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Executive Summary

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
exterior insulation products. 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; the second specimen was constructed with 51 mm (2 in) thick XPS insulation panels,
whereas; the third specimen was constructed by installing 76 mm (3 in) thick mineral fibre batt
insulation; all insulation products were installed outboard of the sheathing membrane. 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).

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 exterior insulation products (EPS, XPS and mineral
fibre insulation), model benchmarking, and parametric model simulation study.

In this report, the hygrothermal model, hyglRC-C, was benchmarked against the measured
data. 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 that incorporated exterior insulation products when these walls were
subjected to different Canadian climates.

Similar to a previous NRC project [69], the simulation parameters that were used in this project
(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 walls with exterior insulations was
compared to the National Building Code of Canada’s prescribed reference wall. The reference
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 glassfibre batt
insulation of 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 work, as was used in this project, having being provided by Ojanen et al. [68].
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.

" TG acting on behalf of the NBCC Standing Committee on Housing and Small Buildings (SCHSB).
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The R-values of the outboard insulation were R-3.9 (RSI-0.69), R-10 (RSI-1.76) and R-12.5
(RSI-2.20), and the Water Vapour Permeance (WVP) for these insulation products had,
respectively, values of 27, 114, and 2130 ng/(Pass*m?) (0.5, 2.0 and 37.2 US perm). All wall
assemblies were subjected to different climatic conditions of Canada as represented by
selecting a set of cities that included: Vancouver (BC), St John’s (NL), Ottawa (ON), Edmonton
(AB) and Yellowknife (NT).

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 study were
walls of the third storey of low-rise buildings; this was assumed to represent the worst case
scenario. Also, a sensitivity analysis was conducted to investigate the effect of different air
leakage rates on the hygrothermal performance of the wall assembly and to determine the
locations within the wall that were most at risk due to air leakage.

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.

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.

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).

The results showed that no risk of condensation occurred in the wall assemblies when it was
assumed that no air leakage occurred. Whereas, for the instance when100% of a nominal air
leakage rate of 0.1 L/(s*m?) (at 75 Pa) was assumed, a higher risk of condensation and mould
growth was obtained as compared to that for a 50% air leakage rate (i.e. 0.05 L/(s*m?) at 75
Pa). Also, the results showed that the values for the overall average and maximum mould index
in walls with different types of exterior insulations were lower than that of the reference, NBC-
compliant wall. In regard to insulation in the stud-cavity, the values for the overall average and
maximum mould index in walls having R-24 (RSI-4.23) stud-cavity insulation were higher than
that of walls with R-19 (RSI-3.35) insulation. Regarding the effect of the climatic locations on
the performance of the reference wall, EPS wall and XPS wall, 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.
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Evaluation of Thermal and Moisture Response of Highly Insulated
Wood-Frame Wall Assemblies — Phase 1
Part II: Numerical Modelling

Hamed H. Saber and Gnanamurugan Ganapathy

1. Introduction

A brief review of literature is provided on the moisture performance of the building envelope of
housing and small buildings in cold climates [1-12]. Ojanen and Kumaran [1] studied the effect
of over- pressurization of residential houses on the moisture performance of the building
envelope for both uniform and non-uniform airflow through wall assemblies. A related question
was whether a 10 Pa over-pressurization limit was acceptable for homes located across
Canada. The results showed that the amount of moisture accumulation depends on the rate of
exfiltration of the climatic conditions. As well, the results showed that the uniform airflow
condition through the walls produced an earlier onset of wetting and faster drying than the non-
uniform airflow condition (i.e. entry at interior and top of wall, exit at base of wall). The non-
uniform airflow condition, however, presented more risk of moisture related damage to wall
components than the uniform airflow condition.

The modelling study that was carried out by Karagiozis and Kumaran [2] focused on moisture
content of components and total moisture accumulation in walls of six different vapour retarders
incorporated in a typical Canadian residential wall within three Canadian cities. No airflow was
considered in that study. It was concluded that vapour control of the building envelope was
important for buildings located in cold climates and in general, moisture accumulates in the wall
during the heating season but dries out in the summer.

The study by Ojanen and Kumaran [3] looked at the effect of adding exterior insulation to the
sheathing or using sheathing with an increased thermal resistance. In that study, the moisture
accumulation due to different air leakage paths was examined as well as the effect of varying
indoor relative humidity (RH) on the hygrothermal performance. The results of the simulation
showed that increasing the temperature of the interior surface of the of exterior insulated
sheathing significantly reduced the amount of moisture accumulation and this in turn lead to
higher tolerances for indoor RH and air leakage within the wall assembly.

The study reported by Kumaran and Haysom [4] provided the basis for placement of low
permeance materials within building envelopes in cold climates. The key assumption in that
study was that diffuse air leakage occurred across the assembly up to the allowable code limit
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of 0.1 L/(s*m?). Another study by the same authors [5] showed that by adding 25 mm of mineral
fiberboard sheathing on the outside of the studs, the stud-cavity was warm enough to prevent
condensation on the interior face and water accumulation was reduced.

Chown and Mukhopadhyaya [6] provided a brief history of the development of air and vapour
barrier provisions in the National Building Code of Canada (NBCC) since the first NBCC was
published in 1941 to the most recent changes made in 2005 [13-15]. The key change in 1990
NBCC [13] was to separate the functions of air barrier and vapour retarder thus allowing for the
possibility of placing low permeance materials exterior to the main thermal resistance of the
wall. This change raised the possibility that someone using a low-permeance material as an air-
barrier might choose to place it close to the outer surface of the wall where condensation could
form on its interior face. To reduce the probability of incorrect placement, the 1990 NBCC [13]
included a restriction on the location of low-permeance air barriers. These air barriers had to be
placed so that the inner surface remained above the dew point of the interior air when the
outside temperature was 10°C above the January design temperature. Also, that study [6]
further refined the basis for placement of low-permeance materials for mild and humid climates
where the expectation is that indoor Relative Humidity (RH) would likely exceed 34%.

Straube [7] investigated the role of vapor barriers on hygrothermal performance with the aid of
simple and transparent diffusion calculations supported by measurements from full-scale natural
exposure monitoring. That study explored the phenomenon of summertime condensation, the
drying of roofs and walls, and multiple vapor barrier layers as well as the importance of
assessing both the interior and exterior climate. The results showed that the addition of
insulated sheathing increased the temperature of the back of the sheathing and this reduced the
frequency and severity of condensation due to air leakage. It was recommended that the
preconceptions of many building codes, standards, and designers need to be modified to
acknowledge the facts of low-permeance vapor barriers [7].

A design protocol for the application of insulating sheathing in low-rise buildings with high
interior relative humidity (maximum 60%,) for different locations across Canada was developed
in a study by Brown et al. [8]. That study consisted of conducting parametric study using a HAM
model to determine the hygrothermal performance of walls with a range of thermal insulation, air
tightness and vapour permeance. For the air leakage investigated in that study, the results
showed that moisture that accumulated during the heating season dried out in the non-heating
season. The authors suggested that further investigations are required in order to set a
threshold air leakage so as to minimize the risk of condensation. In another study, the same
authors [9] have undertaken modelling exercise to simulate uncontrolled indoor humidity of
residential buildings. A moisture balance method was developed to estimate the indoor
humidity in buildings which is an important input to the hygrothermal models.

Maref et al. [10-12] conducted a research field study at the NRC’s Field Exposure of Walls
Facility (FEWF) that focused on the hygrothermal and energy performance of retrofitted wall
systems by adding exterior insulations of different air and vapour permeance. For the purpose
of comparison, a reference wall with no exterior insulation (i.e. non-retrofitted wall system) was
tested. The objective was to assess the winter and summer condensation (i.e. inward moisture)
within these wall systems. Results showed that the addition of an exterior insulating sheathing
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raised the temperatures of the stud-cavity materials and maintained them above the dew point
temperature of the interior air, thus reducing the likelihood and duration of interstitial
condensation, within limits, but condensation can still take place during the coldest period of
winter. Also, the wall systems with exterior insulation were less prone to interstitial condensation
than similar wall without such exterior thermal insulation.

The objective of this study was first to benchmark the hyglRC-C model against the test data,
and then use it to investigate the risk of condensation and mould growth in 2 x 6 wood-frame
wall assemblies with and without exterior insulation 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. Table 1 provides a description of the wall assemblies of Phase 1 and Phase 2. This
report focuses on the three wall assemblies of Phase 1. In this phase, three mid-scale 1219
mm x 1829 mm (4 ft. x 6 ft.) having 38 mm x 140 mm (2 x 6-in.) wood-frame walls that were
constructed using different types of exterior insulation products that included: 25 mm (1 in) EPS;
51 mm (2 in) XPS, and, 76 mm (3 in) mineral fibre insulation. The three 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. The
scope of work 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 exterior insulations (EPS, XPS and mineral fibre insulation) and
numerical modelling.

This report focuses on the numerical modelling where the NRC’s hygrothermal model, hygIRC-
C, was benchmarked against the FEWF test data of different wall specimens. Thereafter, the
model was used to conduct parametric analyses in order to investigate the risk of condensation
and mould growth in different wall assemblies, subjected to different climatic conditions of a
select set of locations in Canada. The hygIRC model description and record of benchmarking
are available in Appendix — A1.

3. Model Benchmarking

Having previously benchmarked the present model to several tests undertaken in controlled
laboratory conditions as described previously, a subsequent and important step was to
benchmark the present model against the field measurements for three wall systems described
below. This report provides a brief description of the constructed wall specimens (full details are
available in [72]. Thereafter, information is provided regarding assumptions, and initial and
boundary conditions that were used in conducting model benchmarking.

REPORT A1-000444.4 3 NRC -CN3C



CLIENT REPORT — PHASE 1, PART I

3.1 Wall Specimens

Three mid-scale (1219 mm x 1829 mm / 4 ft. x 6-ft.) residential 38 mm x 140 mm (2 x 6-in.)
wood-frame wall test specimens 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
described in Table 1 and shown in Figure 1 to Figure 4. The backup wall for all three design

Table 1. Descriptions of walls for Phase-1 and Phase-2 (Yr 2013-2015)*

Ph Wall-1 Wall-2 Wall-3
ase
4 ft. x 6 ft. 4 ft. x 6 ft. 4 ft. x 6 ft.
e Vinyl siding Vinyl siding Vinyl siding
e 1.5in wide x 7/16” 1.5 in wide x 7/16” 1.5in wide x 7/16”
thick furring strip thick furring strip thick furring strip
installed vertically installed vertically installed vertically
e 1in EPSrigid foam 2 in XPS rigid foam 3in semi-rigid mineral
Phase-1: insulation (exterior insulation (exterior fibre insulation

insulation)
2 X 6-in. wood | ¢ Sheathing membrane
framing with | © 11 mm OSB wood-

. sheathing
exterior e 2x6 nominal stud

insulation)
Sheathing membrane
11 mm OSB wood-
sheathing

2x6 nominal stud

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

2x6 nominal stud

insulation cavity with R24 glass cavity with R24 glass cavity with R24 glass
fiber insulation batts fiber insulation batts fiber insulation batts
e 6 mil poly air/vapour 6 mil poly air/vapour 6 mil poly air/vapour
barrier barrier barrier
e '2in painted drywall Y2 in painted drywall Y2 in painted drywall
Walil-4 Wall-5 Wall-6
4 ft. x 6 ft. 4 ft. x 6 ft. 4 ft. x 6 ft.
e Vinyl siding Vinyl siding Vinyl siding
e Sheathing membrane Sheathing membrane Sheathing membrane
e 11 mm OSB wood- 11 mm OSB wood- 11 mm OSB wood-
sheathing sheathing sheathing
Phase-2: e 2x6 nominal stud 2x10 nominal stud 2x12 nominal stud
cavity with R24 glass cavity (2x6 and 2x4 cavity (2x4 stud + 2x4
Different fiber insulation batts studs together) with 2 gap + 2x4 stud) with
: e 2in(2layersof1in in spray foam cellulose insulation
WO_Od _fram_mg thick) XPS rigid foam insulation on interior filling in entire cavity
with interior insulation (interior side of the OSB + 6 mil poly air/vapour
insulation insulation) glass fiber filling the barrier
e 6 mil poly air/vapour rest of the cavity 2 in painted drywall
barrier 6 mil poly air/vapour

e Y2in painted drywall

barrier
Y2 in painted drywall

* layers listed from exterior to interior
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strategies consisted 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 R-24, and oriented strand board (OSB) (11 mm / 7/16 in. thick). In this project,
the backup wall was constructed by adding different types of exterior insulation products of
different thicknesses. As shown in Figure 2, the first wall (Wall 1) was constructed by adding an
expanded polystyrene (EPS) layer of 25 mm (1 in) thick on the OSB sheathing. The second
wall (Wall 2) was constructed with a 51 mm (2 in) thick extruded polystyrene (XPS) panel
(Figure 3). The final wall (Wall 3) was constructed with 76 mm (3 in) thick mineral fibre
insulation (Figure 4).

As a part of the test protocol, fully described in [72], all Heat Flux Transducers (HFTs) used in
the three test specimens were calibrated according to ASTM C-1130 “Standard Practice for
Calibrating Thin Heat Flux Transducers” [69]. The uncertainty of heat flux measurements was
t+ 5%. The locations of the HFTs are shown in Figure 2 to Figure 4. Also, the uncertainty of the
thermocouple measurements was + 0.1°C.

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 that were constructed using
EPS, XPS and mineral fibre insulations. As indicated earlier, the hygrothermal properties of
these insulations were measured in this project.

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 exterior insulations, furring strips and vinyl
siding) was taken equal to 0.9 [54]. The effects of heat transfer by conduction, convection and
radiation within these airspaces on the thermal performance of wall assemblies were determined.

3.2.2 Initial and Boundary Conditions

The initial temperature in all material layers of the respective wall specimens (Wall 1, 2 and 3)
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 38 mm x 140 mm (2 x 6 in.) wood-frame wall test specimens installed side-by-side in the FEWF



EPS Wall Assembly

(Wall 1)

EPS Wall Assembly:
Vinyl siding

Furring Strip

1” EPS insulation
Sheathingmembrane
0SB

Batt insulation

Poly air/vapourbarrier
Drywall

Figure 2. Horizontal cross-section through EPS wall assembly showing locations of Heat Flux Transducers, HFTs (Wall 1)
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Figure 3. Horizontal cross-section through XPS wall assembly showing locations of Heat Flux Transducers, HFTs (Wall 2)
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Figure 4. Horizontal cross-section through mineral fibre wall assembly showing locations of Heat Flux Transducers, HFTs (Wall 3)
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3.5 Comparison between Model Predictions and Measurements

To benchmark the present model, transient numerical simulations were conducted for the three
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 [72]. 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 interface between airspace and exterior insulation;
(b) HFT2 at interface between exterior insulation and OSB, and;
(c) HFT3 at interface between polyethylene air barrier membrane and gypsum interface.

For the EPS wall specimen (Wall 1),

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum

-ii and

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum

-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
August 11, 2013 at 12:36:54 AM. Unlike the other wall specimens, the HFT1 located at the
interface between the airspace and exterior insulation in Wall 1 was not functioning properly
during the entire test period (

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum
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-i). However, as shown in

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum

-ii, the predicted heat flux at the EPS — OSB interface is in good agreement with the
measurements from the HFT2. Similarly,

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum

-iii shows that the predicted heat flux at the poly — gypsum interface is in good agreement with
measurements from the 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 XPS wall specimen (Wall 2).
As shown in these figures, the predicted values of heat flux were in good agreement with the
measured values at each of the respective interfaces, specifically at the: airspace — XPS interface
(Figure 6-i), XPS — OSB interface (Figure 6-ii), and the poly — gypsum interface (Figure 6-iii).

Finally, for the wall specimen having mineral fibre insulation (Wall 3), 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
were in good agreement with the measured values at each of the respective interfaces,
specifically at the: airspace — mineral fibre interface (Figure 7-i), the mineral fibore — OSB 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 : EPS wall specimen (

Figure 5. EPS wall (Wall 1) — Comparison between predicted and measured heat fluxes at
interface: (i) airspace — EPS; (ii) EPS — OSB; (iii) poly — gypsum
), XPS wall specimen (Figure 6), and mineral fibre wall specimen (Figure 7).

It is not possible to complete the benchmarking of the model in respect to moisture transport on
the basis of the field trials undertaken in the FEWF. This requires conducting experiments in a
controlled environment after first conditioning the test specimens to known levels of moisture
content. In fact the model has previously been benchmarked in controlled conditions as is
described in some detail in Appendix A1.1.
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