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Abstract:

Improving the thermal performance of buildings is an essential element when addressing issues related to the effects
of climate change on the building envelope. Minimizing energy usage of and heat losses from buildings are important
measures in achieving these associated goals. The thermal performance of a building envelope can highly impact the
overall performance and energy efficiency of the building. It has been shown that the thermal resistance (R-value) of a
building envelope can be affected by thermal bridging sources. Hence, it is important to accurately determine the R-
value of building envelopes with thermal bridging components. In this study the thermal bridging effect of a window on
wood stud wall assemblies was investigated both experimentally and numerically. A 2.4 m x 2.4 m wood-stud wall
assembly, typical of North American wood-frame construction practice, was fabricated with an opening to accommodate
a window. The opening in the wall assemblies was first filled with EPS and thereafter tested in the guarded hot box;
following which, the EPS in the wall assembly, was replaced with a window. In this study Numerical simulation
packages, THERM and WINDOW, were employed to calculate the thermal resistance of a window. The incremental
effect of adding this window to a wood stud wall assembly was then investigated numerically and experimentally.
COMSOL Multiphysics was employed to evaluate the effective thermal resistance of the wall and the results were

benchmarked against the Guarded Hot Box (GHB) results collected in the NRC facility.
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1. Introduction

Adopting the Pan-Canadian Framework on clean
growth and climate change in 2016, Government of
Canada invested on investigations of mechanisms by
which the National Model Codes (National Building
Code of Canada (2015) and National Energy Code of
Canada (2017)) be used to ensure building resilience
and energy efficiency considering a changing climate.
One specific area under investigation is in the best
approaches to implement energy efficiency and clean
energy technologies in Canadian building design as
17% of Canada’s total GHG emissions are associated
with the built environment (12% from direct emissions
and 5% from electricity generation). The heating and
cooling demand of a building is the result of heat loss
due to heat transmission (conduction, convection and
radiation), ventilation and infiltration. In this context, it
is generally recognized that the thermal performance
of building envelopes can be significantly affected by
thermal bridging. Thermal bridges are localized areas
of high heat flow through walls, roofs and other
insulated building envelope components. These paths
allow heat flow to bypass the insulating layer thereby
reducing the overall effectiveness of the building
envelope in limiting heat transfer between the building
interior and the exterior environment. Some recognized
examples of thermal bridges in the building envelope
include repeating structural members, balcony edges,
and window frames. Additionally, as the push towards
increasingly insulated building envelopes continues,
the effect of thermal bridges on the effective thermal
resistance of the assembly becomes increasingly
significant.

In this study the thermal bridging effect of a window on
wood stud wall assemblies were investigated both
experimentally and numerically. A 2.4 m x 2.4 m wood-

stud wall assembly, typical of North American wood-
frame construction practice, was fabricated with an
opening to accommodate a window. The opening in the
wall assemblies was first filled with EPS and thereafter
tested in the guarded hot box; following which, the EPS
in the wall assembly, was replaced either with a
window. WINDOW and THERM were employed to
model thee glazing system and the results were then
used in COMSOL Multiphysics to model the whole wall
assembly using the three dimensional simulation
configuration of the wall. The numerical results were
benchmarked against results obtained experimentally
from completion of standard guarded hot box tests.
The results were used to study the reduction in thermal
resistance for each case.

2. Methodology

A typical 2.4 m x 2.4 m wood-stud wall assembly was
fabricated with an opening to accommodate a window
(Figure 1). The opening was first filled with EPS and
was tested in the NRC Guarded Hot Box (GHB) facility.
The EPS was then removed from the wall and replaced
by a window (Figure 2).

Numerical simulations were completed on the wall
assemblies in three dimensions. The modeling
sequence for both series consisted of: (i) creating the
geometry to be modelled; (ii) selecting the material
properties; (iii) determining and applying the boundary
conditions; (iv) performing a mesh verification; (v)
conducting the numerical simulations, and; (vi)
comparing the results to those obtained from laboratory
tests.

The heat transfer in the walls was also simulated in
COMSOL Multiphysics. Three dimensional simulations
were chosen to capture the lateral heat transfer in the
wall assemblies that occur due to the thermal bridging
elements. The 3-D geometries for the wall assemblies
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were created in Solidworks®. The geometries were
imported in COMSOL Multiphysics and material
properties were assigned to the corresponding
domains. The temperature dependent thermal
conductivity was used for fiberglass batt insulation and
extruded polystyrene (XPS) as follow:

KFibergalss = 0.0355+0.0002Tmean Eq. 1
Keps = 0.0388+0.0001 Tmean Eq. 2
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Figure 1. Exploded view of the window wall

e

Figure 2. Window wall which was tested in the GHB

Natural convection on the interior surface and forced
convection on the exterior surface were used as the hot
and cold boundary conditions. Convective heat transfer
coefficients were derived from the GHB results and are
shown in Table 1.The symmetry boundary condition
was applied on the edges of the wall.

Figure 3 illustrates the window glazing system. In the
WINDOW (v7.6) software, “6mm Clear Float Glass”
from Guardian (WINDOW ID #3016) was used as the
clear glass, and for the low-e glass, “ClimaGuard 70/36
LE on 6mm” glass from Guardian (WINDOW ID #3256)
was used. The low-e coating was placed on the inner
side of the glass (surface #2) to maximize thermal
performance. The cavity between the glass lites (12.7
mm / 0.5-in.)) was filled with Argon gas. The glazing
also had a spacer between the glass lites (which is later
made in THERM). A generic spacer was chosen from

a study completed on spacer and edge seals by the
Berkley Lab; his same study was also used in the
NFRC manual. The spacer consisted of butyl rubber
separating a 0.015-in. thick steel stud from the glazing,
as well as a layer of desiccant (Silica gel) inside the
stud to improve performance. This 6 mm clear, Argon,
filled, low-e glazing system is generic and considered
to replicate the actual glazing reasonably well. After the
glazing was created in the WINDOW (v7.6) software,
the frame parts (head, sill, jambs) were then created
separately in THERM. The drawing was imported to
THERM, where predefined THERM materials were
assigned to each part of the detail. The PVC frame was
assigned the THERM material “Polyvinylchloride PVC
/ Vinyl — Rigid” whereas the frame cavities were
modeled using THERM material “Frame Cavity NFRC
1007, which is the NFRC standard for frame cavities.
The spacer materials were the same as those
described above. After the material selection was
complete, the glazing was imported from WINDOW
(v7.6).
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Figure 3. The Glazing system (left) the spacer

(right)

Table 1. Exterior and interior boundary conditions
Teotd | Thot air Teoa Thor heowd hipot
wCO | CO | TS | e | G | G
-5 21 -4.6818 19.824 32.7 9.2
-20 21 -19.513 19.19 34.0 8.9
-35 21 -34.355 18.589 34.0 8.9

The boundary conditions used for the calculations
were:

. “NFRC 100 — 2010 Exterior” for the exterior
edges of the frame and glazing

. “Interior Wood/Vinyl Frame (convection only)”
for the interior edges of the frame

. “U-factor Inside Film” for the interior glazing

. “Adiabatic” for surfaces that are connected to
the wall

Laboratory thermal tests were conducted on four wall
assemblies in NRC’s GHB test facility following the test
procedures given in ASTM C1363. The NRC GHB test
facility is a test apparatus specifically designed to
determine the thermal resistance of building envelope
assemblies and components by subjecting a test
specimen to a temperature difference and measuring
the amount of energy required to maintain interior set
point conditions. The tests were conducted at two
different exterior temperatures; i.e.: -20 °C and -35 °C.
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3. Results and discussions
The final THERM results are shown in Figure 4Error!
Reference source not found.. As is evident, a thermal
transmittance of 1.543 W/m2K was obtained which is
equivalent to a R value of 3.68 ft2.hr°F/Btu or 0.648
m2K/W. The results were used to calculate the
equivalent conductivity of the window in COMSOL. AS
such, and instead of modeling the window, an artificial
artifact was created as a proxy material that replicates
the window in terms of its thermal performance. For this
wall assembly, which has a thickness of 0.243 m, the
equivalent thermal conductivity of 0.375 W/m.K was
used for the proxy material. The window or EPS occupy
13.3 percent of the total surface area of the wall. Also,
as stated before, the wall assembly had no exterior
insulation.

o#fs =]

Name [Cotumwindon

Mode [NFRC =]
Type [Custom Single Vison =] >
Width 556 mm
Height 162 mm
frea| 0,546 m2
R

Environmental Conditions
NFRC 100-2010 =

Total Window Results
Click on 5 component to display characteristics belaw

Udfactor [ 1.543 WHmZK Gilazing System

sHGC | 0293 Name [Glazing =] >
W[ o4z D 62 Ucenter 1.357 Wim2K
CH T Nlayers F] sc [ 054
rea| 025 m2 SHEC [ 0473

Edge area 0162 m2 Wie 0687

Figure 4. THEMR final results

Table 2 and Interior surface

4. Conclusions and outlook

The incremental effect of adding a window to a wood
stud frame wall assembly was studied numerically
employing COMSOL Multiphysics, THERM, WINDOW
and experimentally using standard guarded hot box
testing. First WINDOW and THERM were used to
simulate the glazing part and the frame. The results
were used to assign the thermal conductivity to an
equivalent and proxy material in COMSOL
Multiphysics.

It has been shown that the window wall thermal
performance is significantly affected by the thermal
transmittance of the window. The window only
occupied 13 percent of the wall, but reduced the
effective thermal resistance of the wall by more than 50
percent. It also decreased the minimum temperature
index on the interior surface; this can lead to less
comfortable thermal conditions for the occupants in
proximity to the window and as well, increases the risk
to condensation on the glazing.

This is an ongoing project and additional work on this
topic will be reported in the future. Now that the
numerical method has been benchmarked against
experimental results, additional numerical work can
now be conducted to extract more results. Since,
numerical simulations are time consuming and given

that access to appropriate numerical tools cannot be
assumed, these results could be used to find simple
correlations that thereafter, practitioners can employ to
find the effective thermal resistance of window-walls.

Table 3 summarize the window-wall results for the
cases where the openings were filled with EPS and a
window at two exterior temperatures of -5 °C and -20
°C. For the case where the exterior temperature was
set to -35 °C, the calorimeter heater could not generate
sufficient heat to compensate for the heat flow passing
through the window-wall. Hence, the warm side
temperature could not reach the desired temperature.
It can be seen that the
R-values dropped 54 percent when the window was
added to the wood-stud wall assembly. The differences
between the COMSOL simulation and GHB test were
also found to be less than three percent and well below
the uncertainty of the NRC GHB.

Figure 5 and Figure 6 illustrate the temperature index
on the interior and exterior surfaces of the wood-stud
wall assembly with the opening filled with EPS. Figure
7 and Figure 8 show the same for the wall with window
in the opening. It can be seen that for the case where
the EPS was used to fill the opening, wood-studs are
the main source of thermal bridging and the minimum
temperature index occurs near the edge of the opening
where double wood-studs were used in the assembly.
The temperature index on the exterior is also very
uniform. Whereas, for the case having a window
installed in the wall, a maximum temperature index of
0.1228 on the exterior surface was obtained whereas,
and a minimum temperature index of 0.67 was
achieved on the interior surface. Hence, the window is
the primary element of heat flow through the wall and
that evidently significantly affects the thermal
transmittance of the entire wall assembly.

Teold(3)=-35 degC Surface: (T-Tcold)/(21-Tcold) (1) Max/Min Surface: T(T-Tcold)/(294.15-Tcold) (1)
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Figure 5. The window wood stud wall assembly with
the hole filled with EPS- Values of temperature index
on the Interior surface
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Teold(3)=-35 degC  Surface: (T-Tcold)/(21-Tcold) (1) Max/Min Surface: (T-Tcold)/(294.15-Tcold) (1)
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Figure 6. The window wood stud wall assembly with
the hole filled with EPS- Values of temperature index
on the exterior surface

Table 2. Window wall and clear field results
calculation for the exterior temperature of -5°C

U, Ruww ft2. Usw
2
Roft he | poustie. hr. Bu/fe.
Study °F/Btu
(k/Ny | ProF | /B hr. oF
(W/m2K) [ (m2K/W) | (W/m2K)
R-22.40 0.0446 R-10.17 0.0983
COMSOL (3.94) (0.2539) (1.79) (0.5602)
Experiments R-22.16 0.0451 R-10.08 0.0992
P (3.90) (0.2564) .77 (0.5650)
Difference 0.98% 0.86%

Interior surface

5. Conclusions and outlook

The incremental effect of adding a window to a wood
stud frame wall assembly was studied numerically
employing COMSOL Multiphysics, THERM, WINDOW
and experimentally using standard guarded hot box
testing. First WINDOW and THERM were used to
simulate the glazing part and the frame. The results
were used to assign the thermal conductivity to an
equivalent and proxy material in COMSOL
Multiphysics.

It has been shown that the window wall thermal
performance is significantly affected by the thermal
transmittance of the window. The window only
occupied 13 percent of the wall, but reduced the
effective thermal resistance of the wall by more than 50
percent. It also decreased the minimum temperature
index on the interior surface; this can lead to less
comfortable thermal conditions for the occupants in
proximity to the window and as well, increases the risk
to condensation on the glazing.

This is an ongoing project and additional work on this
topic will be reported in the future. Now that the
numerical method has been benchmarked against
experimental results, additional numerical work can
now be conducted to extract more results. Since,
numerical simulations are time consuming and given

that access to appropriate numerical tools cannot be
assumed, these results could be used to find simple
correlations that thereafter, practitioners can employ to
find the effective thermal resistance of window-walls.

Table 3. Window wall and clear field results
calculation for the exterior temperature of -20°C

U, Ruw fe2. Usw
2
Rofe he. | poo/e. hr. Bu/fe.
Study °F/Btu o o o
@k/w)y | BreF F/Btu hr. oF
(W/m2K) [ (m2K/W) | (W/m2K)
R-22.51 0.0444 R-10.20 0.0981
COMSOL (3.96) (0.2527) (1.79) (0.5589)
Exoeriments | R22:90 0.0437 R-9.93 0.1007
¥pertments (4.03) (0.2481) (1.75) (0.5714)
Difference 1.80% 2.23%

Teold(3)=-35 deqC  Surfaces (T-Tcold)/(21-Tcold) (1) Mex/Min Surface: T(T-Tcold)/(284.15-Tcold) (1)

Figure 7. The window wood stud wall assembly with
the window- Values of temperature index on the

Teold(3)=-35 degC  Surface: (T-Tcold)/(21-Tcold) (1) Max/Min Surface: (T-Tcold)/(294.15-Tcold) (1)

Figure 8. The window wood stud wall assembly with
the window- Values of temperature index on the
exterior surface
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