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ABSTRACT

This paper describes the benchmarking exercise for the present hygrothermal model called
“hygIRC-C” against the hygIRC-2D model that was previously developed at NRC-IRC and test
results of laboratory measurements of drying of four full-scale wall assemblies. The wall
assemblies were representative of the North American wood frame construction. These walls
were subjected to different exterior and interior conditions and varying initial moisture content of
OSB sheathing board components. The present hygrothermal model was recently developed at
NRC-IRC. This model solves the highly nonlinear and coupled Heat, Air and Moisture (HAM)
transport equations. The results showed that the overall agreements between the present model
and the hygIRC-2D model as well as the experimental measurements were reasonably good in
terms of the shapes of the drying and drying rate curves. Additionally, 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.

1. INTRODUCTION

The hygrothermal response of a building envelope system is directly affected by the exterior and
interior conditions that exist on either side of the envelope, and likewise the hygrothermal
properties of the components of which the envelope is comprised. Pertinent information on the
benchmarking of hygrothermal models that assess the performance of wall assemblies was
obtained through laboratory measurements. Generally, the task of validating hygrothermal
models is both difficult and time-consuming without appropriate tools from which, at least, an
overall assessment of the degree to which the models reproduce the experimental results can
rapidly be ascertained.

The work carried out during the IEA Annex 24 [1] focused on using inter-model comparison as
one of three possible means identified to provide validation of numerical models; the other two
being analytical and empirical verifications. The analytical verification was recognised as being
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useful for testing algorithms. The empirical verification was only tried for limited applications.
Because of the difficulties in obtaining detailed experimental data, verifications were restricted
to summing up mass quantities such as total moisture content and amounts of condensed
moisture, and thermal values such as heat fluxes and total energy flow. It was however
suggested that more rigorous validation through well-controlled experimentation should form the
basis for future work in this area.

Maref et al. [2, 3, 4, 5 and 6] reported their mid-scale and full-scale experimental work that helped
to benchmark the hygIRC-2D model, which was previously developed at NRC-IRC. Good overall
agreement was achieved between experimental and simulated results using hygIRC-2D in terms
of the shape of the drying curve and the time taken to reach equilibrium moisture content. It was
to this end that a weighing system was conceived that would measure changes in the total weight
of a given wall specimen over a test period. This unique system allowed continuous monitoring of
drying of the various wall samples [7].

The 3D version of the present model, hygIRC-C, was used to conduct numerical simulations for
different full-scale wall assemblies with and without penetration in order to predict the effective
thermal resistance (R-value) with and without air leakage [10 and 11]. These walls incorporated
two different types of insulation, specifically, spray polyurethane foam and glass fibre. The
predicted R-values for these walls were in good agreement (within + 5%) with the measured R-
values in NRC-IRC’s guarded hot box test facility. Recently, the 2D version of the present
model was also used to conduct numerical simulations in order to investigate the effect of the
emissivity of foil on the effective thermal resistance of a foundation wall system with foil
bonded to expanded polystyrene foam (XPS) in a furred assembly with airspace next to the foil
[12]. In this work [10, 11, and 12], no moisture transport was accounted for in predicting the
thermal performance of different types of walls. In this paper, however, the present model
accounts for moisture transport to predict the drying and drying rate of different wall assemblies
subjected to different exterior and interior boundary conditions.

The objective of this work is to benchmark the 2D version of the present hygrothermal model
against laboratory measurements of the drying of the four full-scale wall assemblies. These
walls were subjected to different exterior and interior conditions and varying initial moisture
content of the OSB sheathing board components. The experimental results were derived from a
precision weighing system for four full-scale wall specimens. The weight data was used to
derive the weight loss with time in wood sheathing affixed to a wood-frame wall assembly when
exposed to different laboratory conditions.

Experimental Approach & Wall Assemblies

A series of experiments were conducted to gather data on the hygrothermal behaviour of full-
scale wood-frame wall assemblies and components when subjected to time dependent exterior
and interior conditions such that the results could be used to evaluate the expected performance
and predictive capabilities of the present model. The drying of the four full-scale specimens
(2.44 m x 2.44 m) was monitored with time. The tests were conducted in different laboratory
conditions over a period of time sufficiently long as to permit quantifying gravimetrically, the
change, and rate of change, in the total moisture content of critical wall assembly components.
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Figure 1 - Schematics of the wall specimens
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The full-scale tests were carried out in a series of steps, each step comprised of evaluating the
hygrothermal response of a full-scale specimen to specified laboratory conditions. The full
descriptions of these steps are available in [2, 3, 4, 5, 6, and 7]. Figure 1 shows the various
components of the four full-scale wall specimens that were tested and subjected to different
exterior and interior conditions. In all wall specimens, the OSB layer was de-coupled from the
wall assemblies by coating the wood frame with an impermeable lacquer. Different types of
sheathing membranes were installed in all wall specimens except in set-1 in which no membrane
was used. All wall specimens used a standard 38 mm by 89 mm wood stud frame construction,
made of spruce, and spaced at 406 mm o/c in 2.44 m by 2.44 m full-scale wall specimens. The
stud cavities were filled with glass fibre. As shown in Figure 1, a 6 mil polyethylene membrane
was installed on the “interior” side of the assembly (laboratory conditions) in all wall specimens.
Gypsum board was installed only in set-4.

2. GOVERNING EQUATIONS

The present model, hygIRC-C, simultaneously solves the highly coupled 2D and 3D Heat, Air,
and Moisture (HAM) transport equations in porous media and non-porous media using
COMSOL as a solver. In the case of an airspace and drainage cavity, the air transport equation
utilized is the Navier-Stokes equation for compressible flow, and the moisture equation is the
binary diffusion equation of vapour in air. Additionally, the present model accounts for surface-
to-surface radiation (e.g. see [12]). Since there is no airspace or drainage cavity in the wall
assemblies shown in Figure 1, only the HAM equations for porous media were solved
simultaneously; these are given below.

Air Transport
The mass balance and momentum equations of air in a porous media are respectively given as

[13]:

P,

80 at :_(V.(pa‘_}a))’ and (1)
Darcy'slaw : v, = — K (VPa —pag). (2)
H,

Heat Transport
The energy balance equation in a porous media is:

p.CPs %+ (Cp,p.7, e VT)=V o(1,VT)+ h,(T) (Ve 5, VP, -V e p3,)

Heat convection Heat conduction Heat source/sink due to evaporation/condensation

aM}ice (3)
ot

%K—J
Heat source/sink due
to freezing/thawing

Since the outdoor temperature in all tests was above freezing, the last term on the RHS of Eq. (3)
was neglected.

Storage

+ h, (T)
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Moisture Transport
The mass conservation of moisture in a porous media is given as:

_(5P + flgjvpv +klpl§+pvva
8W v,sat
E:_v. , 4)
¢ D/§ 12 P
— 225 n(g) - —5, | VT
[ 7| (@) i) %7

The hygrothermal properties of all materials used in the four full-scale wall specimens were
obtained from the NRC-IRC’s material properties database.

Initial and Boundary Conditions

All wall specimens were pre-conditioned to ensure that the OSB component in each wall was
brought to elevated moisture content. The pre-conditioning consisted of two phases:

(i) Immersion phase where the OSB of the wall specimens were immersed for a period of three
days to allow the OSB components to reach an elevated level of moisture content.

(i1) Stabilisation phase which took place for a period of two days following the three days of
immersion to ensure that the moisture content throughout the OSB components reached
equilibrium (see [8 and 8] for more details).

The initial moisture content of the OSB components of the four wall specimens were 50.7
kgw/kga % (set-1), 51.5 kgw/kga % (set-2), 70.1 kgw/kga % (set-3) and 36.5 kgy/kgq % (set-4). In
the numerical simulations, these values were used as initial conditions. Also, it was assumed that
the initial moisture contents were uniform within the thickness of the OSB components.

The boundary conditions on the edges of all wall specimens were sealed (i.e. no mass transport)
and adiabatic (i.e. no heat transport). In order to validate the capability of the hygrothermal
model to manage time-dependent boundary conditions, the outdoor boundary conditions during
the experiments were imposed by subjecting the “outdoor” portion of the wall to different
temperature and relative humidity conditions, which were achieved using the NRC-IRC’s
Environmental Exposure Envelope Facility (EEEF) over the test period [6]. For indoor boundary
conditions, however, temperature and relative humidity were obtained using combined sensors,
data acquisition and recording devices.

3. RESULTS AND DISCUSSIONS

This section presents the experimental results and those obtained from the numerical
simulations for the four full-scale wall assemblies shown in Figure 1. In all numerical
simulations, it was assumed that all material components of each wall specimen were in perfect
contact. Also as indicated earlier, the initial moisture contents were assumed to be uniform
within the thickness of the OSB components although the present model is capable of handling
the initial moisture content as a function of position.
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Figure 2 - Drying and drying rate curves of the OSB in wall assembly of set-1
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Wall specimen of Set-1

No sheathing membrane was used in the wall specimen of set-1. The initial moisture content of
the OSB was 51.7 kgw/kgq %. This test was conducted over a period of 820 hr (~34 days).
Figure 2a and Figure 2b show a comparison between the measured drying and drying rate curves
of the OSB and those obtained using hygIRC-2D model [8, 8] and the present model (hygIRC-
C). As shown in these figures, both models are in good agreement with the results derived from
experiment for drying and drying rate.

During the first period of the test and because the outdoor relative humidity was low, the vapour
pressure in the OSB was much greater than the outdoor vapour pressure resulting in a high
drying rate as shown in Figure 2b. After that, the moisture content in the outermost layer of the
OSB decreased. As such, the vapour pressure in this layer likewise decreased resulting in a
significant decrease in the drying rate with time. For example, the drying rate decreased from
0.22 to 0.05 (kgw/kgq)/hr % as the time increased from 16 to 192 hr. At a time in excess of ~192
hr, the drying rate slowly decreased with time. At the end of the test and simulation period (820
hr), the drying rate of the OSB was in proximity to zero (~0.01 (kgw/kga)/hr %), suggesting that
the equilibrium moisture content of the OSB was not reached at the end of the test period. At
this time, the total measured moisture content in the OSB layer was 16.1 kgy/kgq % compared to
14.9 kgu/kgs % and 16.7 kgy/kgq % obtained using hygIRC-2D model and the present model,
respectively.

Comparisons between the predicted drying curves for the four full-scale wall assemblies derived
using the hygIRC-2D model and those measured experimentally were conducted by Maref et al.
[8 and 8]. It was shown that the predictions of hygIRC-2D model were in good agreement with
the results derived from experiments (see [8] and [8] for more details). The next subsections
focus on the detailed comparisons between the predictions of the present model and the test
results of the wall specimens of set-2, set-3 and set-4.

Wall specimen of Set-2

In the wall specimen of set-2, a spun-bonded polyolefin sheathing membrane was installed on
the outer surface of the OSB. The OSB had an initial moisture content of 51.5 kgy/kgq %. The
test was conducted for a period of 384 hr (16 days). The results of the drying and drying rate
curves of the OSB predicted using the present model as compared with the measured ones are
given in Figure 3a and Figure 3b.

As was evident for set-1, the drying rate was high at the beginning of the test, and decreased
significantly with time up to ~96 hr. At a time in excess ~96 hr, the drying rate slowly decreased
with time (Figure 3b). As shown in Figure 3a, the maximum deviation between the measured
and predicted moisture content in the OSB occurred at the end of the simulation period. At this
time (384 hr), the measured moisture content in the OSB (35.1 kgy/kgq %) was 12.5% higher
than the predicted moisture content (31.2 kg,/kgq %).
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Figure 3 - Drying rate curves of the OSB in wall assembly of set-2
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Wall specimen of Set-3

The OSB of the wall specimen of set-3 was covered by an asphalt impregnated building paper
(60-min). The OSB had an initial moisture content of 70.1 kg, /kgq %. The drying test of this set
was conducted over a period of 687 hr (~29 days). Figure 4a and Figure 4b provide a
comparison of the predicted and measured drying and drying rate curves. As shown in Figure
4a, the measured total moisture content in the OSB decreased smoothly with time in the period
from O to 288 hr. A sharp decrease in the moisture content occurred at time equal to 289 hr. At
the time before and after the sharp decrease in moisture content (period from ~260 hr to ~410
hr), both outdoor temperature and relative humidity varied slightly with time. Accordingly, it
was concluded that the sharp decrease in the measured moisture content at 289 hr was not due to
outdoor conditions. However, we believe that this sharp decrease in moisture content was in fact
due to a mechanical problem in the weighing system.

During the last period of the test (289 to 687 hrs), the bottom right corner of the wall assembly of
set-3 was found to be touching the supporting frame of the weighing system. As such, the data
acquisition unit was not recording the total weight of the wall specimen. A full description of
this system and its functionality is available in [7].

Before the occurrence of a sharp decrease in the measured moisture content of the OSB (period
from O — 288 hr), the predicted drying and drying rate curves were in good agreement with the
measured ones (see Figure 4a and Figure 4b). At the end of this period (288 hr), the predicted
moisture content in the OSB (43.3 kgw/kgq %) was ~3% lower than the measured one (44.6
kgw/kgq %). The outdoor and indoor boundary conditions of this wall specimen were also used
to predict the drying and drying rate curves of the OSB during the period at which there was a
mechanical problem in the weighting system. The predicted results are shown in Figure 4a and
Figure 4b. Before conducting the drying test for the wall assembly of set-4, the problem in the
mechanical weighing system was fixed and the system was recalibrated. The results of this test
are provided next.

Wall specimen of Set-4

Unlike the other wall specimens, gypsum board was installed in the wall specimen of set-4.
Also, a sheathing membrane made of asphalt impregnated building paper (60-min) was installed
on the outer surface of the OSB. Initially, the moisture content in the OSB was 36.5 kgy/kgq %.
The test was conducted for a period of 600 hr (25 days). Figure 5a and Figure 5b provide
information on the measured drying and drying rate curves of the OSB as compared with
predicted ones. As shown in these figures, the predicted drying and drying curves were in good
agreement with measurements. The maximum deviation between the measured and predicted
moisture content in the OSB occurred at the end of the simulation period (600 hr). At this time
(600 hr), the measured moisture content in the OSB (27.5 kgu/kgq %) was ~10% higher than the
predicted moisture content (24.9 kgy/kgq %). Similar to the other wall specimens, Figure 5b
shows that the drying rate was high at the beginning of the test. It decreased significantly with
time up to ~96 hr, and then slowly decreased at a time greater than ~96 hr.

Finally, the average moisture content in the OSB layer over the period of the test for each wall
assembly was calculated from the predicted moisture content using the present model and those
derived from the experiment. These results are shown in Figure 6. As shown in this figure, the
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predicted average moisture content of the different wall assemblies were in good agreement with
those measured (within ~+5%),).
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Figure 5 - Drying rate curves of the OSB in wall assembly of set-4
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4. SUMMARY

The 2D version of the present model, hyglRC-C, was benchmarked against laboratory
measurements of drying of four full-scale wall assemblies and hygIRC-2D model that was
previously developed at NRC-IRC. This model solves simultaneously the highly nonlinear Heat,
Air and Moisture (HAM) equations. The full-scale wall assemblies were representative of North
American wood frame construction. These walls were subjected to time dependent outdoor and
indoor conditions and varying initial moisture content of the OSB sheathing board components.
The experimental results were derived from a precision weighing system for the full-scale wall
assemblies. The results showed that the overall agreement between the present model and that of
the experimental measurements as well as that predicted using the hygIRC-2D model were
reasonably good in terms of the shapes of the drying and drying rate curves. Additionally, the
predicted average moisture content of the different wall assemblies over the test periods were in
good agreement with the measured ones (within +5%).
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6. NOMENCLATURES

Cp effective specific heat (J/(kg.K)
liquid diffusivity (m?%/s)

flw)

vector of gravitational acceleration (mz/s)
latent heat of evaporation (J/kg)

latent heat of fusion (J/kg)

water liquid permeability (s)

pressure (Pa)

gas constant of water vapour (J/(kg.K))

velocity vector (m/s)
temperature (K)

time (s)

moisture content (kg/m3)

LapES Rk‘ oQl

T U N XY

Greek Symbols
porosity of porous material

. vapour permeability (s)
relative humidity ratio
density (kg/m3)
dynamic viscosity (Pa.s)
. air permeability (m?)

84
o
¢
Yo
7]
K
& specific moisture capacity (kg/m’).
A

, effective thermal conductivity (W/(m.K)
Subscripts

a air

eff effective

[ water liquid

o solid matrix

v water vapour
sat saturation
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