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Summary

In 2012 the NRC-Construction initiated a project on the “High Performance Walls and Roofing
Technologies Next Generation Technologies R&D — Building Envelopes”. Partnership and funding for the
project was obtained from NRCan (Housing and Buildings /Sustainable Building and Communities
CANMET / Group) under the Program of Energy Research and Development (PERD).

In commercial buildings, curtain wall systems often cover a significant part of the building envelope, and
therefore their impact on the overall thermal performance of the building is important. In order to evaluate,
compare and improve curtain wall designs, one requires insights to the different calculation and evaluation
methods, and as well, knowledge of the state-of-the-art in thermal optimization of curtain walls.

The overall objective of this project was to improve the thermal efficiency of commercial building envelopes.
This was achieved by using different approaches to improve the overall effective R-values of the curtain wall
systems.

The project consisted of a number of Tasks in which curtain walls were evaluated, compared and suggestions
made for improvement to the thermal performance of such systems, and include:

Task 1: Literature review on Curtain Walls

Task 2: Curtain Walls and National Energy Code for Buildings 2011

Task 3: Thermal Optimization in Curtain Walls: Part I - Modelling

Task 4: Thermal Performance Testing of a Curtain Wall Panel

Task 5: Benchmarking the Thermal Performance of a Curtain Wall Panel through Simulation

O O O O O O

Task 5: Parametric study of Curtain Wall Systems for Selection of Components and Optimization of
Thermal Performance

The results from simulation of double and triple-glazed CW modelling configurations of both manufactured
products as well as NFRC compliant CW assemblies using the simulation model hygIRC-C were compared
and results of simulations derived from varying the thermal properties of the CW components to permit
determining the relative effect of different components on the overall thermal performance of the CW
assembly.

In respect to results from simulation of manufacturer’s products, results were provided for the risk to
condensation of double and triple-glazed CW assemblies. The results showed that both double and triple-
glazed CW indeed have components that are potentially vulnerable to the formation of condensation; these
are located along the frame at the periphery of the glazing unit.

As regards the NFRC compliant CW assemblies, the results from simulation provided information on the R-
value and respective U-values of the assemblies for different gas filling the IGU. Triple-gazed CW
assemblies, as might were demonstrated to perform better than the double-glazed assemblies, and the thermal
performance was also affected by the type of gas that fills the IGU. Using the R-value of double-glazed Air-
filled IGU as reference (i.e. 0.555 m2eK/W), the degtree of improvement in R-value was: 9.4%, 21%, and 26%
respectively, for Ar, Kr, and Xe filled double-glazed IGUs, whereas these values were 8.4%, 18.6%, 23.2%
respectively, for Ar, Kr, and Xe filled triple-glazed IGUs, when using the triple-glazed Air-filled IGU as
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reference (i.e. 0.736 m2eK/W). Improvements in R-value of the CW assembly for double- to triple-gazed
1GUs provide enhancements of 33%, 31.4%, 29.9% and 29.3% when filled respectively, with air, Ar, Kr, and
Xe gas.

The results from simulation of both the double and triple-glazed NFRC compliant CW assemblies were also
provided in terms of:

@)  Risk to the formation of condensation;
(i)  Effect of glazing to wall-area ratio;
(i)  Effect of changes to coating emissivity;
@v.)  Effect of thermal resistance of the spandrel panel insulation, and;
(v.)  Effect of IGU spacer thermal conductivity

As regards the results for the Risk to the formation of condensation, the results showed that both double and
triple-glazed CW indeed have components that are potentially vulnerable to the formation of condensation as
was the case for the manufactured products; locations of vulnerability are along the frame at the periphery of
the glazing unit.

Results were also provided in terms of changes to R-value and U-values (both air-to-air and surface to
surface) as a function of changes to the specific parameter of interest (i.e. glazing to wall-area ratio, coating
emissivity; thermal resistance of the spandrel panel insulation, or IGU spacer thermal conductivity).

At the end of each section of results, summary results were provide together with information on how each
of the respective parameters affected changes to the thermal resistance of the CW assembly. Relationships
between expected changes in thermal resistance of the CW assembly to corresponding changes in the given
simulation parameter permitted gauging the significance of each these effects.

Taken as a whole, this substantive and in-depth set of information of CW thermal performance provides the
basis for developing guidelines to the selection of components of double and triple-gazed metal-glass CW

assembles.
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High Performance Roofing and Walls Technologies

Parametric study of Curtain Wall Systems for Selection of Components and
Optimization of Thermal Performance

Report forming part of Task 5
Hamed H. Saber and Michael A. Lacasse

1. Introduction

In regions having cooler climatic conditions as Canada, a substantial share of energy is used for heating the
buildings [10] and in those portions of the country where a continental climate prevails, the humid warm
summers have, over the years, motivated energy use for cooling, and thus cooling is also a factor in the overall
energy usage of a building. The overall energy consumption of the building sector is high and although the
situation differs from country to country, buildings are responsible for about 30-40% of the total energy
demand [11]. In Europe, however, buildings are responsible for 40-50% of energy use and the largest share of
energy in buildings is used for heating [12]. The design of building enclosures with the intent of achieving
energy savings can necessarily help reduce building operating loads and thus the demand for energy over time
[13, 14]. A practical and logical first step towards achieving energy efficiency in buildings located across
Canada can evidently be achieved by increasing the effective thermal resistance (R-value) of the building
envelope components (walls, roofs, windows, curtain walls, and skylights). This report is focused on
providing insight into the factors that contribute to energy transfer across curtain wall (CW) assemblies and
the contribution of several different CW components to the overall thermal performance of the assembly.
This was accomplished by presenting results derived from simulation, using NRC’s simulation model,
hygIRC-C!, for which a parametric study was completed of specific curtain wall assemblies and variations of
these assemblies based on the thermal performance attributes of selected CW components. The thermal
performance assessment of the curtain wall assemblies was completed in accordance with established industry
standards. The intent was to provide information useful for developing guidelines to the selection of

components for CW assemblies in compliance with industry guidelines.

In this report, a general description of curtain wall systems is provided and thereafter, an overview is given of
the basic physics of heat transfer of primary importance to understanding the thermal performance of
enclosed spaces within insulated glass units IGU), a primary component of CW assemblies. In the subsequent
section, the modelling approach is described as atre the curtain wall configurations modelled for the parametric
study. Results of simulation are then provided of a select set of manufactured CW products and CW
assemblies compliant with the National Fenestration Rating Council (NFRC). The parametric study is
summarized at the end of the report. The report also includes several useful appendices in which can be
found basic information on the thermal properties of components and materials, information on
benchmarking the simulation model, as well as results derived from simulation but not included in the main
report.

1 hygIRC-C — Comsol Multiphysics package

REPORT A1-002844.06 1 N3C -CN\N3C



PARAMETRIC STUDY OF CURTAIN WALL SYSTEMS FOR OPTIMIZATION OF THERMAL PERFORMANCE

2. Description of Curtain Wall Components

Common curtain wall assemblies consist of a metal frame (mullions) and a combination of transparent and
opaque infill panels (Figure 1). The primary materials used are aluminum, steel and glass, together with
secondary materials such as sealant products, rubber or polymer-based gaskets and insulation products. The
metal frame is structurally secured to the building at each floor slab and can have a tubular- or open-shaped
profile. Spandrel panels are made of coated glass or metal, stone, plastic, ceramic, or other rigid material, and
are used for both opaqueness and to provide added thermal insulation to the CW assembly. Clear transparent
glass panels are used as infills to provide the interior with vision to the exterior. A brief description of each of
the different components of a CW system follows [?].

1.  Anchor

2.  \Vertical mullion—interlocks vertically

A

Rail installed on shear blocks

Spandrel backpan and panel

Vision lite

ral

1y

Snap cap
Pressure plate
Thermal break
Expansion joint
Horizon rail
Vertical mullion

Shear mullion

I OGTMMmMODO >

Corner block

1|y
:%\ >
\;/ 2\// b
C\.\ Lo
\\\h;
D\/B"' 11 ,k/
L L

Figure 1. Basic components of a typical curtain wall system [15]

2 H. H. Saber, G. Ganapathy and M. A. Lacasse (2016), High Performance Roofing and Walls Technologies; Task 5: Benchmarking
the Thermal Performance of a Curtain Wall Panel through Simulation; Client Report: A1-002844.05; NRC-Construction,
National Research Council of Canada, Ottawa, Canada, January; 42 p.

REPORT A1-002844.06

\®)

NC-CN\3C



HiGH PERFORMANCE WALLS AND ROOFING TECHNOLOGIES NEXT GENERATION TECHNOLOGIES R&D — BUILDING ENVELOPES

2.1 Spandrel Panels

Spandrel panels are commonly used to cover construction elements and materials on the outside of a building.
Heat-strengthened (tinted or opaque) spandrel glass is the most commonly used panel type to resist thermal,
wind and other climatic loads. Reflective film coatings and insulation can considerably enhance the thermal
performance of the spandrel glass panel. Metal or stone panels are also commonly used as spandrel infills.
Metal panels are usually made of aluminum, or sheets of steel/aluminum and a core (e.g., composite panels).

The most common stone used in curtain wall applications is granite.

2.2 Frame

The most common framing material for metal-glass CW systems in North America is the aluminum extrusion
(e.g., alloy AAGOG3) although fiberglass framing has also been used in some applications. Steel anchors are
used to structurally secure the CW frame to the building slabs at every floor, or every other level. Rubber
gaskets or tapes made of neoprene, ethylene-propylene-diene-monomer (EPDM) or silicone are used to seal
the glass panel perimeter to prevent water penetration to or air leakage from the interior. Gaskets rely on
their elasticity and interface pressure to create and maintain a seal, however, over time, these polymer-based
materials they can shrink and crack, creating small openings through which air, water or moisture can enter
and damage the integrity of the curtain wall assembly. Corners are the most susceptible areas for water and air
leakage. Obtaining adequate performance from the joints at the interface between the curtain wall and the
building is of utmost importance.

2.3 Vision Panels
2.3.1 Vision Glass

Due to the brittle nature of glass, it is significantly affected by the presence of cracks and defects on its surface
that arise due to bending and point pressures as induced by wind and thermal loads. As such, the vision glass
panels used in CW assemblies require special designs and considerations to ensure that performance
requirements for the safety, stability, impact-resistance, and durability of the panels at met and at the most

competitive cost. There are different types of glasses that are currently being used in curtain walls.

o Float, sheet or plate glass not typically used in CW assemblies as it tends to breaks into large and
sharp pieces or fragments, which constitutes a safety hazard;

o Aunnealed float glass withstands wind loads and some thermal loads relatively well, however, when
used with coatings in Insulating Glass Units (IGUs), the thermal stresses rise considerably;

o Tempered glass - Factory-treated heat-tempering process strengthens annealed float glass to increase
resistance to thermal breakage;

o Chemically strengthened glass involves chemical tempering instead of heat tempering and is similar to
tempered glass in its qualities and use;

o [ aminated glass is made of two or more layers of glass with an invisible plastic interlayer, usually
polyvinyl butyral (PVB), which keeps the glass from shattering. Combining laminated and
tempered glass in a single pane produces a strong and secure glazing product;

o Tinted (green, bronze, grey, blue) glass and reflective glass are used to control the solar and light
transmittance, as well as for aesthetic reasons.
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2.3.2 Insulating Glass Unit (IGU)

The IGUs are the standard vision units used in curtain wall assemblies and have three basic components: glass

lite, spacer and sealant (

). 1GUs are made of two or more lites of glass with a hermetically sealed dry-air or gas-filled space(s) between
the lites, the space imparting some degree of thermal insulation.

IGU cavity spacer gases — There are a number of heavy gases that are currently being used to fill the
spaces between the glass lites. Argon (Ar) is the most commonly used gas to fill the spacer cavity due to its
low cost and UV-stability, and as well, given its colotless, non-corrosive and non-toxic nature. Krypton (Kr),

or much less frequently, Xenon (Xe) gases are used as fill gases, mostly in narrow IGUs.

/\/

At atmospheric pressure and a temperature of 300 K, the

Outdoor Indoor molecular weight, density and thermal conductivity of Air,
Ar, Kr ad Xe are provided in Table 3.

S1 —» +— S$4

B — & Within the enclosed cavity of the IGU, the heat transfer
modes are by conduction, convection and radiation. The
more dense gases provide lower convective heat transfer
rates across the two glass lites of the IGU due to the
buoyancy effect. As well, the lower the value of the thermal

Desiccant

conductivity of the gas, the lower the heat transfer rate by

Pri . .
Minjenyfes conduction. As shown in Table 3, Xe has the lowest thermal

conductivity and highest density amongst the gasses that are
used to fill IGUs. Thus, the thermal resistance (R-value) of
1GUs if filled with either Xe and Kr gas, would be lower than

Secondary Seal

Figure 2. Comp'onents.ofa standa{d double- that of an IGU filled with either Ar or Air. Nevertheless, Xe
glazed insulating glass unit

is an order of magnitude greater in cost than Kr, and Kr gas

is 2 orders of magnitude more in cost as compared to Ar.3

Table 1. Properties of gases used to fill Insulating Glass Units (IGUs)

Mol lar . . *Thermal
Gas yv:i:;rln? az?;lst)y Condflctisity
(g/mole) (mW/(meK))
Air 29 1.179 26.2
Argon (Ar) 40 1.626 17.9
Krypton (Kr) 84 3.415 9.5
Xenon (Xe) 131 5.325 55

* Properties at atmospheric pressure and 300 K

3 Haussinger, Peter; Glatthaar, Reinhard; Rhode, Wilhelm; Kick, Helmut; Benkmann, Christian; Weber, Josef; Wunschel, Hans-
Jorg; Stenke, Viktor; Leicht, Edith; Stenger, Hermann (2001). "Noble Gases". Ullmann's Encyclopedia of Industrial Chemistry
(6th ed.). Wiley. doi:10.1002/14356007.a17_485. ISBN 3-527-20165-3.
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Coatings for glass lites — Reflective and low-emissivity (low-e) coatings made of thin pure metal or metal
oxide layers can also be applied for solar (ultraviolet and infrared radiation) control, as either hard (e.g., cobalt,
iron, chrome, tin) or soft coatings (e.g., silver, copper, chrome, titanium, stainless steel) products. Soft
coatings are vulnerable to scratching and corrosion and are sealed within the space in the IGU (surface S2 or
S4, see Figure 2). Reflective coatings act like a mirror reflecting the heat back to the exterior, whereas low-¢
coatings reflect the heat back to the warmer side, reducing either the solar gains in the summer or retaining
the interior heat in the winter and thus increasing the overall IGU thermal performance. When combined
with the thickness of the glass lite, the overall thickness of an IGU ranges generally between 22 — 25 mm for
the case of 3 mm glass lite, and 28 — 31 mm for the case of 6 mm glass lite.

Typically, standard double-glazed IGUs consisting of two clear uncoated glass lites with air in the spacer cavity
have U-factors of 2.85 W/m?K (R-values of 0.35 m2K/W). Standard double-glazed IGUs filled with inert gas
have lower U-factors ranging between 0.2-0.5 W/m?K (R-values 2-5 m2K /W), whereas triple-glazed IGUs
have U-factors ranging between 0.16-0.25 W/m?2K (R-values 4-6 m?K/W). However, their depth and weight
makes them uncommon in standard curtain wall applications. Suspended coated films between the inner and
outer panes have also been used to replace the third and fourth lites of glass and thereby reduce the IGUs

overall weight.

Spacers for IGUs — Conventionally, spacers have been made of aluminum or galvanized steel. However,
these metal spacers have high thermal conductivity and act as a heat conductor (i.e. thermal bridges),
undermining the ability of the IGU to reduce the heat flow, resulting in condensation at the bottom of the
sealed unit. To reduce the heat transfer rate through the spacer and hence increase the overall IGU’s thermal
performance, spacers can be made of less-conductive materials (e.g., stainless steel, pre-desiccated structural

foam, thermoplastic).

Sealants for IGUs — For curtain wall applications, IGUs are produced with double-seal designs, which use a
primary sealant (e.g., polyisobutylene) as a barrier to vapour flow, and a secondary sealant (e.g., hot melt butyl,
polysulphide, polyurethane and silicone) that ensures the structural integrity of IGU. In addition, IGUs used
for structural glazing systems (where the glass is adhesively bonded to the framing) differ from non-structural

silicone glazing. More information about spacers and edge seals can be found in [16].

3. Overview of Thermal Performance of Enclosed Spaces in IGUs

3.1 Basic physics of heat transfer across enclosed spaces of IGUs

Low-emissivity (low-e) coatings, typically used in IGUs, were introduced as a promising technology for
enhancing the thermal performance of Insulating Glass Units (IGUs) in windows, curtain walls and skylight
devices [19, 20, 21]. To be used effectively however, low-e coatings must have at least one coated surface
facing a space filled with air and other gasses (e.g., Argon, Krypton, Xenon). Itis important to accurately
determine the effective R-values of the enclosed spaces of different dimensions, effective emittances,
inclination angles, directions of heat flow, mean airspace temperatures, and temperature differences across the
airspaces. Many studies were conducted to determine the R-values of low-e coatings in IGUs [11-12, 18-40].

A review about the use of reflective materials to reduce heat transfer by radiation across enclosed airspaces
was conducted by Gross and Miller [22]. Fricker and Yarbrough [23] conducted literature review on four
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computational methods for evaluating the R-values of enclosed reflective airspaces. Those four methods
involved an assumption of one-dimensional heat transfer between large parallel surfaces (infinite parallel
planes). In IGUs, however, there are surfaces connecting the parallel planes (e.g., framing, and spacers in
1GUs). These surfaces absorb, emit and reflect thermal radiation. Glicksman [24] has shown that the heat
transfer process that included radiation interaction between the parallel surfaces and the framing resulted in a
decrease in the overall thermal performance (i.e. lower R-values) across the parallel surfaces.

The parameters that affect the R-value of an enclosed space are: (a) the physical properties of the gas filling
the space, (b) temperature of all surfaces of the space, (c) emissivity of all surfaces of the space, (d)
temperature differences across the space, (¢) dimensions of the space, (f) direction of heat flow through the
space, and (g) orientation of the space. The R-values of enclosed airspaces were calculated by many
investigators; e.g., see Robinson et al. [48-50] for various orientations of airspaces and reflective boundaries by

using heat transfer coefficient data.

The heat transfer coefficient data were obtained from measurements of panels of different thicknesses using
the test method described in the ASTM C236-53 [51]. In those studies, the steady-state heat transmission
rates were corrected for heat transfer occurring along parallel paths between hot and cold boundaries.
Thereafter, the convective heat transfer coefficients were obtained from the data by subtracting a calculated
radiative heat transfer rate from the total corrected heat transfer rate; and the radiative heat transfer was

calculated using an emissivity of 0.028 for the aluminum surfaces.

Generally, the value for the effective heat conductance, U-value (the reciprocal of the R-value) of an enclosed
space accounts for the contribution of heat transfer in the enclosed space due to heat transfer by conduction,
convection and radiation. In the absence of heat transfer by radiation, the contribution of heat transfer by
convection and conduction in an enclosed space is normally given in terms of the Nusselt number, Nu (Nu =
h 8/ A), where h is convective heat transfer coefficient, 0 is the thickness (depth) of the space, and A is the
thermal conductivity of the gas filling the space such as air, Argon (Ar), Krypton (Kr) or Xenon (Xe).
According to many authors [19-21, 52], the convective heat transfer coefficient for an enclosed space can be

given as:
Nu=h&/A=a(Gr.Pr) As=a(Ra)f A, and Gr=g B p* 8> AT/ 1. (1)

In Eq. (1), the coefficients a, b and ¢ are dimensionless constants, derived from experiments, Ar is the aspect
ratio of the enclosed space (Ar = height (H)/thickness (3)), Gr is the Grashoff number, Ra is the Raleigh
number (Ra = Gr.Pr), Pr is the Prandtl number, g is the gravitational acceleration, f3 is the thermal expansion

coefficient, p is the density, and [ is the dynamic viscosity. |

To derive the coefficients a, b and ¢ (Eq. (1)) from which the heat transfer coefficient, h, due to the
convective and conductive components of heat transfer can be determined, the emissivity of all surfaces that
bound the enclosed space must be zero (i.e. purely reflective surfaces). However, it is not possible in practice
to use materials having zero emissivity when conducting such experiments. Hence, to derive the values of
these coefficients from experiments, the rate of radiative heat transfer across the enclosed space should be
subtracted from the total rate of heat transfer across the space, as was done by Robinson et al. [48-50].

A number of correlations for the value of Nu in the form of the relationship given in Eq. (1) and for different
ranges of values of Ra, Ar and Pr are provided in several studies as described in the IEA Annex XII report
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[52]. Some of these correlations showed the dependence of the Nu on the aspect ratio of the enclosed space
(Ar). As such, it is anticipated that the effective thermal conductance or the effective thermal resistance of the
enclosed space would be affected by the aspect ratio of the enclosed space; this will be discussed later.

Based on the heat transfer data reported by Robinson et al. [48-50], the 2009 ASHRAE Handbook of
Fundamentals, Chapter 26 [53] provides a table that contains the R-values for enclosed spaces filled by air of
three inclination angles (0) of 00, 45° and 90°. These R-values are being extensively used by modellers,
architects and building designers to determine the R-values of building enclosures and IGUs filled by air. The
R-values provided in the ASHRAE Handbook were obtained by combining the convective and radiative
components of heat transfer from which the effective R-value for an enclosed airspace was provided for

airspaces of different parameters, namely:

(a) Thickness (6 = 13 mm (0.5 in), 20 mm (0.75 in), 40 mm (1.5 in), and 90 mm (3.5 in)),
(b) Mean temperature (Toy = 32.2°C (90°F), 10.0°C (50°F), -17.8°C (0°F) and -45.6°C (-50°F)),
(c) Temperature difference across the airspace (AT = 5.6°C (10°F), 11.1°C (20°F) and 16.7°C (30°F)),

(d) Effective emittance (g.e¢ = 0.03, 0.05, 0.2, 0.5 and 0.82), and
(e) Direction of heat flow through the airspace.

Note that the effective emittance (ecrr) of an enclosed airspace is given as [53]:
Ve, =1/¢+1/g,—1 (2)

In Eq. (2), the parameters €1 and g5 are the emissivity of the hot and cold surfaces (see Error! Reference

ource not found.a).

More recently, and following the work published in Chapter 26 of the ASHRAE Handbook of Fundamentals
[53], Saber likewise undertook studies [42-46] to predict the R-values of vertical, horizontal, high-sloped (45¢)
and low-sloped (30°) enclosed airspaces that included the same parameters as were published in the ASHRAE

Handbook, but in addition, the following parameters were investigated:

(i) Length / height (H = 203 mm (8 in) — 2438 mm (96 in));
(if) Range of values for effective emittance (s = 0 — 0.82), and;
(iii) Direction of heat flow.

NRC’s hygrothermal model, hygIRC-C, was used to complete the work. It is worth mentioning that the
R-values of low-sloped enclosed airspaces were not previously available in the ASHRAE table [53], nor was
the effect of the aspect ratio (length/thickness) of the enclosed airspace on the R-values as provided in the
ASHRAE table.

Practical Correlation for the R-values of Enclosed Airspaces — For the case of an enclosed space filled
with air, a practical correlation was developed by Saber [42-46] to determine the R-values as a function of all
parameters that affect the thermal performance of the enclosed airspaces, namely: Average temperature (Tav);

temperature differential (AT); aspect ratio (Ar), and; effective emittance (Ecfr).

The ranges of these parameters cover most building applications. This correlation is given as:

4 4
R-value=R.(T,,)+ ayAg Tos (ATY" +a el T (AT Y. g, Ak + ApToo (AT Y bely (3)
i=1 i=1

avg avg eff “avg avg
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Note that the R-value correlation given by Eq. (3) is applicable on/y for the case of the enclosed space filled

with air. In this correlation, R.(T},,) is the R-value in (ft2hroF/BTU) of the enclosed airspace due to heat

vE

transfer by conduction only, which is given as:

Rc(Tavg):é‘/ﬂ(Tavg)' (4)

Where AT},,,) is the thermal conductivity of the air filling the enclosed space, which is given as:

V8

AT,

avg

4 .
)=Zfi Talvg,f0 =-0.0022758562, f;, =1.15480022« 10'4, )
i=0 5

f, =-7.902528%6x10°, f, =4.11702505<10"", f, =-7.43864331x10"

Note that A(T},,,) in Eq. (5) is the average thermal conductivity of air in (W/(m*K)), which is evaluated at the

v

average temperature of the airspace, 1, in (K). It is important to point out that the calculated value of

avg
R.(T,,,) from Eq. (4) and (5) must be converted to (f¢threF/BTU) in order to be used in Eq. (3).

v8

In Eq. (3), the units of T,,, and AT must be in (K). The other coefficients in this equation

avg
(ay,a,b,,b,,b,,b,, o, a,, B,a,,a,,a5,¢,,¢,,C5,8;, &, 8&-and g, ) are provided in the references [42-

46] for enclosed airspace of different inclination angles and directions of heat flow. The results showed that
the calculated R-values using Eq. (3) for different inclination angles and directions of heat flow were in good

agreements with those obtained using the benchmarked model (within £3% to £5%; more details are
available in [42-40]).

In these recent studies [42-46], the dependence of the R-value on the aspect ratio, Ar (Ar = length
(H)/thickness (9)) of vertical enclosed spaces (8 = 90°) were also investigated. The ranges of values for the

aspect ratio (H/d) in those studies were:

e Ar=16to 188 for 8 = 13 mm (0.5 in),
e Ar=10to 122 for & = 20 mm (0.75 in),
e Agr=5t0061 for 6 =40 mm (1.5 in), and
e Ar=2to 27 for 8 = 90 mm (3.5 in).

Depending on the thickness (depth) of the space and the operating conditions, the results of those studies
showed that the aspect ratio can have a significant effect on the R-value (see [ ] for more details).

Thus based on the correlation provide in Eq. 3, and as shown in , the dependence of R-value on the effective
emissivity, e.f, of an enclosed space is provided for selected values of Ty, AT, ecfr and values of H (provided
in ), given an airspace depth of 13 mm. The values published in ASHRAE are clearly evident as is the range
of R-values attributable to variations in values of effective emissivity, ecr. As such, the correlation provides a
means to readily predict spacer cavity R-values for IGUs having different values of glass lite coating emissivity
provided the aspect ratio and height of the IGU, as well as the temperature difference across and mean
temperature within the IGU are known.
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Figure 3 - Dependence of R-value (ft>*hr-°F/BTU) on effective emissivity, e given values of Tavo/AT (10
°C/AT =16.7 °C; -45.6 °C/AT = 11.1 °C), and different values of H for an airspace of depth 13 mm

Eftect of Installing Thin Sheet in the Middle of Enclosed Space — Saber also investigated [42-40] the

(a) 1-Cavity (b) 2-Cavities
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Figure 4. Schematics of (a) 1-cavity & (b) 2-cavities
enclosed spaces; 2-cavity space includes thin vertical
low-¢ sheet placed at mid-section of IGU space

potential increase in the R-value of the enclosed
airspace when a thin sheet having different values of
emissivity on either side was placed in the middle of
the airspace as shown in Figure 4b. Dividing an
enclosed space into 2 or more cavities by thin sheet(s)
would increase the R-value of the enclosed space. In
fact, the results [42] showed that the R-value could
be doubled due to installing a thin sheet in the

middle of a vertical enclosed airspace (6 = 90°).

Figure 4a shows a case of 1-Cavity (i.e. without thin
sheet) and Figure 4b shows a case of 2-Cavities (i.c.
with thin sheet). For the applications of planar
skylights, windows and curtain walls, the thin sheet
should be transparent that can be coated with a
transparent low-e materials. The benefits of installing
a thin sheet are: (i) reducing heat transfer by
convection, and (i) reducing heat transfer by radiation
due to low effective emittance. These benefits
resulted in higher R-value for the “2-Cavities” case
compared to the “1-Cavity” case.

To broaden the range of application for Insulating Glass Units (IGUs) used in windows, curtain walls and

skylight devices, similar correlations were developed for the cases of enclosed space filled with other gases

such as Argon, Krypton, and Xenon (see Table 1)
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4. Approach to Simulation & Description of Curtain Wall Configurations

4.1 Approach for Simulation of NFRC Compliant CW Configurations

The following conditions were used for the determination of U-value:

Tin = interior ambient temperature of 21.0 °C (69.8 °F)
Touw = exterior ambient temperature of -18.0 °C (-0.4 °F)
\% = wind speed of 5.5 m/s (12.3 mph)

Trm,out = Tou

Timin = T

I, = 0W/m?(0 Btu/h-ft)

The convective film coefficients on the interior and exterior of the window product were determined as

follows:

The indoor side convective heat transfer coefficient was based on the center of glass temperature and
the entire window height; this film coefficient was used on all glass and edge of glass indoor surfaces.
Frame section indoor convective film coefficients were constants that depended on the type of frame
material; these values are listed in Table 2.

The outdoor side convective heat transfer coefficient was calculated based on wind speed and was
applied to all of outdoor surfaces, both glass and frame. Standard values for outdoor convective
surface heat transfer coefficients are listed in Table 2.

On the indoor side of a fenestration product, a detailed gray body radiation model was applied to
both glass and frame surfaces for all products.

The use of detailed radiation model on indoor fenestration surfaces makes the use of “slightly or
partially ventilated cavities” on the indoor frame surfaces redundant

The standard frame convective film coefficients (h.) provided in Table 2 and the detailed radiation
model referenced above was applied to all interior frame surfaces.

On the outdoor side of a fenestration product, a black body radiation model, as defined [ref] was

used; this model was applied to both glass and frame surfaces.

Table 2. Boundary Conditions

. . Convective film coefficient
Boundary Condition Radiation Model boundary conditions
Tilt = 90° Tilt = 20°
Wim?K (Btulh-ft2F) | WimeK (Btu/h-ft2F)
NFRC 100-2001 Exterior | Blackbody 26.00 (4.578) 26.00 (4.578)
Interior Aluminum Frame | . Bogy Diffuse 3.29 (0.579) 4.94 (0.869)
(convection only)
Interior Thermally Broken . B4y Diffuse 3.00 (0.528) 4.38 (0.771)
Frame (convection only)
Interior Thermally Improved | &, B, gy Diffuse 3.12 (0.549) 4.60 (0.810)
Frame (convection only)
Interior Wood/Vinyl Frame | & Body Diffuse 2.44 (0.429) 3.38 (0.595)
(convection only)
Interior Glazing System Gray Body Diffuse | Calculated by WINDOW
boundary condition
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4.2 Description of curtain wall panel modelling configurations

4.2.1 Detailed curtain wall manufactured product configuration

Horizontal sectional drawings are provided in Figure 5 and in Figure 6* showing the vision panel and the same
for the opaque panel of the double- and triple-glazed curtain wall assemblies of the manufactured products;
corresponding photos of the anodized aluminum curtain wall mullion are also provided. From these drawings
the different curtain wall components can be identified and in which it is apparent that the opaque panels are
insulated with mineral wool to the depth of the mullion and a polyimide compound was used as thermal
break.

The elevation drawings for both the double- and triple-glazed curtain wall assemblies are given in Figure 7
(exterior side of CW) and Figure 8 (interior side of CW). As can also be seen in these figures, the curtain wall
assembly consisted of three equal size opaque panels, each conventionally insulated and superimposed over
three vision panels of the same width. The overall test specimen area, Ay, was 13.37 m2 The glazed area,
Ay, was ca. 8.29 m?, the opaque panel area, 4, , ca. 3.88 m?, and the frame area, A, ca. 1.37 m2. As such, the
proportion of vision glass to the overall wall area (A4 /Ag) was ca. 62 %; the frame to wall area, (Ar /Ag) ca.
10%, and; the vision to opaque panel ratio (Ag /A, ) was estimated to be ca. 2.14. The perimeter length of
glazing was 20.97 m and that of the opaque panels, ca. 13.64 m.

The vision panel was comprised of a double- or triple-glazed insulated glass unit IGU), a metal spacer, the
IGU cavity being filled with air or a mixture of air and argon, krypton or Xenon gas. Surface 2 of the double-
glazed IGU had a low-e coating (emissivity, e = 0.054).

4.2.2 Description of curtain wall panel modelling configuration

Model representations of the configuration of the curtain wall assembly for the manufactured products are
provided in Figure 7 and Figure 8; these are each of the figures adjacent to the elevations drawings of the
exterior and interior surfaces of the test specimen; the model for the exterior surface of the panel is shown in
Figure 7, and the interior surface in Figure 8. For both of these representations, only half of the overall
specimen size was modelled as the specimen was symmetric about its vertical centerline.

The assumed values for thermal conductivity of the different curtain wall components is provided in
Table A9, located in the Appendix.

4 All drawings were provided by the curtain wall manufacturer.
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4.2.3 Description of NFRC curtain wall panel model configuration

Curtain wall assembly size & configuration — The Reference curtain wall assembly conforming to NFRC
is shown in Figure 9. It consists of two adjacent 2-m x 1-m vision panels and two adjacent 1-m x 1.2-m
opaque spandrel panels. Given the symmetry about the centreline of the assembly only half of each assembly
was configured for modelling, as is shown in the figure to the right of the elevation drawing of Figure 9. The
overall size of the assembly configured for modelling was thus 1-m wide by 3.2-m high.

Vertical sectional views of the double-glazed CW assembly are given in Figure 10 and comparable views for
the triple-glazed CW assembly in Figure 11. The location of the IGU in the respective aluminium mullions is
evident in both figures; the same thermally broken aluminium sections were used for the model configuration
of the NFRC compliant CW assembly as were used for the CW assembly of the manufactured products. The
opaque panels were insulated with mineral wool of the same type and properties as used for the manufactured
products.

2m ——p» «4—12m—>

Figure 9 - Reference Curtain Wall assembly conforming to NFRC (2m x 2m vision; 2 m x 1.2 m spandrel)

Configuration of IGUs — The configuration of the IGU for the double-glazed IGU is shown in Figure 10
and for the triple-glazed unit in Figure 11. For the double-glazed IGU incorporating a low-& coating,

surface 2 was the low-e surface of emissivity = 0.054; for all other surfaces (1, 3, 4), the emissivity was = 0.84.
The IGU was filled with Air (reference) or mixtures of 10% Air and 90% of either, Argon, Krypton, ot
Xenon gas.

The triple-glazed IGU incorporated a low-e coating on surfaces 2 and 4 as shown Figure 11; the low- ¢ surface
emissivity = 0.054; for all other surfaces (1, 3, 5, 6), the emissivity was = 0.84. gas filling was the same as that
for the double-glazed IGU.
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1100.350

Indoor Outdoor

29100

2325.450

| 29100

6.350

6350 || =
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Figure 10 - Double Glazing (2G) Curtain Wall sectional views; Surface 2 with low-e of emissivity = 0.054; Other
surfaces (1, 3, 4) emissivity = 0.84; Filling gas: 90% gas and 10% air

1104

b Indoor Qutdoor

2325

Surfaces 2 and 4 with low-e of emissivity = 0.054
Other surfaces (1, 3, 5, 6) emissivity = 0.84
Filling gas: 90% gas and 10% air

Figure 11 - Triple Glazing (3G) Curtain Wall sectional views and detail of IGU and characteristic surfaces
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5. Results derived from simulation

The results derived from simulation are provided for two sets of curtain wall (CW) configurations that include
the:

e CW manufactured product configurations, and;

e NFRC compliant CW configurations

The results of simulation are provided for each of these configurations in turn. In respect to results of
simulation for the CW manufactured product configurations, only simulation results required to assess the risk
to condensation of the manufactured products are provided in the main body of the report. Whereas, the
broader range of simulation results that form the basis of the parametric study focus on results derived for the
NFRC compliant CW configurations; these results are those given in the main body of the report and are
discussed in some detail. Where additional results were generated for the CW manufactured products but not
presented in the main body of this report, these have been provided in the Appendix as noted in the
respective sections of the report.

5.1 Simulation Results for manufactured product configurations

Simulation results for manufactured product configurations are first provided for the double-glazed and
thereafter the triple-glazed CW product configuration.

5.1.1 - Results for Double glazed CW product configurations

The risk to the formation of condensation relates to whether there is likelihood for the formation of
condensation on the interior side of the frame or glazed portion of the vision panel. The risk is related to the
surface temperature on the exterior and interior of the curtain wall components, and the relative humidity on
the interior side.

Three known (but different) condensation rating systems are available: (i) the AAMA Condensation
Resistance Factor (CRF) [5]: (ii) the National Fenestration Rating Council (NFRC) Condensation Rating (CR)
[6], and; (iii) the Canadian Standards Association (CSA) Temperature Index (1) [7]. -

The Temperature Index (I), is the ratio of the temperature difference between the inside surface temperature
and the outside air temperature, divided by temperature difference between the inside and outside air, and is

given as:

Temperature Index (I): Tipgex = % (1)

Where Tj is indoor air temperature; T, is outdoor air temperature; T’ is the temperature of the interior surface
of the assembly.

5 AAMA 1503-09 (2009), Voluntary Test Method for Thermal Transmittance and Condensation Resistance of Windows, Doors and
Glazed Wall Sections, American Architectural Manufacturers Association Schaumburg, 1L, USA;
¢ NFRC-500-2010 (2010), Procedure for Determining Fenestration Product Condensation Resistance Values, National Fenestration
Rating Council, Greenbelt, MD, USA, 32 p.
7 CSA A440. Canadian Standards Association (CSA) Temperature Index
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This ratio remains faitly stable regardless of the size of the temperature difference, so that if one has data on
the temperature index, one can predict the interior surface condition given an outdoor temperature. The
values of the Condensation Resistance Factor (CRF) used in US window standards is a Temperature Index, as
is the I value used in Canadian standards, the difference being in how the interior surface temperature is

defined for their respective methods of calculation.

When evaluating the risk to the formation of condensation on the interior surface of the CW components,
two different interior conditions were considered, as shown in :

e Option B: representative of ASHRAE 160 conditions of 40% RH;
e Option D: representative of Modified ASHRAE 160 conditions of 32% RH

105:\\\\\\\\\I\\I\\I\\\\\I\\\\|\\\|\\\‘I\\|\\\:
100 E— Q. Option-A: Based on AP, =P, 400 - Py outdoor = 700 Pa | @ e & —
E — — ~ Option-B: Based on ASHRAE 160, Simple Method c
95 "7 Option-C: Based on AP, =700 Paand Capped at 70% RH ™ o @C% 'OO' ®
90 -—-—:----Option-D: Based on modilied ASHRAE 160 - - P Sy % ool 05
o]

85
80
75
70

65 E—|NFRC Test Condition: -18°C]

60
55

RHing (%)

50
45

S A

EOption B: 40% RH

Toutdoor (OC)

Figure 12 — Risk of Condensation on Interior Surface of CW components for NFRC test conditions; Two
Options: Option B: ASHRAE 160 (40% RH); Option D: Modified ASHRAE 160 (32% RH)

Accordingly, results derived from simulation of a double-glazed thermally broken curtain wall assembly of a
manufactured product for the exterior (i) and and (ii) temperature index, as given in Equation 1, are provided
in Figure 13. The double-glazed Ar filled IGU (i.e. 90% Ar and 10% Air) has a low-e coating on surface 2
(ecoar = 0.054). The range in values for the respective set of results can be found in the scale adjacent to each
of the three figures of the assembly, for which can be found that the exterior surface temperature of the
assembly ranges between ca. -4 °C and -18 °C, and the value of the temperature index (I) between 0.43 and
0.97.

Simulated results of relative humidity (% RH) on extetior surface of double-glazed CW are given in

Figure 14 and for temperature difference (AT °C) in Figure 15; in the two plots provided of either figure,
Option D represents a modified ASHRAE 160 interior RH conditions of 32 %, whereas Option B has the
ASHRAE 160 interior RH conditions of 40 %; values of surface temperature difference less than 0

(AT < 0 °C) represent locations for risk of condensation. The range in RH values for the respective set of

results can be found in the scale adjacent to each of the plots; results for Option D (i) range from ca. 34% to
100 % RH and for Option B (ii) from ca. 42.5 to 100% RH.
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Figure 13 — Simulated exterior temperature (i) and values of temperature index Tindex (ii) of double-glazed
thermally broken CW product having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.
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Figure 14 — Simulated results of relative humidity on interior surface of double-glazed IGU thermally broken
CW product; (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)

Al63 A131

Option B: ASHRAE 160 | M,.
(40% RH)
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Modified ASHRAE 160
(32% RH)

AT = Tlnt - TDew point
AT < 0 results in risk of condensation

Figute 15 — Simulated results of temperature difference (AT °C) on exterior surface of double-glazed CW
product: (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 16 — Simulated temperature differences between surface ( Tn¢) and dew point (Tpewpoint) of double-
glazed thermally broken CW product having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.

Finally, the results derived from simulation of the same double-glazed curtain wall assembly and in respect to
the temperature differences between the interior surface temperature (Tin) of the assembly and the dew point
temperature (Tbewpoin) are given in Figure 16. In Figure 16, the locations for risk to condensation, specifically,
where the temperature difference is < 0 have been highlighted in two plots: the one on the right-hand side
showing locations at risk to condensation where the interior RH is 40 % (Option B); and the other on the left
hand side (Option D) representative of interior RH conditions of 32 %. Values of temperature difference (i.e.
AT = Tiat — TDew point) for Option D range between ca. -8.3 °C and 0°C whereas for Option B between ca.

-5.1 °Cand 0 °C. Values below zero represent locations at risk of formation of condensation. Whichever
interior RH conditions used, both show similar locations for the formation on condensation on the assembly,

specifically, along frame edges.

5.1.2 - Results for Triple glazed CW manufactured product configuration

Condensation risk: — Results derived from simulation of a triple-glazed thermally broken curtain
wall assembly of a manufactured product for the exterior (i) and (ii) temperature index, as given in
Equation 1, are provided in Figure 17. The triple-glazed Ar filled IGU (i.e. 90% Ar and 10% Air) has
a low-e coating on surface 2 (&coar = 0.054). The range in values for the respective set of results can
be found in the scale adjacent to each of the three figures of the assembly, for which can be found
that the exterior surface temperature of the assembly ranges between ca. -3.8 °C and -117.6 °C, and
the value of the temperature index (I) between 0.43 and 0.97.

Simulated results of relative humidity (% RH) on exterior surface of double-glazed CW are given in

Figure 18 and for temperature difference (AT °C) in Figure 19; in the two plots provided of either figure,
Option D represents a modified ASHRAE 160 interior RH conditions of 32 %, whereas Option B has the
ASHRAE 160 interior RH conditions of 40 %; values of surface temperature difference less than 0

(AT < 0 °C) represent locations for risk of condensation. The range in RH values for the respective set of
results can be found in the scale adjacent to each of the plots; results for Option D (i) range from ca. 34% to
100 % RH and for Option B (ii) from ca. 42.5 to 100% RH.
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Figure 17 — Simulated extetior temperature (i) and values of temperature index Tindex (ii) of triple-glazed
thermally broken CW product having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.
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Figure 18 — Simulated results of relative humidity on interior surface of triple-glazed IGU thermally broken CW
product; (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figute 19 — Simulated results of temperature difference (AT °C) on exterior surface of triple-glazed CW
product: (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 20 — Simulated temperature differences between surface ( T1n¢) and dew point (Tpewpoint) of triple-glazed
thermally broken CW product having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.

Finally, the results derived from simulation of the same double-glazed curtain wall assembly and in respect to
the temperature differences between the interior surface temperature (Tin) of the assembly and the dew point
temperature (Tbewpoin) ate given in Figure 20. In Figure 20, the locations for risk to condensation, specifically,
where the temperature difference is < 0 have been highlighted in two plots: the one on the right-hand side
showing locations at risk to condensation where the interior RH is 40 % (Option B); and the other on the left
hand side (Option D) representative of interior RH conditions of 32 %. Values of temperature difference (i.c.
AT = Tiat — TDew poiny) for Option D range between ca. -5.1 °C and 0°C whereas for Option B between ca.
-8.3 °C and 0 °C. Values below zero represent locations at tisk of formation of condensation. Whichever
interior RH conditions used, both show similar locations for the formation on condensation on the assembly,

specifically, along frame edges.

5.2 Simulation Results for NFRC-Compliant CW configurations

5.2.1 Results for Double-glazed NFRC-Compliant CW Configurations
Results derived from simulation for the double-glazed NFRC-compliant curtain wall configurations are

provided in terms of the:

()  Risk to the formation of condensation;
()  Effect of glazing to wall-area ratio;
(i)  Effect of changes to coating emissivity, and;
@v.)  Effect of thermal resistance of the spandrel panel insulation
(v.)  Effect of spacer thermal properties

Results for each of these topics are provided in turn.

5.2.1.1 — Condensation risk:

Results derived from simulation of a double-glazed thermally broken NFRC-compliant curtain wall assembly
for the exterior (i) and interior (ii) surface temperatures and (iil) temperature index, as given in Equation 1, are
provided in Figure 21. The double-glazed Ar filled IGU (i.e. 90% Ar and 10% Air) has a low-e coating on
surface 2 (ecoar = 0.054). The range in values for the respective set of results can be found in the scale adjacent
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to each of the three figures of the assembly, for which ca be found that the exterior surface temperature of the
assembly ranges between ca. -7 °C and -18 °C, the intetior temperature between -3.7 °C and 19.9 °C and the
value of the temperature index (I) between 0.37 and 0.97.

The results derived from simulation for the relative humidity on interior surface of the double-glazed NFRC-
compliant curtain wall assembly are provided in Figure 22. In Figure 22, two plots are provided: the one on
the right-hand side (ii) for which the interior RH is 40 % (Option B) and which follows the interior RH
conditions as recommended in ASHRAE 160 [8]; and the other (i) on the left hand side (Option D) and that
represents a modified ASHRAE 160 interior RH conditions of 32 %. The range in RH values for the
respective set of results can be found in the scale adjacent to each of the plots; results for Option D (1) range
from ca. 34 to 100 % RH and for Option B (ii) from ca. 42 to 100% RH.

Simulated results of temperature difference (AT °C) on exterior surface of double-glazed NFRC-compliant
CW are given in Figure 23; in the two plots provided, Option D represents a modified ASHRAE 160 interior
RH conditions of 32 %, whereas Option B has the ASHRAE 160 interior RH conditions of 40 %; values of

surface temperature difference less than 0 (AT < 0 °C) represent locations for risk of condensation.

Finally, the results derived from simulation of the same double-glazed NFRC-compliant curtain wall assembly
and in respect to the temperature differences between the interior surface temperature (T1n) of the assembly
and the dew point temperature (Tpewpoint) ate given in Figure 24. In Figure 24, the locations for risk to
condensation, specifically, where the temperature difference is < 0 have been highlighted in two plots: the one
on the right-hand side showing locations at risk to condensation where the interior RH is 40 % (Option B);
and the other on the left hand side (Option D) representative of interior RH conditions of 32 %. Values of
temperature difference (i.e. AT = Tia — Tbew point) for Option D range between ca. -7.3 °C and 0°C whereas
for Option B between ca. -10.5 °C and 0 °C. Values below zero represent locations at risk of formation of
condensation. Whichever interior RH conditions used, both show similar locations for the formation on
condensation on the assembly, specifically, along frame edges.

5.2.1.2 — Effect of Glazing to Wall Area Ratio:

The effect of glazing to wall-area ratio (window-to-wall ratio / Ar) on the R-value and corresponding U-value
of double-glazed thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As
well, the influence on the thermal performance of the assembly in relation to the Ar for assemblies
incorporating IGUs of different gas type and whether, or not, the IGU includes a low-e coating is also
explored.

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a double-
glazed thermally broken curtain wall assembly in relation to the glazing to wall area ratio (Ar) is provided in
Figure 25 to Figure 34; results are first presented for curtain wall assemblies having low-e coated IGUs and
thereafter, for IGUs of higher emissivity.

Thermal performance results for double-glazed curtain wall assembly with low-e coated IGU —
Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the Ar of a
double-glazed curtain wall assembly that included a low-e coated IGU (e= 0.054; surface 2), and for which the

8 ANSI/ASHRAE Standard 160 (2009), Criteria for Moisture-Control Design Analysis in Buildings, ASHRAE, Atlanta, GA, USA.
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Figure 21 — Simulated exterior (i) & interior (ii) temperature; values of temperature index Tindex (iii) of double-
glazed thermally broken NFRC-compliant CW having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.
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Figure 22 — Simulated results of relative humidity on interior surface of double-glazed IGU thermally broken
NFRC-compliant CW; (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 23 — Simulated results of temperature difference (AT °C) on exterior surface of double-glazed NFRC-
compliant CW: (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 24 — Simulated temperature differences between surface ( T1n) and dew point (T pewpoint) of double-
glazed thermally broken NFRC compliant CW having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054

gas within the IGU was varied, is provided in the initial set of results given in Figure 25 to Figure 28; in the
respective 4 figures, starting with Figure 25, the simulation results are given for the IGU incorporating a gas
having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) decreases with an
corresponding increase in the Ag for all of the IGU simulated, irrespective of the type of gas incorporated in
the IGU. The loss in thermal performance with increasing in Ar is entirely as might be expected given the
reduced thermal performance of the vision as compared to the insulated spandrel panel (R22); R-values
respectively range between ca. 0.45 to 1.1. The more significant decreases are evidently found for the least
performing IGU which is filled with 100% air. The respective thermal performance range of the 4 different
sets of results in terms of the air-to-air R-value (m2¢K/W) and U-value (W/m2*K) at 10 % and 90 % Ag atre
provide in Table 3:

Table 3 - R-value and U-values (air-to-air) of double-glazed curtain wall assembly incorporating IGUs having
different gases at selected glazing to wall-area ratios

IGU gas fill R-value (m2¢K/W) U-value (W/m?2°K)

10 % Ar 90 % Ar 10 % Ag 90 % Ar
100 % Air (Reference value) 0.93 0.45 1.30 2.20
90 % Ar and 10 % Air 0.96 0.50 1.15 2.00
90 % Kr and 10 % Air 0.98 0.57 1.05 1.80
90 % Xe and 10 % Air 1.12 0.60 0.99 1.66

Thermal performance results for double-glazed curtain wall assembly with & without low-e IGU —

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the Ar of a

double-glazed curtain wall assembly that included an IGU either with or without a low-e surface (i.e. e= 0.054;
surface 2) and for which the gas within the IGU was varied, is provided in this subsequent set of results given
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in Figure 29 to Figure 32; in the respective 4 figures, starting with Figure 29, the simulation results are given,

as for the previous set, for an IGU incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is evident that the R-value (air-to-air, ot surface-to-surface) decreases with an
corresponding increase in the Ag for all of the IGUs simulated, irrespective of the type of gas incorporated in
the IGU and regardless of whether the low-e coating is applied to the IGU. As well, the R-value (air-to-air, or
surface-to-surface) of the low-e coated IGU is characteristically greater than that of the high emissivity IGU
for any given value of Ar. The loss in thermal performance with increasing in Ag is, as before, entirely as
might be expected, whether for an IGU having a low-e glass surface or glass of higher emissivity, given the
reduced thermal performance of the vision as compared to the insulated spandrel panel (R22); however these
losses are more important for IGUs have higher emissivity glass. The more significant decreases are evidently
found for the least performing IGU which is filled with 100% air. The respective thermal performance range
of the 4 different sets of results in terms of the air-to-air R-value (m2¢K/W) and U-value (W/m?2¢K) at 10 %
and 90 % Ar are provide in Table 4:

Table 4 - R-value and U-values (air-to-air) of double-glazed curtain wall assembly at selected glazing to wall-
area ratios and incorporating IGUs having different gases and higher emissivity (e = 0.84)

IGU gas fill R-value (m2¢K/W) U-value (W/m?2¢K)
10 % Ar 90 % Ar 10 % Ar 90 % Ar
100 % Air (Reference value) 0.85 0.34 1.2 2.9
90 % Ar and 10 % Air 0.87 0.35 1.2 2.9
90 % Kr and 10 % Air 0.88 0.37 1.2 2.8
90 % Xe and 10 % Air 0.89 0.38 1.2 2.8

Summary of thermal performance results for double-glazed curtain wall assembly — Results derived
from simulation for the surface-to-surface R-value (uppermost plot) and surface-to-surface U-value (lower-most
plot) in relation to the Ag of a double-glazed curtain wall assembly having a low-e coated IGU, and for which the
gas within the IGU was varied, is provided in Figure 33; similar sets of plots of thermal performance for the
curtain wall assembly having an IGU of higher emissivity (e = 0.84), is given in Figure 34.

The relative thermal performance of the curtain wall assembly in relation to Ar and amongst the different
types of IGUs is cleatly evident in Figure 33 for the assembly incorporating the low-e IGU; this is much less
evident for the assembly with the higher emissivity IGU, as shown in Figure 34. The least performing
assembly, irrespective of the emissivity of the glass, was the assembly, having the air filled IGU; the most
performing having the Xe filled IGU.

The rate of change, in this instance decrease in R-value for a corresponding increase in Ar is also provided in
the uppermost plot of Figure 33 and Figure 34. The effect is greatest for changes of Ag ranging between 5
and 35%; thereafter, the changes in R-value are less significant for corresponding changes in Agr. The vertical
line at Ar = 57% represents the value of Ar of the NFRC compliant curtain wall assembly. It is evident from
this information that there is little to be gained in terms of thermal performance for changes in the type of
1IGU gas for double-glazed curtain wall assembly having values of Ar exceeding say 40 %.
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Figure 25 - Predicted (by simulation) R-value (i) and U-value (ii) (air-to-air;
surface-to-surface) of double-glazed low-e coated (e = 0.054) thermally
broken curtain wall section in relation to glazing to Wall Area Ratio

Figure 26 - Predicted (by simulation) R-value (i) & U-value (ii) (air-to-air;
surface-to-surface) of double-glazed low-e coated (e = 0.054) thermally
broken curtain wall section in relation to glazing to Wall Area Ratio
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Figure 27- Predicted (by simulation) R-value (i) and U-value (ii) (air-to-air; | Figure 28 - Predicted (by simulation) R-value (i) and U-value (ii) (air-to-air;
surface-to-surface) of double-glazed low-e coated (e = 0.054) thermally surface-to-surface) of double-glazed low-e coated (e = 0.054) thermally
broken curtain wall section in relation to glazing to Wall Area Ratio broken curtain wall section in relation to glazing to Wall Area Ratio
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Figure 29 - Predicted (by simulation) R-value (i) and U-value (ii) (air-to-air;
surface-to-surface) of double-glazed low-e coated (e = 0.054) or not
coated(e = 0.84) thermally broken CW in relat® to Glaz"g to Wall Area Ratio

Figure 30 - Predicted (by simulation) R-value (i) and U-value (ii) (air-to-air;
surface-to-surface) of double-glazed low-e coated (e = 0.054) or not
coated(e = 0.84) thermally broken CW in relat® to Glaz"g to Wall Area Ratio
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Figure 31 - Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air; Figure 32 - Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
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Figure 33 — Predicted (by simulation) R-value (surface—to-surface) of
double-glazed low-e coated (e = 0.054) thermally broken curtain wall in
relation to Glazing to Wall Area Ratio for IGU filled with 100 % Air; 90 %

Ar, 10 % Air; 90 % K, 10 % Air; 90 % Xe, 10 % Air

Figure 34 - Predicted (by simulation) R-value (surface—to-surface) of
double-glazed low-e coated (e = 0.054) thermally broken curtain wall in
relation to glazing to Wall Area Ratio for IGU filled with 100 % Air; 90 % Ar,
10 % Air; 90 % Kr, 10 % Air; 90 % Xe, 10 % Air
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5.2.1.3 — Effect of changes to Coating emissivity

The effect of changes to coating emissivity on the R-values and corresponding U-values of double-glazed
thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As well, the influence
on the thermal performance of the assembly in relation to the coating emissivity for assemblies incorporating

1GUs of different gas type is also examined.

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a double-
glazed thermally broken curtain wall assembly in relation to the coating emissivity is provided in Figure 35 to
Figure 39.

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the coating
emissivity (gcoar) Of surface 2 of the IGU for a double-glazed curtain wall assembly having an Ar of 0.57, and
for which the gas within the IGU was varied, is provided in the initial set of results given in Figure 35 to
Figure 38; in the respective 4 figures, starting with Figure 35, the simulation results are given for the IGU

incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) decreases with an
corresponding increase in the value of e for all of the IGUs simulated, irrespective of the type of gas
incorporated in the IGU. The loss in thermal performance with a corresponding increase in value of ecoar 1S
completely expected given the increase in transmission of radiation for related increases in emissivity of the
glass. The more significant decreases are evidently found for the least performing IGU which is filled with
100% air.

A summary of the effect of changes to coating emissivity on the thermal performance of the double-glazed
curtain wall assembly is given in Figure 39. In Figure 39, the rate of change in R-value for a NFRC-compliant
double-glazed thermally-broken curtain wall assembly in relation to the emissivity of surface 2 of the IGU is
given for IGUs incorporating Air, or combination s of Air and Ar, Xe, or Kr. The vertical line in the plot
shows the value of ecoar = 0.054, for which the low-e coating is applied to surface 2. For an IGU having low-¢
coating, significant changes to thermal performance can arise depending on the type of gas with which the
IGU is filled; for ecoae = 0.054 on surface 2 of the IGU, the respective R-values for the curtain wall assembly
for which the IGU is filled with air, or mixtures of air and Ar, Kx, or, Xe are: 0.391; 0.445; 0. 509; and

0.538 m2e KK/ W.
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Figure 35 — Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of double-glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 90% Ar and 10 % Air

Figure 36 - Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of double-glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 90% Kr and 10 % Air
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Figure 37 - Predicted (by simulation) R-value (i); U-value (ii) (air-to-air;
surface-to-surface) of double-glazed, thermally broken curtain wall as a
function of coating emissivity

Figure 38 - Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of double-glazed, thermally broken curtain wall as a
function of coating emissivity
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PARAMETRIC STUDY OF CURTAIN WALL SYSTEMS FOR OPTIMIZATION OF THERMAL PERFORMANCE

5.2.1.4 — The effect of thermal resistance of the spandrel panel insulation

The effect of thermal resistance of the spandrel panel insulation on the R-values and corresponding U-values
of double-glazed thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As
well, the influence on the thermal performance of double-glazed curtain wall assemblies is also examined in
relation to the different gases with which the IGUs are filled and that include Ar, Kr, Xe, and air; this portion
also includes assessing the thermal performance of assemblies having IGUs that incorporate, or not, a low-e

coating,

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a double-
glazed thermally broken curtain wall assembly in relation to the spandrel panel insulation is provided in
Figure 41 to Figure 46.

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the spandrel
panel thermal resistance (m2¢K/W) for a double-glazed curtain wall assembly having an Ag of 0.57, and for
which the gas within the IGU was varied, is provided in the initial set of results given in Figure 41 to

Figure 44; in the respective 4 figures, starting with Figure 41, the simulation results are given for the IGU

incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

The vertical line in each of the figures gives the R-value of the spandrel panel insulation for the curtain wall

assembly as illustrated in Figure 6 and Figure 10.

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) of the curtain wall
assembly increases in relation to corresponding increases in thermal resistance of the spandrel panel although
such increases are limited to ca. 10% of the initial and lowest R-value for the spandrel panel. The R-value of
assemblies having a low-e coated (¢ = 0.054) IGU are characteristically greater than the assemblies having a
non-coated IGU (e = 0.84) although both assemblies have similar trends over the range of increase in thermal
resistance of the spandrel panel. The differences in R-value of the curtain wall assembly increases as relate to
the type of IGU (i.e. low- € vs. no low- ¢) differs depending on the gas which fills the IGU; increase in R-value
of the curtain wall assembly were ca. 27%, 38% 49 % and 54%, respectively, for IGUs filled with Air, Ar, Kr,
and Xe.

It is to be noted that the values for thermal resistance of the curtain wall, taken for an A of ca. 0.57, would
not appreciably increase should additional insulation be added to the spandrel panel and thus do not provide a
useful avenue for improved overall thermal performance. This is especially evident when reviewing summary
results provided in Figure 58 and Figure 59. In Figure 58 is shown the R-value (surface-to-surface) of the
same curtain wall assembly having a low-e coated IGU in relation to the thermal resistance of the spandrel
panel and for all gases which filled the IGU; whereas Figure 59 provides the same information for an
assembly having no low-e coated IGU. In addition, the rate of change in curtain wall R-value to that of the
spandrel panel is also provided and for each type of IGU. The trades are now evident, in that only very small
changes in assembly R-value can be expected for corresponding changes in spandrel R-value and these are in
the order of 1%, or less, for enhancements to the thermal resistance of the spandrel panel beyond the vertical
line that delineates the R-value for the spandrel panel of the manufactured product.
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Figure 41 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-air;
surface-to-surface) as a function of Spandrel panel insulation for a NFRC-
compliant, thermally-broken double-glazed Ar-filled IGU curtain wall
assembly with and without low-e coating on surface 2

Figure 42 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken double-glazed Kr-filled IGU curtain
wall assembly with and without low-e coating on surface 2
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Figure 43 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken double-glazed Xe-filled IGU curtain
wall assembly with and without low-e coating on surface 2

Figure 44 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken double-glazed Air filled IGU curtain
wall assembly with and without low-e coating on surface 2
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Figure 45 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a

NFRC-compliant, thermally-broken double-glazed curtain wall assembly
incorporating an IGU with low-¢ coating (surface 2) and
filled with either Ar, Kr, Xe, or Air

Figure 46 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a

NFRC-compliant, thermally-broken double-glazed curtain wall assembly

incorporating an IGU without low-e coating (surface 2) and

filled with either Ar,

Kr, Xe, or Air
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5.2.1.5 — The effect of IGU spacer thermal properties

The effect of the IGU spacer thermal properties on the R-values and corresponding U-values of double-
glazed thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As well, the
influence on the thermal performance of double-glazed curtain wall assemblies is also examined in relation to
the different gases with which the IGUs are filled and that include Ar, Kr, Xe, and ait; this section also
includes assessing the thermal performance of assemblies having IGUs that incorporate, or not, a low-¢

coating,

Typical doubled and triple-glazed units and their respective IGU components are shown in Figure 47. The
spacer configuration for both the double- and triple IGUs were modelled in such a fashion that the depth and
height of the spacer and seals (primary and secondary) was consistent with actual product configurations but
when completing the simulations, the thermal conductivity of this area vatied from 0.1 to 2 W/m-K.. As
such, spacer configurations resulting in different values of thermal conductivity were taken into consideration
in the modelling. The information provided in Figure 47 in the uppermost schematic is pertinent to this
section, whereas, information provided in the lower most schematic is pertinent to the simulation results given
in § 5.2.2.5.

In this section, the results detived from simulation

I . .
: for the air-to-air and surface-to-surface R-value and

OUtdoiL U-value of a double-glazed thermally broken curtain
g ;_ wall assembly in relation to the thermal conductivity

of the IGU spacer are provided in Figure 48 to
Figure 53.

Simulation results for the R-value (uppermost plot)

and U-value (lower-most plot) in relation to the

thermal conductivity of the IGU spacer (W/m-K)

for a double-glazed curtain wall assembly having an
Ar of 0.57, and for which the gas within the IGU

Outdoor Indoor o ) ) o7
S1p < S6 was varied, is provided in the initial set of results
S2— S5 given in Figure 48 to Figure 51; in the respective 4
S3— S4 figures, starting with Figure 48, the simulation results

are given for the IGU incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
Secondary Seal e 100 % Air (Reference value)

Desiccant
==—Primary Seal

Figure 47 - Typical doubled & triple-glazed IGUs and | From this set of results it is apparent that the R-value
their respective components

(air-to-air, or surface-to-surface) of the curtain wall

assembly decreases in relation to corresponding increases in thermal conductivity of the IGU spacer although
such decreases over the range of values for spacer thermal conductivity (i.e. ) are limited to ca. 11-15% of the
initial and lowest value for thermal conductivity of the IGU spacer. The R-value of assemblies having a low-¢
coated (e = 0.054) IGU are characteristically greater than the assemblies having a non-coated IGU (e = 0.84)
although both assemblies have similar trends over the range of reduction in thermal conductivity of the IGU
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Figure 48 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken double-glazed Ar-filled IGU curtain
wall assembly with and without low-e coating on surface 2

Figure 49 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken double-glazed Kr-filled IGU curtain
wall assembly with and without low-e coating on surface 2
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Figure 51 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-air;
surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken double-glazed Air filled IGU curtain
wall assembly with and without low-e coating on surface 2

Figure 50 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken double-glazed Xe-filled IGU curtain
wall assembly with and without low-e coating on surface 2
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Figure 52 — Predicted (by simulation) R-value (surface-to-surface) as a Figure 53 — Predicted (by simulation) (i) R-value (surface-to-surface) as a

function of thermal conductivity of Spacer for a NFRC-compliant,
thermally-broken double-glazed curtain wall assembly incorporating an

IGU with low-e coating (e = 0.054; surface 2) and
filled with either Ar, Kr, Xe, or Air

function of thermal conductivity of Spacer for a NFRC-compliant,
thermally-broken double-glazed curtain wall assembly incorporating an

IGU without low-e coating and filled with either Ar, Kr, Xe, or Air
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spacer. The differences in R-value of the curtain wall assembly as relates to the type of IGU (i.e. low- & vs. no
low- ¢) differs depending on the gas which fills the IGU; decrease in R-value of the curtain wall assembly were
ca. 27%, 38% 49 % and 54%, respectively, for IGUs filled with Air, Ar, Kr, and Xe.

It is to be noted that the values for thermal resistance of the curtain wall, taken for an Ar of ca. 0.57, would
not appreciably increase should additional insulation be added to the spandrel panel and thus do not provide a
useful avenue for improved overall thermal performance. This is especially evident when reviewing summary
results provided in and Figure 58 and Figure 59. In Figure 58 is shown the R-value (surface-to-surface) of the
same curtain wall assembly having a low-e coated IGU in relation to the thermal resistance of the spandrel
panel and for all gases which filled the IGU; whereas Figure 59 provides the same information for an
assembly having no low-e coated IGU. In addition, the rate of change in curtain wall R-value to that of the
spandrel panel is also provided and for each type of IGU. The trades are now evident, in that only very small
changes in assembly R-value can be expected for corresponding changes in spandrel R-value and these are in
the order of 1%, or less, for enhancements to the thermal resistance of the spandrel panel beyond the vertical
line that delineates the R-value for the spandrel panel of the manufactured product.

5.2.2 Results for Triple-glazed NFRC-Compliant CW Configurations
Results derived from simulation for the triple-glazed NFRC-compliant curtain wall configurations are
provided in terms of the:

(@)  Risk to the formation of condensation;
(i)  effect of glazing to wall-area ratio;
(i)  Effect of changes to coating emissivity, and;
@v.)  Effect of thermal resistance of the spandrel panel insulation
(v.)  Effect of thermal conductivity of the IGU spacer

Results for each of these topics are provided in turn.

5.2.2.1 — Condensation risk:

Results derived from simulation of a triple-glazed thermally broken NFRC-compliant curtain wall assembly
for the exterior (i) and interior (if) surface temperatures and (iif) temperature index, as given in Equation 1, are
provided in Figure 60. The triple-glazed Ar filled IGU (i.e. 90% Ar and 10% Air) has a low-e coating on
surface 2 (ecoar = 0.054). The range in values for the respective set of results can be found in the scale adjacent
to each of the three figures of the assembly, for which can be found that the exterior surface temperature of
the assembly ranges between ca. -8 °C and -18 °C, the intetior temperature between -1.7 °C and 20.1 °C and
the value of the temperature index (I) between 0.42 and 0.98.

Simulated results of temperature difference (AT °C) on exterior surface of triple-glazed NFRC-compliant CW
are given in Figure 55; in the two plots provided, Option D represents a modified ASHRAE 160 interior RH
conditions of 32 %, whereas Option B has the ASHRAE 160 interior RH conditions of 40 %; values of

surface temperature difference less than 0 (AT < 0 °C) represent locations for risk of condensation.

Finally, the results derived from simulation of the same triple-glazed NFRC-compliant curtain wall assembly
and in respect to the temperature differences between the interior surface temperature (Tia) of the assembly
and the dew point temperature (Tbewpoint) ate given in Figure 56. In Figure 56, the locations for risk to
condensation, specifically, where the temperature difference is < 0 have been highlighted in two plots: the one
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Figure 54 — Simulated exterior (i) & interior (ii) temperature; values of temperature index Tindex (iii) of triple-
glazed thermally broken NFRC-compliant CW having IGU with 90% Ar & 10% Air; Surface 2, Ecoac = 0.054.
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Figure 55 — Simulated results of relative humidity on interior surface of triple-glazed IGU thermally broken
NFRC-compliant CW; (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 56 — Simulated results of temperature difference (AT °C) on exterior sutface of triple-glazed NFRC-
compliant CW: (i) Option D: Modified ASHRAE 160 (32% RH); (ii) Option B: ASHRAE 160 (40% RH)
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Figure 57 — Simulated temperature differences between surface ( T1n¢) and dew point (Tpewpoint) of triple-glazed
thermally broken NFRC compliant CW having IGU with 90% Ar & 10% Air; Surface 2, Ecoa = 0.054

on the right-hand side showing locations at risk to condensation where the interior RH is 40 % (Option B);
and the other on the left hand side (Option D) representative of interior RH conditions of 32 %. Values of
temperature difference (i.e. AT = Tine — TDew poing) for Option D range between ca. -5.4 °C and 16.4 °C
whereas for Option B between ca. -8.6 °C and 13.2 °C. Values below zero represent locations at risk of
formation of condensation. Whichever intetior RH conditions used, both show similar locations for the

formation on condensation on the assembly, specifically, along frame edges.

Values below zero represent locations at risk of formation of condensation. Whichever interior RH
conditions used, both show similar locations for the formation on condensation on the assembly, specifically,

along frame edges.

5.2.2.2 — Effect of Glazing to Wall Area Ratio

The effect of glazing to wall-area ratio (window-to-wall ratio / Ar) on the R-value and corresponding U-value
of triple-glazed thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As
well, the influence on the thermal performance of the assembly in relation to the Ar for assemblies

incorporating IGUs filled with different gases IGU including, or not, a low-e coating, is also explored.

The results derived from simulation for the air-to-aitr and surface-to-surface R-value and U-value of a double-
glazed thermally broken curtain wall assembly in relation to the glazing to wall area ratio (Ag) is provided in
Figure 58 to Figure 67; results are first presented for curtain wall assemblies having low-e coated IGUs and
thereafter, for IGUs of higher emissivity.

Thermal performance results for triple-glazed curtain wall assembly with low-e coated IGU —
Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the Ar of a
double-glazed curtain wall assembly that included a low-e coated IGU (e= 0.054; surface 2), and for which the
gas within the IGU was varied, is provided in the initial set of results given in Figure 58 to Figure 61; in the
respective 4 figures, starting with Figure 58, the simulation results are given for the IGU incorporating a gas
having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
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e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results, and as was the case for the double-glazed CW assembly, it is apparent that the R-
value (air-to-air, or surface-to-surface) decreases with an corresponding increase in the Ag for all of the IGU
simulated, irrespective of the type of gas incorporated in the IGU. As before, the loss in thermal performance
with increasing Ar is entirely as might be expected; R-values respectively range between ca. 0.45 to

1.1 m2eK/W for the set of assemblies having the low-e IGU and between ca. 0.25 to 1 m2¢K/W for the CW
assemblies having no low-e coated IGU. The more significant decreases are evidently found for the least
performing IGU which is filled with 100% air. The respective thermal performance range of the 4 different
sets of results in terms of the air-to-air R-value (m2¢K /W) and U-value (W/m2eK) at 10 % and 90 % Ag are
provide in Table 5:

Table 5 - R-value and U-values (air-to-air) of triple-glazed curtain wall assembly incorporating IGUs having
different gases at selected glazing to wall-area ratios

IGU gas fill R-value (m2¢K/W) U-value (W/m?2¢K)

10 % Ar 90 % Ar 10 % Ax 90 % Ar
100 % Air (Reference value) 1.075 0.625 0.925 1.625
90 % Ar and 10 % Air 1.125 0.688 0.900 1.475
90 % Kr and 10 % Air 1.150 0.780 0.875 1.325
90 % Xe and 10 % Air 1.175 0.800 0.850 1.250

Thermal performance results for triple-glazed curtain wall assembly with & without low-e IGU —
Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the Ar of a
double-glazed curtain wall assembly that included an IGU either with or without a low-e surface (i.e. e= 0.054;
surface 2) and for which the gas within the IGU was varied, is provided in this subsequent set of results given
in Figure 62 to Figure 65; in the respective 4 figures, starting with Figure 62, the simulation results are given,
as for the previous set, for an IGU incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is evident that the R-value (air-to-air, ot surface-to-surface) decreases with an
corresponding increase in the Ar for all of the IGUs simulated, irrespective of the type of gas incorporated in
the IGU and regardless of whether the low-e coating is applied to the IGU. As well, the R-value (air-to-air, or
surface-to-surface) of the low-e coated IGU is characteristically greater than that of the non-coated IGU for
any given value of Ar. The loss in thermal performance with increasing in Ar is, as before, entirely as might
be expected, whether for an IGU having a low-e glass surface or glass of higher emissivity. However, these
losses are more important for IGUs that are not coated and have the higher emissivity glass. The more
significant decreases are evidently found for the least performing IGU which is filled with 100% air. The
respective thermal performance range of the 4 different sets of results for CW assemblies having the non-
coated higher emissivity glass in terms of the air-to-air R-value (m2¢K /W) and U-value (W/m?2*K) at 10 %
and 90 % Ar are provided in Table 6:
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Table 6 - R-value and U-values (air-to-air) of double-glazed curtain wall assembly at selected glazing to wall-

area ratios and incorporating IGUs having different gases and higher emissivity (e = 0.84)

IGU gas fill R-value (m2¢K/W) U-value (W/m?2¢K)

10 % Ar 90 % Ax 10 % Ar 90 % Ar
100 % Air (Reference value) 0.98 0.45 1.05 2.25
90 % Ar and 10 % Air 1.0 0.475 1.0 2.15
90 % Kr and 10 % Air 1.02 0.480 0.95 2.05
90 % Xe and 10 % Air 1.025 0.50 0.90 2.00

Summary of thermal performance results for triple-glazed curtain wall assembly — Results derived
from simulation for the surface-to-surface R-value (uppermost plot) and surface-to-surface U-value (lower-most
plot) in relation to the Ar of a triple-glazed curtain wall assembly having a low-e coated IGU, and for which the
gas within the IGU was varied, is provided in Figure 66; similar sets of plots of thermal performance for the
curtain wall assembly having an IGU of higher emissivity (e = 0.84), is given in Figure 67.

The relative thermal performance of the curtain wall assembly in relation to Ar and amongst the different
types of IGUs is clearly evident in Figure 66 for the assembly incorporating the low-e IGU; this is much less
evident for the assembly with the higher emissivity IGU, as shown in Figure 67. The least performing
assembly, irrespective of the emissivity of the glass, was the assembly, having the air filled IGU; the most
performing having the Xe filled IGU.

The rate of change, in this instance decreases in R-value, for a corresponding increase in Ag is also provided in
the uppermost plot of Figure 66 and Figure 67. The effect is greatest for changes of Ar ranging between 5
and 40%; thereafter, the changes in R-value are less significant for corresponding changes in Ar. The vertical
line at Ar = 57% represents the value of Ar of the NFRC compliant curtain wall assembly. It is evident from
this information that there is little to be gained in terms of thermal performance for changes in the type of

IGU gas for triple-glazed curtain wall assemblies having values of Ar exceeding perhaps 50 %o.

REPORT A1-002844.06 47

NC-CN\3C



Filling Gas: 90% Ar and 10% Air Filling Gas: 90% Kr and 10% Air

1.2 L N T T T T T T ‘ T ‘ T T T i 1.3 T T T T T ‘ T ‘ T T T
- SE [4 - = - - £] Air-to-Air ‘ : N [3 - - - - £] Air-to-Air ‘
11L S > - = - - ©.Surface-to-Surface ) 1.2 JE 3= < == © Surface-to-Surface
r u : -
FQ L 11 s
< 10 © (= (= L Q T]‘
S [ M S [o i
2 " © £ g 10 Q. e,
0 e G IS 0 - O] =]
o~ 0.9 ) By ~ L ey E‘*B S
E L Lo8 Blyg E ,oF ®a ﬂﬁjﬂ
© - e B o el Sl
S 08 & Py = 5 RSN R
> r © g > CL Gg TR
o+ 5 e B 1 & E Gg =i
0.7 =g - pSNS
- & B 0.7 e
L hes . L O~
S r Co
L ™*a . ~G W
0.6 A C O«
L ()@ o - 0.6 C J
L CGeogq . L
0.5 L L L L L L L L L L L L L L L L L @ .‘Ol 0.5 L L L L L L L L L L L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Glazing to Wall Area Ratio, Ag (%) Glazing to Wall Area Ratio, Ag (%)
Filling Gas: 90% Ar and 10% Air Filling Gas: 90% Kr and 10% Air
20; T ‘ T ‘ T (‘/),O‘ 17: T T T T ‘ T ‘ T \iyék)\
1.9 E [4==="=E7 Air-to-Air @;\7 - 161 [4 - - - - E] Air-to-Air e ©
18 F G.-.-— =& Surface-to-Surface ° e, : C G - - - - © Surface-to-Surface I ©
B o> : 15 o
. 17F €] = F o<
< LeF o< < .f A7
o TE 2} 4 o = o
g 151 il ] g’ 13l U’O'G B
S q4f & ot £ e = F o e hs
o aF 2 g o 12f @Na FE
= 't i = H o ]
< E G - HF © C -1
> 12 ey Bgﬂj 1> 14 5 s S
5 F o 3 £ 10D s o 3El
Iys C ET
11F 55 3E : 10 9 3
£ ’W’O HE i - © BL’ =
1.0 - = y re {j’
g o : 0.9 g
0.9 E . = : . = = LJ
08 E B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 : 08 C E Z‘ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Glazing to Wall Area Ratio, Ag (%) Glazing to Wall Area Ratio, Ag (%)
Figure 58 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to- Figure 59 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
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Figure 62 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface—to-surface) of triple-glazed low-e (e = 0.054) or no low-e (e =

0.84) coated thermally broken Curtain Wall in relation to Glazing to Wall
Area Ratio for IGU filled with 90 % Ar, 10% Air

Figure 63 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface—to-surface) of triple-glazed low-e (e = 0.054) or no low-e (e =

0.84) coated thermally broken Curtain Wall in relation to Glazing to Wall
Area Ratio for IGU filled with 90 % Kr, 10% Air




Filling Gas: 90% Xe and 10% Air

T T 1T 17 T 17 17 T
- - 1 - W Air-to-Air with Coating (ggoq = 0.054)
CF ---EJ Air-to-Air without Coating (s = 0.84) .
— n ®o----0 Surface-to-Surface with Coating (zcoat = 0.054) :
-® H‘i l. iy (G ————+) Surface-to-Surface without Coating (¢ = 0.84)
g Wiy e L
s FQ ) . g
2 Of fe ek 3]
0.9 ® '
° F Q i) = Npy
i F 1= LY gy :
E F © He %e,. TEEm gy
= 08F G = [ S —
o F © = ®oee :
= 07E BN Bl (X WY
: 8 6. Bag oo
o 06 O
£ ©a (ENE B
05F ©a¢ Hooge—
C I~ 9{} .
04F See
'k OO0 3 .
03 L ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6\{}\9{>L

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Glazing to Wall Area Ratio, Ag (%)

Filling Gas: 90% Xe and 10% Air

3.2 - T T LI SN P LU T T
3.0 E B - - -/~ W'Air-to-Air with Coating (esoq = 0.054) N
“E [} -----+--[]: Air-to-Air without Coating (¢ = 0.84) - <)
28— @ - == - @ Surface-to-Surface with Coating (¢eq = 0.054)
26— G-===©O Surface-to-Surface without Coating (¢ |= 0.84) o @/®
< L.F >
2.4 Q
° C s
N c ©
E o2F
=
C &
2 20f < B
S 18l 2 zEs
= 18F o [EREA :
g 6k o St -—
=) - o /—’Du .,..—.].'.'.f :
1.4 - 59 i .-.'.'T;.V.—.r‘" Y
£ - - s b . :
"2 QEWC @MD""'.'J’. &= pEEE apanEEEEE_
10 33 o ] ll nEn :
o mey T :
0.8 L —*.F 1 ‘ 1 ‘ 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Glazing to Wall Area Ratio, Ag (%)

Filling Gas: Air
1.2 - Bl T T T 1 L ‘ T
= L h -+r--0 A|r to Alrwnh (I)oatmg (sml 0 054)
1.1 = ]‘I [~~~ [ Air-to-Air without Coating (s = 0.84)
1.0 :4 L m. @ - - - - @ Surface-to- Surface with Coatlng (£coat = 0.054)
T r Q .; =L l. - (& —-———© Surface-to-Surface without Coating (¢ = 0.84)
S o09f ol Ny
g : Q ‘Q ey
0.8 F - Ny
o C Q Wia i.'_.
E L Q o Ll F°Y
0.7 |
) F e Sug
S £ © o O ey -
S 06 i ‘09, b B
> r Sha 99
; £ -0
o 05 O 20 0.4,
SE @@@\@ Egﬁ!
0.4 F O 845
C 0
0.2 C | | | | | | | | | | | | | | | | | 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Glazing to Wall Area Ratio, Ag (%)

Filling Gas: Air
3.6 - T T T 1 T [ T 1 T 1 T J7T T T T
3.4 ; - Air-to-Air with Coating (ecoq; = 0.054) ©
39 E [Gh----- [l Air-to-Air without Coatmg (e=0. 84) @/k
3'0 E @® - - - - @ Surface-to-Surface with Coating (scm: 0.054) @)"
. TE G +~——=—© Surface-to-Surface without Coating (¢ = 0.84) 3/U
< 2.8 B 5
& 261 )
g 24 F ges 2
= oo E = ii
8 20F ~ e
= = o B’WW
S 18 5@ o ?i
! = o et - =
D 16F 5 _ g @ ¥ —..I.lll
14E o ) g’!fi *" ; L ..,..
g o ee®®” __puEl
125 _g’gg on B R B
10 :@, ﬁ mumn
08 j 1 1 1 ‘ 1 1 ‘ 1 ‘ 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Glazing to Wall Area Ratio, Ag (%)

Figure 64 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface—to-surface) of triple-glazed low-e (e = 0.054) or no low-e (e =

0.84) coated thermally broken Curtain Wall in relation to Glazing to Wall
Area Ratio for IGU filled with 90 % Xe, 10% Air

Figure 65 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface—to-surface) of triple-glazed low-e (e = 0.054) or no low-e (e =

0.84) coated thermally broken Curtain Wall in relation to Glazing to Wall
Area Ratio for IGU filled with 100 % Air
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Figure 66 — Predicted (by simulation) (i) R-value and rate of change in R-
value in relation to emissivity and; (ii) U-value (sutface-to-surface) as a
function of Glazing to Wall Area Ratio, for a NFRC-compliant, thermally-
broken Curtain Wall, having a triple-glazed, low-e coated (e = 0.054)
Air-, Ar-, Xe-, or Kr-filled IGU

Figure 67 — Predicted (by simulation) (i) R-value and rate of change in R-
value in relation to emissivity and; (ii) U-value (surface-to-surface) as a
function of Glazing to Wall Area Ratio, for a NFRC-compliant, thermally-
broken Curtain Wall, having a triple-glazed, Air-, Ar-, Xe-, or Kr-filled IGU
(no low-e coating; e = 0.84)
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5.2.2.3 — Effect of changes to Coating emissivity

The effect of changes to coating emissivity on the R-values and corresponding U-values of triple-glazed
thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As well, the influence
on the thermal performance of the assembly in relation to the coating emissivity for assemblies incorporating
IGUs filled with different gases is also examined.

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a triple-
glazed thermally broken curtain wall assembly in relation to the coating emissivity is provided in Figure 68 to

Figure 73.

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the coating
emissivity (gcoar) Of surface 2 of the IGU for a triple-glazed curtain wall assembly having an Ag of 0.57, and for
which the gas within the IGU was varied, is provided in the initial set of results given in Figure 68 to

Figure 71; in the respective 4 figures, starting with Figure 68, the simulation results are given for the IGU

incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) decreases with an
corresponding increase in the value of e for all of the IGUs simulated, irrespective of the type of gas
incorporated in the IGU. The loss in thermal performance with a corresponding increase in value of ecoa is
completely expected given the increase in transmission of radiation for related increases in emissivity of the
glass. The more significant decreases are evidently found for the least performing IGU which is filled with
100% air (Figure 71).

A summary of the effect of changes to coating emissivity on the thermal performance of the triple-glazed
curtain wall assembly is given in Figure 72 and Figure 73. In Figure 72, the rate of change in R-value for a
NFRC-compliant triple-glazed thermally-broken curtain wall assembly in relation to the emissivity of surface 2
of the IGU is given for IGUs incorporating Air, or combination s of Air and Ar, Xe, or Kr. The vertical line
in the plot shows the value of econe = 0.054, for which the low-¢ coating is applied to surface 2. For an IGU
having low-¢ coating, significant changes to thermal performance can arise depending on the type of gas with
which the IGU is filled; for ecoar = 0.054 on surface 2 of the IGU, the respective R-values for the curtain wall
assembly for which the IGU is filled with air, or mixtures of air and Ar, K, or, Xe ate: 0.575; 0.625; 0. 712;
and 0. 735 m2°K/W.
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Figure 68 — Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of triple-glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 90% Ar and 10 % Air

Figure 69 — Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-sutface) of triple -glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 90% Kr and 10 % Air
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Figure 70 — Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of triple-glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 90% Xe and 10 % Air

Figure 71 — Predicted (by simulation) R-value (i) ; U-value (ii) (air-to-air;
surface-to-surface) of triple -glazed, thermally broken curtain wall as a
function of coating emissivity for IGU filled with 100 % Air
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Figure 73 — Predicted (by simulation) (i) U-value (surface-to-surface) as a
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Curtain Wall, with a triple-glazed, Air-, Ar-, Xe-, or Kr-filled IGU

Figure 72 — Predicted (by simulation) (i) R-value (surface-to-surface) as a
function of coating emissivity (surface S2) and; (ii) rate of change in
R-value in relation to emissivity for a NFRC-compliant, thermally-broken
Curtain Wall, with a triple-glazed, Air-, Ar-, Xe-, or Kr-filled IGU
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5.2.2.4— The effect of thermal resistance of the spandrel panel insulation

The effect of thermal resistance of the spandrel panel insulation on the R-values and corresponding U-values
of triple-glazed thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As
well, the influence on the thermal performance of triple-glazed curtain wall assemblies is also examined in
relation to the different gases with which the IGUs are filled and that include Ar, Kr, Xe, and air; this portion
also includes assessing the thermal performance of assemblies having IGUs that incorporate, or not, a low-e

coating,

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a double-
glazed thermally broken curtain wall assembly in relation to the spandrel panel insulation is provided in
Figure 74 to Figure 79.

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the spandrel
panel thermal resistance (m20K/W) for a triple-glazed curtain wall assembly having an Ar of 0.57, and for
which the gas within the IGU was varied, is provided in the initial set of results given in Figure 74 to

Figure 77; in the respective 4 figures, starting with Figure 74, the simulation results are given for the IGU
incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

The vertical line in each of the figures gives the R-value of the spandrel panel insulation for the curtain wall
assembly as illustrated in Figure 5 and Figure 11.

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) of the curtain wall
assembly increases in relation to corresponding increases in thermal resistance of the spandrel panel although
such increases are limited to ca. 10% of the initial and lowest R-value for the spandrel panel. The R-value of
assemblies having a low-e coated (¢ = 0.054) IGU are characteristically greater than the assemblies having a
non-coated IGU (e = 0.84) although both assemblies have similar trends over the range of increase in thermal
resistance of the spandrel panel. The differences in R-value of the curtain wall assembly increase in relation to
the type of IGU (i.e. low- € vs. no low- ¢) and differs depending on the gas which fills the IGU; increases in
R-value of the curtain wall assembly were ca. 27%, 38% 49 % and 54%, respectively, for IGUs filled with Air,
Ar, Kr, and Xe.

It is to be noted that the values for thermal resistance of the curtain wall, determined for an Ag of ca. 0.57,
would not appreciably increase should additional insulation be added to the spandrel panel and thus do not
provide a useful avenue for improved overall thermal performance. This is especially evident when reviewing
summary results provided in Figure 78 and Figure 79. In Figure 78 is shown the R-value (surface-to-surface)
of the same curtain wall assembly having a low-e coated IGU in relation to the thermal resistance of the
spandrel panel and for all gases which filled the IGU; whereas Figure 79 provides the same information for an
assembly having no low-e coated IGU. In addition, the rate of change in curtain wall R-value to that of the
spandrel panel is also provided and for each type of IGU. The trends are now evident, in that only very small
changes in assembly R-value can be expected for corresponding changes in spandrel R-value and these are in
the order of 1%, or less, for enhancements to the thermal resistance of the spandrel panel beyond the vertical
line that delineates the R-value for the spandrel panel of the manufactured product.
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Figure 74 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken triple-glazed Ar-filled IGU curtain wall
assembly with and without low-e coating on surface 2

Figure 75 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken triple-glazed Kr-filled IGU curtain wall
assembly with and without low-e coating on surface 2
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Figure 76 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken triple-glazed Xe-filled IGU curtain

wall assembly with and without low-e coating on surface 2

Figure 77 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a

NFRC-compliant, thermally-broken triple-glazed Air filled IGU curtain
wall assembly with and without low-e coating on surface 2




Spandrel Insulation R-Value (ﬁzohro"F/BTU)

0.50

=

wwd”—“

6 8-804 88 o

— — @ Air

7— = = 90% Xe and 10% Air
[# — — £1,90% Kr and 10% Air

5 10 15 20 25 30 35 40 45 50 55 60
Sgreavanesc=abs L A1 bl MO RS AR RAAM A A R A
075 —¢ | i IR L b Gaiiaantsasaniastan
Ed ; v o - 4 EEEErEEEEEEEE]
S W il el —-BFrﬂlEHEHG:'--E'E_EHTEuJEP' i ]
0.70 *V%%' ¥ R : : -
- : S : 4
§ -"\ngaaﬁaa : ]
0.65 u 5 s s e -:@9@4@.39&93-@9@3—96&9@_7
o =) e ]

Surface-to-Surface R-Value, Ry, (m%eK/W)

A
1 2 3

Spandrel Insulation R-Value, R; ¢ (mz-WW)

0.06

0.05

Increase Rate in R-Value, dR_; J/dR,..

0.48

0.46

0.44

0.42

0.40

0.38

0.36

0.34

Surface-to-Surface R-Value, Ry (mZeK/W)

Spandrel Insulation R-Value (ftzohr-"FlBTU)

0 5 10 15 20 25 30 35 40 45 50 55 60
T T O e [ T T T T T T
) ;,;‘ ‘:Dlﬁdue.lno‘ coa}(ngl| B
L coat g BT RTFETTEY |
: | il '*;P]:{-]E\:EEI-?BFEBLHB[EEIE—Ti
- R ! 1
E : - L GEEResReasEDe0 ]
L 4 - pyvys Ea
_ W,mmmoﬂ
— e M'wmma R =i
r *— — @ Air ]
e F— — =7 90% Xe and 10% Air 4
o = — — £1 90% Kr and 10% Air N
I L g . . G——0 90% Arand 10% Air =
L T eseesensenpasssesodsnsestmpnsatens.
0 1 2 3 4 5 6 7 8 9 10 11

Spandrel Insulation R-Value, R;¢ (m2-WW)

0.06

0.04

0.03

0.02

0.01

ncrease Rate in R-Value, dR_ /dR, ¢

Figure 78 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a
NFRC-compliant, thermally-broken triple-glazed curtain wall assembly
incorporating an IGU with low-¢ coating (surface 2) and

filled with either Ar, Kr, Xe, or Air

Figure 79 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-

air; surface-to-surface) as a function of Spandrel panel insulation for a

NFRC-compliant, thermally-broken triple-glazed curtain wall assembly

filled with either Ar, Kr, Xe, or Air

incorporating an IGU without low-¢ coating (surface 2) and
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5.2.2.5— The effect of thermal conductivity of the IGU spacer

The effect of the IGU spacer thermal properties on the R-values and corresponding U-values of triple-glazed
thermally broken NFRC-compliant curtain wall assemblies is elaborated in this section. As well, the influence
on the thermal performance of triple-glazed curtain wall assemblies is also examined in relation to the
different gases with which the IGUs are filled and that include Ar, Kr, Xe, and air; this section also includes
assessing the thermal performance of assemblies having IGUs that incorporate, or not, a low-e coating.

The results derived from simulation for the air-to-air and surface-to-surface R-value and U-value of a triple-
glazed thermally broken curtain wall assembly in relation to the thermal conductivity of the IGU spacer is
provided in Figure 80 to Figure 85.

Simulation results for the R-value (uppermost plot) and U-value (lower-most plot) in relation to the thermal
conductivity of the IGU spacer (W/m"K) for a triple-glazed curtain wall assembly having an Ar of 0.57, and
for which the gas within the IGU was varied, is provided in the initial set of results given in Figure 80 to
Figure 83; in the respective 4 figures, starting with Figure 80, the simulation results are given for the IGU
incorporating a gas having:

e 90 % Arand 10 % Air
e 90 % Krand 10 % Air
e 90 % Xe and 10 % Air
e 100 % Air (Reference value)

From this set of results it is apparent that the R-value (air-to-air, or surface-to-surface) of the CW assembly
decreases in relation to corresponding increases in thermal conductivity of the IGU spacer although such
decreases over the range of values for spacer thermal conductivity (i.e. 0-2 W/m*K) are limited to ca. 11-15% of
the initial and lowest value for thermal conductivity of the IGU spacer. The R-value of assemblies having a low-
e coated (e = 0.054) IGU are characteristically greater than the assemblies having a non-coated IGU (e = 0.84)
although both assemblies have similar trends over the range in reduction in thermal conductivity of the IGU
spacer. The degree of difference in R-value (surface-to-surface) of the CW assembly as relates to whether the
IGU is low- & or not low- ¢, differs depending on the gas which fills the IGU; decreases in the initial R-value
(surface-to-surface) of the CW assembly (spacer thermal conductivity: 0.1 W/m*K) were ca. 44%, 39%, 44% and
45 %, respectively, for IGUs filled with Air, Ar, Kr, and Xe.

It is to be noted that although the values for thermal resistance of the CW, taken for an Ar of ca. 0.57, do not
appreciably decrease over the range of values for the thermal conductivity of the IGU spacer, more
performing spacers could provide a useful avenue for improved overall thermal performance. This is
especially evident when reviewing summary results provided in Figure 83 and Figure 85. In Figure 85 is
shown the R-value (surface-to-surface) of the same CW assembly having a low-e coated IGU in relation to the
thermal resistance of the spandrel panel and for all gases which filled the IGU; whereas the same information
is provided in Figure 85 for an assembly having non low-e coated IGU. In addition, the rate of change in CW
R-value to that of the spacer thermal conductivity is also provided and for each type of IGU. The trends are
now evident, in that only very small changes in assembly R-value can be expected for corresponding changes
in spacer thermal conductivity beyond 1 W/m*K (ca. < 10% or less ); enhancements to the R-value of the CW
assembly would require IGU spacer thermal conductivities of <1 W/m-K..
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Figure 82 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken triple-glazed Xe-filled IGU curtain
wall assembly with and without low-e coating on surface 2

Figure 83 — Predicted (by simulation) (i) R-value and (ii) U-value (air-to-
air; surface-to-surface) as a function of thermal conductivity of spacer for a
NFRC-compliant, thermally-broken triple-glazed Air filled IGU curtain
wall assembly with and without low-e coating on surface 2
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Figure 84 — Predicted (by simulation) R-value (surface-to-surface) as a
function of thermal conductivity of Spacer for a NFRC-compliant,
thermally-broken triple-glazed curtain wall assembly incorporating an IGU
with low-e coating (¢ = 0.054; surface 2) and
filled with either Ar, Kr, Xe, or Air

Figure 85 — Predicted (by simulation) (i) R-value (surface-to-surface) as a
function of thermal conductivity of Spacer for a NFRC-compliant,
thermally-broken triple-glazed curtain wall assembly incorporating an IGU
without low-¢ coating and filled with either Ar, Kr, Xe, or Air
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6. Summary

The results from simulation of double and triple-glazed CW modelling configurations of both manufactured
products as well as NFRC compliant CW assemblies using the simulation model hygIRC-C were compared as
were results of simulations derived from varying the thermal properties of the CW components.

In respect to results from simulation of manufacturer’s products, results were provided for the risk to
condensation of double and triple-glazed CW assemblies. The results showed that both double and triple-
glazed CW indeed have components that are potentially vulnerable to the formation of condensation; these
are located along the frame at the periphery of the glazing unit.

As regards the NFRC compliant CW assemblies, the results from simulation provided information on the R-
value and respective U-values of the assemblies for different gas filling the IGU; a summary of such results are
provided in Table 7 for double-glazed and Table 8 for triple-glazed CW assemblies; these results are also
summarised in Figure 80.

1 As is evident for the information provided in

Double-glazed CW 0.907 . . .
09 | :W?SIe;g;]:; cw 0.873 Figure 85, triple-gazed CW assemblies, as

0.798

expected perform better than the double-glazed

0.736

assemblies, and the thermal performance is also
affected by the type of gas that fills the IGU.
Using the R-value of double-glazed Air-filled
IGU as reference (i.e. 0.555 m2eK/W), the
degree of improvement in R-value is: 9.4%,
21%, 26% respectively, for Ar, Kr, and Xe filled
double-glazed IGUs, whereas these values are
8.4%, 18.6%, 23.2% respectively, for Ar, K,
and Xe filled triple-glazed IGUs, when using
the triple-glazed Air-filled IGU as reference (i.e.
0.736 m2e K/ W).

Air Ar Kr Xe
IGU gas

Figure 86 — Summary of Thermal petformance of NFRC Improvements in R-value of the CW assembly

compliant double- and triple-glazed CW assemblies for double- to triple-gazed IGUs provide
enhancements of 33%, 31.4%, 29.9% and 29.3% when filled respectively, with air, Ar, Kr, and Xe gas.

The results from simulation of both the double and triple-glazed NFRC compliant CW assemblies were also
provided in terms of:

(vi)  Risk to the formation of condensation;

(vii.)  Effect of glazing to wall-area ratio;

(viii)  Effect of changes to coating emissivity;
(ix.)  Effect of thermal resistance of the spandrel panel insulation, and;
(x.)  Effect of IGU spacer thermal conductivity

REPORT A1-002844.06 65 N3C -CN3C



PARAMETRIC STUDY OF CURTAIN WALL SYSTEMS FOR OPTIMIZATION OF THERMAL PERFORMANCE

As regards the results for the Risk to the formation of condensation, the results showed that both double and
triple-glazed CW indeed have components that are potentially vulnerable to the formation of condensation as
was the case for the manufactured products; locations of vulnerability are along the frame at the periphery of
the glazing unit.

Results were then provided in terms of changes to R-value and U-values (both air-to-air and surface to
surface) as a function of changes to the specific parameter of interest (i.e. glazing to wall-area ratio, coating

emissivity; thermal resistance of the spandrel panel insulation, or IGU spacer thermal conductivity).

At the end of each section of results, summary results were provide together with information on how each of
the respective parameters affected changes to the thermal resistance of the CW assembly. Relationships
between expected changes in thermal resistance of the CW assembly to corresponding changes in the given
simulation parameter permitted gauging the significance of each these effects.

Together this information will provide the basis for developing guidelines to the selection of components of
double and triple-gazed metal-glass CW assembles.
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Table 7 — Simulation Results of Thermal Performance of NFRC Compliant DOUBLE-Glazed CW Configuration

Double Glazing, Low-e coating of emissivity = 0.054, and XPS Frame Insulation
Parameter Gas: Ar Gas: Kr Gas: Xe Gas: Air
90% Ar 90% Kr 90% Xe 100% Air
Areas
Projected Area of the Sample (As), m? 7.48 7.48 7.48 7.48
Total Indoor Surface Area (A)), m? 9.16 9.16 9.16 9.16
Total Outdoor Surface Area (Ac), m? 8.08 8.08 3.08 8.08
NFRC Boundary Conditions
Temperature of warm side air (T), °C 21.00 21.00 21.00 21.00
Temperature of cold side air ( Ty), °C -18.00 -18.00 -18.00 -18.00
Interior Test Film (h,), W/(m?eK) 7.67 7.67 7.67 7.67
Exterior Test Film (hy), W/(m’eK) 30.00 30.00 30.00 30.00
Performance Predications
Average Area Weighted Room Side Surface Temp. (T1),°C 13.85 14.57 14.85 13.14
IAverage Weather Side Area Weighted Surface Temp. (T2), °C -15.93 -16.14 -16.22 15.73
Surface-to-surface Temperature Difference (AT), °C 29.78 30.70 31.06 28.87
Net Specimen Heat Loss (Q), W 502.26 451.76 432.17 551.66
Derived Performance Parameters
Conductance of the Sample: C, = Q./Ap*(T:-T,), W/(m’eK) 2.255 1.967 1.860 2.555
U-value of the sample: U.=1/[(1/C)+{1/h)+(1/hu)], W/(m’eK) 1.647 1.488 1.426 1.802
Thermal resistance =1 / C,, (m%eK) / W 0.443 0.508 0.538 0.391
R-value = 1/ Us, (m’eK) /W 0.607 0.672 0.701 0.555
Percentage Increase in Performance due to Using different Filling Gas (%)
Conductance of the Sample: C; 13.29 29.88 37.35 N/A
U-value of the sample: U 9.37 21.06 26.34 N/A
Thermal resistance =1/ C; 13.29 29.88 37.35 N/A
R-value =1/ U, 9.37 21.06 26.34 N/A

2G, Coating (eCoalt =0.054), 2 m x 2 m vision and 2 m x 1.2 m spandrel




Table 8 - Simulation Results of Thermal Petformance of NFRC Compliant TRIPLE-Glazed CW Configuration

Triple Glazing, Low-e coating of emissivity = 0.054, and XPS Frame Insulation
Parameter Gas: Ar Gas: Kr Gas: Xe Gas: Air
90% Ar 90% Kr 90% Xe 100% Air
Areas
Projected Area of the Sample (Ap), m? 7.48 7.48 7.48 7.48
Total Indoor Surface Area (A)), m? 9.15 9.15 9.15 9.15
Total Outdoor Surface Area (Ao), m? 8.00 8.00 8.00 8.00
NFRC Boundary Conditions
Temperature of warm side air (T)), °C 21.00 21.00 21.00 21.00
Temperature of cold side air ( Ty), °C -18.00 -18.00 -18.00 -18.00
Interior Test Film (h;), W/(m?eK) 7.67 7.67 7.67 7.67
Exterior Test Film (hy), W/(m?eK) 30.00 30.00 30.00 30.00
Performance Predications
IAverage Area Weighted Room Side Surface Temp. (Ta1),°C 15.62 16.09 16.28 15.15
IAverage Weather Side Area Weighted Surface Temp. (T2), °C -16.43 -16.56 -16.62 -16.29
Surface-to-surface Temperature Difference (AT), °C 32.04 32.65 32.90 31.43
Net Specimen Heat Loss (Qs), W 377.63 344.51 331.06 410.75
Derived Performance Parameters
Conductance of the Sample: C; = Q/Ap*(T:-T;), W/(m’eK) 1.576 1.411 1.345 1.747
U-value of the sample: Us=1/[(1/Cs)+(1/h)+(1/hi)], W/(m?eK) 1.253 1.146 1.103 1.359
Thermal resistance =1/ C,, (m’eK) /W 0.635 0.709 0.743 0.572
R-value = 1/ U., (mZoK} /W 0.798 0.873 0.907 0.736
Percentage Increase in Performance due to Using different Filling Gas (%)
IConductance of the Sample: Cs 10.88 23.86 29.86 N/A
U-value of the sample: U 8.46 18.55 23.22 N/A
Thermal resistance =1/ C; 10.88 23.86 29.86 N/A
R-value = 1/ Us 8.46 18.55 23.22 N/A

3G, Coating (ecoat = 0.054), 2m x 2m vision and 2m x 1.2 m spandrel
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APPENDIX 1

Table A9 — Material Properties

Me;‘:gr-lal English Material name Therm?‘lNr;"c::g;Jctlwty
1 Mullion Anodized Aluminum 237
2 Rigid Insulation block | XPS or EPS XPS: 0,029 EPS:
3 Dry gasket Silicone (confirmed) 0.35
4 Dry gasket Silicone 0.35
5 Cap Clear anodized aluminum? 237
6 Pressure plate Aluminum 237
7 Mullion Anodized Aluminum 237
8 Mullion Anodized Aluminum 237
9 Back pan Insulation Roxul (Curtain Rock) 0.0343
10 Back pan Steel 50
11 Dry gasket Silicone 0.35
12 Aluminum 237
13 Dry gasket Silicone 0.35
14 Dry gasket Anodized Aluminum 237
15 Mullion Anodized Aluminum 237
16 Mullion Anodized Aluminum 237
17 Dry gasket Silicone 0.35
18 Mullion Anodized Aluminum 237
19 Fill gas Argon (90% Ar and 10% Air) f(T)
20 Silicon sealant Silicon 0.35
21 Thermal brick Polyamide (confirmed) 0.3
22 Metallic spacer Stainless steel (product data) 15
23 Desiccant bead Silica gel loose fill? 0.03
24 IG secondary seal Silicon (confirmed) 0.35
25 Setting Block Silicon (confirmed) 0.35
26 Desiccant Container 15
27 Glass 1
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APPENDIX 2

RESULTS OF SIMULATION OF
DOUBLE-GLAZED CURTAIN WALL MANUFACTURED PRODUCTS

o 2-Glz (Epsylon) — TO Benchmark report
*  2-Glz — durability — Ar/Air depletion (ecoar = 0.054)
®  2-Glz — coating emissivity (ecoar = 0 to 0.84)

A2.1 Predicted to total heat loss through curtain wall panel derived from simulation

The predicated total heat loss through the curtain wall panel derived from simulation and in relation to the
fraction (by volume) of air present in the low-e (0.054) IGUs is given in Figure A91. The predicted overall
heat loss when the Argon gas fraction in the IGUs diminishes from 1 to 0 is 11%. The red marker in Figure
A91 shows the value obtained in the test if it is assumed that the IGUs are 90% filled with Argon gas. Similar
estimates as those for thermal resistance could be made for heat loss as a function of time using the
information provided in Figure A91 and assuming a 1% loss in Argon concentration per year.

A2.2 Predicted R-value in relation to emissivity of glazing as derived from simulation

The predicted R-value (surface-to-surface) of a curtain wall panel, derived from simulation, and in relation to
the glazing emissivity on surface 2 of the IGUs is given Figure A92. The prediction is based on having 90%
Argon gas filled IGUs in the curtain wall panel. The emissivity may increase over time from the degradation
of the IGU. As the IGU deteriorates, over time the Argon gas concentration diminishes as air and moisture
replace the inert gas. Any moisture present in the air may at times condense on the glass surfaces thereby
increasing the emissivity of the coated surface. The net effect on the R-value can be estimated from the
information provided in Figure A92.
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Figure A87 — Predicted (by simulation) R-value (surface-to-surface) of double-glazed thermally broken curtain
wall panel in relation to fraction (by volume) of air present in the low-e (0.054) IGUs
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Figure A88 — Predicted (by simulation) R-value (air-to-air) of double-glazed thermally broken curtain wall
panel in relation to fraction (by volume) of air present in the low-e (0.054) IGUs
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Figure A89 - Predicated (by simulation) U-value (surface -to-surface) of double-glazed thermally broken
curtain wall panel in relation to fraction (by volume) of air present in the low-e (0.054) IGUs
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Figure A90 — Predicated (by simulation) U-value (air-to-air) of double-glazed thermally broken curtain wall
panel in relation to fraction (by volume) of air present in the low-e (0.054) IGUs

A1-002844.06 77 NC-CNRC

Air-to-Air U-Value, U, ., (BTU/(f2ehre°F))



Total Heat Loss Through CW, Q (W)

PARAMETRIC STUDY OF CURTAIN WALL SYSTEMS FOR OPTIMIZATION OF THERMAL PERFORMANCE

Ar Fraction

9751 .0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
T T T
S I e S B B A
- ) . Prediction (within 3%) : : —
- f 3 3 1 : : : 3 i .’.!
950 — A | A — o g @O —
L 11.0% decrease in the heat loss due to using Ar instead of Air 3 ..Q .
- : : : : : : : ol : -
Y ) :
- | | | | | | . _e®® |
- 3 3 3 3 3 3 - a® 3 3 .
25— R S e e S e ‘. """""" R —
B ‘ ‘ ‘ i .0. ‘ ‘ 1 i
: "
i | | | | .1" | | | | ]
] A S W TN SO RS S, — —
- g s g ... s g s s s e
- n ; 00 : ; ; | | ’
- | i | | | | | ]
875 — RO o RR— o R R N SN S —
e ; ; ; s s s
B .0’ 1 1 1 } 1Coating Emissivity = 0.054‘ .
- { )y ? ? ? ? i } } } *
il U EEUR U ERR NP U RNV B B
850 ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Air Fraction

Figure A91 - Predicated (by simulation) total heat loss through double-glazed thermally broken curtain wall
panel in relation to fraction (by volume) of air present in the low-e (0.054) IGUs; red marker shows test value

0.51
S 049
¥
& 047
£
. 045
b
o 043
S 041
©
= 0.39
x
9 037
£
S 035
@
S 033
2 o
g °
=
a 029
0.27

90% Argon and 10% Air

Coating Emissivity

2.87
2.77
2.67
2.57
2.47
2.37
2.27
217
2.07
1.97
1.87
1.77
1.67
1.57

= T —
= | | | | | | | E
?‘ | : : : : : ' : ;
g \L £oont = 0— 0.84 > AR, = 1.25 ft2ehre°F/BTU | | E
S T -3
- ) —
[ =
= -
S e
= =
R —
S E
= =
C | =
o —
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Surface-to-Surface R-Value, Rg g (ftPehreF/BTU)

Figure A92 - Predicted (by simulation) R-value (surface-to-surface) of double-glazed thermally broken curtain

wall panel in relation to glazing emissivity on surface 2 of IGUs; 90% Ar filled IGU

A1-002844.06 78 NC-CNRC



HiGH PERFORMANCE WALLS AND ROOFING TECHNOLOGIES NEXT GENERATION TECHNOLOGIES R&D — BUILDING ENVELOPES

3.8

3.6

3.4

3.2

3.0

2.8

2.6

Surface-to-Surface U-Value, Ug.¢ (W/(mZeK))

24 o ]
22 @ —
2.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.

90% Argon and 10% Air

; N; ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T | T | N{

=0-0.84 > AR_,_ = 1.25 ft2ehreF/BTU

Coating Emissivity

0.65

0.60

0.55

0.50

0.45

0.40

Surface-to-Surface U-Value, U, (BTU/(ft?ehre°F))

Figure A93 - Predicted (by simulation) U-value (surface-to-surface) of double-glazed thermally broken curtain

0.68
0.66
0.64
0.62
0.60
0.58
0.56
0.54
0.52
0.50

Air-to-Air R-Value, R, , (m’eK/W)

0.48

0.46
0.44

wall panel in relation to glazing emissivity on surface 2 of IGUs; 90% Ar filled IGU

90% Argon and 10% Air

~ 4 J—
] R A A R B
Pe | fox=0-084> AR, = 1.25fhreF/BTU | ]
ShC 5 ‘ 1 i 3 ]
AN ‘ | | | .
I P U SO 00O SO O ]
- |
R -
E I ! !
o] .
......

o \IH|\I\I‘I\I\‘HI\|H

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Coating Emissivity

,O\|\1|\\‘\l‘l\:\\“lwlﬁ‘\‘\\l

3.84

3.64

3.44

3.24

3.04

2.84

2.64

Air-to-Air R-Value, R4 (ft2ehre°F/BTU)

Figure A94 - Predicted (by simulation) R-value (air-to-air) of double-glazed thermally broken curtain wall panel

A1-002844.06

in relation to glazing emissivity on sutface 2 of IGUs; 90% Ar filled IGU

79

NC-CN\3C



PARAMETRIC STUDY OF CURTAIN WALL SYSTEMS FOR OPTIMIZATION OF THERMAL PERFORMANCE

90% Argon and 10% Air

0.40

0.38

0.36

0.34

0.32

0.30

Air-to-Air U-Value, U, (W/(m?ZeK))
Air-to-Air U-Value, U, (BTU/(ft?ehre°F))

0.28

Coating Emissivity

Figure A95 - Predicted (by simulation) U-value (air-to-air) of double-glazed thermally broken curtain wall
panel in relation to glazing emissivity on surface 2 of IGUs; 90% Ar filled IGU

A1-002844.06 80 N3C-CNC



HiGH PERFORMANCE WALLS AND ROOFING TECHNOLOGIES NEXT GENERATION TECHNOLOGIES R&D — BUILDING ENVELOPES

APPENDIX 3

RESULTS OF SIMULATION OF
TRIPLE-GLAZED CURTAIN WALL MANUFACTURERS PRODUCT

Effect of Glazing to Wall Area Ratio / Case-I: 90% Ar and 10% Air, Low-e Coating (€coac = 0.054)
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Figure A96 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Ar filled IGU
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Figure A97 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Ar filled IGU
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Figure 98 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Ar filled IGU
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Figure 99 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Ar filled IGU
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Effect of Glazing to Wall Area Ratio / Case-II: 90% Kr and 10% Air, Low-e Coating (ecoac = 0.054)
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Figure A100 — Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Kt filled IGU
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Figure A101 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% K filled IGU
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Figure A102 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Kt filled IGU
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Figure A103 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Kt filled IGU
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Effect of Glazing to Wall Area Ratio / Case-III: 90% Xe and 10% Air, Low-e Coating (ecoat = 0.054)
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Figure A104 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Xe filled IGU
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Figure A105 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Xe filled IGU
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Figure A106 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Xe filled IGU
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Figure 107 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; 90% Xe filled IGU
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Effect of Glazing to Wall Area Ratio / Air, Low-e Coating (ecoa: = 0.054)
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Figure A108 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; Air filled IGU
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Figure A109 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; Air filled IGU
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Figure A110 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; Air filled IGU
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Figure Al1l - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) thermally broken curtain wall panel in relation to glazing to Wall Area Ratio; Air filled IGU
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Effect of Glazing to Wall Area Ratio/Case-IV: Air filled IGU;
Low-e Coating vs. no Coating (€coa=0.054 /e=0.84)
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Figure Al112 — Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio; Air
filled IGU
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Figure A113 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio; Air
filled IGU
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Figure A114 — Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio; Air
filled IGU
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Figure A115 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio; Air
filled IGU
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Effect of Glazing to Wall Area Ratio/Case-IV: 90 % Ar, 10 % Air-filled IGU;
Low-e Coating vs. no Coating (€coa=0.054 /e=0.84)
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Figure A116 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Ar, 10 % Air-filled IGU
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Figure A117 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Ar , 10% Air-filled IGU
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Figure A118 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
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Figure A119 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Ar, 10 % Air-filled IGU
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Effect of Glazing to Wall Area Ratio/Case-IV: 90 % Kr, 10 % Air-filled IGU;
Low-e Coating vs. no Coating (€coa=0.054 /e=0.84)

R-Value (m2eK/W)

1.4
1.3
1.2

11 |
1.0 F

09 F

0.8 —

0.7 F
0.6 |-
0.5 F

0.4
0.3

0

\‘\‘\‘\\‘\‘\‘\‘\:
0054)11

- - B Air-to-Air without Coatlng (s =0.84) :
0 ——— -0 -Surface-to-Surface wnth Coating (‘scoat =0. 054) """ —

Gas: 90% Kr & 10% Air, €
Solid Symbols, Epsylon (A; = 63.87%)

=0.054vs£=0.84,

coat

%@?

5

10

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Glazing to Wall Area Ratio, Ag (%)

Figure A120 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
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Figure A121 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
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Figure A122 — Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;

90 % K, 10 % Air-filled IGU
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Figure A123 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
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Effect of Glazing to Wall Area Ratio/Case-IV: 90 % Xe, 10 % Air-filled IGU;
Low-e Coating vs. no Coating (€coa=0.054 /e=0.84)
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Figure A124 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Xe, 10 % Air-filled IGU
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Figure A125 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Xe, 10 % Air-filled IGU
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Figure A126 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Xe, 10 % Air-filled IGU
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Figure A127 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed low-e coated
(e = 0.054) or not coated (e = 0.84) thermally broken curtain wall in relation to glazing to Wall Area Ratio;
90 % Xe, 10 % Air-filled IGU
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Effect of Coating (ecoat = 0 — 0.84), 90 % Ar, 10 % Air-filled IGU; Solid Symbols: Epsylon CW having
triple-glazed vision and spandrel panel

Filling Gas: 90% Ar and 10% Air
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Figure A128 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % Ar, 10 % Air-filled IGU

Filling Gas: 90% Ar and 10% Air
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Figure 129 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision & spandrel
panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % Ar, 10 % Air-filled IGU
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Figure A130 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Figure 131 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision & spandrel
panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Effect of Coating (ecoat = 0 — 0.84), 90 % Kr, 10 % Air-filled IGU; Solid Symbols: Epsylon CW having
triple-glazed vision and spandrel panel
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Figure A132 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Figure A133 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Filling Gas: 90% Kr and 10% Air
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Figure A134 — Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % Kr, 10 % Air-filled IGU
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Figure A135 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % K, 10 % Air-filled IGU
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Effect of Coating (ecoat = 0 — 0.84), 90 % Xe, 10 % Air-filled IGU;
Solid Symbols: Epsylon CW having triple-glazed vision and spandrel panel

Filling Gas: 90% Xe and 10% Air
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Figure A136 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating

emissivity; 90 % Xe, 10 % Air-filled IGU

Filling Gas: 90% Xe and 10% Air

55
5.0
45 =
4.0

3.5

R-Value (ft?ehre°F/BTU)

@@ 5
3.0 ®@@
0000,

6.0 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7

E————B AlrtoAlr
T O--=--0 Surface to- Surface

o

0.1

Coating emissivity of S2 and S4, g4

2.5\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\%@@ﬂ\\r
0.4 0.7

0.9

Figure A137 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating

emissivity; 90 % Xe, 10 % Air-filled IGU
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Filling Gas: 90% Xe and 10% Air
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Figure A138 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % Xe, 10 % Air-filled IGU
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Figure A139 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &

spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; 90 % Xe, 10 % Air-filled IGU
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Effect of Coating (ecoat = 0 — 0.84), Air-filled IGU;
Solid Symbols: Epsylon CW having triple-glazed vision and spandrel panel

Filling Gas: Air
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Figure A140 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Figure A141 - Predicted (by simulation) R-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
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Filling Gas: Air
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Figure Al142 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; Air-filled IGU
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Figure Al143 - Predicted (by simulation) U-value (air-to-air; surface-to-surface) of triple-glazed vision &
spandrel panel low-e coated (e = 0.054; surfaces S2 and S4) thermally broken curtain wall in relation to coating
emissivity; Air-filled IGU
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Table A10 — Test Results & Calculated U-value for curtain wall assembly for Ar (90%) filled IGU; model
dimensions (M) used as basis for calculations

90% Ar and 10% Air, Frame Insulations: XPS

Parameter Test (T) M(ON?)eI Diflfv? r-e1r_1 ce De\zz ;ion
Areas
Projected Area of the Sample (A,), m’ 13.38 13.31 -0.07 -0.52%
Total Indoor Surface Area (A), m* 15.81 16.21 0.40 2.56%
Total Outdoor Surface Area (A,), m’ 14.09 14.30 0.21 1.52%
Test and Boundary Conditions
Temperature of warm side air (T ), °C 21.09 21.09 N/A N/A
Temperature of cold side air ( T,), °C -17.99 -17.99 N/A N/A
Interior Test Film (h, ), W/(mz-K) 8.37 8.37 N/A N/A
Exterior Test Film (h,), W/(mz-K) 19.25 19.25 N/A N/A
Measurements and Predictions

Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.74 1.58 11.98%
Average Weather Side Area Weighted Surface Temp. (T,), °C 14.54 -14.86 -0.32 2.20%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.60 1.90 6.85%
Net Specimen Heat Loss (Q,), W 888.56 861.99 -26.57 -2.99%

Derived Performance Parameters
Conductance of the Sample: C = Q/A*(T,-T,), W/(mz-K) 2.40 2.19 -0.21 -8.73%
U-value of the sample: U = 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.59 -0.11 -6.35%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.04 9.57%
R-value = 1/ U, (m2-K) W 0.59 0.63 0.04 6.78%

90% Ar and 10% Air, Frame Insulations: EPS

Measurements and Predictions
Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.73 157 11.91%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.85 -0.31 2.16%
Surface-to-surface Temperature Difference (DT), °C 27.70 29 58 1.88 6.79%
Net Specimen Heat Loss (Q,), W 888.56 863.35 .25.21 2.84%

Derived Performance Parameters
Conductance of the Sample: C = Q/A(T,-T,), W/(mZ-K) 240 219 -0.20 -8.54%
U-value of the sample: U_= 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.59 -0.11 -6.21%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.04 9.34%
R-value = 1/ U, (mz-K) W 0.59 0.63 0.04 6.62%
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Table A1l — Test Results & Calculated U-value for curtain wall assembly
with overfilling of Argon in IGU; model dimensions (M) used as basis for calculations

100% Ar and 0% Air, Frame Insulations: XPS

Model |Difference| Deviation
Parameter Test (T) (M) M-T (%)
Areas
Projected Area of the Sample (A,), m’ 13.38 13.31 -0.07 -0.52%
Total Indoor Surface Area (A)), m’ 15.81 16.21 0.40 2.56%
Total Outdoor Surface Area (A), m’ 14.09 14.30 0.21 1.52%
Test and Boundary Conditions
Temperature of warm side air (T ), °C 21.09 21.09 N/A N/A
Temperature of cold side air ( T,), °C -17.99 -17.99 N/A N/A
Interior Test Film (h, ), W/(mz-K) 8.37 8.37 N/A N/A
Exterior Test Film (h,), W/(mz-K) 19.25 19.25 N/A N/A
Measurements and Predictions

Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.82 1.66 12.58%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.90 -0.36 2.46%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.71 2.01 1.21%
Net Specimen Heat Loss (Q,), W 888.56 851.34 -37.22 -4.19%

Derived Performance Parameters
Conductance of the Sample: C = Q/A*(T,-T,), W/(mz-K) 2.40 2.15 -0.24 -10.22%
U-value of the sample: U = 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.57 -0.13 -7.46%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.05 11.38%
R-value = 1/ U, (m2-K) /W 0.59 0.64 0.05 8.06%

100% Ar and 0% Air, Frame Insulations: EPS

Measurements and Predictions
Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.81 1.65 12.50%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.89 -0.35 2.43%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.70 2.00 7.22%
Net Specimen Heat Loss (Q,), W 888.56 852.70 -35.86 -4.04%

Derived Performance Parameters
Conductance of the Sample: C = Q/A(T,-T,), W/(mz-K) 2.40 2.16 -0.24 -10.03%
U-value of the sample: U_= 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.57 -0.12 -1.32%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.05 11.15%
R-value = 1/ U, (mZ-K) /W 0.59 0.64 0.05 7.90%
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Table A12 — Test Results and Calculated U-value for Curtain Wall Assembly Specimen size
of 12 ft. x 12 ft., as reported in test for Ar (90%) filled IGU

90% Ar and 10% Air, Frame Insulations: XPS

Model |Difference| Deviation
Parameter Test (T) (M) M-T (%)
Areas
Projected Area of the Sample (A,), m’ 13.38 13.38 0.00 -0.01%
Total Indoor Surface Area (A)), m’ 16.29 16.29 0.49 3.08%
Total Outdoor Surface Area (A ), m’ 14.38 14.38 0.28 2.02%
Test and Boundary Conditions
Temperature of warm side air (T ), °C 21.09 21.09 N/A N/A
Temperature of cold side air ( T,), °C -17.99 -17.99 N/A N/A
Interior Test Film (h,), W/(mZ-K) 8.37 8.37 N/A N/A
Exterior Test Film (h,), W/(mz-K) 19.25 19.25 N/A N/A
Measurements and Predictions
Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.73 1.57 11.97%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.86 -0.32 2.19%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.59 1.89 6.83%
Net Specimen Heat Loss (Q,), W 888.56 866.69 -21.87 -2.46%
Derived Performance Parameters

Conductance of the Sample: C = Q/A*(T,-T,), W/(mz-K) 2.40 2.19 -0.21 -8.69%
U-value of the sample: U_= 1/[(1/C )+(1/h)+(1/h,)], W/(mZ-K) 1.70 1.59 -0.11 -6.32%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.04 9.51%
R-value = 1/ U,, (m”K) / W 0.59 0.63 0.04 6.74%

90% Ar and 10% Air, Frame Insulations: EPS

Measurements and Predictions

Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.72 1.56 11.89%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.85 -0.31 2.15%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.58 1.88 6.78%
Net Specimen Heat Loss (Q), W 888.56 868.05 -20.51 -2.31%
Derived Performance Parameters
Conductance of the Sample: C = Q/A*(T,-T,), W/(mz-K) 240 2.19 -0.20 -8.50%
U-value of the sample: U_= 1/[(1/C )+(1/h)+(1/h,)], W/(mZ-K) 1.70 1.59 -0.10 -6.17%
Thermal resistance =1/C, (mz\"(-K) I'W 0.42 0.46 0.04 9.29%
R-value = 1/ U, (mz-K) /W 0.59 0.63 0.04 6.58%
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Table A13 —Test Results and Calculated U-value for Curtain Wall Assembly of
12 ft. x 12 ft. Specimen size, as reported in test with overfilling of Argon in IGU

100% Ar and 0% Air, Frame Insulations: XPS
Model |Difference| Deviation
Parameter Test (T) (M) M-T (%)
Areas
Projected Area of the Sample (A,), m’ 13.38 13.38 0.00 -0.01%
Total Indoor Surface Area (A)), m’ 16.29 16.29 0.49 3.08%
Total Outdoor Surface Area (A,), m’ 14.38 14.38 0.28 2.02%
Test and Boundary Conditions
Temperature of warm side air (T ), °C 21.09 21.09 N/A N/A
Temperature of cold side air ( T,), °C -17.99 -17.99 N/A N/A
Interior Test Film (h, ), W/(mz-K) 8.37 8.37 N/A N/A
Exterior Test Film (h,), W/(mz-K) 19.25 19.25 N/A N/A
Measurements and Predictions

Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.81 1.65 12.56%
Average Weather Side Area Weighted Surface Temp. (T,), °C -14.54 -14.90 -0.36 2.45%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.71 2.01 7.26%
Net Specimen Heat Loss (Q,), W 888.56 855.96 -32.60 -3.67%

Derived Performance Parameters
Conductance of the Sample: C = Q/A*(T,-T,), W/(mz-K) 2.40 2.15 -0.24 -10.17%
U-value of the sample: U = 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.57 -0.13 -7.43%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.05 11.33%
R-value = 1/ U, (m2-K) W 0.59 0.64 0.05 8.03%

100% Ar and 0% Air, Frame Insulations: EPS

Measurements and Predictions
Average Area Weighted Room Side Surface Temp. (T,),°C 13.16 14.80 1.64 12.49%
Average Weather Side Area Weighted Surface Temp. (T,), °C 14.54 -14.89 -0.35 2.42%
Surface-to-surface Temperature Difference (DT), °C 27.70 29.70 2.00 7.20%
Net Specimen Heat Loss (Q,), W 888.56 857.32 -31.24 -3.52%

Derived Performance Parameters
Conductance of the Sample: C = Q/A(T,-T,), W/(mz-K) 2.40 2.16 -0.24 -9.99%
U-value of the sample: U = 1/[(1/C)+(1/h)+(1/h,)], W/(mz-K) 1.70 1.58 -0.12 -1.29%
Thermal resistance =1/C, (mz\"(-K)/W 0.42 0.46 0.05 11.09%
R-value = 1/ U, (mZ-K) /W 0.59 0.63 0.05 7.86%
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Triple Glazing, Low-e coating of emissivity = 0.054, and XPS Frame Insulation

Parameter Gas: Ar Gas: Kr Gas: Xe Gas: Air
90% Ar [ 100% Ar 90% Kr [ 100% Kr 90% Xe 100% Xe | 100% Air
Areas
Projected Area of the Sample (As), m? 13.32 13.32 13.32 13.32 13.32 13.32 13.32
Total Indoor Surface Area (A)), m? 16.20 16.20 16.20 16.20 16.20 16.20 16.20
Total Outdoor Surface Area (Ag), m? 14.17 14.17 14.17 14.17 14.17 14.17 14.17
NFRC Boundary Conditions
Temperature of warm side air (T)), °C 21.00 21.00 21.00 21.00 21.00 21.00 21.00
[Temperature of cold side air ( Ty), °C -18.00 -18.00 -18.00 -18.00 -18.00 -18.00 -18.00
Interior Test Film (h;), W/(m?eK) 7.67 7.67 7.67 7.67 7.67 7.67 7.67
Exterior Test Film (hy), W/(m’eK) 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Performance Predications
[Average Area Weighted Room Side Surface Temp. (T.),°C 15.72 15.77 16.24 16.33 16.45 16.54 15.20
Average Weather Side Area Weighted Surface Temp. (T2), °C -16.46 -16.47 -16.61 -16.63 -16.67 -16.70 -16.30
Surface-to-surface Temperature Difference (AT), °C 32.18 32.25 32.85 32.96 33.12 33.24 31.50
Net Specimen Heat Loss (Qs), W 656.20 649.25 591.54 580.45 565.36 554.00 721.09
Derived Performance Parameters
Conductance of the Sample: C, = Q./Ap*(T1-T2), W/(m?eK) 1.532 1.512 1.352 1.323 1.282 1.252 1.719
U-value of the sample: Us= 1/[(1/C)+(1/h)+(1/hn)], W/(mZsK) 1.225 1.212 1.107 1.087 1.060 1.039 1.342
Thermal resistance =1/ C,, (m”eK) /W 0.653 0.661 0.739 0.756 0.780 0.799 0.582
R-value = 1/ U., (m°eK) / W 0.817 0.825 0.903 0.220 0.944 0.263 0.745
Percentage Increase in Performance due to Using different Filling Gas (%)
Conductance of the Sample: C; 12.24 13.70 27.11 30.00 34.10 37.34 N/A
U-value of the sample: Us 9.55 10.69 21.16 23.41 26.61 29.14 N/A
Thermal resistance =1/ C, 12.24 13.70 27.11 30.00 34.10 37.34 N/A
R-value = 1/ U, 9.55 10.69 21.16 23.41 26.61 29.14 N/A




Triple Glazing, Low-e coating of emissivity = 0.054, and EPS Frame Insulation

Parameter Gas: Ar Gas: Kr Gas: Xe Gas: Air
90% Ar ‘ 100% Ar 90% Kr } 100% Kr 90% Xe 100% Xe 100% Air
Areas
Projected Area of the Sample (As), m’ 13.32 13.32 13.32 13.32 13.32 13.32 13.32
Total Indoor Surface Area (A/), m? 16.20 16.20 16.20 16.20 16.20 16.20 16.20
Total Outdoor Surface Area (Ag), m? 14.17 14.17 14.17 14.17 14.17 14.17 14.17
NFRC Boundary Conditions
Temperature of warm side air (T,), °C 21.00 21.00 21.00 21.00 21.00 21.00 21.00
Temperature of cold side air ( Ty), °C -18.00 -18.00 -18.00 -18.00 -18.00 -18.00 -18.00
Interior Test Film (h;), W/(m?eK) 7.67 7.67 7.67 7.67 7.67 7.67 7.67
Exterior Test Film (hy), W/(m’eK) 30.00 30.00 30.00 30.00 30.00 30.00 30.00
Performance Predications
IAverage Area Weighted Room Side Surface Temp. (T,),°C 15.71 15.77 16.23 16.32 16.44 16.53 15.19
IAverage Weather Side Area Weighted Surface Temp. (T2), °C -16.45 -16.47 -16.61 -16.63 -16.67 -16.69 -16.30
Surface-to-surface Temperature Difference (AT), °C 32.16 32.24 32.84 32.95 33.11 33.23 31.49
INet Specimen Heat Loss (Qs), W 657.39 650.44 592.73 581.64 566.55 555.18 722.28
Derived Performance Parameters
Conductance of the Sample: C; = Q./As*(T1-T2), W/(m’eK) 1.535 1.515 1.356 1.326 1.285 1.255 1.723
U-value of the sample: Us= 1/[(1/C.)+(1/h)+(1/hu)], W/(m2eK) 1.227 1.214 1.109 1.089 1.062 1.041 1.344
Thermal resistance =1/ C,, (m’eK) / W 0.651 0.660 0.738 0.754 0.778 0.797 0.580
R-value = 1/ Us, (m®eK) / W 0.815 0.824 0.901 0.918 0.942 0.961 0.744
Percentage Increase in Performance due to Using different Filling Gas (%)
IConductance of the Sample: C, 12.23 13.68 27.07 29.95 34.05 37.28 N/A
U-value of the sample: U, 9.54 10.67 21.12 23.36 26.56 29.08 N/A
Thermal resistance =1/ C. 12.23 13.68 27.07 29.95 34.05 37.28 N/A
R-value = 1/ U, 9.54 10.67 21.12 23.36 26.56 29.08 N/A
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Appendix 4 Effect of Inclination Angle and Direction of Heat Flow

The sloped reflective insulation products and IGUs are being used in many building applications such as
sloped roof and skylight systems. In these particular applications, it might be difficult to adapt one of the
available test methods such as the ASTM C-518 [47] and ASTM C-1363 [54] in order to measure the R-value
of sloped specimens. For instance, the ASTM C-518 test method could be used in the case of specimen with
horizontal and vertical orientations only [47]. After gaining confidence in the present model, as described in
this report, in predicting the R-value of specimen with horizontal orientation (e.g., see [37]) and specimen
with vertical orientation (e.g., see [32]), it was then used to quantify the contribution of enclosed spaces
bounded by surfaces having different values of emissivity to the R-value of specimen with different

orientations.

In a recent study by Saber [36], a parametric study was conducted to investigate the effect of inclination angle
(0) and direction of heat flow on the effective R-value of EPS sample stack shown in Figure 144. For the
case of IGUs, however, the EPS layers in the sample stack can be replaced by glass plates. Note that the rate
of heat transfer by both convection and radiation in the air cavity depends on its size and the temperature
difference across the sample stack (AT). As such, the effective R-value depends on both AT and the size of
the air cavity. The results presented in this section are obtained for on/y one AT of 22.4°C (T. = 12.7°C, and
T = 35.1°C) and one size of the air cavity as shown in Figure 144.

T
EPS (12” x12” x 1”) 5
) < (¢
_§ -+ EPS Air Cavity (8” x 8" x 1”) \ EPS -8
S S
EPS (12”7 x12” x 1”) - \ -
N Without foil (¢ = 0.9) and with Aluminum Foil (¢ = 0.2)

T=35.1°C
Figure 144. Sample stacks tested at NRC [37]

In the case of foil emissivity of 0.05, Figure 145 and Figure 146 show the vertical velocity (v) and horizontal
velocity (u) contours and the airflow field in the cavity for different inclination angles (0) when the sample
stack was heated from the top and the bottom. As shown in these figures, in the case of sample stack heated
from the top with 6 = 30° and vertical sample stack heated from the left (8 = 90°), a mono-cellular with one
vortex cell airflow (i.e. convection loop) is developed in the air cavity due to bouncy effect. In the case of
sample stack heated from the bottom with 8 = 30°, a multi-cellular airflow is developed in the cavity with
three vortex cells. For hotizontal sample stack (0 = 0°) heated from the bottom and top, multi-cellular

airflow is developed in the cavity with six and two vortex cells, respectively.

Figure 145 and Figure 146 show that the value of the air velocity in the cavity is greatly affected by both the
inclination angle (0) and direction of heat flow through the sample stack. For horizontal sample stack (0 =

0°), the air velocity in the case of downward heat flow (sample heated from the top, VT(maX) = 0.6 mm/s,
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u—> (max) = 3.2 mm/s) is much smaller than that in the case of upward heat flow (sample heated from the
bottom, vT(max) = 18.7 mm/s, u—> (max) = 22.1 mm/s). This is due to a downward heat flow encourages a
relatively stable stratification of air due to differences in buoyancy compared to the case with upward heat
flow. As such, a sample stack with downward heat flow results in a greater R-value (12.19 ft2hroF/BTU) than
that with upward heat flow (10.82 ft?hroF/BTU) (see Figure 1472a). By subtracting the R-value of both the
top and bottom EPS layers (8.33 ft2hroF/BTU) from the total R-value of the sample stack, the middle layer
(i.e. the spacer in the case of IGUs) with the air cavity contributed to the R-value by 3.86 ftzhtoF/BTU and
2.49 fe?htoF/BTU in the cases of horizontal sample stack heated from the top and bottom, respectively
(Figure 147b). Similarly, for O = 30°, the air velocity in the cavity of sample stack heated from the top
(VT(max) =10.6 mm/s, u—> (max) = 18.5 mm/s) is also smaller than that heated from the bottom (vT(max)
=14.1 mm/s, u—> (max) = 23.3 mm/s). Consequently, the contribution of middle layer with air cavity to the
R-value for the former (3.26 ft?htoF/BTU) is greater than that for the latter (2.65 ft*hroF/BTU) (Figure
147b). For vertical sample stack (0 = 90°) heated from the left or right, the contribution of the middle layer
with air cavity to the R-value is 2.63 ftzhroF/BTU.

Using a heavier gas than air to fill the cavity of the sample stack such as Argon (Ar), Krypton (Kr), or Xenon
(Xe),listed in Coatings for glass lites — Reflective and low-emissivity (low-¢) coatings made of thin pure
metal or metal oxide layers can also be applied for solar (ultraviolet and infrared radiation) control, as either
hard (e.g., cobalt, iron, chrome, tin) or soft coatings (e.g., silver, copper, chrome, titanium, stainless steel)
products. Soft coatings are vulnerable to scratching and corrosion and are sealed within the space in the IGU
(surface S2 or S4, see Figure 2). Reflective coatings act like a mirror reflecting the heat back to the exterior,
whereas low-g , would result in an increase the overall thermal resistance as shown in Figure 149 through
Figure 153. This is due to in the following:

1. Obtaining lower gas velocity on the cavity than that provided in Figure 145 and Figure 146 for air
resulting in reducing the heat transfer by convection inside the cavity; and

2. Reducing the heat transfer by conduction through the cavity due to lower thermal conducting of
these gases compared to air (Coatings for glass Lites — Reflective and low-emissivity (low-e)
coatings made of thin pure metal or metal oxide layers can also be applied for solar (ultraviolet and
infrared radiation) control, as either hard (e.g., cobalt, iron, chrome, tin) or soft coatings (e.g., silver,
coppet, chrome, titanium, stainless steel) products. Soft coatings are vulnerable to scratching and
corrosion and are sealed within the space in the IGU (surface S2 or S4, see Figure 2). Reflective
coatings act like a mirror reflecting the heat back to the exterior, whereas low-¢ ).

Figure 148a and Figure 148b show the effect of the foil emissivity on the effective R-value and the
contribution of the middle layer with air cavity to the R-value, respectively, for sample stack with different
inclination angles and different directions of heat flow. As shown in these figures, for all values of foil
emissivity, the horizontal sample stack heated from the top (downward heat flow) resulted in the highest R-
values while the horizontal sample stack heated from the bottom (upward heat flow) resulted in the lowest R-
values. These two cases, respectively, represent the application of using reflective insulations and IGUs in flat
roof in the summer season and winter season.

As provided in references [35-38], the emissivity of surfaces of foil or low-e coating materials can increase due
to oxidation, accumulation of dust and/or vapor condensation on these surfaces. For IGU applications in
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curtain walls, to avoid dust accumulation and vapor condensation on these surfaces, primary and secondary

sealants and desiccant are currently being used in the IGUs (see

). Increasing the emissivity from 0.05 to 0.9 resulted in a decrease in the R-value by 20.7% and 8.2% for
horizontal sample stack heated from the top and bottom, respectively (Figure 148a). Note that the emissivity
of 0.9 represents the case of no foil or low-e coating installed on the system. Moreover, as the emissivity
increases from 0.05 to 0.9, the contribution of the air cavity to the R-value decreases by 118% (from 3.86
fzhroF/BTU to 1.77 ftthtoF/BTU) and 49% (from 2.49 ft2htoF/BTU to 1.67 ft2htoF/BTU) for hotizontal
sample stack heated from the top and bottom, respectively (Figure 148b).

In the case of sample stack with inclination angle of 30° (e.g., application of reflective insulations in sloped
roofs and flat skylight systems), increasing the emissivity from 0.05 to 0.9 resulted in a decrease in the R-value
by 15.0% and 9.5% for sample stack heated from the top (summer season) and bottom (winter season),
respectively (Figure 148a). Also, Figure 148b shows that as the emissivity increases from 0.05 to 0.9, the
contribution of the air cavity to the R-value decteases by 86% (from 3.26 ft2htoF/BTU to 1.75 ft2hroF/BTU)
and 56% (from 2.65 ft?hroF/BTU to 1.70 fthroF/BTU) for sample stack heated from the top and bottom,
respectively. Furthermore, in the case of vertical sample stack (e.g., application of reflective insulations in
wall systems, windows and curtain walls), increasing the emissivity from 0.05 to 0.9 resulted in a decrease in
the R-value by 11.0% (Figure 148a). In this case the contribution of the air cavity to the R-value decreases by
68% (from 2.81 ft?hroF/BTU to 1.67 ft*hroF/BTU).

In the case of no foil or low-e coating materials installed in sample stack, or the case of the bounded surfaces

of the space are fully covered by dust and/or vapor condensation (i.e. € = 0.9), both inclination angle and

direction of heat flow through the specimen have insignificant effect on the effective R-value (i.e. resultant

lines tend to converge as € tends to 0.9, see Figure 148a). In this case, the maximum change in the
contribution of the middle layer and the air cavity to the R-value is only 6% (from 1.77 ft2hroF/BTU to 1.67
fthtoF/BTU, Figure 148b). Therefore, for accurate energy calculations for roofs, walls and fenestration
systems with reflective insulations or low-e coating materials, subjected to different climate conditions, it is
important to conduct hygrothermal simulations instead of thermal simulations in order to investigate whether

or not vapor condensation occurs on the surfaces bounded the space.

The effect of the type of filling gas and foil/coating emissivity on the effective resistance of sample stack (see
Figure 144) are shown in Figure 149 for the case of vertical sample stack, Figure 150 for the case of
horizontal sample stack heated from bottom, Figure 151 for the case sample stack heated from top, Figure
152 for the case of sloped sample stack of 6 = 30° heated from bottom, and Figure 153 for the case of sloped
sample stack of O = 30° heated from top. As shown in these figures, the sample stack with Xe has the
highest R-value while that with air has the lowest R-value. Also, these figures show that the effect of the type
of gas has a significant effect on the R-value when the foil/coating emissivity is approximately lower than 0.5.
However, when the foil/coating emissivity is approximately greater than 0.5, the type of gas has insignificant
effect on the R-value. As such, in case of not using foil/coating with low emissivity, it is not recommended
using heavy gases (e.g. Ar, Kr or Xe) in the IGUs of fenestration systems.
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Figure 145. Vertical velocity contours and flow field in the air cavity of sample stacks with different inclinations
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Figure 146. Horizontal velocity contours and flow field in the air cavity of sample stacks with different inclinations
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6 = 0° (horizontal), sample stack heated from bottom
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Figure 150. Effect filling gas in sample stack heated from bottom and shown in Figure 144 and

foil/ coating emissivity on the effective R-value for the case of @ = 0° (hotizontal)
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6 = 0° (horizontal), sample stack heated from top
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Figure 151. Effect filling
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gas in sample stack heated from top and shown in Figure 144 and

foil/ coating emissivity on the effective R-value for the case of @ = 0° (hotizontal)
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6 = 30°, sample stack heated from bottom
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Figure 152. Effect filling gas in sample stack heated from bottom and shown in Figure 144 and
foil/ coating emissivity on the effective R-value for the case of @ = 30° (sloped)
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6 = 30°, sample stack heated from top
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Figure 153. Effect filling gas in sample stack heated from top and shown in Figure 144 and

foil/ coating emissivity on the effective R-value for the case of @ = 30° (sloped)
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Appendix 5 - Summary of Previous Model Benchmarking

The numerical model, hygIRC-C, was used to investigate the thermal performance of curtain wall systems.
The model solves simultaneously the 2D and 3D moisture transport equation, energy equation, sutrface-to-
surface radiation equation (e.g., surface-to-surface radiation in enclosed airspace such as shown in Error!
eference source not found.) and air transport equation in the various material layers. The air transport
equation is the Navier-Stokes equation for the airspace (e.g., air cavity), and Darcy equation (Darcy Number,
DN <10 and Brinkman equation (DN > 10-) for the porous material layers (see [13-14, 32-33, 37-38, 55-
57] for more details).

The numerical model had been previously benchmarked in a number of building applications. For the
applications that are similar to this study, the numerical model was benchmarked against the thermal
performance data for a full-scale wall assembly with and without reflective insulation products. In a previous
project called “Wall Energy Rating (WER)”, the three-dimensional version of this model was used to conduct
numerical simulations for different full-scale 2 x 6 wall assemblies incorporating, or not, penetrations
representative of a window installation, such that the effective thermal resistance (R-value) of the assemblies
could be predicted, taking into consideration air leakage across the assembly. The stud-cavity of these walls
incorporated open cell polyurethane foam, closed cell spray polyurethane foam or glass fibre insulation. The
predicted R-values for these walls were in good agreement (within = 5% which is the same as the uncertainty
of test data, see [55, 57, 59]) with the measured R-values that were obtained from testing in the NRC’s
Guarded Hot Box (GHB) according to the ASTM C-13063 standard test method [54].

For test samples featuring reflective insulation products, the data obtained using a GHB in accordance with
ASTM C-1363 test method [54] and ASTM C-518 standard test method [47] were compared with the model
predictions. Results showed that the R-value predicted by the model for above-grade wall assembly with low
emissivity materials and furred-airspace was in good agreement with the measured R-value (within 1.2%) [32,
58]. Furthermore, the numerical model was benchmarked against a number of tests that were conducted at
the Cold Climate Housing Research Center (CCHRC) [31] and the National Research Council of Canada
(NRC) [36-37]. These tests were conducted using heat flow meters in accordance with the ASTM C-518 test
method [47] to examine the thermal performance of different types of reflective insulation assemblies. The
results showed that the heat fluxes predicted by the model were in good agreements with the measured heat
fluxes (within +1.0%). The accurate calculations of the airflow and temperature distributions within the test
specimens resulted in that the predictions of the present model for the R-values were in good agreements with
the measured R-values. Furthermore, the model was used to determine the reductions in the R-values of the
specimens as a tresult of increasing the foil emissivity due to water vapour condensation and/or dust
accumulation on the surface of the foil. Thereafter, the model was used to investigate the contribution of
reflective insulations to the R-value for specimens having three inclination angles (0 = 0°, 450 and 909),
different directions of heat flow through the specimens, and a wide range of foil emissivity [36].

In previous studies, the model was used to determine the R-values of vertical enclosed airspaces (6 = 90°)
[42], hotizontal enclosed airspaces (0 = 0°) with upward heat flow [43] and downwatd heat flow [45], and

high-sloped enclosed airspaces (0 = 45¢) with downward heat flow [44]. In those studies, the predicted R-
values were compared with the ASHRAE R-values [53] for enclosed airspaces of different thicknesses and
different operating conditions. Also, the model was used to determine the R-values of low-sloped enclosed

airspaces (0 = 30°) and subjected to downward heat flow conditions [46]. As indicated eatlier, in these same
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studies, the dependence of the R-value on a wide range of the airspace aspect ratio (i.e. ratio of the length or
height of the airspace to its thickness) of the enclosed airspace was also investigated. Additionally, practical
correlations were developed for determining the R-values of enclosed airspaces of different thicknesses, and
for a wide range of values for various parameters, namely, aspect ratio, temperature differential, average
temperature, and emissivity of the different surfaces of the airspaces [42-40]. These correlations are ready to
be implemented in energy simulations models such as Energy Plus, ESP-r and DOE.

For the cases of open and closed airspaces in wall systems, the model was used to determine the effective
thermal resistance of a number of foundation wall systems with a low emissivity material bonded to thermal
insulation and furred-airspace assembly, and subjected to different climatic conditions of Canada (Toronto,
Quebec, Sept-Iles, Ottawa, and Victoria) [60-62]. In that study, for the case of open airspace, the effect of
infiltration and exfiltration on the effective R-value was accounted for [60].

Also, the present model was benchmarked and thereafter used to assess the effect of thermal mass on the
thermal performance of Insulated Concrete Form (ICF) wall systems when placed in NRC-Construction’s
Field Exposure of Walls Facility (FEWTF) and subjected to yearly periods of local Canadian climate [63].
Results showed that the predictions of the present model for the temperature and heat flux distributions
within the ICF wall systems were in good agreements with the test data. Recently, the present model was
benchmarked against field data obtained in the NRC’s FEWF of highly insulated residential wood-frame
construction in which Vacuum Insulation Panels (VIPs) were used as the primary insulation components; the
results from this work showed that the model predictions were in good agreement with the test data [64, 65].

More recently, the hyglRC-C model was benchmarked against test results of a number of samples of Exterior
Insulation and Finishing Systems (EIFS) [66]. The test results were obtained using the NRC’s Guarded-Hot-
Plate (GHP) apparatus in accordance of the ASTM C-177 standard test method [67]. The accurate
calculations of the airflow and temperature distribution within the test specimens had resulted that the model
predictions for the R-values of different samples were in good agreements with the test results (within +5%).
Thereafter, the present model was used to investigate the effect of air leakage due to infiltration and
exfiltration on the effective R-values of different EIFS assemblies, subjected to different climatic conditions.
The results of this study will be published at a later date. A full description of the present model and more
details about model benchmarking are available in previous publications [13-14, 30, 32, 33, 35, 37-38, 54-56,
59]. Having previously benchmarked the present model to several tests undertaken in controlled laboratory
conditions as described previously, it is important to benchmark the model against the test results of curtain
wall before using it to assess the thermal performance of curtain wall systems as described in this report.
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