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Executive Summary of Entire Project

The National Research Council of Canada (NRC) has undertaken field monitoring and computer
modelling to investigate the risk of condensation in wall assemblies having different
combinations of increased thermal resistance (R-value) of cavity insulation and of selected
insulation products. This project consisted of two phases. This section provides a summary of
the results of Phase 1 and Phase 2.

In Phase 1 of this project, the field monitoring of residential 38 mm x 140 mm (2 x 6 in) wood-
frame wall systems that had been constructed using different types of exterior insulation products
were undertaken at the Field Exposure of Walls Facility (FEWF) of NRC-Construction, located in
Ottawa; the primary intent was to investigate the risk of condensation and mould growth in three
mid-scale (1219 mm x 1829 mm / 4 ft x 6 ft) wall specimens installed in the FEWF. The first
specimen was constructed by installing 25 mm (1 in) thick EPS insulation panels (EPS Wall); the
second specimen was constructed with 51 mm (2 in) thick XPS insulation panels (XPS Wall);
whereas the third specimen was constructed by installing 76 mm (3 in) thick mineral fibre batt
insulation (Mineral Fibre Wall); all insulation products were installed outboard of the sheathing
membrane. The overall nominal R-values of the EPS Wall, XPS Wall, and Mineral Fibre Wall
were RSI-4.92 (R-27.9), RSI-5.98 (R-34.0), and 6.42 (R-36.5), respectively. The three wall
specimens were installed side-by-side in the FEWF and subjected to local climate conditions of
Ottawa over a period of one year (August 11, 2013 — October 1, 2014).

In Phase 2 of this project, another three mid-scale 1219 mm x 1829 mm (4 ft x 6 ft) wood-frame
wall specimens were installed side-by-side in the FEWF. These walls are named in this report
as XPS Wall, SPF Wall and CEL Wall. The XPS Wall consisted of 38 mm x 140 mm (2 x 6 in)
wood-frame; the SPF Wall consisted of 38 mm x 229 mm (2 x 6 in + 2 x 4 in (i.e. 2x10 in))
wood-frame; whereas the CEL Wall consisted of 38 mm x 279 mm (three 2 x 4 in (i.e. 2 x 12 in))
wood-frame. The primary insulation materials for XPS Wall were RSI-4.23 (R-24) glass fiber
batt insulation over which and towards the interior was installed 51 mm (2 in) of XPS rigid foam
insulation; the overall nominal thermal resistance for this wall was RSI-5.98 (R-34.0). For the
SPF Wall, the primary insulation materials were 61 mm (2.4 in) thick of Spray Polyurethane
Foam (SPF) of RSI-2.87 (R-16.3) applied on the interior surface of the OSB sheathing panel
and 168 mm (6.6 in) of same type of glass fiber batt insulation as in the XPS Wall (RSI-5.05/ R-
28.7); the overall nominal thermal resistance for SPF Wall was RSI-7.92 (R-45). For the CEL
Wall, the insulation product that filled the entire wall cavity consisted of cellulose fiber insulation
providing a nominal R-value of RSI-6.96 (R-39.5). The field monitoring of the test specimens
was conducted from January 2015 to September 2015. This allowed a 9-month period over
which test specimens were subjected to a broad range of weather conditions of Ottawa.

For both Phase 1 and Phase 2 of this project, the first stage of the work program included the
experimental design, installation of test specimens, commissioning of instrumentation, operation
of the test facility, collection and monitoring of data, and data analyses. The second stage of
the work program included conducting: material characterization of the insulation products
(EPS, XPS, mineral fibre insulation, SPF and cellulose fiber insulation), model benchmarking,
and thereafter, parametric model simulation study to predict the thermal and hygrothermal
performances of different wall systems, subjected to different climates in Canada.
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The hygrothermal model, hygIRC-C, was benchmarked against the measured data for wall
systems of Phase 1 (see reference [13]) and Phase 2 as presented in this report. Results
showed that the model predictions were in good agreement with the experimental data obtained
from the different wall specimens. Thereafter, the hygrothermal model was used to conduct
parametric analyses to predict the risk of condensation and mould growth in full-scale wall
assemblies Phase 1 [13] and Phase 2 that incorporated different insulation products when these
walls were subjected to climate conditions of Ottawa (ON), Edmonton (AB) Vancouver (BC), St.
John’s (NL), and Yellowknife (NT).

Similar to the previous NRC project that has led to code changes of Part 9 of the “2015 National
Building Code Canada” [17], the simulation parameters that were used in this project for the six
wall assemblies of Phase 1 and Phase 2 (indoor conditions, outdoor conditions, air leakage
rate, and other simulation parameters) were the same as that recommended by the Task Group
(TG) on Properties and Position of Materials in the Building Envelope’. The hygrothermal
performance of all walls was compared to the National Building Code of Canada’s prescribed
reference wall (REF Wall). The REF Wall consists of interior drywall ( (12.7 mm / 0.5 in) thick),
polyethylene membrane air and vapour barrier (6 mil thick), 38 mm x 140 mm (2 x 6 in) wood-
frame with friction-fit glass fibre batt insulation of RSI-4.23 (R-24), and oriented strand board
(OSB) (11 mm/ 7/16 in thick).

The performance was expressed using the mould index criteria, which allowed sufficient
resolution to assess the risk of moisture condensation and related risk of mould growth in the
wall assemblies. The development of the mould index has been on-going for several years with
the most recent mould model having being provided by Ojanen et al. [27]. This mould model
was used in this project and the previous NRC project [17]. Briefly, the mould index levels
range in value from 0 to 6, with 0 being equivalent to no growth and 6 indicating 100% coverage
of either heavy or tight mould growth. The visual identification of mould growth on surfaces is
given an index level value of 3 [27].

For each climatic location, the weather data was analyzed to identify the orientation of the wall
assembly with the highest exfiltration rate. Note that a higher exfiltration rate would result in a
greater risk to the formation of condensation and mould growth within the wall. As such, for
each climatic condition, all numerical simulations were conducted for the wall assemblies that
faced the predominant direction that would provide the highest exfiltration rate. Furthermore, it
was determined that walls of the third storey were subjected to higher exfiltration rates as
compared to walls in lower stories. Thus, all wall assemblies investigated in this project were
walls of the third storey of low-rise buildings; this was assumed to represent the worst case
scenario.

After conducting the numerical simulations for all wall assemblies, and based on the air leakage
paths considered in this study, the different wall locations at risk for the formation of
condensation and mould growth were identified and for which the corresponding value for mould
index was calculated. It is important to point out that the wall locations at risk of mould growth
would change by considering different air leakage paths within the wall assembly.

To compare the hygrothermal performance of different wall systems with that for the National
Building Code of Canada'’s prescribed reference wall, the simulation results were summarized in
a simple form using the following two parameters:

e Overall average mould index, and
e Overall maximum mould index.

" TG acting on behalf of the NBCC Standing Committee on Housing and Small Buildings (SCHSB).
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The two above parameters were determined for a two year simulation period (i.e. average year
followed by a wet year, selected from long-term meteorological data for each location).

For the wall assemblies of Phase 1 [13], the results showed that the values for the overall
average mould index and overall maximum mould index in these walls with different types of
exterior insulations (EPS Wall, XPS Wall, Mineral Fibre Wall) were lower than that of the
reference, NBC-compliant wall (REF Wall). Regarding the effect of the climatic locations on the
performance of the REF Wall, EPS Wall and XPS Wall, the location of St. John’s appeared to
have the most severe climate in comparison to the other four locations investigated (Vancouver,
Ottawa, Edmonton and Yellowknife); the greatest values of the overall average mould index of
the wall configurations amongst the five locations occurred at this location. For the wall having
mineral fibre insulation, however, the values of overall average mould index were approximately
the same for St. John’s and Vancouver.

For the wall assemblies of Phase 2, the results showed that the values of the overall average
mould index and the overall maximum mould index of the SPF Wall and CEL Wall were lower
than those of the code-compliant reference wall (REF Wall). However, and unlike the XPS Wall
of Phase 1, the values of the overall average mould index and the overall maximum mould
index of the XPS Wall of Phase 2 were greater than those of the REF Wall. It is important to
note that the XPS Wall of Phase 1 [13] is similar to the XPS Wall of Phase 2 except that the
XPS layer of 51 mm (2 in) thick in the former was located outboard, on the sheathing
membrane, while the same XPS layer of 51 mm (2 in) thick in the latter was located inboard
(between the vapour barrier and the cavity insulations).

Also, similar to the wall assemblies of Phase 1 [13], the climatic condition of St. John’s (NL)
appeared to have the most severe climate for all wall systems of Phase 2 (REF Wall, XPS Wall,
SPF Wall and CEL Wall) in comparison to the other four locations investigated (Vancouver
(BC), Ottawa (ON), Edmonton (AB) and Yellowknife (NT)); the greatest values of the overall
average mould index in these walls amongst the five locations occurred in this location.

Finally, the hygrothermal performances of all wall systems of Phase 1 and Phase 2 of this
project, excluding the XPS Wall of Phase 2, are higher than those of the code-compliant
reference wall, when these walls were subjected to different climatic conditions of Canada.
Furthermore, as expected, increasing the R-value of the wall systems of Phase 1 and Phase 2
resulted in an enhancement of the energy performance by decreasing both heat losses and
heat gains through the wall systems.
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Evaluation of Thermal and Moisture Response of Highly Insulated
Wood-Frame Wall Assemblies — Phase 2
Part II: Numerical Modelling

Hamed H. Saber and Gnanamurugan Ganapathy

1. Introduction

A review of literature is provided on the moisture performance of the building envelope of
housing and small buildings in cold climates [1-12]. The details of this literature review are
available in the previous report of Phase 1 [13]. In this report, the hygIRC-C model was
benchmarked against the test data of wall assemblies of Phase 2. Thereafter, this model was
used to conduct a parametric study that formed the basis for an investigation of the energy
performance and risk of formation of condensation and resulting mould growth in highly
insulated wood-frame wall assemblies of Phase 2 when these walls are subjected to different
climatic conditions of Canada.

2. Project Overview

NRC has undertaken field monitoring and numerical modelling to investigate the risk of
condensation in wall assemblies having different combinations of increased thermal resistance
(R-value) of cavity insulation and of selected insulation products. The field monitoring of
different wall assemblies was undertaken in the NRC’s Field Exposure of Walls Facility (FEWF).
Three wall assemblies were tested in Phase 1 and another three wall assemblies were tested in
Phase 2. A description of the wall assemblies of Phase 1 and Phase 2 is provided in Table 1.

In Phase 1 [13, 14], three 1219 mm x 1829 mm (4 ft x 6 ft) having 38 mm x 140 mm (2 x 6 in)
wood-frame wall test specimens were constructed using different types of exterior insulation
products that included: 25 mm (1 in) thick EPS; 51 mm (2 in) thick XPS, and, 76 mm (3 in) thick
mineral fibre insulation. The three test specimens were installed side-by-side in the FEWF and
exposed to local climate conditions of Ottawa over a one year period; the test period started on
August 11, 2013 and ended on October 1, 2014.

In Phase 2, another three 1219 mm x 1829 mm (4 ft x 6 ft) wood-frame walls were constructed,
as shown in Figure 1 to Figure 4; as was the case in Phase 1, the test specimens were installed
side-by-side in the FEWF (Figure 1). The common elements of all three test specimens were,
starting from the exterior of the assemblies, the vinyl siding, polymer-based sheathing
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membrane, and 11 mm OSB wood-sheathing panel; for the interior finish, a 6 mil polyethylene
air and vapor barrier and a 12.5 mm drywall panel. The three walls of Phase 2 are named in
this report as XPS Wall (extruded polystyrene as insulation), SPF Wall (spray polyurethane
foam as insulation) and CEL Wall (cellulose fibre as insulation) . All walls were of wood-frame
construction, the difference being that the frame of the XPS Wall nominally consisted of 38 mm
x 140 mm (2 x 6 in) wood framing (Figure 2), that for the SPF Wall, 38 mm x 229 mm (2 x 6 in +
2 x4 in (i.e. 2x10 in)) wood framing (Figure 3), and that for the CEL Wall, 38 mm x 279 mm
(three 2 x 4 in (i.e. 2 x 12in)) wood framing (Figure 4).

The primary insulation materials for the XPS Wall were: RSI-4.23 (R-24) glass fiber batt
insulation over which and towards the interior was installed 51 mm (2 in) of XPS rigid foam
insulation; the overall nominal thermal resistance for the XPS Wall was RSI-5.98 (R-34). For
the SPF Wall, the primary insulation materials were: ca. 61 mm (2.4 in) of Spray Polyurethane
Foam (SPF, RSI-2.87 (R-16.3)) applied on the interior surface of the OSB sheathing panel and
168 mm (6.6 in) of same type of glass fiber batt insulation as in XPS Wall (RSI-5.05 (R-28.7));
the overall nominal thermal resistance for the SPF Wall was RSI-7.92 (R-45). For the CEL Wall,
the insulation products consisted of cellulose fiber insulation providing a nominal R-value of
RSI-6.96 (R-39.5). Whereas for the XPS Wall and the SPF Wall the full depth of the vertical
studs was used across the wall assembly, for the CEL Wall, 2 x 4 in framing was used in the
central stud cavity on the exterior and interior of the wall; this arrangement is more clearly
evident from the horizontal sectional view provided in Figure 4.

The scope of work of Phase 1 and Phase 2 included the experimental design, installation of test
specimens, commissioning of instrumentation, operation of the test facility, collection and
monitoring of data, data analyses, material characterization of the insulation products (EPS,
XPS and Mineral Fibre (MF), Spray Polyurethane Foam (SPF), and Cellulose fibre (CEL)), and
finally numerical modelling.

The previous report of this project focused on the results of the three wall assemblies of

Phase 1 [13]. Whereas this report focuses on the numerical modelling where the NRC’s
hygrothermal model, hygIRC-C, was benchmarked against the FEWF test data of the different
wall specimens of Phase 2. Thereafter, the model was used to conduct parametric analyses to
permit investigating the energy performance, and the risk of condensation and mould growth in
different wall assemblies, when subjected to different climatic conditions of a selected set of
locations in Canada. The hygIRC-C model description and record of benchmarking are
available in reference [13].

3. Model Benchmarking

Having previously benchmarked the present model to several tests undertaken in controlled
laboratory conditions as described previously in reference [13], a subsequent and important
step was to benchmark the present model against the field measurements for the three wall
systems of Phase 2 (Table 1). A brief description of the constructed wall specimens of Phase 2
is provided in the previous section and more details are available in reference [14]. Information
is provided below regarding assumptions, and initial and boundary conditions that were used in
conducting model benchmarking.
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Table 1. Descriptions of walls for Phase 1 and Phase 2 (Yr 2013-2015)*

Phase Wali-1 Wall-2 Walil-3
4 ftx 6 ft 4ftx6ft 4ftxoft
e Vinyl siding Vinyl siding Vinyl siding
e 1.5inwide x 7/16in 1.5in wide x 7/16 in 1.5in wide x 7/16 in
thick furring strip thick furring strip thick furring strip
installed vertically installed vertically installed vertically
Phase 1: e 1in EPSrigid foam 2 in XPS rigid foam 3in semi-rigid mineral

2 x 6 inwood
framing with | ,
exterior
insulation .
[13, 14]

insulation (exterior
insulation)
Sheathing membrane
11 mm OSB wood-
sheathing

2x6 nominal stud
cavity with R24 glass
fiber insulation batts
6 mil poly air/vapour
barrier

2 in painted drywall

insulation (exterior
insulation)
Sheathing membrane
11 mm OSB wood-
sheathing

2x6 nominal stud
cavity with R24 glass
fiber insulation batts
6 mil poly air/vapour
barrier

Y2 in painted drywall

fibre insulation
(exterior insulation)
Sheathing membrane
11 mm OSB wood-
sheathing

2x6 nominal stud
cavity with R24 glass
fiber insulation batts
6 mil poly air/vapour
barrier

Y2 in painted drywall

Wall-4 (XPS Wall)

4ftx6ft

Wall-5 (SPF Wall)

4ftx6ft

Wall-6 (CEL Wall)

41ftx6ft

Phase 2:

Different
wood framing | .
with interior
insulation
[14]

Vinyl siding
Sheathing membrane
11 mm OSB wood-
sheathing

2x6 nominal stud
cavity with R24 glass
fiber insulation batts
2in (2 layers of 1in
thick) XPS rigid foam
insulation (interior
insulation)

6 mil poly air/vapour
barrier

Y2 in painted drywall

Vinyl siding
Sheathing membrane
11 mm OSB wood-
sheathing

2x10 nominal stud
cavity (2x6 and 2x4
studs together) with 2
in spray foam
insulation on interior
side of the OSB +
glass fiber filling the
rest of the cavity

6 mil poly air/vapour
barrier

Y2 in painted drywall

Vinyl siding
Sheathing membrane
11 mm OSB wood-
sheathing

2x12 nominal stud
cavity (2x4 stud + 2x4
gap + 2x4 stud) with
cellulose insulation
filling in entire cavity
6 mil poly air/vapour
barrier

Y2 in painted drywall

* Layers listed from exterior to interior

3.1 Wall Specimens

The three (1219 mm x 1829 mm / 4 ft x 6 ft) residential wood-frame wall test specimens of
Phase 2, and described earlier, were installed side-by-side in the Field Exposure of Walls
Facility (FEWF). The different material layers and the dimensions of the wall specimens are
provided in Table 1 and shown in Figure 1 to Figure 4. As a part of the test protocol, fully
described in [14], all Heat Flux Transducers (HFTs) used in the three test specimens were
calibrated according to the ASTM C-1130 “Standard Practice for Calibrating Thin Heat Flux
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Transducers” [15]. The uncertainty of heat flux measurements was *+ 5%. Also, the uncertainty
of the thermocouple measurements was + 0.1°C. The locations of the HFTs are shown in
Figure 2 (XPS Wall), Figure 3 (SPF Wall), and Figure 4 (CEL Wall).

3.2 Transient Numerical Simulations

This section presents the assumptions, and initial and boundary conditions that were used in
conducting the numerical simulations for different wall specimens of Phase 2 (Table 1). The
hygrothermal properties of insulation products of these walls (XPS, SPF and cellulose fibre)
were measured in this project. These assumptions and initial and boundary conditions are
similar to those of the wall specimens of Phase 1 [13].

3.2.1 Assumptions

It was assumed that all material layers were in direct contact with one another (i.e. the interfacial
thermal resistances between all material layers were neglected). The emissivity of all surfaces
that bounded the airspaces (i.e. airspaces between the vinyl siding and building membrane) was
taken equal to 0.9 [16]. The effects of heat transfer by conduction, convection and radiation within
these airspaces on the thermal performance of wall assemblies were also determined.

3.2.2 Initial and Boundary Conditions

The initial temperature in all material layers of the respective wall specimens (XPS Wall, SPF
Wall, and CEL Wall) was assumed uniform and equal to 10.0°C. Since this initial temperature
was not the same as in the test, it was anticipated that the predicted dynamic response of the
different wall specimens in the first period of the test (e.g. the first 24 — 48 hr) would be different
from that obtained in the test itself. The boundary conditions on the top and bottom surfaces of
the wall systems were assumed to be adiabatic (i.e. no edge heat losses). The outdoor surface
of the vinyl siding for all wall systems was subjected to a temperature boundary condition.
Similarly, the indoor surface of the gypsum board for all wall systems was subjected to a
temperature boundary condition. The temperatures on the outdoor and indoor surfaces of
different wall specimens, and that changed over time, were taken equal to that measured on
these surfaces.
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Figure 1. Schematic of three residential wood-frame wall test specimens installed side-by-side in the FEWF



Vinyl siding

Sheathing membrane

11 mm OSB wood-sheathing

2x6-in. nominal stud cavity with R24 glass
fiber batt insulation

91 mm (2 in.) XPS rigid foam insulation
e 6 mil poly air/'vapour barrier

72in. painted drywall

Total R-34:
R-10 XPS (2-in.)
R-24 GF (5.5-in.)

Figure 2. Horizontal cross-section through XPS Wall assembly showing locations of Heat Flux Transducers, HFTs (Wal-4)



¢ Vinyl siding
¢ Sheathing membrane
¢ 11 mm OSB wood-sheathing
e 2x10-n. nominal stud cavity
¢ |n Stud cavity
» ~2-in. Spray polyurethane foam
insulation
» ~[4n. glass fiber (GF) batt insulation
e 6 mil poly air/vapour barrier
e 12.5 mm (}2in.) painted drywall (gypsum
board)

Total R-45:
R-16.2 SPF (2.38-in.)
R-28.8 GF (6.62-in.)

Figure 3. Horizontal cross-section through SPF wall assembly showing locations of Heat Flux Transducers, HFTs (Wall-5)



Vinyl siding

Sheathing membrane
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2x12-in. nominal stud cavity
R-40 cellulose fiber insulation
6 mil poly air/vapour barrier
“2in. painted drywall

Total R-40:
R-39.5 Cellulose (11-in.)

Figure 4. Horizontal cross-section through cellulose fibre wall assembly showing locations of Heat Flux Transducers, HFTs (Wall-6)
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3.4 Comparison between Model Predictions and Measurements

The hygIRC-C model was previously benchmarked against the test data of the three wall
specimens of Phase 1 [13]. Similarly, to benchmark the model against the test data of the three
wall specimens of Phase 2, transient numerical simulations were conducted for these wall
specimens (Figure 1). The full description of all instrumentation (i.e. thermocouples, Heat Flux
Transducers (HFTs), Pressure (P) sensors, and Relative Humidity (RH) sensors) and
experimental data are available in [14]. In each wall system, three Heat Flux Transducers (HFTs)
were used to measure the heat flux at the middle (mid-height and mid-width, see the inserts in
Figure 2, Figure 3 and Figure 4) of each wall at three interfaces, namely:

(a) HFT1 at OSB — mineral (glass) fibre insulation interface of XPS Wall, at SPF — mineral
(glass) fibre insulation interface of SPF Wall, and OSB - cellulose fibre insulation
interface of CEL Wall;

(b) HFT2 at sheathing membrane — airspace (inside the vinyl siding) interface for the three
wall systems, and;

(c) HFT3 at the polyethylene air barrier membrane — gypsum interface for the three wall
systems.

For the XPS Wall, Figure 5-i, Figure 5-ii and Figure 5-iii show comparisons between the
measured and the predicted values of heat flux during the test period. In these figures, time =0
at which experimental data was collected corresponded to January 1, 2015 at 00:14 AM. Figure
5-i shows that the measurements of HFT1 located at the OSB — mineral fibre insulation interface
are in good agreement with that predicted by the hygIRC-C model. As shown in Figure 5-ii, the
predicted heat fluxes at the sheathing membrane — airspace interface are in good agreement
with measurements taken from HFT2. Similarly, Figure 5-iii shows that the predicted heat fluxes
at the poly — gypsum interface are in good agreement with measurements from HFT3.

Figure 6-i, Figure 6-ii and Figure 6-iii show comparisons between the measured and predicted
values of heat flux during the test period at different locations for the SPF Wall. As shown in
these figures, the predicted values of heat flux are in good agreement with the measured values
at each of the respective interfaces, specifically at the SPF — mineral fibre insulation interface
(Figure 6-i), sheathing membrane — airspace interface (Figure 6-ii), and the poly — gypsum
interface (Figure 6-iii).

Finally, for the wall specimen cellulose fibre insulation (CEL Wall), comparisons are provided in
Figure 7-i, Figure 7-ii and Figure 7-iii and in which are shown the predicted values of heat flux that
are in good agreement with the measured values at each of the respective interfaces, specifically
at the: OSB — cellulose fibre insulation interface (Figure 7-i), the sheathing membrane — airspace
interface (Figure 7-ii), and the poly — gypsum interface (Figure 7-iii).

In summary, the results presented in this section show that the predicted values of heat flux at
different locations in the wall assembly are in good agreement with the measured values of heat
flux for the three wall systems, namely the: XPS Wall (Figure 5), SPF Wall (Figure 6), and CEL
Wall (Figure 7).
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Figure 5. XPS wall (Wall 4) — Comparison between predicted and measured heat fluxes at
interface: (i) OSB — mineral fibre; (ii) sheathing membrane - airspace; (iii) poly — gypsum
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Figure 6. SPF wall (SPF Wall) — Comparison between predicted and measured heat fluxes at
interface: (i) spray foam — mineral fibre; (ii) sheathing membrane - airspace; (iii) poly — gypsum
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