),
and Kohler et al. (2003).

4.8 Other Topics (Material Properties, etc)

In this chapter we present research that could not be sorted under the headings above. Most of the data

are related to the material properties of typical and unusual frame materials.

Erten et al. (1996) investigated reinforced mosaic door and window frames as an alternative to wood
frames to be used mainly in housing in the Eastern Black Sea region. These frames have been applied
increasingly by the regional people in their houses. The paper deals with the production, application,
details and failures of reinforced mosaic frames, but does not address the thermal properties of the

frames, which probably is rather poor.

Jakubowicz and Mdller (1992) examined a PVC window frame that had been naturally aged for 20
years. One of the main findings was that the heaviest degradation, detectable by IR spectroscopy, had
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occurred in a relatively thin surface layer of about 100 um. The surface degradation effects were also
confirmed by impact strength measurements. Still, after removing the surface layer the impact strength
was rather low compared with expected values for undegraded PVC. They therefore concluded that
some kind of degradation also had occurred in the bulk material. Still, the PVC frame investigated

would probably fulfill the requirements for approval according to most national standards.

Gustavsen and Berdahl (2003) studied the normal spectral emissivity of an anodized aluminum
window frame profile, and an untreated aluminum profile. The normal spectral emissivity was
measured in the wavelength interval from 4.5 to 40 pm (wavenumbers 2222 cm™ to 250 cm™). Total
emissivity values were also reported. Specimens were cut from the edge and from the middle of the
six-meter long anodized aluminum profile. Specimens facing the internal cavities (thermal break
cavity and all aluminum cavity) were measured. The authors found that the normal total emissivity is
fairly constant (between 0.834 and 0.856) for exterior parts of the anodized profile and for surfaces
facing the thermal break cavity. The normal total emissivity of the all-aluminum internal cavities was

found to vary between 0.055 and 0.82, with the smallest value close to the middle of the profile.

Larsson et al. (1999) studied a super insulated window experimentally and numerically. The test was
performed in steady state. A three pane glazing and wood frame was investigated. Fluid flow was
simulated inside the internal cavities of the glazing while fixed film coefficients were used for the
boundaries. A special test room was used for the experimental part of the work. The authors compared
measured and calculated temperatures, and found good agreement between numerical and

experimental results.
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5 Market Review of Window Frames

Highly thermal insulating window frames found in the market are presented, where the U-values for
the frames are given (Uy). The Us-values are calculated according to Eq. (6); that is, an insulation panel
is used instead of the actual glazing system, according to ISO 10077-2. The frame configurations with
the various materials used are given together with some drawings, photos and temperature profiles. In
addition, some other properties are given, e.g. window glazing U-value (Ug), total window U-value
(Uy), linear thermal transmittance (¥), window glass pane spacer used and physical dimensions
(w x h). This report gives a selection of the window frames found. The Appendix contains a more

complete list.

In this report the authors wanted to collect and present the best window frames available, with their
respective frame U-value. In the search for such frames the authors quickly found out that some of the
best available frames on the market were the ones presented and rated by the Passivhaus Institute in
Germany. To fulfill the Passivhaus requirements the window frames need to have U; values (window
frame) so that U,, < 0.80 W/m?K (window as a whole) (see Chapter 2.3). Since the frames complying
with the Passivhaus Institute requirement seem to be the best ones out there (when the U-value is used
as rating parameter), it was decided to focus on these frames. That is; in order for a window frame to
be of interest, it had to comply with the requirement of the Passivhaus Institute. Most of the frames
presented below and in the appendix are therefore rated by the Passivhaus Institute, and/or comply by
their requirements. However, an extensive separate web-search was also performed, aiming at finding
window frames with a low U-value. However, this search did not result in very many frames different
from the frames rated by the Passivhaus Institute. A problem with some of the frames found was a
lacking frame U-value. Sometimes the total window U-value was presented, but not always. The
authors decided to present only frames with a known U-value. Some exceptions were however
allowed, in order to allow for some frames made of a specific material or frames having a specific

geometry.

Because of the above, and because the search was performed through Internet search engines with
English and German search terms, the list will not be a complete one, including all window frames
complying by the above mentioned criteria. However, the authors expect that the list presented in the
Appendix, and the examples below, include most of the materials used, and give an overview over

some of the best window frames (lowest Us-value) available.

5.1 Various Window Frame Examples

Various window frame examples are given, where the main focus is to achieve as high thermal

insulation properties (U-value) as possible. Both traditional window frame/casing systems and glass
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facade systems are shown. For simplicity reasons the various window frames are (at this stage) divided

into the following groups:

e Wood frame

e Wood frame with insulation filled Al cladding
e PVC frame

e PVC frame with insulation filled Al cladding
e Al frame

e Fixed wood and Al frame

e Glass facade system

o Window frame examples with higher U values than the Passivhaus requirement

The above frame subdivisions are made according to the structural load carrying element for the
opening windows. In addition, a fixed frame group and a glass facade system group are also specified.
With the wood, PVC, Al and wood/Al window groups it is implicitly meant (without stating it) that
these frames incorporates larger volumes of a highly thermal insulating material (or several) in order
to obtain a window U-value below 0.80 W/m?K, which is the requirement for a Passivhaus window.
Normal window frames consisting of only wood, PVC, Al or wood/Al, and thereby with higher frame
Us-values resulting in window U,.-values larger than 0.80 W/m?K, are not dealt with in this context.
As Al claddings may or may not be thermal insulated, and managing the Passivhaus requirement, it is

added one wood and one PVVC window frame group with insulation filled Al claddings.

5.1.1 Wood Frame

Examples of three wood window frames are given in Figure 17-Figure 19, where further details may
be found in appendix. In these examples PUR is applied as a highly thermally insulating material
inside the structural wood frame construction. Typically, as is also the case in these examples, the

PUR elements are placed more or less in the middle of the frame.
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Figure 17. Example of a wood window frame with low U-value - Super-Warmfenster U 07 Serie HF 8120 by
HEUSER Tiren + Fenster-Metalbau GmbH. One photo to the left, one schematic drawing in the
middle and one temperature profile to the right. Wood frame with PUR. Frame U-value

Us = 0.65 W/m?K. From http://www.passiv.de and www.heuser-tueren-fenster.de.

Figure 18. Example of a wood window frame with low U-value - VORDE-Passivhausfenster by H. Buck GmbH
Fenster und Tiren. Photos with corresponding drawing to the left, thereafter one schematic drawing
and one temperature profile to the right. Wood frame with PUR and PUR recycled material (purenit).
Frame U-value U;=0.72 W/m?K. This frame may be bought with and without Al cladding. From
http://www.passiv.de and www.fenster-buck.de.

Figure 19. Example of a wood window frame with low U value - N Tech Passiv Superspacer by NorDan AS.
Wood frame with PUR. The frame U-value is not stated, whereas the total window U-value is reported

to be Uy = 0.7 W/m?K. From http://www.nordan.no.
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5.1.2 Wood Frame with Insulation Filled Al Cladding

Examples of three wood window frames with insulation filled Al claddings are given in Figure
20-Figure 22, where further details may be found in appendix. In these examples PUR is applied as a
highly thermally insulating material inside the structural wood frame construction and in the Al
claddings. In addition, as seen for the frame in Figure 21, XPS may also be utilized. Typically, as is

also the case in these examples, the PUR elements are placed more or less in the middle of the frame.

4

Figure 20. Example of a wood window frame with insulation filled Al cladding with low U-value - EGE-THERM
PLUS by EGE Holzbau GmbH & Co. KG. One photo/drawing to the left, one schematic drawing in the
middle and one temperature profile to the right. Wood frame with PUR, PUR recycled material and

PUR filled Al cladding. Frame U-value Ur=0.77 W/m°K. From http://www.passiv.de and

www.ege.de.

Figure 21. Example of a wood window frame with insulation filled Al cladding with low U-value - KombiRoyal Plus
PH by NIVEAU Fenster Westerburg GmbH. One schematic drawing to the left and one temperature
profile to the right. Wood frame with PUR and XPS filled Al cladding. Frame U-value Us = 0.68 W/m?K.

From http://www.passiv.de and www.niveau.de.
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Figure 22. Example of a wood window frame with insulation filled Al cladding with low U-value - ed]itlion passiv
by Internorm International GmbH. One photo/drawing to the left, one schematic drawing in the middle
and one temperature profile to the right. Wood frame with PUR and PUR filled Al cladding. Frame
U-value Us=0.73 W/m’K. Compare with fixed window in Figure 27. From http://www.passiv.de and

www.internorm.com.

5.1.3 PVC Frame

Examples of two PVC window frames are given in Figure 23-Figure 24, where further details may be
found in appendix. In these two examples PUR is applied as a highly thermally insulating material
inside the structural PVC frame construction. The placement of the PUR elements are varying from
the frame edges to the middle of the frame.
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Figure 23. Example of a PVC window frame with low U-value - REHAU Clima Design by REHAU AG + Co,
Hochbau. One photo/drawing to the left, one schematic drawing in the middle and one temperature
profile to the right. PVC profile with PUR. Frame U-value Us = 0.71 W/m?K. From http://www.passiv.de
and www.rehau.de.
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Figure 24. Example of a PVC window frame with low U-value - eCO; by Kochs GmbH. One photo/drawing to the
left, one schematic drawing in the middle and one temperature profile to the right. PVC profile with
PUR (1=0.030 W/(mK)). Frame U-value U;=0.74 W/m’K. From http://www.passiv.de and

www.kochs.de.

5.1.4 PVC Frame with Insulation Filled Al Cladding

Example of one PVC window frame with insulation filled Al cladding is given in Figure 25, where
further details may be found in appendix. In this example PUR is applied as a highly thermally

insulating material inside the Al cladding, while there is no insulation material inside the PVC frame.

LY
Figure 25. Example of a PVC window frame with insulation filled Al cladding with low U-value - GEALAN S 7000
IQ Passivhaus by GEALAN WERK Fickenscher GmbH. One drawing to the left, one schematic
drawing in the middle and one temperature profile to the right. PUR filled Al cladding. Frame U-value

Ur = 0.82 W/m’K. From http://www.passiv.de and www.gealan.de.

5.1.5 Al Frame

Example of one Al window frame is given in Figure 26, where further details may be found in
appendix. In this example PUR is applied as a highly thermally insulating material inside the structural

Al frame construction. The whole Al profile is filled with the PUR elements.
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Figure 26. Example of an Al window frame with low U-value - RP-ISO-PURAL BP by Pural Profilwerk GmbH &
Co. KG. One schematic drawing to the left and one temperature profile to the right. Al frame filled with

PUR. Frame U-value Us = 0.71 W/m°K. From http://www.passiv.de and www.pural-profile.de.

5.1.6 Fixed Wood and Al Frame

Example of one fixed wood and Al window frame is given in Figure 27, where further details may be
found in appendix. In this example PUR is applied as a highly thermally insulating material inside the
structural wood and Al frame construction. About half of the frame, towards the outer side, is filled
with the PUR elements.

Lk = N RS )

Figure 27. Example of a fixed wood and Al window frame with low U-value - ed]itlion passiv, Fixverglasung by
Internorm International GmbH. One schematic drawing to the left and one temperature profile to the
right. Wood and Al frame filled with PUR. Frame U-value U;= 0.63 W/m?K. Compare with opening
window in Figure 22. From http://www.passiv.de and www.internorm.com.
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5.1.7 Glass Facade System

Examples of two glass facade systems are given in Figure 28-Figure 29, where further details may be

found in appendix.
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Figure 28. Example of a glass facade system with low U-value - ON TOP PLUS by Endl-Wagner GmbH.Picture
on the top, one schematic drawing to the left and one temperature profile to the right. Wood-Al profile.

Frame U-value Us = 0.65 W/m?K. From http://www.passiv.de and www.endl.at.

Figure 29. Example of a glass facade system with low U-value - FWT 50-1 HA E-plus by esco Metallbausysteme
GmbH. Two schematic drawings to the left and in the middle, and one temperature profile to the right.
Wood-Al profile. Frame U-value U;=0.73 W/m?K. From http://www.passiv.de and wWww.esco-

online.de.
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5.1.8 Window Frame Examples with Higher U-Values than the Passivhaus Requirement

Figure 30 shows a wood window with PUR and two layer window glazing from NorDan with a
window U,-value of 1.2 W/m°K. Figure 31 shows a wood window (without any highly thermal
insulation materials) and three layer window glazing from Elitfénster with a window U-value of
U, = 0.9 W/m?K. Figure 32 shows a fiberglass window from Thermotech with window U-values of
Uy = 1.0 W/m?K and U,, = 1.6 W/m?K for a three-layer and two-layer window glazing, respectively.

These window U-values are higher than the Passivhaus requirement of U,, < 0.80 W/m°K.

Figure 30. Example of a wood window frame with a relatively low U-value - N-Tech Lavenergi Superspacer by
NorDan AS. Wood frame with PUR. The frame U-value is not stated, whereas the total window U-
value is reported to be Uy, = 1.2 W/m?K. Note that a two-layer window pane is employed in this case
(not three-layer). From http://www.nordan.no.
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Figure 31. Example of a wood window frame with a relatively low U-value - Elit Extreme 0,9 Fonster, AXH by
Elitfonster AB. The frame U-value is not stated, whereas the total window U-value is reported to be
Uw = 0.9 W/m?K. A three-layer window pane is employed in this case with a window glazing U-value of
Ug = 0.6 W/m’K. From http:/Avww.elitfonster.se.
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Double (as shown) or triple glazed
Low E and Argon gas filled .
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Figure 32. Example of a fiberglass window frame with a relatively low U-value - Thermotech windows by
Thermotech Windows Ltd. The frame U-value is not stated, whereas one specific total window U-value
is reported to be Uy, =1.0 W/m?K with a window glazing U-value of Uy =0.7 W/m’K for a three-layer
window pane (322 AFG TiR, #2,#5). The corresponding U-values for a two-layer window pane
(211 AFG TiR, #3) system is Uw = 1.6 W/(M?K) and Ug = 1.4 W/m’K. From

http://www.thermotechfiberglass.com.

5.2 U-Value Comparison for Various Window Frame Types

An Us-value comparison of the various window frame types are given in Table 3. The U-values
(calculated according to the procedures in ISO 10077-2, with an isolation panel instead of the actual
glazing) are examples and are not meant to be representative values for the different frame categories.
From Table 3 it is seen that a specific wood frame (opening window) has a low frame Us-value of
0.65 W/m?K, whereas a fixed wood and Al frame has as low Usvalue as 0.63 W/m?K. Note also that
the PVC frame with insulation filled Al cladding has a frame Usvalue of 0.82 W/m?K, and may still
fulfill the Passivhaus requirements of a window U,-value <0.80 W/m?K provided that the window
glazing U-value is less than 0.80 W/m?K. For this specific PVC frame (Figure 25) the window
Uw-value = 0.80 W/m’K and glazing Ug-value = 0.70 W/m°K.

With window glazing Ug-values as low as 0.7 W/m?K and even 0.5 W/m?K (triple glass, two low
emissivity coatings, argon and krypton filled cavities, respectively), it is seen that the frame Us-value

is becoming the minimum factor.

5.3 Materials Applied in Window Frames

Table 4 gives the thermal conductivity for various window frame materials. Other properties, e.g.
mechanical properties like the tensile strength, elasticity modulus and as impact hardness, are also
important when materials are selected. Some materials which may be the best ones with respect to
obtaining a very low thermal conductivity, exhibit usually not the required mechanical strength. In

addition, other properties than the mechanical and thermal properties will also be important, e.g.
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durability and climate exposure resistance are of outmost importance. Waste treatment, recycling and

environmental impact of the various frame materials should also be considered.

Some materials may also represent a health hazard even if they are safe in their intended use.
Polyurethane (PUR) is an example of this. During a fire PUR will when burning release hydrogen
cyanide (HCN), which is very poisonous. The toxicity stems from the cyanide anion (CN) which
prevents cellular respiration. Generally, hydrogen cyanide may be found in the smoke from nitrogen
(N) containing plastics. From the frame table in appendix, it is observed that PUR is definitively the
most widespread applied highly thermal insulating material in the various window frames. This fact
may be doubtful with respect to the above discussion concerning HCN poisonous release during a fire.
Note that some low-conducting polymer foams like polyethylene (PE) and polypropylene (PP) with no
additives do only contain carbon and hydrogen, and will therefore release only CO, (and maybe some
CO) during a fire, i.e. no nitrogen or chlorine compounds. PE and PP foams may therefore represent
possible substitutes for todays large use of PUR in highly insulating window frames. Advantages and
disadvantages of using various structural window materials may be found at
http://www.greenspec.co.uk/html/materials/windowframes.html, where the pro and cons do not

necessarily present the whole and fully truth, but rather a specific point of view.

Table 3.  Window frame types with examples of their corresponding Us-values*.
Thermal
. Schematic | Insulation Figure Us-value*
WO S Vs Drawing Fill Reference | (W/m’K)
Material
Wood frame ; PUR Figure 17 0.65
Wood frame with insulation filled Al cladding g“l PUR and Figure 21 0.68
i-'l'_ XPS
PVC frame J—LL PUR Figure 23 0.71
PVC frame with insulation filled Al cladding { PUR Figure 25 0.82
Al frame 1 PUR Figure 26 0.71
Fixed wood and Al frame PUR Figure 27 0.63
‘ PE and
Glass facade system T EPDM Figure 28 0.65
‘ (support)

*) Us-values are calculated according to the procedures in 1ISO 10077-2, with an isolation panel instead of the actual glazing system.
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Table 4. Thermal conductivity values for various window frame materials. Note that the tabulated values are
from specific sources and that variations exist. Specific correct values need to be determined for each
product and from each producer. Naturally, the thermal properties are influenced by the mass density
of each material.

Thermal
Window Frame Materials Conductivity References
(W/mK)
Highly Thermal Insulating Materials
Polyurethane (PUR) foam 0.021-0.050 1,2,3,4,5
Polyurethane (PUR) recycled material (e.g. Purenit) 0.06-0.1 2
Polyethylene (PE) foam 0.034-0.067 56,7,8,9
Polypropylene (PP) foam 0.034-0.067 9
Polyvinylchloride (PVC) foam 0.035 4
Polyetherimide (PEI) foam 0.025 9
Polystyrene (PS) foam (e.g. extruded/expanded, XPS/EPS) 0.027-0.057 3,4,9
Fiberglass matting 0.033-0.044 3
Cork 0.039-0.052 3,5

Materials Utilized Partly as Thermal Insulation and Various Joint Materials

Polyethylene (PE) (in glass facade systems) (HDPE) 0.33-0.50 10
Ethylene-propylene-diene-monomer (EPDM) rubber 0.25 10
Polyamide (Nylon) 0.25-0.30 10

Common Structural Frame Materials

Wood (pine/spruce) 0.11-0.17 11
Aluminium alloy 6061 (Al) 160 10
Polyvinylchloride (PVC) 0.17 4,10
Fiberglass composite 0.30 13
Wood composite material (e.g. Fibrex) 0.22 12
Glass 1.00 10

1)  http://www.puren.eu/industry-products/puren_industry.pdf (valid: 2007-10-15)

2)  http://lwww.puren.eu/industry-products/purenit/purenit.pdf (valid: 2007-10-15)

3)  http://lwww.fao.org/docrep/006/y5013e/y5013e08.htm (valid: 2007-10-15)

4)  http://www.learn.londonmet.ac.uk/packages/clear/thermal/buildings/building_fabric/properties/conductivity.html (valid: 2007-10-15)
5)  http://lwww.glacierbay.com/Heatprop.asp (valid: 2007-10-15)

6)  http://www.foamsearch.com/foam_types/polyethylene_foam.htm (valid: 2007-10-15)

7)  http://www.arnonplast.com/PE-Data/PE-Com-Sheet/ ARNON-PE-CompareSheet.htm (valid: 2007-10-15)

8)  http://www.arnonplast.com/PE-Data/PE-Com-Sheet/Comparison-PE&FG.pdf (valid: 2007-10-15)

9)  http://lwww.specialchem4polymers.com/resources/articles/printarticle.aspx?id=868 (valid: 2007-10-15)

10) EN 12524:2000. Building materials and products. Hygrothermal properties. Tabulated design values

11) http://www.fpl.fs.fed.us/documnts/fplgtr/fplgtri13/ch03.pdf (valid: 2007-10-15)

12) http://www.renewalbyandersen.com/servlet/Satellite/Renewal/Page/RbAStdLayout/1164649805005 (valid: 2007-10-15)

13) NFRC 101-2006 Procedure for Determining Thermophysical Properties of Materials For Use in NFRC-Approved Software Programs
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As a digression it may be mentioned that in February 2007 NORDAM announced that they would use
composite materials to build window frames for the Boing 787 Dreamliner (NORDAM, 2007).
NORDAM will use HexMC®, which is a high performance carbon molding composite, specifically
designed for compression molding. The epoxy matrix and high carbon fiber volume content enable
components to be molded for a wide range of applications (HEXCEL, 2007). The thermal properties
of the window, window frame or materials applied were not noted. Use of such materials in high

performance window frames for buildings have however not been found.
5.4 Spacers

5.4.1 Spacers in General

Spacers for application in window panes represent an important component in the overall window
design with respect to thermal properties. As this report focuses on window frames, spacers will not be

dealt with exclusively in detail here. Some examples will be shown, though.

Shortly, as an excerpt from the table of frames in appendix concerning spacers, it is found that the
spacers applied in these window panes in order to achieve/satisfy the PassivHaus window requirement

is mainly one of the following two types:

e Swisspacer

e Thermix

or different variations of one of these two, e.g. Swisspacer V, Swisspacer with Al foil, Thermix TX.N,

etc. In addition, some other spacers are also used:

e Refined/stainless steel
e TGI
e TPS

Refined or stainless steel is used as spacer bars in windows because it has a lower conductivity than
the more common material aluminum. Stainless steel has a conductivity of about 17 W/mK while
aluminum has a conductivity of about 200 W/mK. TGI-spacers are manufactured of stainless steel
combined with a high quality plastic polypropylene as a strengthening and insulating material due to
its low heat conductivity (http://www.glassinsulation.de/english/products.cfm). TPS stands for Thermo
Plastic Spacer system, and is a butyl-based sealant, in an insulated glass unit. More details about

Swisspacer and Thermix are given below.
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5.4.2 Swisspacer

From the website http://www.designbuild-network.com/contractors/joinery/giesbrecht/ the following

excerpt concerning Swisspacer is made (see also Table 5):

“Swisspacer is a thermally-improved, or warm-edge, spacer bar for insulating glazing. It is
manufactured from special fibreglass, composite material. Swisspacer is available in two versions:

e Swisspacer - the composite material is covered by an ultra thin foil of aluminium
e Swisspacer V - with an extremely thin stainless steel foil for maximal possible insulation.

These metallic foils guarantee the gas tightness and excellent sealant adhesion.”

Table 5. Thermal performance data” for Swisspacer. From the website http://www.designbuild-
network.com/contractors/joinery/giesbrecht/.
Spacer system Aluminum | High grade steel Swisspacer Swisspacer V
Wood window — Frame U-value U; = 1.3 W/m?K e.g.
¥ (W/mK) * 0.074 0.053 0.044 0.033
W'”O\'ﬁ}’xgu('\)’\z'r‘:]‘ikg’W' - 1.3 1.3 1.3 1.2
Winci\lmgu&/ve}ﬁgkglw, 2 15 14 1.3 1.3
Minagl?fg,sf;fgffg mp- 5.3 7.4 8.0 9.2
PVC window — Frame U-value U; = 1.9 W/m?K e.g
Y (W/mK) 0.070 0.052 0.043 0.034
W'”O\'x}’;]’gu('\)’\z'r‘:]‘ikg’W' - 15 15 14 1.4
Winci\lmgu&/ve}ﬁgkglw, 2 1.7 16 1.6 15
Minagl?fg,sf;fgffg mp- 6.8 8.6 9.2 101
Aluminum window — Frame U-value Us = 2.0 W/m?K e.g
Y (W/mK) 0.115 0.072 0.060 0.041
W'”O\'ﬁ}’xgu('\)’\z'r‘:]‘ikg’W' - 1.7 1.6 15 15
Winci\lmgu&/ve}ﬁgkglw, 2 1.9 1.7 1.7 1.6
Mi”a%'f‘lsg,sfgg“éfct;mp' 6.5 8.9 9.5 10.7

*) ¥ is the linear thermal transmittance at the glass edge (W/mK) according to EN ISO 10077-2.
) All window U-values are based on a window area of 1.23 m x 1.48 m and glazing U-value of 1.1 W/m?K.
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Furthermore, some additional information is given about Swisspacer and comparisons with other
spacer materials in Figure 33 and Figure 34. Note the large thermal conductivity difference between
Swisspacer (0.19 W/mK) and for example aluminum (200 W/mK).

Teptz =5 C Ting: +20°C

Thermische Eigenschaften

Material Wirmeleitung (W/mk)
Aluminium 200
Edelstahl 15

Floatglas 1,0

oo SWISSPACER 19

Figure 33. Selected Swisspacer information comparing thermal conductivity values with other materials (left) and
temperature distribution in frame and lower glazing for Al and Swisspacer (right). From
http://www.pewo-fenster.ch/isolierglas.htm.

Figure 34. Infrared photo of two windows with Swisspacer to the left and normal Al profile to the right. From
www.scanglas.dk/serviet/RichTextHandler?name=swisspacer.pdf.

5.4.3 Thermix

From the website http://www.das-passivhaus.de/gb-fenster.html the following excerpt concerning the
Thermix spacer is made:
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”’More intelligently is the "Thermix"-sealant, constructed from PVC and high grade steel: High grade
steel has a conduction rate of only 26 W/mK and the used PVC a rate of just 0.21 W/mK.”

Furthermore, from http://www.thermix.de/t-en/presse/2005/messe-bau-intelligenter-isolieren.php:

”Thermix® bars are made of glass-fibre reinforced plastics. The water vapour and gas tightness of
the Thermix® edge bond has been demonstrated on the basis of valid norms.”

Miscellaneous information about the Thermix spacer and comparisons with other spacer materials are
given in Table 6 and in Figure 35 and Figure 36.

Table 6. Comparison of Thermix TX.N (noted as Thermix in the table below) with Al spacers*). From the
website http://www.insulbar.de/i-it/pdf/Thermix TXN flyer E 0307.pdf.

Type of window Wood window Plastic window Thermally_ broken
metal window
Glazing Uy (W/m?K) 1.2 1.2 1.2
Frame U; (W/m?K) 1.4 1.9 2.0
Spacer Aluminum | Thermix | Aluminum | Thermix | Aluminum | Thermix
Y-value (W/mK) 0.08 0.040 0.08 0.036 0.11 0.053
Improvement in ¥
by Thermix (%) 50 55 52
Window U,, (W/m?K) | 1.46 1.36 1.61 1.50 1.72 1.57

*) Values for aluminum spacers are from prEN 1SO 10077-1:2004/8.

Figure 35. Drawings of the Thermix spacer. From the website http://www.ensinger-

online.com/prospekte/pdfdownload.php?ID=54.
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stainless steel

highby insulating
plasiic

Figure 36. Thermix TX.N spcer. From http://www.fenestration-uk.com/News/NewsltemRSS.aspx?id=1885.
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6 Discussion

When future window frames are going to be developed and future window frame research is to be
carried out, it is necessary to know what the current status is. This report makes an attempt to establish
this. At the same time it is also important to know what the aims of the research and product
development should be, and what criteria should be used to evaluate the window and the frame. In this
chapter a summary of the state of the art is presented in Chapters 6.2 and 6.3, with a discussion about
the future development aims found in Chapter 6.4. Chapter 6.1 discusses briefly the frame rating

procedures.

6.1 Frame Thermal Performance Rating

In Chapter 2, two different window rating procedures have been pointed out, the U-factor and the Net
Energy Gain. For heating dominated climates the latter may be to be the way to go, although very
different windows may be the optimum solution for different buildings (dwellings, office buildings,
factories etc.). It might therefore be “dangerous™ or misleading to look at one parameter, being either
the Net Energy Gain or the U-value, for selecting windows. What is wanted is an optimum indoor
climate for the users of the building. A window that has optimum properties for capturing energy
might not be optimum with respect to giving satisfactory temperature, light and glare conditions for
the users of the buildings. A window that works very well during winter conditions may make the
building unhabitable in the summer season. It is therefore recommended that whole building energy
simulation programs are used to assess the indoor climate of the building. Several windows
configurations (e.g. thermal properties including shading, window areas, and facade distribution) may
be considered.

Still, when rating individual building components like walls, windows and doors, simple parameters
may be wanted. In national codes, for instance, the U-value is the parameter that attracts the most
attention, for all kinds of building elements. For opaque building sections like walls and window
frames the U-value might also be the most appropriate parameter. But, for windows with a solar-
energy transparent glazing, what really is of interest is the right combination of parameters, e.g. light
transmittance, solar or near infrared reflectance, U- and g-value, for the building in question, i.e.
building type and climate. A window’s solar transmittance and reflectance properties may be divided
into several parameters depending on the part of the solar spectrum of interest (i.e. ultraviolet, visible
and near infrared radiation). For one building one type of window (frame, glazing and shading
accessories) might be the right choice, but for another building a different window might be the

appropriate one.
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For the frame alone the U-value seems to be the right parameter if individual frames are being

compared.

6.2 Heat Transfer Modeling

Based on the literature review the following summary related to heat transfer modeling of window

frames may be presented. This summary relates mostly to the standard 1SO 15099. This standard

seems to be the most up to date and accurate standard, e.g. the standard differentiates between vertical

and horizontal frames. The standard also refers to scientific reports and papers where it prescribes

certain procedures or correlations.

Conduction in solid materials can be accurately modeled with most simulation codes,
provided that an appropriate mesh is used for the geometry in question, although it may be
questioned whether today’s treatment of hardware penetrating parts of the frame (i.e. hinge) is
sufficiently accurately treated. Hardware effects will be more important for high-performance
frames than for frames with a high U-value.

International standards prescribe that natural convection correlations shall be used for air
cavities in window frames. For horizontal frames (sill and head) the correlations in ISO 15099
are not necessarily accurate for vertical aspect ratios between 0.5 and 5, because they are
based on interpolation between other correlations. The frame cavity correlations supposed to
be used in vertical frame cavities according to ISO 15099 are developed for glazing cavities.
Correlations for vertical jambs exist; see Gustavsen and Thue (2007). Fomichev et al. 2007
has recently also developed correlations for tilted frame cavities, both for horizontal (sill, head
sections) and vertical frame (jamb) sections. These new correlations might be more accurate
than the currently used correlations.

Frame cavities should be divided for interconnections smaller than 7 mm; 1SO 15099 sets the
break point at 5 mm. Division of frame cavities should also be considered for cavities having
sharp angels, because little convection takes place there.

According to 1SO 15099 a radiation correlation is used to account for frame cavity radiation
heat transfer. Research has shown that using a view-factor based method instead of this
correlation improves the accuracy.

There exist variable surface coefficient equations that can be used to resemble the heat transfer
effects at the frame surfaces (i.e. in corners).

CFD simulation of heat transfer in window frames (with and without frame cavities), has
shown that CFD tools can be used to predict the thermal transmittance and surface

temperature with good accuracy.
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The summary shows that there is still room for improvement in the international standards used for
calculation of the thermal performance for window frames. Some of the improvement can easily be
incarcerated because new correlations and calculation procedure already exits (i.e. improved radiation

modeling). Within other areas, more research is needed to improve the calculation procedures.

A question that may be raised is; why not use CFD tools instead of conduction tools and natural
convection correlations to capture the convection effects that occur at external and internal surfaces
and in frame cavities? With CFD tools heat transfer at the internal and external surfaces and in the
cavities will be a part of the solution process. Before a decision about moving to CFD can be made,
one should be aware of that vertical window frames (jambs) require three-dimensional geometries to
be simulated in order to reproduce the convection effects taking place. Therefore it seems like user
friendly three-dimensional conduction calculation tools (with correlations for natural convection)

should be the first target. When these are available, one may consider including fluid flow equations.

CFD simulations will take more time to do than conduction simulations. There are two reasons for
this: 1) there are more equations to solve for CFD problems, and 2) simulating vertical sections require
three-dimensional geometries to be simulated. If practitioners should move to CFD, the added
simulation time should not be very large, especially taking into account that many frame designers

simulate many frame geometries to find the one with the best thermal performance.

One problem that may arise when solving the full CFD problem of heat transfer in window frames and
windows in general, is that some cases do not necessarily have a stationary solution. Procedures for

how to find and report the thermal transmittance (which is a stationary quantity) will then be needed.

6.3 Frame Materials and Design

Based on the literature and market review in Chapters 4 and 5, it seems like there exists two different

tracks for finding better windows and window frames in particular:

1. Based on the current typical frame geometry (frame with a height of typically 10 cm), reduce the
U-value as much as possible. The various strategies may then be sought:
a. New Materials. Apply or invent new novel thermally low conducting materials which
satisfy the requirements for being used in window frames.
b. New Constructions/Solutions. Apply or invent new novel thermally low conducting
constructions/solutions which satisfy the requirements for being used in window frames.
c. Substitution Strategy. Substitute large parts of the existing window frame with known
thermally low conducting materials, which alone can not constitute the whole frame (due

to mechanical strength, stability etc.), e.g. polyurethane (PU) in a wood frame.
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2. Develop new window designs where the main aim is to make windows with a very slim frame, or

no frame at all.

The first point seems to be a result of the focus on the U-value (transmission losses) by itself. Then the
aim is to have a window with a low U-value, and since the frame is an important part of a window, the
frame U-value should be minimized. The size of the frame is not that important, as long as the frame

U-value is lower than the glazing U-value (which usually not is the case today).

The second item is a result of using the Net Energy Gain (see Chapter 2) to rate windows. Then the
(solar) energy gain through windows also plays an important part, in addition to the transmission
losses. The focus is at maximizing the energy gain through the window (at least when only the heating
season is considered). This again leads to maximizing the glazing area (in addition to increasing the
g-value and reducing the U-value), which again results in slim frame profiles. Ultimately, the best

window frame might be no frame at all.

The market review seems to depict that the substitution strategy is the most applied one so far.

As seen in earlier chapters and in the table in appendix, polyurethane (PUR) is clearly the most
widespread applied highly thermal insulating material in the PassivHaus window frames, e.g. within
wood frames. Certain variations of the PUR material (foam etc.) have very low thermal conductivities,
e.g. 0.023 W/mK. This widespread use of PUR may give rise to a concern as when PUR is burning
during a fire, hydrogen cyanide (HCN), which is very poisonous, will be released. A search for other
highly thermal insulating frame materials, which are at least as good as PUR for frame applications,

especially with respect to thermal properties, may/will therefore be important.

The following options should be explored in order to improve the thermal performance of frames even

more:

e The slim wood frame suggested by Lautsen and Svendsen (2005) may be improved by
replacing some of the wood in the frame with thermal insulation materials. Then the slim
frame is retained (allowing a high net energy gain) but with a frame that has a lower U-value.

e New insulation materials should be investigated, aiming at finding the best thermal insulating
materials suitable for application in window frames.

o Development or invention of new novel thermally low-conducting frame

constructions/solutions might also be a possibility.
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6.4 Window Frame Research and Development Aims

The thermal performance of the window frame has undoubtedly an effect on the thermal performance
of the entire window, because the U-value of the entire window is an area-weighted average of the
individual components (glazing, edge and frame). Therefore, a frame with a lower U-value than the
glazing will have a good effect on the total window U-value, and vice versa. When the thermal
performance of the glazing is improving, it will therefore also be important to have window frames
that can match or be better than the U-value of the glazing. If this becomes a problem, the focus will

be on reducing the frame area.

So far the best available glazing systems have a Ug-value of about 0.5 W/m?K (3 panes of glass with 2
layers of low emissivity coatings and krypton filling). A design target for frames therefore seems to be
a Us-value of about 0.5 W/m2K or better. On the other hand, if window frames are compared to other
opaque building elements, like walls, one should look at the code requirements. In Norway for
instance, the current U-value requirement for walls is 0.18 W/m?K. Other countries have similar
requirements. Using other parameters than the U-value (i.e. net energy gain, or performing whole
building simulations) to find a performance target may lead to other research and development aims.
Both Nielsen et al. (2000) and Arasteh et al. (2007) have shown that windows with a U,,-value larger
or equal to about 1.0 W/m?K can provide a net energy gain to a building, while a window with a lower
U,-value may not. This depends on the window properties and the climate (outdoor temperature and

solar radiation).

One window may be optimized either with summer or winter conditions in mind, or by doing a whole
year energy simulation. The optimum building is a building in which a heating system and a cooling
system is redundant. With respect to this, a good window will help a building designer in building
such a building. Thus, an optimum window is a window that minimizes the need for a heating (it
should have small transmission losses and admit heat into the building when needed) and a cooling
system (it keeps solar radiation out of the building, or lets heat out, when needed). A good window
also minimizes the need for artificial lighting. Since, for most climates, the need for heating and

cooling varies during the year the window needs to be dynamic.

So far only the glazing part of a window has been considered dynamic. It is through this part of the
window that heat can enter directly into the building (and be blocked if necessary). The frame on the
other hand stops the sunlight from entering the building. For the frame this leads to the following
conclusions: Either the frame has to be reduced to a minimum, allowing a maximum controllable
glazing area. Or the frame itself has to have dynamic properties that can be utilized to fulfill the goal

of a building with no heating or cooling system.
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The authors of this report see the following potential technological applications for the frame,

involving dynamic utilization of the frame:

¢ Include phase change materials in the frame, e.g. to store heat until it is needed (although such
materials may be better utilized when used inside the building).

e Integrate a shading system with the frame and glazing in a way that also makes it usable for
additional night time insulation (external or integrated in the glazing). Sufficient air tightness
for the additional air or gas layer(s) is important to make this work.

e PV cells may be integrated in the frames; whereas due to visual considerations, there may be
limitations in integrating PV cells in the glazing.

e The frame may be used for storage of smart controlling equipment for shading systems (e.g.
external blinds or electrochromics). It should be possible to buy self-contained (wireless, if
necessary) units, with electronic components having the same life time as the hardware
(insulated glazing unit and frame) of the window itself. Electrochromic windows (ECWs) will
be powered from the electrical grid system in buildings, where the solar energy transfer in the
ECWSs may be controlled automatically by the computer system in an intelligent building
system. The automatic control system may receive input from a temperature sensor inside the
building and a light sensor outside the building. A manual override system located on the

windows themselves may also be desirable from a user’s point of view.
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7 Conclusions

This report shows that there exist several alternatives to traditional wood, PVVC and aluminum window
frames. Most of the high performance frames found in this study have a U¢value of about 0.7-0.8
W/m?K. The lowest Us-value found is 0.63 W/m’K (for a traditional looking window frame). This
frame consists of an inner layer of wood, with an aluminum cladding and polyurethane in between.
Still there is a discrepancy between the best standard glazings, having a U-value of 0.5 W/m?K, and
the best frame. And the difference is even larger between the thermal performance of typical walls (U-
values of 0.2-0.3 W/m?K) and window frames. It is therefore important to decrease the U-value of

window frames even lower than the currently best frames.

This report also reports and discusses heat transfer modeling issues related to window frames. Thermal
performance increasing measures, surface modeling, and frame cavity modeling are among the topics
discussed. The review shows that the current knowledge gives the basis for improving the calculation

standards’ calculation procedures. At the same time it is room for improvement within some areas.

58



8 References

Arasteh, D., Goudey, H., Huang, J., Kohler, C. and Mitchell, R. 2007. Performance Criteria for
Residential Zero Energy Windows, ASHRAE Transactions, Vol. 113, pt. 1, pp. 176-185.

Arasteh, D.K., Finlayson, E., Curcija, D., Baker, J., and Huizenga, C. 1998. Guidelines for modeling
projecting fenestration products, ASHRAE Transactions, Vol. 104, pp. 856-860.

ASHRAE 1998. Standard Method for Determining and Expressing the Heat Transfer and Total
Optical Properties of Fenestration Products, Public Review Draft of Standard 142P, American Society
of Heating, Refrigerating and Air Conditioning Engineers, Atlanta.

Batchelor, G.K. 1954. Heat transfer by free convection across a closed cavity between vertical
boundaries at different temperatures, Quarterly Applied Mathematics, Vol. 12, pp. 209-233.

Berkovsky, B.M. and V.K. Polevikov. 1977. Numerical study of problems on high-intensive free
convection. In: Heat Transfer and Turbulent Buoyant convection (D.B. Spalding and N. Afgan,
editors), Vol. Il, pp. 443-455. Washington: Hemisphere Publishing Corporation.

Blanusa, P., Goss, W.P., Roth, H., Weitzmannn, P., Jensen, C.F., Svendsen, S., and Elmahdy, H. 2007.
Comparison between ASHRAE and ISO thermal transmittance calculation methods, Energy and
Buildings, Vol. 39, pp. 374-384.

Blomberg, T. 2000. HEAT2, A PC-program for heat transfer in two dimensions. Manual with brief
theory and examples. Version 5.0. Lund: Lund University.

Branchaud, T.R., D. Curcija, and W.P. Goss. 1998. Local heat transfer in open frame cavities of
fenestration systems. In: Thermal performance of the exterior envelopes of buildings. Atlanta:
American Society of Heating, Refrigeration and Air-Conditioning Engineers.

Byars, N. and Arasteh, D. 1992. Design options for low-conductivity window frames, Solar Energy
Materials and Solar Cells, Vol. 25, pp. 143-148.

Carpenter, S.C. and Elmahdy, A.H. 1994. Thermal performance of complex fenestration systems,
ASHRAE Transactions, Vol 100, pp. 1179-1186.

Carpenter, S. and Hanam, M. 2001. Rating the Condensation Potential of Windows: Results from
Testing and Simulation, ASHRAE Transactions, VVol. 107, pp. 550-558.

Carpenter, S.C. and A.G. McGowan. 1989. Frame and spacer effects on window U-value. ASHRAE
Transactions, Vol. 95, pp. 604-608.

Carpenter, S.C. and A. McGowan. 1998. Three-dimensional heat transfer effects in building
components. ASHRAE Transactions, Vol. 104, pp. 1070-1076.

Curcija, D. 1992. Three-dimensional finite elements model of overall, night time heat transfer through
fenestration products. Ph.D. dissertation. Massachusetts: Department of Mechanical and Industrial
Engineering, University of Massachusetts Amherst.

Curcija, D. and W.P. Goss. 1993. Two-dimensional natural convection over the isothermal indoor
fenestration surface - finite element numerical solution. ASHRAE Transactions, VVol. 99, pp. 274-287.

Curcija, D. and Goss, W.P. 1994. Two-dimensional finite-element model of heat transfer in complete
fenestration systems, ASHRAE Transaction, Vol. 100, pp. 1207-1221.

59



Eckert, E.R.G. and W.O. Carlson. 1961. Natural convection in an air layer enclosed between two
vertical plates with different temperatures, International Journal of Heat and Mass Transfer, Vol. 2,
pp. 106-120.

Elmahdy, A.H. and Frank, T. 1993. Heat transfer at the edge of sealed insulating glass units:
Comparison of hot bok measurements with finite-difference modeling, ASHRAEe Transactions, Vol.
99, pp. 915-922.

Elmahdy, A.H. 2003. Effects of improved spacer bar design on Window Performance, Construction
Technology Update No. 58. Ottawa, Ontario: Institute for Research in Construction, National
Research Council Canada. (http://www.irc.nrc-cnrc.gc.ca).

ElSherbiny, S.M., G.D. Raithby, and K.G.T. Hollands. 1982a. Heat transfer by natural convection
across vertical and inclined air layers. - Journal of Heat Transfer. Transactions of the ASME, Vol.
104, pp. 96-102.

Encyclopadia Britannica. 2007. Window, Encyclopadia Britannica Online. 30 July 2007,
http://www.britannica.com/eb/article-9077176.

Enermodal 2001. Modelling Windows, Glass Doors and Other Products with FRAMEplus 5.
Kitchener, Ontario: Enermodal Engineering.

Erten, E., Kamuran, O. and Siimerkan, M.R. 1996. A locally developed reinforced mosaic door and
window frame for the Black Sea region of Turkey. Construction and Building Material, Vol. 10, pp.
441-444,

Fang, Y., Eames, P.C. 2006. The effect of glass coating emittance and frame rebate on heat transfer
through vacuum and electrochromic vacuum glazed windows, Solar Energy Materials & Solar Cells,
Vol. 90, pp. 2683-2695.

Finlayson, E., R. Mitchell, D. Arasteh, C. Huizenga, and D. Curcija. 1998. THERM 2.0. Program
description. A PC program for analyzing the two-dimensional heat transfer trough building products.
Berkeley: University of California.

Fomichev, A., Curcija, D.C., Balagurunathan, B., and Stocki, M. 2007. Investigation of heat transfer
effects of sloped and ventilated internal cavities of framing systems, Final Report. Amherst: Center for
Energy Efficiency and Renewable Energy, University of Massachusetts.

Griffith, B., Curcija, D., Tlrler, D., and Arasteh, D.K. 1998a. Improving computer simulations of heat
transfer for projecting fenestration products: Using Radiation view-factor models, ASHRAE
Transactions, Vol. 104, pp. 845-855.

Griffith, B., E. Finlayson, M. Yazdanian, and D. Arasteh. 1998b. The Significance of bolts in the
thermal performance of curtain-wall frames for glazed facades. ASHRAE Transactions, Vol. 104, pp.
1063-1069.

Gustavsen, A. 2001. Heat transfer in window frames with internal cavities. PhD Thesis. Department of
Building and Construction Engineering, Norwegian University of Science and Technology.

Gustavsen A., Griffith B.T., and Arasteh D. 2001a. Natural convection effects in three-dimensional
window frames with internal cavities, ASHRAE Transactions, VVol. 107, pp. 527-537.

Gustavsen A., Griffith B.T., and Arasteh D. 2001b. Three-dimensional conjugate computational fluid
dynamics simulations of internal window frame cavities validated using infrared thermography,
ASHRAE Transactions, Vol. 107, pp. 538-549.

60



Gustavsen, A., Kohler, C., Arasteh, D., and Curcija, D. 2005. Two-Dimensional Conduction and CFD
Simulations of Heat Transfer in Horizontal Window Frame Cavities. ASHRAE transactions, Vol. 111,
pp. 587-598.

Gustavsen, A., Kohler, C., Arasteh, D., and Dalehaug, A. 2007. Two-dimensional computational fluid
dynamics and conduction simulations of heat transfer in horizontal window frames with internal
cavities, ASHRAE Transactions, Vol. 113, Pt. 1, pp. 165-175.

Gustavsen, A. and Thue, J.V. 2007. Numerical simulation of natural convection in three-dimensional
cavities with a high vertical aspect ratio and a low horizontal aspect ratio, Journal of Building Physics,
Vol. 30(3), pp. 217-240. (http://dx.doi.org/10.1177/1744259107071660.)

Hallé, S., M.A. Bernier, A. Patenaude, and R. Jutras. 1998. The combined effect of air leakage and
conductive heat transfer in window frames and its impact on the Canadian energy rating procedure.
ASHRAE Transactions, Vol. 104, pp. 176-184.

HEXCEL. 2007. HexMC - Sheet-molding compound,
http://www.hexcel.com/Products/Matrix+Products/Other+FRM/HexMC/. (Link valid 2007-06-29).

Hollands, K.G.T., T.E. Unny, G.D. Raithby, and L. Konicek. 1976. Free convective heat transfer
across inclined air layers. Journal of Heat Transfer. Transactions of the ASME, Vol. 98, pp. 189-193.

ISO 2003. I1SO 10077-2, Thermal Performance of Windows, Doors and Shutters—Calculation of
Thermal Transmittance—Part 2: Numerical Method for Frames, International Standards Organization,
Geneva.

Jakubowicz, I. and Méller, K. 1992. An FTIR, impact strength and thermal analysis investigation of a
PVC window frame naturally aged for 20 years, Polymer Degradation and Stability, Vol. 36, pp. 111-
120.

Jonsson, B. 1985. Heat transfer trough windows. During the hours of darkness with the effect of
infiltration ignored. Document D13:1985. Stockholm: Swedish Council for Building Research.

Kohler, C., Arasteh, D. Mitchell, R. 2003. THERM Simulations of Window Indoor Surface
Temperatures for Predicting Condensation, ASHRAE Transactions, Vol. 109.

Korpela, S.A., Y. Lee, and J.E. Drummond 1982. Heat transfer through a double pane window,
Journal of Heat Transfer. Transactions of the ASME, Vol. 104, pp. 539-544.

Lartigue, B., S. Lorente, and B. Bourret. 2000. Multicellular natural convection in a high aspect ratio
cavity: experimental and numerical results, International Journal of Heat and Mass Transfer, Vol. 43,
pp. 3157-3170.

Laustsen, J.B and Svendsen, S. 2005. Improved Windows for Cold Climates, Proceedings of the 7th
Nordic symposium on building physics.

Lee, Y. and S.A. Korpela. 1983. Multicellular natural convection in a vertical slot. Journal of Fluid
Mechanics, Vol. 126, pp. 91-121.

Loffler, M. 1997. Foamglass as spacer in multiple glazing. Detailed study for new design of edge seal
in multiple-glazing significantly reduces energy consumption, Building Research and Information,
Vol. 25, pp. 107-110.

61


http://www.hexcel.com/Products/Matrix+Products/Other+FRM/HexMC/

Loffler, M. and Buck, D. 1997. Glazing edge-seal using foamglass as spacer and frameless window
design, Solar Energy, Vol. 61, 5, pp. 303-312.

Mitchell, R., Huang, J., Arasteh, D., Huizenga, C., and Glendenning, S. 2005. RESFEN5: Program
Description. A PC Program for Calculating the Heating and Cooling Energy Use of Windows in
Residential Buildings, Lawrence Berkeley National Laboratory.

Moshfegh, B., Loyd, D., and Karlsson, B. 1989. Heat Transfer at modern windows - Risk of
condensation, Energy and Buildings, Vol. 13, pp.119-125.

NBC 1969. Norwegian building code (in Norwegian). Forskrifter om bygg av 1. august 1969.
Oslo: GRENDAHL & S@N.

NBC 1987. Norwegian building code (in Norwegian). Byggeforskrift av 27. mai 1987 nr. 458 med
endringer, sist av 21. desember 1988 nr. 1144. Oslo: GRONDAHL & SON.

NBC 1997. Norwegian building code (in Norwegian). Forskrift om krav til byggverk og produkter til
byggverk. Tekniske forskrifter til plan- og bygningsloven av 14. juni 1985 nr.77. Oslo: Statens
byggetekniske etat.

NBC 2007. Norwegian building code (in Norwegian). Forskrift om endringer i forskrift 22.1.1997 nr.
33 til plan- og bygningsloven om krav til byggverk og produkter til byggverk (TEK). Oslo: Statens
byggetekniske etat.

Nielsen, T.R., Duer, K., and Svendsen, S. 2000. Energy performance of glazings and windows, Solar
Energy, Vol. 69, pp. 137-143.

NORDAM 2007. NORDAM pioneers composite window frames for Boing 787 Dreamliner,
http://www.nordam.com/news/press_releases/default.aspx?pr=020807-1. (Link valid 2007-06-29).

Noyé, P., Laustsen, J.B. and Svendsen, S. 2002. Windows with improved energy performance,
Proceedings of the 6th Nordic Symposium on Building Physics.

Noyé, P.A., Laustsen, J.B. Svendsen, S. 2004. Calculating the heat transfer coefficient of frame
profiles with internal cavities, Nordic Journal of Building Physics (Acta physica aedificiorum), Vol. 3,
http://www.byv.kth.se/avd/byte/bphys/.

Raithby, G.D., K.G.T. Hollands and T.E. Unny. 1977. Analysis of heat transfer by natural convection
across vertical fluid layers. Journal of Heat Transfer. Transactions of the ASME, Vol. 99, pp. 287-293.

Schrey, A.-C., R.A. Fraser, and P.F. de Abreu. 1998. Local heat transfer coefficients for a
flushmounted glazing unit. ASHRAE Transactions, Vol. 104, pp. 1207-1221.

Shewen, E., K.G.T. Hollands, and G.D. Raithby. 1996. Heat transfer by natural convection across a
vertical air cavity of large aspect ratio. Journal of Heat Transfer. Transactions of the ASME, Vol. 118,
pp. 993-995.

Schultz, J. M., and Svendsen, S. 2000. Improved energy performance of windows through an
optimization of the combined effect of solar gain and heat loss. In: Proceedings of the EuroSun 2000,
Copenhagen, Denmark, June 19-22, 2000.

Schultz, J.M. 2002. Windows with a slim frame construction and a large light and solar transmission
(in Danish), Report R-028, Department of Civil Engineering, Technical university of Denmark.

62


http://www.nordam.com/news/press_releases/default.aspx?pr=020807-1

Standaert P. 1984. Thermal evaluation of window frames by the finite difference method. In:
Proceedings of windows in building design and maintenance. Stockholm: Swedish Council for
Building Research.

Svendsen, S, Kragh, J., and Laustsen, J.B. 2005. Energy performance of windows based on net energy
gain, Proceedings of the 7th Nordic symposium on building physics.

Svendsen, S., K. Duer, and P. Noyé. 2000. Calculating the heat transfer coefficient of frame profiles in
aluminium. Report SR-0023 — Revision 1. Lyngby: Department of Buildings and Energy, Technical
University of Denmark.

Yin, S.H., T.Y. Wung, and K. Chen. 1978. Natural convection in an air layer enclosed within
rectangular cavities, International Journal of Heat and Mass Transfer, Vol. 21, pp. 307-315.

Wright, J.L. and Sullivan, H.F. 1994. A two-dimensional numerical model for natural convection in a
vertical, rectangular window cavity, ASHRAE Transactions, VVol. 100, pp. 1193-1206.

Wright, J. 1996. A correlation to quantify convective heat transfer between vertical window glazings.
ASHRAE Transactions, Vol. 102, pp. 940-946.

Zhao, Y., D. Curcija, and W.P. Goss. 1997. Prediction of the multicellular flow regime of natural
convection in fenestration glazing cavities. ASHRAE Transactions, Vol. 103.

Zhao, Y. 1998. Investigation of heat transfer performance in fenestration system based on finite
element method. Ph.D. dissertation. Massachusetts: Department of Mechanical and Industrial
Engineering, University of Massachusetts Amherst.

Wikipedia. 2007. Wikipedia, the free encyclopedia, http://en.wikipedia.org/. (Valid 2007-07-04)

63


http://en.wikipedia.org/

uagIayos uap ) . 12 S
usa 8V’ TXECT
yosimz [ijoidwneyas .
-Jd she Bunwuweg L0 ww_._um_o
op'AIS | oidbospay-wniuILngy . S o— ..—\ < 05 991M0d
sed mmm sapuabaljuagne .ow 0 . 407920 _ ol H_ . ﬂcMIww_Am
‘yoidabory GE0'0/9€0°0 |- e )
. pesseH
MZ( -Ua1S0)d
A Jaoedssimg
-O/\d SSPjIelISIsA|yelS
Sy’ TXEZT e EVEIY
1ouploabue .0 0¢1 X 0ct . wo
Briaswrem Bunyieissny ‘ 2'Neyal@qy A uabues
op'AIS S[e uswyelabn|4 wi 08'0/6.0/6L0 z ‘ ubisag 0EYT/./ | TET60 "Xed
cod-mwn | 1401dIyeIS ‘BfeydsziesIon | LE00/9E0°0 / SEO'0 120 = g U} 05-26 / TET60 ‘1oL
alwwepabawiem ) NVYH3IY uabuelig
wneyosabsne Nd uw OJIN + HOFL:VINOHHD 8G0T6-A ‘v WNICUBNA
ulswuwey| ‘a|yold-OAd A HOILVINOIHD neqyooH
laoedssims ‘0D + 9V NVHIY
Yy X m
°N ((1,w)/mn) (Wi X wiw)
IEX s[el91eN (1L,W)/m) 70 Fe*nt ™ € uonensn|| T uonensn|| awreN 10Npoud / Jaamoejnuep
(lw)/m) & A A | ‘nenjean Z uonensny|
eds ‘zds ‘Tds

"S91BI111I90 puR S}98YS
elep ul uonewlojulsainiadoid onsiialorIeyd 8] JO 1SOW 0] SS8208 ASea YIM 3lISqam SNeHAISSEd UBWIS) ay) 01 8J18UMas|a LWOoJ] paloalipal ale sallel) asay) Jo Auew se 3p AISSed MMM 0}

apew Ajurew si aoualalay "UBAIL ale (swel) pue aued sse|b ‘ajoym e Se MOpUIM) SanfeA-N a1 saiiadoid snolieA pue UOIDS|SS [elsTewW ‘suoljelsn||l SnoLeA ‘swreu 1onpoid ‘Jainjoeinuely

"(1,W)/M 08°05 N MOPUIM B SBy S|oym B Se MOpUIM 38U} eyl MO| 0S 8q 0} Sey dWey dy} Joj anjea-n sy alaym ‘Juswaiinbais sneHaissed ay Bulyiny sawey mopuim jo sejdurex3 "T-v a|qeL

'SUONdadXa M3 B YlIM ‘punoy sl

an[eA-+n aWRL) 8Y) 8J3UM SaLRLL MOPUIM AJUO 1SOW[E SBPNJOUl 8|0eL "8I3UMas|d

10 3N pue AUBWIID Y10q Ul S3SS3IPPER/Sadljlo aney saluedwod syl Jo AUBL Jeyl puly OS|e [[IM UQ "SBSSaIpPe |IeW-2 pue sallsgam Uewas) 01 Buliiaal Ajjoalip
aJe Way Jo Auew pue s1nIsU| SNEHAISSed UBWISD) ay) Ag paiied aie (€7 =pl;dsI"™xapul/sn'Bio sneyAIssed MMM,/ 0111) alIsqam sneHAISSed MM aY1 1 pareso)
SMOPUIM 8] JO 1sow ajduiexs ue Sy "se1edljiliad pue S18ays elep JO WIo) Ul uonewlosul/santadoid onsiis1oeseyd syl Jo 1SoW 0] SSadoe Ases YIIM allsgam SneHAIssed

UBLWISS Y] 0] 8J3UMaS|a W) paldalipal aJe sawiel) asay) Jo Auell se a)Isqam 3p AISSed MMM SNeHAISSEd UBLWISS a8y 0] apell Ajulew si 82uaiajal e a|qel

s1y) uj “BuizelB femoe ayp Jo pesisul jaued uoneINSUI Ue YIM ‘2-2/00T OSI Ul sainpsooad ay) o) Buipoooe palejndjes siin “(M,W)/M 08°0 S N MOPUIM e sey 8]oyMm
© Se MOPUIM 8y} 18yl MO] 0S aq 0] Sy alel) 8y} 10} anjeA-n ayl a1aym ‘Juawialinbal sneHAISsed ay) Buljjiyny sswely MOpuIM JO sajdwexa [eJanas sanlb T-v a|qel

sawe.lH MopuIpA Bunensu| jewJasyt AjybiH Jo 1817 - Xipuaddy



http://www.passiv.de/
http://www.passivhaus.org.uk/index.jsp?id=737
http://www.passiv.de/
mailto:erlangen.vk.hb@rehau.com
mailto:erlangen.vk.hb@rehau.com
http://www.rehau.de/

/

AL

s Yy

(LzTXZET)

i i 3P YoNg-191SUS) MWW
X
8y HM.Aomm 1 0ct X5l apoNg-1aI1Sual@ojJul
) JoIsua) L9¥9 / T9LYO "Xed
ap°NIS . . m -— 0-2..6 / T9L¥0 'I9L
LS P 7500 “0 | “Saon | ., cpienowo
. . : - ; Zevl2-a ‘v “nsalsnpuj
UL L m__ ch._. pun Lmam.cmu_
_ Hgwo >ong 'H
12709 1aUONIC" MMM
8T X 8V1T RO RNEINNRIRT] 921JJ0
8V’ TXETT _ 4N ) mxﬁ N%© .t
BunpuBJGIBAWINILILINGY L0 . : wf v8 / 2182 (0) £¥00 "Xed
op'AIS pun yoisisuny| . . =4 wiayloLeA 20
. i 080 v.°0 =, 4 i .
sed'Mmm | -SgV Sne 9[eydszIesion Se0'0 Tt ssuyorug | v8 /2182 (0) €700 191
Jajwwepab nw zjoH S= sbuniao ¢oI 0Z6E-V
{ ‘GT premianeussonaqo
eyl HAWD uainL
pun 1alsusH Jauxonig
Uxm
’n (1, w)/m) (Wi X wuw)
194 s|euarel (1, w)/m) £ * 2 ™0 € uopensny|| T uopensny|| sweN | 19npouid / Jaimoejnuen
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds



mailto:office@bruckner.co.at
http://www.bruckner.co.at/
mailto:info@fenster-buck.de
http://www.fenster-buck.de/

Bunuuall uayosiwiay)

GZ - 0S

3P 2UIUO-00S9 MMM

Inz Bunysipuauu| 8T XETT 3p aUIUO-02S3 @ OJUI
abiwnjongjoih 10 6,08 /9G9T.0 Xed
ap’'AIS uaqIayos usp ] . snid-3 vH 0-800€ / 9GT/0 'ISL
. uayasImz |yoldgoiswweq 080 €L°0 ! uabuizug
sed-mww | ) I T-0S 1Md o -
INAd3 weaiwneyosabjne €00 I ¥G¢T.-A 2 "hs|esalq
sne Bunyaipuagny Hqwo
‘aslamneqg A Jaoedssimg awl1sAsneq|e1sN
-wniuIwn|y-zjoH 092s9
Bumyoipusuuj 8Y'TXECT _ 4_ m e __oc.m 30110
abILN|OAS)0.B L0 _ ow %:? v
op'NIs 'USqIaYIS Uap . . g4 1 snd /99L470) €00 &4
sed'mmm | uayasimz |ijoidyoiswuweq 6. o S9°0 E 3 1 dO1 NO LTTTY .
€€00 1 19922 (0) €700 "1BL
aslamneg Il 1oDU
~WINIUIWN|Y-Z|OH _ {E = popuy
A 19oedssIms i ; ' 0L.Ly-V 'LT ure|zioH
) HOwWo J1subep-|pul
3P B)aA MMM 18Ulalu|
oo eYaA@ojul ([reiN-3
°p © "n) 80 snid 06z .%Nmmwmm”mw»_mmw
SN MMM
! ANIdOL 1sloyuspuss ¢e8y-a
g8 "nsjesaiq
OV YIIA
usjeyaswiweg-wniuiwn)y Ty e 61 EERER
ualsddipiabine 1w 8r'T i et op obaianeiqbiaol
s|lamal ‘felsrewpungiap £0 o sn1d 6T-TT.L9/¥9¥E0 "Xed
SPAIS -1e[0A28Y4-Nd/Nd/ZI0H . . - O-TTL9/¥9¥€E0 I8l
sed -mmm sne uawyeJabni4 08 o L0 g SWEIP uasneylabues
‘leusrewpungJan €e00 454 92S90-a ‘0z bamuagels
-Nd/ZI0H A 120edSSIMG O 00
sne uawyelpualg 7 HQWo neqzjoH 393
yXxm
°n (1,w)/m) (ww x ww)
Jay S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensny|| T uonesnsn|| aweN 10Npo.ud / 1ainjoejnueiy
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds



mailto:joerg.brauer@ege.de
http://www.ege.de/
mailto:info@veka.com
http://www.veka.de/
mailto:office@endl.at
http://www.endl.at/
mailto:info@esco-online.de
http://www.esco-online.de/

(yalalagsbungre
pun -sbunisnig
wi [ijoid sayoia|b)
[elsTeWPUNgIBA

6T

ap uuewInb MmWMm

-jjoisisuniyjjwneyos 8V’ TXECT
-Sd/NIV 10 ap uuewinbuuewinb
0-¢66 / TV 160 ‘ISL
OP'AIS she cm_mcoMEEmm_ . . Sd 89 Hd Qs\n_cwm:w>>_
sed-mmm uw (yephosy 080 G0 -NYTHL VO
-Nd pun wneyos €200 VHIN 18.16-A4 18
-Nd 1w jwwepab ‘zjoH -/ 8gens JsbisquinN
:uawyes@bni4 ‘wneyos Xiway L OV aXIs/M
-Nd H_E HEEMU@@ uuewing uuew.ldsH
‘Z|OH :uswyelpus|g)
[elB1EWPUNGIBA
sne g|ijoiduswyey
uawyeJ@bni4
pun -pua|g wi zeT
a[yoidsbunyelsianlyels 8Y'TXETT g mu. UE[Ean’ MMM
ajuuanab yasiwiay) 10 | ﬁ. .._ op ueesbEojul
. ‘(yorasagsbungre _— sneynisseq TvT-7..L /98260 Xed
ap'AIs =l . 0TZ-v.L o
sed-Mvm pun -sbunsnug wi 080 280 . . DI 0002 /98¢60 ‘191
Ijo1d seyaia|b) feuerew 9200 Htald SNylv3o | MEAPHed0 Svise
pungiaAdd/wneyosueH -ad 08 ayels 19JoH
-Nd/Nivy A looedssims HQw9 Jayasua)ol4
she uajeyoswuwed AHIM NVIVIO
Jw usjljold-OAd
. . 8T X 87T woo'J
070 M UaxdojaIdeq 8v'T x €T — R 3paposo}®@Iagnyuanaoy
euaTeN-WWweQ L0 ! I81sua- fingzles 19q JOH ZzZES
ap'AlS ‘BunpusjgiaAINIUILNY . . P 2 . -wniuiwnly | -V ‘HQWo J9passwels
sed MwWn pun LoISISUNy 08 o 920 ,., w 7 -Z|OH 61099 'S'9 :gaUMBA
-SgV She a[eydasziesion Se0°0 = .u wisyjouen 90085
J)wepab Jw zjoH - / eNON O} 19292 (0) €¥00 "19L
Xiusy L BBas}oM 2061~V
19papos0o4 HagnH
yXxm
°N ((1,w)/m) (ww x ww)
Jad S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensni|| T uonensn||| sweN 10npo.d / 1sinioejnueN
(IW)/M) E°4 24 ™4 | ‘N enjean Z uonensn|

eds ‘zds ‘Tds



mailto:hoertenhuber@fosodeder.com
mailto:hoertenhuber@fosodeder.com
mailto:info@gealan.de
http://www.gealan.de/
mailto:gutmann@gutmann.de
http://www.gutmann.de/

8V’ T XECT

L0 Bu
ap’'AIS uoINIISUOYpUNQISA i ) nse|bianxi4
sed mmm -Z|OH/Nd/wniuiwn|y 6. o €90 _>_mmmd.
evoo uoifilpa
Xiwaay L
wod wioula1ul’ MMM
WNeLyoS-Nd sne By TXETT £6¢TL
abejulswiweq ayaljzresnz L0 /6ccl A%mv%mvoo Xed
3P'A ‘
o g 080 £°0 st | oze 16222 (0 evo0 e
Nd }W uswyey-Z|oH il | Hawo
|euoljeulalu| wiouianu|
ST XEZT ap buusneyaissed MMM
.0 ap bulisneyaissedojul
op'AIS 20K 29-2¥6 / T2660 ‘1oL
sed'mwwm | Iuaind/ndaiuaind/z|joH ow.o vL0/TL0 Uy L-0%10 uabay
8€0°0 €026-0 'ZEET Yorpsod
‘A BuliaisusyzjoH
[10} [V Yum Jaoedssims -SneyAISSed
EREIIE]
SY'TXETT -Ualam-1asnay MWW
WINeyos-UeyIaInkiod L0 0218 0/-GT€6 /2L 290 1oL
op™NIS sime Bunwwed S m dHaues | 0T-STE6/2. 190 1oL
sed-mmm LU UBLIYRLIBISUSH ¢(08'0)GL°0 (210 S9°0 L0 N8 uslysIN
WNILILNN-ZIOH ¢ (0v0°0) 0€0°0 Jsusjurem | 25€95-Q ‘9 Bambing
-1adns Hqwo
Xiway neqjel1aN-191susa
+Uain| ¥3sN3H
Yy X M
°n (G1,w)im) (Ww x ww)
Jod S[elsreN (G1,w)m) &°n - evn * g uonensnj| T uonensnj| sweN | 10npoid / Jaimoenuei
(lw)/m) B4 A A | ‘nanean Z uonensny|

eds ‘zds ‘Tds



http://www.heuser-tueren-fenster.de/
http://www.heuser-tueren-fenster.de/
mailto:info@passivhausring.de
http://www.passivhausring.de/
http://www.internorm.com/

LTT [ LVT
8T X £2' _ E Te oy SOl MMM
(W) 0 . E m ’u Te'0Xsol@adiyjo
MW)/M GE0‘0 ) 9Tv-0182 / €9..0 "Xed
ap'AIS =) SdX she Bunwweq . . : m« —— 0zt 9T¥-T¥22 / €920 191
sed mmm ‘uswiyey-wniuiwnpy momwooo SLO/ELO mp g J.mj 0D3AISSed Buidoy
-Z|OH Jelwepas J., ==t V6.1~V ‘92 H0psoy
: 1 | Hqwo uainl
N'X1 Xiwayl u # 7 — pun 191suaH oysor
Vit /vl
aslamneg X e
-wnjuiWN|y-Z|oH A%% I .mvm T —,
ul Bunse|bianpungiap €101 85°0) 99°0 ubisap
ap'AIS Jap awyeuyny . . . = -0119A
sed mmm inz uswyelebni4 08 o £6°0/680 / Nssed
‘[eriaTewpUNGIBA Ero0 ¥ uoi[lpa
-wnuIwn|y-goiswwed 551S DOUILS
-Z|oH sne uawyelpua|d 19915 pauliaY
it/ vvl
aslamneg X e
-wnuiWN|y-z|oH A%% I .mvm T
ul Bunse|bianpungiap €101 85°0) 99°0 | uswyeJtais
ap'AIS Jap awyeuyn — uaypungJa
mm%is% inz moE;:E_me_u_ ow..o 86°0/060 _,,\_w_wwma n
‘[eriaTeWpUNGIBA 6£0°0 v uoillpa
-wnuIwn|y-goiswwed 551S DOUILS
-Z|oH sne uawyelpua|d 19915 pauliaY
yXxm
°n (1, w)/m) (Wi X W)
Jay S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensny|| T uonesnsn|| aweN 10Npo.d / 1sanyoejnue\
(lw)/m) &4 A ™A | N anrea-n Z uonensny||
eds ‘zds ‘Tds



mailto:office@josko.at
http://www.josko.at/

8V TXEZT o N
.0 m" e ET RS VR
i -
. . E[SVRI @I
ap'Als (lw)/m 0€0°0 = . . 2 6
sed mmm IM aoad 6.0 V.0 0D9® yrelusboziaH ¥£T2S
') ¥Nd yum ajyoid DAd 0£0°0 -a G Buag JajaLs0g Wy
HAWo syooH
anem-19 ] / Xiwlayl
YXANEAN)
8 TXECT
L0 m
3p'AIS Z|oH 61°0 210 ’ Ja1suaH
sed" mmm uain luaind/z|o -snoJe
M d/ndm d/ZIoH Sdl 950°0 / ‘WIBYL ££0°0 —_— d
Sd.l /Xwiayl
8V TXECT (6TT/OET) / 6TT
Acowhmv £0 (usa12s uresjo'm) NM...WMMM\.WM@@NN% ._MMH_
Hoisylembulphoay ) ) T.0 ) d
ap'Als -Nd sne ‘mzq (£a16) 191 08°0 /XIWIBUL 620 | (uoaios ureym) ¢ \Tf nSse HsLR.BuSIY
sed mmm YI0Y sne Bunwweq . . 1€L0 m T 19,701 019.5-d ‘€¢
‘UBLIYRLIBISUS ( (191) vao 0/0v00 “ Yooy assens-uljaddaz-elo
) Xluusyl) 8€0°0/ LEOO /0.0 HAwo nequaln |
ZI0H J9)UEP9D ‘N -131SUd4 Y20y
191/ Xiwiayl
8V'TXECT apia1sensney MWW\
10 evl ap 1areensney @ ojul
po 66-6T666 / 6020 Xed
9p°AIS Y10y sne Bunwweg 08'0/6.0 81°0/€1°0 oMOWISY L 0-6T666 / 6020 ‘191
sed -mmm JW uswyelz|oH 0£0°0/820°0 AN Jang-uayoinjuas|an
" 268SY-A ‘0¢ "Asusp|os|
[991S pauley HQWO
| looedssims Jajenisney| neqzjoH
Y X M
N (1,w)/m) (ww x ww)
Jad Slels1eN (1 ,w)/m) &0t eMn f ™0 € uoneasn|| T uoneasny|| aweN 10Npo.ud / 1ainjoejnueiy
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds



mailto:info@kaustraeter.de
http://www.kaustraeter.de/
mailto:info@kochs.de
http://www.kochs.de/

8V TXECT
10 et/ 8et
[yoidn|y =
e ey "
sed Mwn wneyos-nd 88°0/060 snid 093
she uabejulayoiswweq . .
1W Z|OH sne uawyey So.o / moo.o
0€0'0/0€00
A Jaoedssimg
8 TXECT 2
L0 s
Bunwweq . X (InpoIf1s)
. - 080
ap'AIS 10| 19po -|01A1sAjod . i ) niy
sed mmm JW uswiyey-wniuiwn|y 5€0 o / £€0 o €L°0 snidoMQ
-Z|OH :reuslewuswyey /610°0/5¢0°0 Janeqiapa
|91 / OJIN + J8oedssimg
[ A\ SSIMS / XIway 1
. . 6ET
8r'l x €ct Te1eneqIapa|©adljjo
L0 0-TTS¢
bunuiuwed cuo) niy | /€522 (0) €v00 ‘oL
ap’'AIS 310 J8po -|01A1sAj0d 080 )
sed'mwn | 1w uswues- : : : SL°0 snidoXQ Buemyosiaq3 906y
. yey-wniuiwn|y €20°'0/9€0°0/0€00 Jane v
. gJapa Vv ‘T8 Buemyosiaql
-Z|OH :[euslewusawyey ‘0 wo uain |
A 1e0edssims m.wv_B %cwv _._M:m 19pa
/ JaoedssIms / Xiwiay L 1SUa- qispan
9|eyoSsziesion LZT
-wniwiwn|y Jw 8V’ TXECT
s|lomal {[eusrewpungian 10 f -GsJ 128 mmmm.mvoo xeq
) -1e[2A29Y-Nd/Z|OH - XYW'WAIN .
3p°AIS 6 . . . . €€-GEL /28 €€-€¥00 'IsL
sed MW sne uswyel|abn|4 080 L.°0/080 [ NIV
] \ Jopsiapny
feusrewpungian 2€0°0 || SSau|l9M ‘96
Jepkoay T/G/-V "9 bamydial
-Nd/wneydsueH-Nd/z|oH Xiuusy L HAMD Neqiestied v
sne uawyelpualg
Y X M
°n (1,w)/m) (Ww X wiw)
Jad Slels1eN (1 ,w)/m) &0t eMn f ™0 € uoneasn|| T uoneasny|| aweN 10Npo.ud / 1ainjoejnueiy
(lw)/m) &4 A ™A | N anrea-n Z uonensny||
eds ‘zds ‘Tds



mailto:office@lederbauer.at

09T/ €9T
1

66-6T€98 / TVE0 "Xed

eds ‘zds ‘Tds

8y TXETT
90 : o 0L-6T€98 / TYEO ‘o1
SP°AIS Z|OH :Jellarewuswye ' ' ' [ Suajualse m_NQ_mn_ 6610
sed MMM |OH :[eus) yed 89 O T,2°0/290 Jusisel; -d ,._”._” ‘J}siap|ajswwos
2200 sneyaissed X
yelIs ‘H®
XIULIBYL X Z uuewnep 'y oing--6uj
TE€T o
SV'TXECT 1erinwy MMM
B
SpAIS ZIoH 120 08'0/€L°0 s %H\m,mmwn_ v%oommmm\mwmmmmoo._wmn_
sed mmm uaJin luaind/z|o o :
ASINd/NAMUSING/ZIOH $20°0 M YoeasadwoA €219
-V /9 8genspue sy
A Jaoedssimg S IREIE] VIS TN
GZT
T X 67 ap 9|ljoid-feind MMM
aeyosyoag-wniulwn|y 8v'T . et ap ojoid-reind@ ojul
ualauul pun uaiagne Jap £0 —_ 04-09¢6 / 8GT90 "xed
ap'AIS Bunuuai] usyosIWIaY) 080 1° 1 dg vdnd G-09¢6 / 8GT90 ‘191
sed' mmm Inz wawweq 8800 I-1-1 -0OSI-dd 1peISpaly
Nd 191s3jy20H 09G¥9-A ‘TT "hsiv|abalz
‘[eusrewuswyey XIwIay L OM 0D %®
HAwo Jamjiyold eind
8’ TXECT
L0 NSSIMS
ap'AIS . . (Inpolhis)
sed M GL0 €L0 6ET ny
6100 sndoMQ
JaneqJapa]
A Jaoedssimg
Y X M
°n (1,w)/m) (Ww x ww)
IEX s[eus1e N (1 ,w)/m) &0t eMn f ™0 € uonensn|| T uonensny|| aweN 10Npoud / Jsinjoenuep
(lw)/m) B4 A A | ‘nanean Z uonensny|



mailto:info@pural-profile.de
http://www.pural-profile.de/
mailto:office@tmur.at
http://www.tmur.at/

eds ‘zds ‘Tds

8V TXETT (06 / 00T) 05
L0
ap’'AIS 10 pun uayolISHIamz|oH . ) ap
sed mmm pun z|oH sne apesse 6. o 69°0 essele|0s
9€0°0
[10} [V Yum Jaoedssims
ojuruiMmndo@a91}0
Z|oyuayoue 8T XEZT ToU UIMIIdO MM
she 9|eydsziesion .0 0t-9109¥
ap'AIS elequiysuqe 1 €2€5 (0) €700 "Xed
sed mmn 10 ‘Mz(q esfeg sne 6.0 €.0 z|joHglLId ZT-9v09%
Bunwwepuswye.abni4 GE0'0 /1 €2€S (0) £¥00 "13L
‘3JJ01SHI9MZ|0OH pun sqq3
Z|OH :[eusrewuswyey [10] |V Yum Jaoedssims TYE€9-V ‘T A1SI9|Y21qp[IM
HAWO NIMILAO
1A
i ) 3P NESAIU MMM
[el@rewpungJan 8V'TXECT ap NeaAlu@PfeIuny|
“PILEAjOd/WNeYdS £0 €€ 22 / €9 920 Xed
ap'AIS -oifisAjod/ Wniuiingy Hdsnidl | 0-T06Z/€9 920 AL
. sne ugfeydswwed 6.0 890 -
sed mmm . . eAoyIquioy Binqua1se\ £5795-a
‘leusrewpungIa 0v0°0 ‘agens Jsuyeyusbuen
|N_O_|_\DH_\N_O_|_ IQEO @Ljﬂhmwwm\s
sne g|ijoiduswiyey Xiway L 191SUS NYIAIN
Ty e 9¢l /911 T BEISVEIETE N
A_mm% Mm.%vmow.o _ E N EISVEIETIEER @]
ops | SPeUOSZESIONLNY — o | ‘oevos/ermioer
sed mmm M Uay0idz|oH mﬁo vi'1/0T1 iy -T> WNAON uabulwing
sne uawyellaisuay TEO0'0 : . -a:
[elyoepiepi 8.172.-A 9
iULio ag/els lenalsnawunio
! ylL 191sua4 3a|1saN
Y X M
°n (1,w)/m) (Ww X wiw)
Jad Slels1eN (1 ,w)/m) &0t eMn f ™0 € uoneasn|| T uoneasny|| aweN 10Npo.ud / 1ainjoejnueiy
(W) 24 A 4 | ‘nenjean Z uonensn||

oT-v


mailto:info@nestlefenster.de
http://www.nestlefenster.de/
mailto:kontakt@niveau.de
http://www.niveau.de/
http://www.optiwin.net/
mailto:office@optiwin.info

8V’ TXECT

L0 d 90|qos]
ap'AIS aslamneg ) . I-H9S
sed mmm -wnulwn|y-z|oH vomwooo €L°0 +Nd3IHL
02lvd
A Jaoedssimg
Ty e ENCRIZE
8y Hm.omm 1 3p oJrel®oul
d 00|qos] 00T-TT6 / S9280 'Xed
9p’'AlS aslamneg 080 <0 I-HOS 0-TT6/G9280 ‘I°L
sed* mmnm -winiuIWN|y-z|oH vE0°0 +NY3IHL uasneyuajeld z/.2/8-a
02lvd ‘Z PION 12199bagiamaD
A Jaoedssimg HAWo
Mluyasined O2Ivy
SV’ TXECT
19upJoabue Bniasw.em .0
. Bunyieissny spe
ap'AIS . ) . .
sed Mwn Iijoad|yels Jwneyosabsne 6.0 08'0/SL0 uipmowsy L
Nd Hw uiswwey ‘sjyoid 0€00
-OAd [elarewuawyey
XIway L
SV’ TXECT 121295 / TEE90 "Xed
L0 862295/ TEE90 191
) . suaseuwlid
dp'NIS ((w)/m 0€0°0 = . . . ; !
sed- IM anioid 6.0 7.0 009 62699-A S9T¢ Yoepsod
MWW | () dNd yum 3joid DAd 0£0°0 LOISISUNY
Bulswwoy
aNeM-|D | / Xiliay L Hqwo sulold
Y X M
°n (1, w)/m) (Wi X wiw)
Jod SlelsreN AO¢E¥SK§3_§D_ED € uonensn||| T uonensny|| aweN 1onpoud / 1simoejnuey
(lw)/m) B4 A A | ‘nanean Z uonensny|

eds ‘zds ‘Tds

TT-v



mailto:info@raico.de
http://www.raico.de/

uawyeJabni4
pun -pus|g wi
ajjoidsbBunyjrelsian|yels

3p dIS MM

ajuuanab yasiwiay) Sy’ TXEZ'T 5P AS Ol
ﬁwﬁﬁ@%ﬁﬂ% £0 53N 00€-2S / 5280 "Xed
3p°AIS 1016 . . IMONY3HL 0-¢G/Gv280 'IsL
sed-mun wi |yold sayolia|b) 08 o 180 | wrayInL 2898
[eliaysLpUng oA veoo opuewefes | -a ‘gS ‘NS-9BIS-qoxer
-plweAjod/wneyos HQWD 81NPoId
-|01A1sAjod/wniuiwin)y A Jaoedssimg _aLISNPU| JapueLeles
sne uajeyoswweq ’
1w us|ijoid
-OAd she uswyey
8y’ TXECT
L0 d 90|qos|
ap'AIS aslamneg . . I-H9.
sed mmm -winiuiwn|y-z|oH mommooo 69°0 +Nd3IHL
02Ivd
Xiwiiay L
yXxm
50 (1, w)/m) (W X ww)
Jad S[eLs1eiN (1 ,w)/m) &0t eMn f ™0 € uonensni|| T uonensn||| aweN 10Npo.d / 1sanyoejnue\
(lw)/m) B4 A A | ‘nanean Z uonensny|

eds ‘gds ‘Tds

AN



mailto:info@sip.de
http://www.sip.de/

44"

3[eyoSz1esIon 8V TXECT
-WwinIWIWN)Y 1w sjiamal L0 ¥8¢¢-2¢€2s (0) Ev00 ‘191
ap'AIS -[eLsrew . 9 [0J1L / USjeWwa
: BuloAoaynd/wneyasueH 6.0 T.0 M- G/T9-V ‘T 9sse9s alaulH
sed -mmm : 7 wuay e ‘
-Nd/ZIoH 9€00 — b ULLEA SEEIS
sne |elarewpungJa sne 11 = uuewJaH 1als|yosiL
uawyesabni4 pun -pus|g XIWaY L
. . ¥69v / ¥€.G0 "Xed
X
et 98€T / ¥€LS0 'IoL
0002 uasneyulaQ
ap°AIS aslamnequaimpues-nd/ 08°0 8,0 Ielsnissed peg 6+52¢-A
sed MWW | -lluaind/-Z|OH Ul uawyey ; : ‘99 "N1S Jauasbuipiaynpn
6200 Jabemyos oBem
yos
1918]Yydsn|aqoN
Xiway L pun -neg
uabuniyog
HW wiswwey|yoH
pun auury ajwiojabsne
Jagn Buniassemiug
‘uswyelpualg
w1 BumydipjsmN . .
abiwnjongjolb ‘b SV’ IXEZT ap oom:Mom MWW
c:Eo_cwmm_ﬁMHMMD_m@:_u_ £0 p02aNydS@UuUUBWISIOBM
9p°AIS . . . Aissed + ¢Z8 758-€8. / T2S0 "Xed
sed-muwm sle bunuipz/e 08 0 5.0 ISeuoi0d | 2LT-eve / EvpED 1oL
(PI9T/¥I9T/Y) WW b €00 ploJolelg 609EE
Bunse|bia ‘1ouploabue - 'CT-T B .mbmcmc_ ore
Buniyouwonsawrepn Xiway L a sT-T 99 HoIeX
Inz yosanjuss (abals [EUORELIRU] 09049
aq|ab) uabunyjrelsion
-winiuiwnyy ynyeb
ugj@auedwnnyea Jw [191
wnz wiswwey| ‘usjold
-O/\d She uawiyey
Y X M
°n (1,w)/m) (Ww X wiw)
Jad Slels1eN (1 ,w)/m) &0t eMn f ™0 € uoneasn|| T uoneasny|| aweN 10Npo.ud / 1ainjoejnueiy
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds

eTl-v



mailto:wgeismann@schueco.de
mailto:wgeismann@schueco.de
http://www.schueco.de/

(nIv-z|0H
ajuaiquiy)

((lw)/m LT/ eVl e Igers mam
G/0'0 =) [elareN . . 1e’|1qe1s®adllo
-Buiphosy-Nd pun 8r'l V.Aomm 1 GT0E-€006
(0v0'0 = I) wneyosyeH ‘ . Aissed 1 25v€ (0) €Y00 "xed
ap’AIS -Nd Jw Jwwepah ) . . nv-210 6TVE
sed'mmm | {z|oH sne uawyes;abn|H omo.oo ¢L0/eL0 ﬂ. m erM_LE_G -87.8/9.9 (0) €700 ‘181
[eusrewpungIan %€ ’ Hopsiage vZv8-v
-wnjuiwny/(S€0'0 XIS ‘0/ In J8p Ue BYISPUERT]
= 1) SAX/ZI0H el Hawo
sne uswyelpualg alusawsjaneg 119vl1s
. . Sct e e 101SUSJIaq|IS MWW
uswyey pun wvﬂmmmﬁ : ICRESVENENHOERNE
9Jeyasziesion wnuiwny L0 €-0LT.S
. USYISIMZ JydIydswiwed . AISSE / €ve. (0) €00 "xed
oS Sfe wneyos o 6.0/ 720 arai\ | s 0-02125
-Nd ‘[eusrewpungian o S 7 . / €¥2. (0) €¥00 "13L
sle abejuiswweq 110} [931S e & 0€ yoeqiaisiiN €T91-V
-Jluaind Hw uawyeiz|o ; o Sy HQqwo neqJaisuaS
! di HelzioH paulal yum A Jaoedssims PﬁWﬁﬁis QEQGMEE
Y X M
°n ((1,w)/m) (Wi X wiw)
Jay S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensniy|| T uolrensni|| aweN 10npo.d / 1sinioejnueN
(lw)/m) B4 A A | ‘nanean Z uonensny|

eds ‘zds ‘Tds

vi-v



mailto:office@silberfenster.at
http://www.silberfenster.at/
mailto:office@stabil.at
http://www.stabil.at/

-B[eUISZIBSION 8y TXETT OJUI BIOQUSHNIS MMM
10 oJurbioquayMS@oJuUl
unititingy 1915U8} 0T6 €L/ Z¥bb0 oL
ap°AIS pun Juaind pun wneyas . .
sedmm |- 08'0 2L sneyAissed auyoT £6E6Y
Nd SNE S[BUISZIESION : Bioquayms | -@ ‘9z 1S Jswnie)d ay
Jaywwepab 8€0°0 HQWS
N ZIOH -[elisfetiuswiley XIway L 1219|yosi] Bioquadns
GeT
e m ap [obalns-1a1Sua] MMM
Yoipreyse srixect e
a[eyasziesioN-N|Y L0 Ay STOIELENSPEISIE]
3p°AIS Hw yane ‘uswyeipus|g . . . } 0-ST¥6 / €850 "Xed
sed mmm uaJlalun wi usyd1yos L o 8L0/¢L0 ZIOH/ZI0H 0-GT¥6 / €8GL0 'ISL
BN G200 S indenin "
I d ayolzresnz uanalsialg-nebnes
uIaM-Nd Hw uswyelz|oH XIWIOU L 8v€88-a ‘€ bamgnens
Hqwo |9baLs Js1suaH
I|loH
"§§
yXxm
°n (1, w)/m) (Wi x ww)
J9d SlelsreN (1 ,w)/m) &0t eMn f ™0 € uoneasnj|| T uoneasn||| aweN 1onpoud / 1simoejnuey
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds

qT-v



mailto:fenster.striegel@t-online.de
mailto:fenster.striegel@t-online.de
http://www.fenster-striegel.de/
mailto:info@stukenborg.info
http://www.stukenborg.info/

T X o7
SE0 OTM WneyospeH 8y Hﬁomw g Sun
ueylainAjod :Bunwweg
. . se|blanisaH
3p°AIS uawiwey|yoH ) . . ‘snid
sed’ MMM uaywneyosabsne 6. o £L0/¢L0
ceno ANITdOL
1w jyoid NE
-OAd :[euarewuswiyey A 190edSSIMG
"1auploabue 8v'l x et R EINT
Briasw.aem Bunjisissny £0 snid 0T.LE-6¢ / 92520 'Xed
ap°AIS s|e a|yoidjyels . . 0-6¢ /92520 ‘191
sed Mmmm ‘quneyosabsne 08 o V.0 aNINdOL 1sloyuapuas
Nd 3w uiswwey ‘sjyoid 5€0°0 VAHIA ¥2e8¥-a ‘g ageus|asalq
-DAd [elsrewuswiyey [991S pauLY OV VH3AA
SYT/.Lc1 ENRE NI
8V TXECT 8P J310LBA@OJUI
L0 3 G288/ 18T60 "xed
. ¥ 7 0-9769 / T8T60 ‘181
Sp'AIS negjneyaimpues-Nd/z|oH . . . " ..Tnu 9
: : 080 (9L°0)€L0 . z[ejdisqo/pirewnaN
sed' mmm ‘lelldreWUBWIYR - wreAbiau
(FHBIEHHetEd (££0°0) TE0'0 ¥ e 81£26
-d ‘g "hslauewgIop
Xiwiay L OM 0D
® HQWD D3 1OIdVA
yXxm
50 ((oh,w)/m) (W X ww)
Jay S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensny|| T uonesnsn|| aweN 10Npoud / 18imoejnueN
(lw)/m) &4 A ™A | N anrea-n Z uonensny||
eds ‘zds ‘Tds

9T-v


mailto:info@variotec.de
http://www.variotec.de/
http://www.veka.com/

69T / ¥ST

EENIER]

8v1 X el ETBEISVEIFAO]Y
£0 WISUIMa “IoUIM @) 19]UIM
9PAIS uonisuoyaimpues . . . ws 0-.66 / 70210 ‘[9L
sed mmm S|e z|oH/M10M/z|0H 08°0 ¢80/vL0 1sAs1a1Sua uasneyBuipay L
ce00 sneynissed | TzeLez-a 'vS asjoyuyeg
HQqWo
xiutisuL neqz|oH Jaluip ewliH
. . 9P 191SUD}-AISSEd MWW
8V'TXECT 3pol
3[eYISZIESIOA-N|Y -0 “PUEBRIM@SNA-Mp
ap'AIS sn|d- "xe
o | ww asiemnequompues 6.0 080 Susbom | oeea ) Saro on
-Nd/-ZIOH Ul uawyey ¥20°0 : UOSEUZIOH-PISIZIEH
oL 9TTS€E-A ‘0T “hSpled
: neqgJaisuaq puebaipy
8V’ TXECT
"Jouplioabue Bniaswiem .0 €110 / £8T10 oL
o Bunjisissny sje 121SU8)
pAIS diues 5 : . Biagsiopny Ge9€L
cod-mu | 1HoIdIUEIS “neyosebsne 6.0 08'0/SL0 sneynissed | e S ouung
Nd Nw uiswwey| ‘a|yoid 0€0°0 -NE3IM OV NYIAM
-OAd :[euslewuswyey
XIwiay |
U X M
°n (1,w)/m) (Ww x ww)
IEN SEIE (1 ,w)/m) &0 2 * 0 g uonensny|| Tuonensn [ swen | 1onpoid /ieimoesnuen
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds

LTV



mailto:dw-plus@wiegand-info.de
mailto:dw-plus@wiegand-info.de
http://www.passiv-fenster.de/
mailto:winter@winter-holzfenster.de
mailto:winter@winter-holzfenster.de
http://www.ewitherm.de/

. SMOPUIM

reis ABisu3 eaidhy

jo ureb Jrejos anissed
3Y1 92IM) MOJ|e pue I1a)1aq
%05 91e|Nsul SMOpPUIM

eds ‘zds ‘Tds

RESS
. ino Jo 1so\ ulod Buiels BIDISQLUISIOULISYY MMM
pin-Bu 5 9906-6€8
. U1 aJe eualld sJeis .
0'sneyAals ABJau3 ‘yosrowiay ] 104 -€T9 9lwisded Gyv6
sed mmm ” -0€6-888-T :auoydajaL
« Auredwod smopul .Eo._SoEE
MOPUIM [ewou putmy i
B 10U S| ydaloway],,
:9)Sgam e puno-
afeyaswniuIWN|Y
udJuwepabauwrem
Jauld 1w NNVINLND 8Y'TXECT Sd 89
UOA 89Hd INYIHL L0 Hd wisyL
op'AIS -VHIN waisAs|yold . . VHIN
sed' mmm 08 o 5L°0
uswyey €€00 NI1Vv-Z10H
-pungiaA-wniuIWNfY e d31SN3H
UOIPINIISUOXZ|OH e Xiwiay L -SN
negnesuonisuoy VYHAISSYd
wnz «
8y I X 2T 3P 191SUSJ-IS[|0Y MMM
aualyosuabay auuanab 10 mmcm.mwywwmﬂww_wrm@ﬁwk.mﬂ_%_c
apAIS UOSILLAY L (IL/M 00T 0-80% \\ 962 L€0 191
sed'mww | 0€00= () wneyss-nd 08 o G8'0/080 w\:/rmm,qn_ sojunig 10 / ZHUoMZ
sne uabejuiswiweq Hw 920°0 I“Z10H .
/6280-A ‘9 agensidneH
Z|OoH sne ajjoiduswiyey HQWS sUsWajeneg
A Jaoedssimg 1971UQMZ
Y X M
N (1,w)/mn) (ww x ww)
Jay S[elsreN (1 ,w)/m) &0t eMn f ™0 € uonensniy|| T uolrensni|| aweN 10npo.d / 1sinioejnueN
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

8T-v


mailto:holler@holler-fenster.de
http://www.holler-fenster.de/

ou’uepJou’ MMM

IV UM /9T /v/9T /Y / 19
ouuep ( c@@.o\v o ) 4 st sedsiadng | 2L LT OV TS 1 xed
10U MMM dNd ylim poo ™) 20 \ ¢ +7E o I ] Alssed 00 Ov OF TS ¥ auoyd
. “mﬂ. f B = 499.1-N ‘AemuopN 10N
£ G9vv ‘v8/£8 SM0Qi1sod
£ SV ueqlioN
Jpd
'TAdoo y Te"bhIS MWW
osinap” (v yum £/8T/v/8T/¥) Te'bbIS@1919]4osn
aploj zi~ (°n) 95°0 E%Hm ) = 1-G5228/ELSG/E Y+
/speojdn SOIIARD LIIM POOM F i 5 IS9ISUBA S 4 '0-G5¢28/eLSS/Er+ L
relpawys - : (ouid) - : neHAIssed ZUelqIoH 2169
wy/ye o) (h) 5€0°0 : { i o -V 'GGT agesnsianed||v
suajsney €6'0 , 1919SB|9 - 1843|YoSIL
Alssed m ‘9M0) ® Hqwisas BBIS
MW/:dny
Y xXm
°’n ((1,w)/m) (ww X wuw)
LS| SETENE (1,w)/m) & 20 ™n € uonensn|| T uonensn||| awen 10Npo.d / Jainjoenuey
(lw)/m) &4 A ™A | N anrea-n Z uonensny||

eds ‘zds ‘Tds

6T-V




The SINTEF Group is the largest independent research organization in Scandinavia. Our vision is
“Technology for a better society”. Our goal is to contribute to wealth creation and to the sound and

sustainable development of society. We generate new knowledge and solutions for our customers,
based on research and development in technology, the natural sciences, medicine and the social
sciences.

SINTEF Building and Infrastructure is the third largest building research institute in Europe. Our
objective is to promote environmentally friendly, cost-effective products and solutions within the
built environment.

SINTEF Building and Infrastructure is Norway’s leading provider of research-based knowledge
to the construction sector. Through our activity in research and development, we have established
a unique platform for disseminating knowledge throughout a large part of the construction
industry.

Technology for a better society

www.sintef.no
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