| hd |

NRC Publications Archive
Archives des publications du CNRC

Performance evaluation of proprietary drainage components and
sheathing membranes when subjected to climate loads, task 3:
hygrothermal model benchmarking

Saber, Hamed H.; Maref, Wahid

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.4224/23002854
Client Report (National Research Council of Canada. Construction), 2015-03-15

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=3b0567ed-814e-4e01-84f9-0067b7c05253
https://publications-cnrc.canada.ca/fra/voir/objet/?id=3b0567ed-814e-4e01-84f9-0067b7c05253

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada



NIC-CN3C CONSTRUCTION

Performance Evaluation of Proprietary
Drainage Components and Sheathing
Membranes when Subjected to Climate
Loads

Task 3 — Hygrothermal Model Benchmarking

Hamed H. Saber and Wahid Maref

15 March, 2015

National Research  Conseil national de ‘ ! d“l
I*I Council Canada recherches Canada ana a







PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

Table of Contents

TaBIE OF COMEETILS. ..ottt ettt et e et e et e ettt e ettt e st e e bt e e sabeeesmteeebeeesabeeenneeeeas i
LISt OF FIGUIES .eeeuiviieeiiiiee ettt e e ettt e e et te e e ettt e e et teeeeataee e e stsaeesasssaeesansssaesasssaeessnssaeesanssneessnssseeenns v
35 S ) B 21 o) T PSSRSO PPPRR vii
SUITINIATY ....veeeeiiieeeeetiee e e ettt e e et ee e et eeestbaeeesattteeeassssaeesanssaeeeansssaesasssaeesasssaeesanssseessssseessnnsseeesnnssns ix
ACKNOWIEAGEIMENLS. ....ceiuiviiieieiiieeeeiiee et te ettt e erttte e e stteee e e ttaeeessntseeeeasssaeeessnsseesasssseeesansseeesanssseens xi
1.0 Background and INtrodUCHION ...........uviiiiiciiiieeiiiie e eeiiee e eeiiee e eteee e et e e e etreeeesaraeesentsaeessnssaeeesnsneens 1
1.1 PTOJECT OVETVIEW ..eeeiuiiiiieeiiiieeesititeeesttteeesttteeeesnsteeessssseeesssssseeessssseessansseeesassseesanssseesssnsseeessnsssees 1
1.2 Description of Numerical Simulation Model — hygIRC-C ............coocoviiiiviiiiiieiice e, 3
1.3 Record of Benchmarking hygIRC-C Model ..........cccviiiiiiiiiiiiiiieeiiee e 3
2.0 Benchmarking of Model against Response of Various Wall Components............cccceeeeereueeennen. 8
2.1 Cavity Air Space behind Cladding - Airflow Test Data ..........ccoccviiiiiiiiiiiiiienieeceeee e, 8
2.1.1 Description of Test Apparatus and TESt-SEt UP .......ccvuveerririreeriiieeeiiieeeeriieeeerireeesenreeeeeenneees 9
2.1.2 Testing SCREAUIE......cccooiiieiiiiie ettt e e et e e et ee e s stbaeeeesraaesessseeesennnes 10
2.1.3 Use of Simulation Results to Derive Air velocity Profiles at Control Locations............... 11
2.1.4 Comparison of Test Results to Those Derived from Simulation .............ccocceeeiiiniiieniieannen. 15
2.1.5 Derivation of Flow Rates in Cavity Air Spaces from Simulation Model.............ccccccevceeenen. 19
2.2 Airflow in Non-homogenous Highly Porous Media............cccceevveiiiiiiiiiiieeiniiiee e 19
2.2.1 Air Permeability Tests: Principle and procedures ............ccovcvveeerriieeesriiieeesiieeeesneeeeenns 20
222 Drainage Components - Air Permeability Test Results...........cccovoiiiiiiiniiiiniiiiiceieee 22
2.2.3 Dependence of air permeability coefficient on pressure differential .............ccocoeeriiininannn. 24
2.2.4 Characterization of air permeability coefficient of drainage components............cceceeevcueeennee. 28
2.3 Model Benchmarking Against Stucco Cladding Drying Test Data...........cccccveeveiierernciiereennne, 31
3.0 Concluding REMATKS .........ceiiiuiiieiiiiieeiiiie e eeitee e eitte e eeitee e e e tree e et eeessntsaeesesssaeeesnssseeesnnnnns 35
4.0 RETETEICES ...ttt ettt ettt et e ettt et e e bt e et e e at e e ebeeeambeeenteesabeeeanteeennee 37
Appendix 1 — List of Task REPOTLS......cccuuiiiiiiiiiiiiiiie it e 41
Appendix 2 — Cavity Air Velocity Measurements Compared to those Derived from Simulation ........ 42
Appendix 3 — Characterization of Air Permeability of Non-homogenous and Highly Permeable
Drainage COMPONEIILS. ....ceutieiiieeitteeritieettee ettt eaitteentete sttt esateeaseee sttt eanteeaaneeesbeeeanseeanneeesbeeennseeennee 47
Dimpled HDPE membrane; CHent E..........c..ccooviiiiiiiiiiiieiiiie et 47
Non-woven PP fabric (stucco screen) bonded to PP mono-filament mesh; Client G.................. 48
Open matrix Nylon mesh bonded to PP nonwoven sheathing membrane; Client C..................... 49

REPORT A1-000030.04 i NC-CN2C






PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

List of Figures

FIgUre 1 — PrOJECT OVETVIEW .....eiiiiiiiiiiie ittt ettt ettt ettt ettt et e sttt e ettt e sttt e enteeebteesmbeeenneeas 2
Figure 2 — Model benchmarking against test results of drying wall assemblies subjected to different
outdoor and indoor boundary conditions [8]. ........ccccvererriiireiriiiiie et 5

Figure 3 — Sample results of comparing the predicted and measured moisture content in the OSB layer ... 6
Figure 4 — Sample results of comparing the predicted and measured draying rate in the OSB layer .......... 7

Figure 5 — Comparison between predicted & measured moisture content in OSB layer over period of test
for different wall assemblies subjected to different outdoor and indoor boundary conditions 7

Figure 6 — Test apparatus for model benchmarking of forced airflow in cavities to determine air

permeability of non-homogenous and highly permeable porous materials..................c........ 9
Figure 7 - Generic wall cavity apparatus showing location of air velocity Sensors ..........ccceceerveeenueenne 10
Figure 8 — Locations at which model predictions and measurements of airflow were compared.............. 11
Figure 9 — Graphical depiction of simulation results showing the spatial distribution of air velocity in the

inlet and outlet chutes for selected sections; range of velocities 0 to ~ 2.5 m/s.................... 12

Figure 10 — Graphical depiction of simulation results in a “horizontal” plane showing spatial distribution
of air velocity along length of air flow characterization apparatus; sectional view shows
distribution in the depth of the cavity; range of velocities 0 t0 ~2.9 m/s .....cooceeeriieenieennne. 13

Figure 11 — Comparison of simulation results to experimental data for 3 simulated pressure differences at
control sections located at inlet, outlet and mid-height of cavity air flow characterization

apparatus; air velocities are given in relation to the depth of cavity.........cccooceviiiininnnnn. 14
Figure 12 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the
inlet, middle and outlet of the airspace at AP=5.0Pa+ 1.0 Pa .....ccoccoeiiiiniiiiiiiiii, 0
Figure 13 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the
inlet, middle and outlet of the airspace at AP =10.0 Pa£ 1.0 Pa .......c.oooiiiiiiininniiiins 0
Figure 14 — Comparison of velocity measurements with test data at given location for airspace of 20 mm
depth at AP = 1.3 Pa=£0.26 Pa....cccooouviiiiiiiiieeeiiiee ettt et eearae e e s 1
Figure 15 — Comparison of velocity measurements with test data at given location for airspace of 20 mm
depth at AP =2.6 Pa=£0.20 Pa......ccccuviiiiiiiie ettt aree e e s 1
Figure 16 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the
inlet, middle and outlet of the airspace at AP =0.84 Pa£ 0.21 Pa........ccocceiviiiniiiniiiinn. 2
Figure 17 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the
inlet and middle of the airspace at AP =1.68 Pa£ 0.21 Pa.......cocceiiiiiniiiiniiiiiiiceee 2
Figure 18 — Dependence of cavity airflow rate on pressure deferential for airspace of different thickness19
Figure 19 — Unidirectional steady laminar flow (Q) through porous media of length L and area, A......... 20
Figure 20 — Air permeability teSt SEE-UP ......eeiouiiiiiieiiit ettt et ettt e s e 22
Figure 21 — Open matrix Nylon mesh bonded to nonwoven sheathing membrane............ccccccceveeenneennnn 22
Figure 22 — Comparison of airflow rate for cavity of 10.5 mm depth with and without drainage medium of
average air permeability in Y-dir€Ction.........ccccuiriiriiiieeriiiie e e eeriee e eiree e e 25

Figure 23 — Sensitivity of volumetric air flow rate to value of air permeability (k.) at average k, in Y-
direction = 50% for cavity of 10.5 mm depth incorporating drainage medium.................... 25

Figure 24 — Dependence of air flow rate on dynamic permeability factor (F) and pressure differential (AP)
at average K, in Y-direction for cavity of 10.5 mm depth incorporating drainage medium .26

REPORT A1-000030.04 v NC-CN2C



PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

Figure 25 — Dependence of air flow rate on dynamic permeability factor (F) at selected pressure
differentials (AP) for cavity of 10.5 mm depth incorporating drainage medium.................. 26

Figure 26 — Comparison between measured volumetric air flow rate (Q) and predicted Q at AP =5 Pa and at 10
Pa; value of different air permeability provided in table...............coeevveeivriiireiiiiiee e, 27

Figure 27 — Comparison between measured volumetric air flow rate (Q) and predicted Q at AP = 15 Pa and at 20
Pa; value of different air permeability provided in table ..............coccvviiviiiiiiiniiiee e, 27

Figure 28 — Characterization of air permeability of selected porous media (Porous polystyrene insulation
board; Client H); (1) Air velocity as a function of pressure gradient; (2) Effective
permeability as a function of Air velocity; (3) Effective permeability as a function of
PIESSUIE STAQICIIE L.eeeuiiiieeiiiiieeesiiieeesiteeeestteeeestreeeestraeeesssnseeessssseeesanssneesanssseessnnsseeesnssns 29

Figure 29 — Characterization of air permeability of porous media (Corrugated asphalt impregnated paper
board; Client I); (1) air velocity as a function of pressure gradient; (2) Effective permeability
as a function of air velocity; (3) effective permeability as a function of pressure gradient... 30

Figure 30 — Wall Weighing System, Stucco Plate and Plate Wetting in Basin...........ccocccevveriiiiennnnne 31
Figure 31— Stucco Drying Rate Results by Weight ..........ccooiiiiiiiiiiiiiiiieice e 33
Figure 32 — Moisture Content (MC) in kgw/kgam % at end of simulation (t =581 hr)........cccceevvvvrrrnnnne. 33
Figure 33 — Comparison between predicted & measured average moisture content in stucco layer ......... 34
Figure 34 — Comparison between predicted & measured average moisture content in stucco layer ......... 34
Figure 35 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the
inlet, middle and outlet of the airspace at AP=15.0Pa+£ 1.0 Pa.....cccceevvviviiiniineinnnn, 42
Figure 36 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the
inlet, middle and outlet of the airspace at AP=20.0Pa£1.0Pa......ccccceeeviivriiniineennnn.. 42
Figure 37 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the
inlet, middle and outlet of the airspace at AP =25.0Pa£ 1.0 Pa .......cccoocoiiiiininnnnnnnn. 43
Figure 38 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the
inlet, = middle and outlet of the cavity at AP =3.9 Pa£0.26 Pa........ccceeevvvieriinciireennen. 43
Figure 39 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the
inlet, middle and outlet of the cavity at AP =52 Pa+0.26 Pa.......cccceeviiiiniiiiniiiiieen. 44
Figure 40 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the
inlet, middle and outlet of the cavity at AP =6.5 Pa£ 0.26 Pa..........ccocevvevvieriiniieeen, 44
Figure 41 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the
inlet, middle and outlet of the airspace at AP =2.52 Pa+£ 0.21 Pa......ccccoeovevvereinciineennnnen. 45
Figure 42 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the
inlet, middle and outlet of the airspace at AP =3.63 Pa£ 0.21 Pa........cocoeeiiiininninnnnn. 45
Figure 43 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the
inlet, middle and outlet of the airspace at AP=4.2 Pa£+0.21 Pa.....ccovvvvveieriinciieeen, 46

Figure 44 — Characterization of air permeability of porous media (Dimpled HDPE membrane Client E);
(1) air velocity as a function of pressure gradient; (2) effective permeability as a function of
Air velocity; (3) effective permeability as a function of pressure gradient ...............cccceee.. 47

Figure 45 — Characterization of air permeability of porous media (Non-woven PP fabric bonded to PP
mono-filament mesh; Client G); (1) air velocity as a function of pressure gradient; (2) effective
permeability as a function of Air velocity; (3) Effective permeability as a function of pressure
o 2101 (<) oL USSR 48

Figure 46 — Characterization of air permeability of porous media (Open matrix Nylon mesh bonded to PP
nonwoven sheathing membrane; Client C); (1) air velocity as a function of pressure gradient;
(2) effective permeability as a function of Air velocity; (3) effective permeability as a
function of PreSSure radient .........ccvvriereiiieeiiiieeerieeeeeieeeeeiree e e eeeerreeeesrneeeeeeneeees 49

REPORT A1-000030.04 vi N3C -CN2C



PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

List of Tables

Table 1 — Benchmarking Model to Response of Selected Wall Components.............ccccvvveeriiieeenniieeeennne 8
Table 2 — List of air velocity measurements acquired at different conditions and cavity depths ................ 10

Table 3 — Air Permeability and Permeance of open matrix Nylon mesh bonded to nonwoven sheathing
INEINDIANE. ...ttt ettt ettt ettt et ettt e it e et e e bt e et e et e e st e eane et e esaeeeaneeareenanes 23

Table 4 — Variation in Values of Permeability coefficient (i) for given Orientation in Relation to Average
TN X ANA Y QIT@CTIONS ...ttt ettt ettt ettt ettt e set e ettt e ettt e st e e et e e ebeeesateeennneeens 23

REPORT A1-000030.04 vii N3C -CN2C






PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

Summary

A benchmark assembly and a series of ten client wall assemblies were developed as part of the project
“Performance Evaluation of Proprietary Drainage Components and Sheathing Membranes when
Subjected to Climate Loads”.

The purpose of this project was to assess the performance of wall drainage components and sheathing
membranes (drainage system) in their ability to provide sufficient drainage and drying in Canadian
climates with a moisture index (MI) greater than 0.9 and less than 3400 degree-days, or MI greater than
1.0 and degree days > 3400 (primarily coastal areas). In these regions, the 2010 National Building Code
requires a capillary break behind all Part 9 claddings. Currently, acceptable solutions to the NBC
capillary break requirement include:

(a) A drained and vented air space not less than 10 mm deep behind the cladding;

(b) An open drainage material, not less than 10 mm thick and with a cross-sectional area that is not
less than 80% open, behind the cladding;

(c) A cladding loosely fastened, with an open cross section (i.e. vinyl, aluminum siding)

(d) A masonry cavity wall or masonry veneer constructed according to Section 9.20 (i.e. 25 mm
vented air space)

In this project, the performance of proposed alternative solutions for the capillary break was compared
through laboratory evaluation and modeling activities to the performance of a wall built to minimum code
requirements. The proposed drainage system would be deemed an alternative solution to the capillary
break requirement in the National Building Code for use with all code compliant Part 9 claddings
provided it exhibits adequate moisture performance as compared to a NBC-compliant benchmark wall
assembly.

In This Report — Benchmarking exercises are described to validate the NRC-Construction’s
hygrothermal model “hygIRC-C” that was used to undertake the computer modeling in this project. The
model was also used in this project to design the experimental setup for the benchmarking exercises that
permitted obtaining useful data needed for validating the model. Additionally, a brief description of the
hygIRC-C model and a record of benchmarking exercises completed for this model are provided. The
results show that the model predictions for the airflow in drainage spaces and the drying rate of cladding
made of stucco are in good agreement with the experiential data.

In addition, the model was used to design a test apparatus that can be used to determine the air
permeability of non-homogenous and highly permeable drainage media. A procedure for using this test
apparatus together with the model and that allows determining the permeability coefficient of porous
media is also provided.
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Performance Evaluation of Proprietary Drainage Components and
Sheathing Membranes when Subjected to Climate Loads —

Task 3 — Hygrothermal Model Benchmarking

Final Report Task 3

Hamed H. Saber and Wahid Maref

1.0 Background and Introduction

The objective of this project was to assess the hygrothermal performance of wall assemblies incorporating
drainage components in respect to their ability to provide sufficient drainage and drying in Canadian
climates having a moisture index greater than 1.0. In these climates, the 2010 National Building Code
(NBC) requires a capillary break behind all Part 9 claddings. Currently, acceptable solutions to the NBC
requirement for a capillary break include:

a) A drained and vented air space not less than 10 mm deep behind the cladding;

b) An open drainage material, not less than 10 mm thick and with a cross-sectional area that is not
less than 80% open, behind the cladding;

¢) A cladding loosely fastened, with an open cross section (i.e. vinyl, aluminum siding);

d) A masonry cavity wall or masonry veneer constructed according to Section 9.20 (i.e. 25 mm
vented air space).

In this project, the hygrothermal performance of proposed alternative solutions for the capillary break was
compared through laboratory evaluation and modeling activities to the performance of a wall (reference
wall) built to minimum code requirements using the following performance criteria:

(a) RHT criterion, and;
(b) Mould index criterion.

If a proposed wall system incorporating drainage components exhibits adequate performance as compared
to the reference wall, it will be deemed an alternative solution to the 2010 National Building Code
requirement for a capillary break and can be used with all code compliant Part 9 claddings.

1.1 Project Overview

The project was realised through several tasks for which an overview is provided in Figure 1°. Given that
the basis for assessing performance of the wall assemblies incorporating drainage components was results
derived from hygrothermal simulation, the majority of the tasks relate to preparing information suitable
for input to the hygrothermal simulation model, hygIRC-C.

* A list of all project reports for different tasks is provided in Appendix 1

REPORT A1-000030.04 1 NC-CN2C
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Task /6
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Figure 1 — Project Overview

As can be seen in Figure 1, Task 1 relates to defining the various wall assemblies and specification details
necessary to develop a configuration of the wall, suitable for input to the model; results from this work are
provided in the Task 1 report (Appendix 1). In Task 2, hygrothermal properties of key components of the
wall assembly were evaluated and are reported in the Task 2 report; these properties were likewise input to
the model. The third and fourth Tasks are linked together; in Task 4, experimental work was carried out on
the cavity component of a generic wall assembly to permit benchmarking the variations in air flow in the
cavity, as induced mechanically with an air pump, to that simulated with the model. A detailed description
of the test apparatus, instrumentation, and methods used to benchmark the response of the model is provided
in the Task 4 report together with the results from air flow measurements of several different cavity sizes as
well as measurements on cavities in which were placed different drainage components.

Task 3 of the project, as described in this report, concerns the benchmarking exercise, in which the physics
of phenomena being modelled and modeling assumptions are verified prior to undertaking hygrothermal
simulations of wall assemblies by comparing results of selected experimental tests to that obtained from the
model; the modelling assumptions would not be deemed adequate should significant deviations from the
experimental results be evident. A description of the model and previous work undertaken to benchmark
the model, are items provided in subsequent sections of this report. Task 5 relates to work undertaken to
define climate loads and to provide an estimate of water entry through specified cladding and moisture
retention within the cavity behind the cladding, in relation to a range of anticipated wind-driven rain loads.
In the definitive task, Task 6, a parametric study was undertaken to assess the performance of the various
wall assemblies that incorporated, or not, drainage components. Results provided in the Task 6 report form
the basis for determining whether wall assemblies incorporating drainage components exhibit adequate
performance as compared to the NBCC reference wall.
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1.2  Description of Numerical Simulation Model — hygIRC-C

The NRC’s hygrothermal model, hygIRC-C was used in this project to predict the hygrothermal
performance on the basis of the risk of mould growth within wall assemblies having different drainage
components when these walls were subjected to different climatic conditions as might occur across
Canada. This model has been validated and used in a number of projects to assess the thermal and
hygrothermal performance of different components of the building envelope (e.g. roofing, wall and
fenestration systems). It is important to emphasize that the predictions by such a model for the airflow,
temperature, and moisture (or relative humidity) distributions within a wall assembly, when subjected to a
pressure differential (and resulting air leakage rate) across the assembly, are necessary to accurately
determine the mould index in different layers of the wall assembly.

The hygIRC-C model simultaneously solves the highly nonlinear two-dimensional and three-dimensional
Heat, Air and Moisture (HAM) equations that define values of heat, air and moisture transfer across
building components. The HAM equations were discretized using the Finite Element Method (FEM).
The hygIRC-C model has been extensively benchmarked in a number of other projects and has been used
in several related studies to assess the thermal and hygrothermal performance of wall and roofing systems
[1-31].

1.3  Record of Benchmarking hygIRC-C Model

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 are the same as the uncertainty of test data, see [3-6]) with the measured R-values that were
obtained from testing in the NRC’s Guarded Hot Box (GHB) according to the ASTM C-1363 standard
test method [32].

The present model was also benchmarked against GHB test results according to the ASTM C-1363
standard test method [32] and heat flow meter according to the ASTM C-518 standard test method [33],
and then used to conduct numerical simulations to investigate the effect of foil emissivity on the effective
thermal resistance of different wall systems with foil bonded to different types of thermal insulations
placed in furred assemblies, in which the foil was adjacent to the airspace [9, 12, 13, and 15-18]. The
accurate calculations of the airflow and temperature distributions within the test specimens resulted in
predictions for the R-values obtained of the present model that were in good agreement with measured
R-values (within the uncertainty of the experimental data, see [13, 16, 17, 18] for more details).
Furthermore, the model was used to determine the reductions in the R-values of the specimens as a result
of increasing the foil emissivity due to water vapour condensation and/or dust accumulation on the
surface of the foil.

In a number of previous studies by Saber [24-28], the model was used to conduct numerical simulations
to predict the airflow and temperature distributions as well as the R-values of vertical, horizontal and
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inclined enclosed airspaces, subjected to different directions of heat flow. The predicted R-values were
compared with the R-values for enclosed airspaces of different thicknesses and operating conditions as
provided in the ASHRAE handbook of fundamentals [34]. In these same 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 [24-28]. These correlations are ready
to be implemented in energy simulations models such as Energy Plus, ESP-r and DOE.

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 (FEWF) and subjected to yearly periods of local Canadian climate [10-
11, 21-22]. 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 [29-31].

More recently, the hygIRC-C model was benchmarked against test results of a number of samples of
Exterior Insulation and Finishing Systems (EIFS) [35]. The test results were obtained using the NRC’s
Guarded-Hot-Plate (GHP) apparatus in accordance of the ASTM C-177 standard test method [36]. 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. These studies
focused on predicting the thermal performance of different types of walls [1-5, 9-10, 11-13, 15-22,
24-31]; however, no account was made for moisture transport across the wall assemblies.

In instances where the model has been used to account for moisture transport across wall assemblies, the
present model predicted the drying rate of a number of wall assemblies shown in Figure 2 and subjected
to different outdoor and indoor boundary conditions in which there was a significant vapour drive across
the wall assemblies [see [8] for more details). The results showed that there was overall agreement
between the results derived from the present model and the hygIRC-2D model, a model that had
previously been developed and benchmarked at NRC-Construction [23]. As well, model predictions were
in good agreement with the experimental measurements of the drying (Figure 3) and drying rate

(Figure 4) of the assembly with respect to the shape of the drying curve and the length of time predicted
for drying. Additionally, as shown in Figure 5, the predicted average moisture content of the different
wall assemblies over the test periods were in good agreement, all being within 5% of those measured
experimentally [8].
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Figure 2 — Model benchmarking against test results of drying wall assemblies
subjected to different outdoor and indoor boundary conditions [8].

Additionally, with respect to the prediction of the hygrothermal performance of roofing systems, the
present model was used to investigate the moisture accumulation and energy performance of reflective
(white coloured) and non-reflective (black coloured) roofing systems that were subjected to different
climatic conditions of North America [19, 20]. The results of these studies showed that the climatic
conditions of St John’s and Saskatoon resulted in a high risk of long-term moisture accumulation in the
white roofing systems. In case of climatic conditions in which white roofing systems have no risk of
moisture accumulation, however, the results of these studies provided the amount of energy saving due to
using white roofing systems compared to using black roofing systems (see [19, 20] for more details).
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Figure 3 — Sample results of comparing the predicted and measured moisture

content in the OSB layer of set — 1 shown in Figure 2 [8].
In a recent NRC project, the model was used to address the Code Change Request “CCR-802" to
investigate the effect of: (a) air leakage, and (b) adding exterior insulations of different R-values and
different water vapour permeance on the risk of condensation and mould growth of different wood-frame
wall assemblies with and without structural sheathing, and subjected to different Canadian climatic
conditions. The cavity insulation of these wall assemblies was either R-19 or R-24 (see [37 and 38] for
more details). The hygrothermal performance criterion that was used in that project was the mould index,
which was used in the current project.

Having previously benchmarked the hygIRC-C model to several tests undertaken in field and controlled
laboratory conditions, as described above, as well as benchmarking this model against test data of airflow
in an airspace and the drying of a stucco plate, as provided in the subsequent sections, this model was
used with confidence in this project to predict the hygrothermal performance of different wood frame wall
assemblies as well as a steel-stud wall assembly, with different drainage components when these walls
were subjected to Canadian climatic conditions.
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2.0 Benchmarking of Model against Response of Various Wall Components

The hygrothermal model was benchmarked against the response of three different sets of experimental
data to imposed laboratory test conditions, such conditions chosen to permit adequately characterizing the
components in respect to a specific physical phenomenon. Each of these components and the related
physical phenomena to which the response was sought are provided in Table 1.

Table 1 — Benchmarking Model to Response of Selected Wall Components

Wall Component Phenomenon & Response Sought Parameters
Air velocity as a function of pressure .
Cavity air space behind cladding difference between inlet and outlet to Cavity depths of 10 mm,
. 20 mm, and 25 mm
cavity
Non-homogenous highly porous Air velocity as a function of pressure
media (drainage components) difference

Moisture dissipation from stucco plate
Porous media (stucco plate) as a function of time given drying in
laboratory conditions

In the subsequent sections, and for each of the wall components for which the model was benchmarked to
the response derived from experimental tests, a rationale is provided for completing the benchmarking
exercise, a brief summary of the experimental set-up is provided, and the results from the tests are
compared to those derived from simulation.

2.1  Cayvity Air Space behind Cladding - Airflow Test Data

The need to characterize the air velocities in cavities providing an air space behind cladding arises
because such flow, or lack of flow, would affect the process of moisture dissipation from the cavity that in
turn affects moisture accumulation in porous wall components such as stucco and wood. The expectation
being that less moisture would be retained in ventilated as compared to vented cavities as ventilated
cavities having both an inlet and outlet, allow the flow of air through the air space. Since vented cavities
of wall assemblies have only one opening at the base of the wall, the flow of air is necessarily more
restricted and may be dominated by natural convective effects that arise due to temperature differences
that occur across the cavity and the natural buoyancy of air. The rate of flow for a given cavity depth and
pressure difference across the inlet to and outlet from the cavity, would determine the amount of moisture
that could be drawn from the cavity.

In this section, information is provided on the benchmarking of the hygIRC-C model against experimental
data of airflow in an air space of different depth and subjected to different pressure differences; the
different cavity depths investigated are given in Table 1.
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2.1.1 Description of Test Apparatus and Test-set up

The test apparatus for benchmarking the model against experimental data for forced airflow in cavities is
shown in Figure 6. It consists of an air pump that is used to generate forced air flow thought the cavity by
applying a pressure at the inlet portion of the apparatus. The cavity is formed by two parallel plates (ca.
12 mm thick) of acrylic plastic of nominal width 400 mm and height 2000 mm. The distance between the
plates, and hence the cavity depth, can be changed with the use of purposely fabricated metal spacers
having sizes of 10 mm, 20 mmm and 25 mm. As well, the size of the spacer can be made to be the same
depth as a drainage component to permit measuring the component’s air permeability. Openings have
been made along the inlet and outlet chutes as well as mid-height along the length of the parallel plates to
accommodate air velocity sensors (Omnidirectional hot wire anemometers) such that velocities can be
acquired over the course of a test sequence. As can be seen in Figure 7, three sensors were used across
the chute at the inlet or outlet or across the width of the generic wall cavity apparatus. The velocity
sensors are equidistant from one another, and as well, can be adjusted to acquire data at different depths
across a cavity such that the air velocity profile at these locations can readily be acquired. As well,
pressure sensors were located in line with the air velocity sensors at both the inlet and outlet portions of
the wall and from which the pressure difference between the inlet and outlet could be determined. The
temperature and relative humidity of the air were also measured such that proper flow measurements
could be calibrated in relation to the velocities acquired during the test sequence.

A more detailed description of the apparatus is provided in the Task 4 report (Appendix 1) as is
information on the calibration of the apparatus.

Generic wall
cavity of varying
depth

Direction of flow

Air pump

Figure 6 — Test apparatus for model benchmarking of forced airflow in cavities to
determine air permeability of non-homogenous and highly permeable porous
materials
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Figure 7 - Generic wall cavity apparatus showing location of air velocity sensors

2.1.2 Testing Schedule

Testing consisted of acquiring air velocity data at selected pressure levels across the width of the inlet and
outlet chutes and the width of the apparatus at its mid-height, as shown in Figure 7. Air velocity
measurements were also taken in the depth of the cavity at each control location. The pressure levels used
to generate the air flows for the selected cavity depths of 10mm, 20mm and 25 mm are given in Table 2.

Table 2 — List of air velocity measurements acquired at
different conditions and cavity depths

Pressure difference
AP for 10 mm

Pressure difference

AP for 20 mm

Pressure difference

AP for 25 mm

5.0Pa+1.0Pa

1.3 Pa+0.26 Pa

0.84 Pa+0.21 Pa

10.0 Pa+1.0 Pa

2.6 Pa+0.26 Pa

1.68 Pa+0.21 Pa

15.0Pa+1.0Pa

3.9 Pa+0.26 Pa

2.52 Pa+0.21 Pa

20.0 Pa+ 1.0 Pa

5.2Pa+0.26 Pa

336 Pa+0.21 Pa

25.0Pa+1.0Pa

6.5 Pa+0.26 Pa

4.2Pa+0.21 Pa
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Figure 8 — Locations at which model predictions and measurements of airflow were compared
2.1.3 Use of Simulation Results to Derive Air velocity Profiles at Control Locations

Selected results from simulation are depicted graphically in Figure 9 to Figure 11. In Figure 9 is shown
the simulation results for the inlet and outlet chutes along the length of the respective chutes and in which
can be seen the spatial distribution of air velocity values ranging from null to ~ 2.5 m/s. The results
provided in the graphic suggest that the air velocities increase to about 1 m/s along the length of the inlet
chute and likewise decrease at the outlet chute, although for the latter case, the variations in velocity in
the depth of the chute are more pronounced as compared to the corresponding sections of the inlet chute.

A graphical depiction of simulation results in a “horizontal” plane showing spatial distribution of air
velocity along length of cavity air flow characterization apparatus is given in Figure 10. The values of air
velocity range from null to ~ 2.9 m/s. In the sectional view the distribution of velocities in the depth of
the cavity are apparent and suggest that velocities at the mid-height of the cavity air flow characterization
apparatus along the length of the cavity are > 2.5 m/s.

Given that the spatial distribution of air velocities within the cavity at any section are known from the
results of simulation, these results can then then plotted at different driving pressures (AP) such that they
can be compared to results from measurements obtained experimentally.

Such comparisons are shown in Figure 11 in which the simulation results are provided at three simulated
pressure differences at control sections located at inlet, outlet and mid-height of cavity air flow
characterization apparatus. The air velocities are given in relation to the depth of the cavity. The
experimental data, complete with error bars, is also plotted such that a comparison can be made between
the results derived through simulation and those obtained from experiment.

Using this same approach, the results from several tests were used to compare to those derived through
simulation as is described in the subsequent sections.
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Figure 9 — Graphical depiction of simulation results showing the spatial distribution of air velocity
in the inlet and outlet chutes for selected sections; range of velocities 0 to ~ 2.5 m/s
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Figure 10 — Graphical depiction of simulation results in a “horizontal” plane showing
spatial distribution of air velocity along length of air flow characterization apparatus; sectional
view shows distribution in the depth of the cavity; range of velocities 0 to ~ 2.9 m/s
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2.1.4 Comparison of Test Results to Those Derived from Simulation

Selected test results for air velocity measurements as compared to those derived from simulation for the
10 mm cavity depth are given in Figure 12 and Figure 13, those for 20 mm cavity depth in Figure 14 and
Figure 15, and those for 25 mm cavity depth in Figure 16 and Figure 17; the remaining tests results for
cavity air velocity measurements for respective depths of 10, 20 and 25 mm are provided in Appendix 2.

Typically, in each figure a set of three air velocity (m/s) plots are given, the left-most plot on the page for
the inlet section, thereafter the middle section located the mid-height of the cavity wall, and the third and
right-most plot for the outlet section. The velocity profiles (m/s) obtained from tests at the specified
pressure differences, are plotted as individual points that also includes the error band. Those derived from
simulation are those plotted at specific pressure differences as solid lines.

For example, in Figure 14 (cavity depth 20 mm), the resultant velocity profiles derived from simulation
occur at a pressure difference of 1.3 Pa + 0.26 Pa, or as shown in Figure 15, at 2.6 Pa; each of these
profiles was plotted as derived from simulation and in which one can also discern the plot of individual
values of air velocity, as measured in the test, together with their associated error bands. For example, in
the plot shown in Figure 14 for the inlet location, a data point for air velocity is evident at an arc length of
~0.018 m having a value of 0.55 = 0.1 m/s. In this same plot, it is evident that each of the measurement
points for air velocity fall within the margin of error associated with the results derived from simulation.

2.1.4a. — Air velocity profile of 10 mm cavity depth

Results of air velocity profiles and measurements for a 10 mm cavity depth obtained for five pressure
levels (i.e. 5.0, 10.0, 15.0, 20.0, 25.0 Pa £ 1.0 Pa) are shown in Figure 12 (AP = 5 Pa) and Figure 13
(AP =10 Pa) and in Appendix 2 in Figure 35 (AP = 15 Pa), Figure 36 (AP = 20Pa) and Figure 37 (AP =
25 Pa). Of the total of 45 data points shown in the plots, 12 data points were not consistent with
simulation results.

2.1.4b. — Air velocity profile of 20 mm cavity depth

A review of all available plots for this cavity depth and for which tests were undertaken at five pressure
levels (i.e. 1.3, 2.6, 3.9, 5.2, 6.5 Pa £ 0.26 Pa) indicated that of the total of 45 data points shown in the
plots, only 5 of the measured data fell outside of the plots of air velocity derived from simulation.

2.1.4c. — Air velocity profile of 25 mm cavity depth

As regards the air velocity profiles for the 25 mm cavity depth, the results at five pressure levels (i.e. 0.84,
1.68,2.52,3.36, 4.2 Pa+ 0.21 Pa) are shown in Figure 16 and Figure 17 and in Appendix 2 in Figure 41,
Figure 42 and Figure 43. Some measured data fell outside the plots for air velocity derived from
simulation in the following instances: (i) at a AP = 1.68 Pa (Figure 17) for the middle section at an arc
length of ~0.03 m; (ii) at a AP = 2.52 Pa (Figure 41) for the middle section, at an arc length of ~0.03 m; at
(iii) AP = 2.52 Pa (Figure 41) at an arc length of ~ 0.018 m and (iv) 4.20 Pa (Figure 43) for the outlet
section, at an arc length of ~0.018 m. Thus only 5 data points were not consistent with simulation results
of a total of 45 data points.
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2.1.5 Derivation of Flow Rates in Cavity Air Spaces from Simulation Model

On the basis of these results, and as shown in Figure 18, the model simulation provided an estimate of the
volumetric flow rate as a function of pressure differential across openings to the air space for different
cavity depths. These simulation results were subsequently used to determine the effective permeability of
different drainage components as is discussed in the subsequent section.

45
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Volumetric flow rate per unit width (L/(m.s)

AP (Pa)

Figure 18 — Dependence of cavity airflow rate on pressure deferential for
airspace of different thickness

2.2 Airflow in Non-homogenous Highly Porous Media

In the previous section a description was provided for the characterization of air flow in unobstructed
cavities for cavity sizes ranging between 10 and 25 mm in depth and consistent with cavity sizes typically
found in wall assemblies constructed according to the minimum requirements set out in Part 9 of the
NBCC. Ofinterest, as well, is knowledge of how air flow in wall cavities behind cladding may be altered
with the incorporation of a drainage component in the construction of the assembly as compared to the
unobstructed cavity. Given the many different types of drainage components of interest to this project, it
was necessary to determine whether the presence of a drainage component significantly hindered or aided
the flow of air in this air space.
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2.2.1 Air Permeability Tests: Principle and procedures

The permeability to air of the drainage components was determined using accepted methods of
determining permeability that are used for less porous materials such as flexible sheet or rigid panel-type
materials. More specifically, the specimens were initially tested according to the same procedure used for
all of the air permeability testing conducted as described by Kumaran and Bomberg [39].

2.2.1a — Basis for air permeability tests

The method assumes a unidirectional steady laminar flow of air through a porous media of thickness L,
from a region of pressure P, to one of pressure Py, as represented in Figure 19. From Darcy's law for flow
in porous media:

K K AP
=u, = —<-VP=-—=2.— Eq. (1)
Hg ng L

|

Where:

Q = volumetric flow rate of air (m® s™),

A =normal cross-sectional area of the material (m?),

u = average flow velocity (m s™)

Ka = intrinsic air permeability of the material (m?),

L. = absolute viscosity of air (1.835 x 10 Paes at 23°C at which the tests for different drainage
mediums were conducted),

AP = difference in "piezometric pressure” of air across the material (Pa)

L

Figure 19 — Unidirectional steady laminar flow (Q) through porous media of length L and area, A

Equation (1) is applicable to homogeneous and non- homogeneous materials and membranes (e.g.
plywood, OSB, XPS, EPS). The air flow resistance (R) of the specimen can be defined as:

R="ta.p Eq. (2)

Ka

From equations (1) and (2)
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__ (AP-4)
Q Hq

R Eq. (3)

It is also useful to define the air permeance (K.,) as:

1 Kq
From Equations 1 and 4:
_Q-ugy Eq. (5)
@ Ap.a &

The air permeability (ka) of the specimen can be defined as the air permeance (K.) multiplied by the
thickness (L) or:

. Q-L-ﬂa

K, = Eq. (6
a” Ap4 e (©)

Thus measurements of Q, AP and A may be used to evaluate R, the air resistance as well as air permeance
and air permeability of the material. The air flow characteristic determined will be an average property of
the material for the metering area and so the material need not be homogeneous or of uniform thickness.

2.2.1b — Test Set-up

In the current project, the experimental setup shown in Figure 20 was used for the determination of air
flow resistance of drainage components. Compressed dry air from a cylinder was admitted to the test
chamber from the pressure regulating valve. This air flowed through the porous specimen which was
open to the atmosphere. Consequently an appropriate steady state was maintained in the assembly;
different steady states being achieved by changing the air pressure in the chamber. The steady state flow
rate (Q) in equation (5, 6) was measured by a mass flow controller (MKS 1179A 24CS1 BV; 20000 STD
cm’min’; resolution: 0.1% of F.S; accuracy: £1.0% of F.S.) connected between the pressure regulating
valve and the chamber. The air pressure difference across the specimen was measured by using a
differential pressure transducer. One of two transducers were used for any given test; one used at a higher
pressure range of 1000 Pa (MKS Model 223B D 00010 AAB; range: 1000 Pa; accuracy: £0.5% of F.S /
+5 Pa); and the other for lower ranges that did not exceed 250 Pa (Setra Model 264-1-001WD-2D-T1-E;
range: 0-250 Pa; accuracy: +0.4% FS; + 1 Pa).

2.2.1c — Test Procedure

Measurement under steady state conditions is sufficient to determine the ratio (AP / Q) and was
determined by measuring AP as a function of Q. The slope (AP/Q) in equation (3) was determined in
each case. The following test procedure for evaluating the air flow resistance of materials was specified:

(1) Five specimens were tested and the average of five results reported as air flow resistance of the
material;

(2) At least four data pairs were used to calculate the air flow resistance;

(3) As appropriate for any specimen, pressure differences ranging between 1 and 1200 Pa and air flow
rates ranging between 20 and 900 cm’min™ were used.
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Figure 20 — Air permeability test set-up
2.2.2 Drainage Components - Air Permeability Test Results

To quantify the air flow in the drainage components and to examine the effects of the height of the
component on experimental results, four component lengths were tested; these were: 14.3 cm; 28.5 cm;
42.8 cm; and 57.0 cm. The results from these tests are given in the Task 2 report (see Appendix 1 for the
list of project reports). Provided in Table 3 are the results obtained for the drainage component of

Client C; a photo the open matrix Nylon mesh mat is shown in
Figure 21. Values of air permeability and permeance are provided in
relation to the length of the test specimen (height) and flow direction,
the respective directions being shown in Figure 21. The average
values in the X- and Y-directions are provided as are the average
values for the X- and Y-directions combined and values for the air
permeability coefficient (i.). The variation in values of air
permeability coefficient for given orientations in relation to the
average value in the X- and Y-directions is given in Table 4.

Figure 21 — Open matrix Nylon
mesh bonded to nonwoven
sheathing membrane
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Table 3 — Air Permeability and Permeance of open matrix Nylon mesh bonded to
nonwoven sheathing membrane

Mesh Height Permeability Permeance Pern_le_ability
Orientation m I(75 Pa)"'m™'-s' | I-(75 Pa)'-m2.s" coefflr(:ze nt ()
Y-direction 0.143 7.492E+03 5.239E+04 1.698E-06

0.285 8.405E+03 2.949E+04 1.905E-06

0.428 1.231E+04 2.875E+04 2.790E-06

0.570 9.676E+03 1.698E+04 2.193E-06

Average Y 9.1171 E+03 3.190E+03 2._147E-06
(0n=1.8E+03) (0n=1.3E+03) | (0n=0.41E-06)

X-direction 0.143 3.669E+03 2.565E+04 8.316E-07

0.285 4.216E+03 1.479E+04 9.556E-07

0.428 3.765E+03 8.796E+03 8.533E-07

0.570 4.608E+03 8.085E+03 1.044E-06

Average X 4._065E+03 1._433E+04 9._21 3E-07
(0n=0.38E+03) (0n=0.70E+03) | (0n=0.85E-07)

Average X & Y 6.768E+03 2.311E+03 1.534E-06

Z-direction 0.011 7.489E-03 7.103E-01 1.698E-12

Table 4 — Variation in Values of Permeability coefficient (k) for given Orientation in
Relation to Average in X and Y-directions

. . Permeability coefficient (k) Dev.
Orientation m?2 (%)*
S 2.147E-06
Average Y-direction (0v=0.41E-06: On /R = ~20%) 40
S 0.9213E-06
Average X-direction (0+=0.085E-06; On /X = ~9%) -40
Average X and Y-direction 1.534E-06 -

* Deviation from average in X and Y-direction

As is shown in Table 4, there is a marked difference in value for the permeability coefficient («.) in both
the X and Y direction in relation to the average of both the X- and Z-directions. This is entirely expected
given that the mesh has an orientation that allows greater flow in the Y- as compared to the X-direction.
The X-, Y- and Z- directions are shown in Figure 21. When completing the 2-D simulation (see Task 6
report; Appendix 1), which was undertaken in the Y- and Z-directions, an issue then arose as to what
value for permeability coefficient should be used given that the mesh orientation was in the Y-direction,
but air flow may nonetheless traverse across the mesh in both the X- and Y-directions. This is addressed
in the subsequent sections.

NC-CN\3C
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2.2.3 Dependence of air permeability coefficient on pressure differential

An investigation was conducted to determine the air flow rates generated in the air cavity incorporating,
or not, a drainage component and the sensitivity of the air flow rates to variations in air permeability
coefficient (k,) and pressure difference; results of this investigation are given in Figure 22 to Figure 25.

In Figure 22 is shown a comparison of air flow rate of a 10.5 mm deep cavity, with and without drainage
medium (drainage component; Figure 21) as derived from simulation and using the value of the average
air permeability coefficient in the Y-direction (i.e. ko = 2.15 x 10°® m?). Clearly, the presence of the
drainage medium reduces the cavity air flow rate. The sensitivity of the cavity air flow rate to variations
in value of the air permeability coefficient (k.) of = 50% in relation to the average « in Y-direction value
is given in Figure 23. Necessarily, the flow will either increase or diminish in relation to the
corresponding changes in value of the air permeability coefficient.

Variations in volumetric flow rate in the cavity will also vary, not only in relation to the value of the air
permeability coefficient, but also in relation to the pressure difference that drives the flow; this relation is
shown in Figure 24, in which the values for the air permeability coefficient range between 0.1 and 2 times
the average value in the Y-direction for pressures differences of 20, 50 and 75 Pa. The value of the
effective permeability is given as the product of the dynamic permeability factor (F) and the average
value of the air permeability coefficient (k,) in the Y-direction. This relation is of importance because it
suggests that a specific value of the air permeability coefficient (ica) can be determined for given values of
pressure difference that directly correspond to the air flow rates obtained from experiment.

Accordingly, a comparison was made between the measured volumetric air flow rate (Q) and that
predicted by simulation at different AP’s, i.e., for values of AP of 5, 10, 15 and 20 Pa. The values derived
from simulation at the given AP’s are shown in Figure 25 and those from experiment, in Figure 26 for
values of AP of 5 and 10 Pa, and Figure 27 for values of AP of 15 and 20 Pa; values for « , in the X-, and
Y-directions and the average value for k, are provided in the adjoining tables of these respective figures.

Using the drainage medium shown in Figure 21 as example, the values for air flow rate in the cavity that
arise due to AP’s of 5 and 10 Pa (Figure 26), as compared to that derived from simulation most closely
match the values obtained experimentally when the maximum value for the air permeability coefficient
(Kamax) 1S assumed as compared to either the minimum or average value; comparing values of air flow
from the simulated to that from experiment, a deviation of -1.2 % and ~ +12% is evident at respective
AP’s of 5 and 10 Pa. Whereas for AP’s of 15 and 20 Pa and when an average value for k, is assumed, the
respective deviations are +2.4% and +7.7% from simulated to that of experiment. Thus the deviations
from experiment can be minimized provided the assumed value for k, is selected in relation to the AP
acting along the length of the cavity incorporating the drainage media. This suggests that i, is pressure
dependent and this is a reasonable assumption given that for the range of AP’s to which the different
media were evaluated, the airflow that arise are not likely laminar but turbulent and this may be captured
by varying the value of k, as a function of AP.
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Figure 22 — Comparison of airflow rate for cavity of 10.5 mm depth with and
without drainage medium (Figure 21) of average air permeability in Y-direction
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Figure 23 — Sensitivity of volumetric air flow rate to value of air permeability (i.)
at average K, in Y-direction £ 50% for cavity of 10.5 mm depth incorporating
drainage medium (Figure 21)
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Figure 24 — Dependence of air flow rate on dynamic permeability factor (F) and
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Figure 26 — Comparison between measured volumetric air flow rate (Q) and predicted

Q at AP =5 Pa and at 10 Pa; value of different air permeability provided in table

K (m?) | Dev (%) i (m?) | Dev (%)
Average of Y-Dir (kmax) |2.147E-06| 40 Average of Y-Dir (kmas) |2.147E-06| 40
Average of X-Dir (imin) |9.2136-07| -40 Average of X-Dir (kmin) |9.213E-07|  -40
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Figure 27 — Comparison between measured volumetric air flow rate (Q) and predicted

Q at AP =15 Pa and at 20 Pa; value of different air permeability provided in table
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2.2.4 Characterization of air permeability coefficient of drainage components

To help establish the concept of how the air permeability of a highly porous media may vary due to
pressure differences that arise due to the formation of eddies and vortices in the media, an example is
provided of how air flow in porous media may be characterized as being laminar or turbulent and how
this affects the value of air permeability for the media.

In Figure 28 is shown a porous media product (Porous polystyrene insulation board (52 mm)) of Client H
and the corresponding volumetric flow rate through the media per unit area of board (m’*ss™'sm) in
relation to the pressure gradient across the board, given in Pasm™ (i.e. AP/L). The characteristic curve for
this relation can be given as:

% =u, = (cVP)" Eq. (7)

The relation, in this instance (Figure 28), plots to a straight line; as such, the flow exponent, n, is equal to
1.0. This in turn denotes that the flow in this porous media and under these pressure conditions is
laminar. Additionally in the same figure, a plot is given of the effective permeability (k,) as a function of
the volumetric flow rate and as well, a third plot of the effective permeability (i.) as a function of the
pressure gradient across the board. The respective characteristic curves for the effective permeability are:

Kk, = a(VP)P Eq. (8)
K, =a-ub Eq. (9)

In both of these latter two plots the value of i, is constant and has a value of ca. 6.3 x 10 m%. Of
importance is the fact that for laminar flow through porous media, the permeability is constant for
different pressure gradients. The flow in this porous media can be given by Eq. (1) or by Eq. (7) where
the air permeability, k,, is constant and the flow exponent, n, equals 1.0.

Consider now the case of a different type of porous media as shown in Figure 29 (i.e. Corrugated asphalt
impregnated paper board), and for which the flow through the media is characterized in the same manner
as that for the porous bead board previously discussed. The data plotted in these figures are those
obtained from air flow tests at different pressure gradients previously described in §2.2.1. The volumetric
flow rate through the media per unit area of board (m*ss™sm) in relation to the pressure gradient across
the board, given in Pasm™ (i.e. AP/L), is not linear but deviates from linearity, and the flow exponent, n, <
1.0; this in turn indicates that the flow in this porous media and under these pressure conditions is
turbulent. The degree of deviation from linearity being a measure of the extent to which the flow in the
media is turbulent as opposed to laminar.

The characteristic curve for flow through high porous media is given, as before, by Eq (7). The values for
Kaare no longer constant but vary in accordance with either the volumetric flow rate or the pressure
gradient, for which greater values of permeability are obtained at lower pressure gradients or air
velocities. Thus values of permeability may range from a low of ca. 4.2 x 107 m? at a pressure gradient
of 20 Pasm’' upwards of ca. 5.5 x 107 m? at the lowest pressure gradient.

Coefficients for each of the characteristic curves (Eq. (7); Eq., (8); Eq. (9)) as derived from the fitted data
are provided in Figure 29. In the same manner, the air permeability characteristics of the remaining
highly porous media of interest to this project were determined and this information is provided in
Appendix 3 and in which the values of «. for the respective drainage components used in the numerical
simulation model are likewise given.
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Figure 28 — Characterization of air permeability of selected porous media (Porous polystyrene
insulation board; Client H); (1) Air velocity as a function of pressure gradient; (2) Effective
permeability as a function of Air velocity; (3) Effective permeability as a function of pressure
gradient
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Figure 29 — Characterization of air permeability of porous media (Corrugated asphalt impregnated
paper board; Client I); (1) air velocity as a function of pressure gradient; (2) Effective permeability
as a function of air velocity; (3) effective permeability as a function of pressure gradient

REPORT A1-000030.04 30 N3C -CN2C



PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

2.3  Model Benchmarking Against Stucco Cladding Drying Test Data

This section provides the results of model benchmarking against experimental data obtained from testing
to determine the rate of moisture dissipation from saturated stucco cladding when drying in laboratory
conditions, the stucco mixture comprised of NBC-compliant three-coat stucco.

The premise of the test was to determine the rate of moisture dissipation from a stucco plate for which the
drying process would be in one dimension and through only one face of the stucco plate. To help ensure
that the drying test was one dimensional, the edges of the stucco plate were sealed with wax prior to
soaking in a water basin. The test protocol consisted of submerging the stucco plate in water until it was
saturated, and then mounting it in NRC-Construction’s Wall-weighing system where its weight was
recorded to a data acquisition system for the duration of the drying test; an impermeable membrane was
affixed to the back side of the plate thereby helping ensure unidirectional drying. The wall-weighing
system, stucco plate showing sealed edges, and the submerged stucco specimen are shown in Figure 30.
The temperature and relative humidity adjacent to the surface of the stucco plate were also monitored
during the test.

Figure 30 - Wall Weighing System, Stucco Plate and Plate Wetting in Basin

2 NBC - National Building Code Canada 2010
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The results from the drying test are given in Figure 31 for which the weight of the plate (g) is given in
relation to the test duration in hours (~ 580 hrs). The red points on the plot are instances where the plate
was removed from the wall-weighting system and its weight recorded independently on another weigh
scale, the weight being shown on the plot. The overall weight change of the plate over the course of the
tests was ca. 670 g. Measurements of temperature (T) for four locations and relative humidity in three
locations are also provided on the plot; the T and RH measurements were all taken in close proximity to
the plate, specifically affront the plate at its upper (“top”) and lower (“bottom”) periphery and behind the
plate (“back™). The temperature in the laboratory ranged between ca. 18 and 25°C and the relative
humidity between ca. 10 and 45% RH.

In Figure 32 is shown a graphic depicting the spatial distribution of the moisture content (in kgw/kgdm %)
of the stucco plate as determined from simulation at end of the test (t = 581 hrs). The direction of the
moisture dissipation process is shown as is the face of the plate exposed to laboratory conditions. The
results shown in the graphic suggest that most of the moisture has dissipated from the back of the plate
and as well, towards the front of the plate where moisture dissipation occurred, moisture has reached
equilibrium with laboratory conditions (3.6 % MC).

In Figure 33 a comparison is given between the average moisture content (kg./m’) in the stucco plate
predicted by the model and that measured by experiment in relation to the test duration in hours, whereas
in Figure 34, the same comparison is shown, but provided for the moisture content in kgw/kgam of the
plate. In both these figures, the variation in values of + 5% from that predicted by the simulation model
are shown with dashed lines. That the model predicts the weight of the stucco plate over the course of the
test within this boundary suggests that the model is in reasonably good agreement with experimental
results and that the modeling assumptions were likewise correct. As such, the model was deemed
adequate to permit simulation of the moisture dissipation process for a stucco cladding conforming to the
NBC.
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3.0 Concluding Remarks

Task 3 of the project, as described in this report, concerns the benchmarking exercise, in which the
physics of phenomena being modelled and modeling assumptions are verified prior to undertaking
hygrothermal simulations of wall assemblies by comparing results of selected experimental tests to that
obtained from the model; the modelling assumptions would not be deemed adequate should significant
deviations from the experimental results be evident.

A description of the model and previous work undertaken to benchmark the model, are first provided and
thereafter the hygrothermal model was benchmarked against the response of three different sets of
experimental data to imposed laboratory test conditions, such conditions chosen to permit adequately
characterizing the components in respect to a specific physical phenomenon.

These components were:

e (Cavity air space behind cladding;
e Non-homogenous highly porous media (drainage components), and;

e Porous media (stucco plate).

Cavity air space — The cavity air space was characterised to permit estimating from results derived from
simulation for the air velocity and rate of air flow in the cavity as a function of pressure difference
between inlet and outlet to cavity. The rate of flow that occurs for a given cavity depth and pressure
difference across an inlet and outlet would determine the amount of moisture that could be drawn from
the cavity and thus help establish the moisture balance in the cavity and from this, the presence of
moisture in components of the wall assembly.

A comparison of test results to those derived from simulation showed that the majority of air velocity
measurements were within the margin of uncertainty associated with the results derived from simulation
for air velocity profiles obtained of cavities having depths of 10, 20 and 25 mm. Accordingly, the
simulation model was used to estimate the volumetric flow rate of the cavity as a function of pressure
differential across openings to the air space for different cavity depths.

Non-homogenous highly porous media (drainage components) — The non-homogenous highly porous
media (drainage components) placed in a cavity air space were characterised to permit resolving, from
simulation, the air flow in the cavity as a function of pressure difference. Given the many different types
of drainage components of interest to this project, it was necessary to determine whether the presence of a
drainage component significantly hindered or aided the flow of air in this air space.

An investigation was conducted to determine the air flow rates generated in the air cavity incorporating,
or not, a drainage component and the sensitivity of the air flow rates to variations in air permeability
coefficient (ka.) and pressure difference. A comparison was made between the measured volumetric air flow
rate (Q) and that predicted by simulation at different pressure differences. It was shown that the deviations
from experiment could be minimized provided the assumed value for x, is selected in relation to the
pressure difference acting along the length of the cavity incorporating the drainage media. Values for the
effective permeability coefficient, k. and corresponding values for the permeability factor, F, were
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provided in relation to the pressure difference across the drainage components; these values were used in
the simulation.

Porous media (stucco plate) — For the porous media (stucco plate), of interest was the moisture
dissipation from a stucco plate as a function of time drying in laboratory conditions. The laboratory test
consisted of submerging a stucco plate in water until saturation, and thereafter monitoring the moisture
dissipation over time by measuring weight changes of the plate as well as the temperature and humidity in
proximity to the plate. The plate was prepared to ensure unidirectional drying by applying an
impermeably membrane to the back side of the plate and by sealing the edges of the plate with wax. On
this basis, the rate of moisture dissipation from the stucco plate could be determined and plotted against
the results derived from simulation.

The model predicted the weight of the stucco plate over the course of the test within + 5% of actual,
suggesting that the model is in reasonably good agreement with experimental results and that the
modeling assumptions were likewise correct. As such, the model was deemed adequate to permit
simulation of the moisture dissipation process for a stucco cladding conforming to the NBC.

Conclusions — Having previously benchmarked the hygIRC-C model to several tests undertaken in field
and controlled laboratory conditions, as described above, as well as benchmarking the model against
experimental data related to airflow in a cavity space incorporating, or not, drainage components, and
experimental results from the drying of a stucco plate, as provided in the preceding sections, this model
was used with confidence in this project to predict the hygrothermal performance of different wall
assemblies having different drainage components when these walls were subjected to climatic conditions
as can be found across Canada.
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Appendix 2 — Cavity Air Velocity Measurements Compared to those Derived from Simulation
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Figure 35 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the inlet, middle and
outlet of the airspace at AP =15.0 Pa + 1.0 Pa
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Figure 36 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the inlet, middle and
outlet of the airspace at AP =20.0 Pa + 1.0 Pa
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Figure 37 — Comparison of velocity measurements for an airspace of 10 mm depth with test data at the inlet, middle and
outlet of the airspace at AP =25.0 Pa+ 1.0 Pa
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Figure 38 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the inlet, = middle
and outlet of the cavity at AP =3.9 Pa + 0.26 Pa
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Figure 39 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the inlet, middle and
outlet of the cavity at AP =5.2 Pa+ (.26 Pa
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Figure 40 — Comparison of velocity measurements for an airspace of 20 mm depth with test data at the inlet, middle and
outlet of the cavity at AP = 6.5 Pa + 0.26 Pa
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Figure 41 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the inlet, middle and
outlet of the airspace at AP =2.52 Pa + (.21 Pa
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Figure 42 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the inlet, middle and
outlet of the airspace at AP =3.63 Pa + (.21 Pa
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Figure 43 — Comparison of velocity measurements for an airspace of 25 mm depth with test data at the inlet, middle and

outlet of the airspace at AP =4.2 Pa+0.21 Pa



PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

Appendix 3 —Characterization of Air Permeability of
Non-homogenous and Highly Permeable Drainage Components

Dimpled HDPE® membrane; Client E

Dimpled Rain Screen Membrane with Bug Screen

Pressure Gradient, VP = AP/AL (Pa/m)

Dimpled Rain Screen Membrane with Bug Screen
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Q/A=u,=c(VP) Eq.(7)
k, =a(VPY Eq.(8)
K, =au’ Eq.(9)

Coefficients of Eq. (7), (8) and (9)

c n
Eq. (7)
0.0855 0.7450
a=p xc b=n-1
Eq. (8)
1.568E-06 -0.2550
(1/n)
a=p xc b=1-(1/n)
Eq. (9)
6.758E-07 -0.3422

Figure 44 — Characterization of air permeability of porous media (Dimpled HDPE membrane
Client E); (1) air velocity as a function of pressure gradient; (2) effective permeability as a function
of Air velocity; (3) effective permeability as a function of pressure gradient

3 HDPE - high density polyethylene
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TAsSK 3 — HYGROTHERMAL MODEL BENCHMARKING

Non-woven PP* fabric (stucco screen) bonded to PP mono-filament mesh;
Client G

Drainage Mat with Separation Fabric
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Figure 45 — Characterization of air permeability of porous media (Non-woven PP fabric bonded to
PP mono-filament mesh; Client G); (1) air velocity as a function of pressure gradient; (2) effective
permeability as a function of Air velocity; (3) Effective permeability as a function of pressure gradient

4 PP - polypropylene
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PERFORMANCE EVALUATION OF PROPRIETARY DRAINAGE COMPONENTS AND SHEATHING MEMBRANES

Open matrix Nylon mesh bonded to PP nhonwoven sheathing membrane; Client C

Ventilation Matting Bonded to SBPO Sheathing Membrane
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Figure 46 — Characterization of air permeability of porous media (Open matrix Nylon mesh bonded
to PP nonwoven sheathing membrane; Client C); (1) air velocity as a function of pressure gradient;
(2) effective permeability as a function of Air velocity; (3) effective permeability as a function of
pressure gradient
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