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ABSTRACT

Field monitoring of the dynamic heat transmission characteristics through Insulating Concrete Form (ICF) wall assemblies
was undertaken in 2009-2010 at National Research Council Canada’s Institute for Research in Construction’s (NRC-IRC) Field
Exposure of Walls Facility (FEWF). The main objective of this research is to evaluate the dynamic heat transmission charac-
teristics through two mid-scale ICF wall assemblies in FEWF for a one-year cycle of exposure to outdoor natural weathering
conditions. The scope of work included the design of the experiments, installation of test specimens, commissioning of the instru-
mentation, operation of the test facility, monitoring, and data collection & analysis. The present NRC-IRC'’s hygrothermal model,
called hygIRC-C, was used to interpret the readings of the instrumentations and to improve the experiment design by repositioning
these instrumentations at critical locations. Subsequently, the present model was benchmarked against the measured data. Results
showed that the predictions of the present model are in good agreement with experimental data. This research is on-going. Future
work will be presented in later publications where the present model will be used to conduct numerical simulations in order to

investigate the transient thermal response of full-scale ICF wall assemblies subjected to different Canadian climates.

INTRODUCTION AND BACKGROUND

Increasingly, home builders are turning toward a variety
of construction methods to improve thermal performance
while reducing the cost of construction. While Insulating
Concrete Form (ICF) technology dates back to the late 1960s
in Europe, ICF construction has only caught on in North
America for use in residential and commercial construction
over the last two decades (Hersh Servo AG 2010). Generally
modern ICFs consist of stackable formwork made of
expanded polystyrene foam, which is filled on site with
concrete, and then remains in place to provide permanent insu-
lation. ICF technology offers the potential to improve air tight-
ness and energy performance over the current practice of wood
frame construction. With the growing presence of ICF
construction in the market, it is important to gain an under-
standing of their actual performance in the field, and the role
played by the thermal mass of the concrete in regulating heat
losses.

A number of research projects have been performed on
the thermal performance and thermal mass to investigate the
potential of annual energy saving compared to traditional
light-weight construction. The benefit of thermal mass was
extensively investigated, especially at the Oak Ridge National
Laboratory (Burch et al. 1984a; Burch et al. 1984b; Burch et
al. 1984c; Christian 1991; Kosny et al. 1998; Kosny et al.
2001; Christian et al. 1998; Kossecka and Kosny 1998). Petrie
et al. (2001) conducted field investigation of two side-by-side
houses in Knoxville, Tennessee. The two houses were similar
except one house had Insulating Concrete Form (ICF) exterior
walls and the other house had conventional wood-framed exte-
rior walls. The results showed that the ICF house used 7.5%
less energy than the conventional house. This work has shown
that the principal benefit of thermal mass on thermal perfor-
mance is to dampen fluctuations in interior conditions during
significant fluctuations in outdoor conditions. Additionally,
Petrie et al. (2001) conducted numerical simulations using
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DOE2 software to investigate the effect of different climates of
six U.S. cities (Phoenix, Minneapolis, Dallas, Boulder, Knox-
ville, and Miami) on the energy consumption of both the ICF
and conventional wood-framed houses. The results of cooling,
heating, and total electricity usage showed that the thermal
mass had benefits for both cooling and heating. The ICF
houses used 5.5% to 8.5% less energy annually than the
conventional wood-framed houses. This range of saving
(5.5% to 8.5%) agreed with Kosny’s prediction of 4% to 10%
savings with ICF houses compared to conventional wood-
framed houses for 10 U.S. climates (Kosny et al. 2001).

In 1999, NAHB Research Centre tested three side-by-side
homes with floor area of 102 m? (1098 ft?) to compare the
energy performance of two ICF homes (one had an ICF plank
system and one had an ICF block system) versus a conven-
tional wood-framed home (2x4 wall stud framing, sheathed
with OSB, and insulated with fiberglass batt in the wall cavi-
ties) (NAHB 1999). The three homes were located on the same
street in Chestertown, Maryland. Also, the three homes had
identical orientation, window area, roof construction, foot-
print, ductwork, and air handler systems. The testing was
conducted over a one-year period beginning in April 1998.
Heating consumption composed of two periods, April 1, 1998
through June 1, 1998 and October 6, 1998 through March 16,
1999. Cooling consumption represented the period from June
1, 1998 through September 22, 1998. This study showed that
a 20% difference was noticed between ICF houses and the
conventional wood-frame house’s energy consumption. This
difference can be attributed primarily to the higher effective R-
value of the ICF walls and continuous insulation at the slab.
The insulation for the walls of the ICF homes is R-20 while the
wall insulation of the wood-framed home is R-13. The solid
wall surfaces for all three homes make up approximately 44%
of the total surface area of the homes (the remainder being
made up of the ceiling area, windows, and doors). A 50%
increase in the solid wall surface area resistance to conductive
heat loss (R-20 compared to R-13) represented significant
increased energy-efficiency. The foundation/slab details
showed the impact clearly on the wood-frame home and
demonstrated greater heat loss in February and greater heat
gain in August as evidenced by the wood-frame home’s more
pronounced and direct response to outdoor temperature
changes. Given the total area and the thermal conductivity of
materials involved, the foundation/insulation/slab detail of the
wood-frame home represented a significant source of heat loss
and gain not evidenced in the ICF homes.

In 2001, the Portland Cement Association conducted a
modeling study of the energy use of single-family houses with
various exterior walls using DOE 2.1 software (Gajda 2001).
This study presented two ICF options: (1) concrete sand-
wiched by two insulation layers, and (2) insulation sand-
wiched by two concrete layers. The study examined the
performance of eleven different types of exterior walls in 25
North American locations to determine the expected differ-
ences in energy use. In this study, the only differences for a

given location were the exterior wall type and the capacity of
the HVAC system. The results showed that houses with
concrete walls had lower heating and cooling costs than walls
with light construction, and contributed to additional savings
through a reduction in the required heating and cooling system
capacity.

In2006, a project was conducted by Enermodal Engineer-
ing Limited for Canada Mortgage and Housing Corporation
(CMHC) and the Ready Mix Concrete Associate of Ontario
(RMCAO) to study the performance of a seven-story insulat-
ing concrete form multi-residential building in Waterloo,
Canada (Hill and Monsour 2006). Temperatures through the
wall assembly were monitored at eight locations from Decem-
ber 1, 2005 to February 26, 2006. The project reported little
contribution of the concrete to the steady-state R-value.
During transient conditions, heat storage effects were
reported. While the concrete never supplied heat to the interior
during the winter monitoring period, the measured data
showed that concrete did temper heat loss to the exterior
during the periods of cold weather.

Recently, the National Research Council of Canada’s
Institute for Research in Construction (NRC-IRC) in collab-
oration with Canada Mortgage and Housing Corporation
(CMHC) and Natural Resources Canada (NRCan) proposed
evaluating the thermal response of two ICF wall assemblies in
NRC-I RC’s Field Exposure of Walls Facility (FEWF) for a
one-year cycle of exposure to outdoor natural weathering
conditions. The FEWF allows field monitoring of the thermal
response of side-by-side test wall specimens exposed to natu-
ral weathering on the exterior and exposed to controlled
indoor conditions.

This paper presents information generated from this proj-
ect in order to understand and quantify the effect of thermal
mass of the concrete in the ICF wall systems in Canadian cold
climate. The objective of this paper is to use the present NRC-
IRC’ hygrothermal model called “hygIRC-C” used to inter-
pret the readings of the instrumentations and to improve the
experiment design by selecting the appropriate locations of
instrumentation. Next, the present model is benchmarked by
comparing its prediction against the test results. After gaining
confidence in the simulation tool, it will be used to investigate
the effect of the thermal mass of the concrete and EPS on the
thermal response of the ICF assembly subjected to different
Canadian climate conditions.

The hygIRC-C model uses COMSOL Multiphysics
(COMSOL) as a solver. This model solves simultaneously the
highly nonlinear two-dimensional and three-dimensional
Heat, Air, and Moisture (HAM) equations. These equations
were discretized using the Finite Element Method (FEM).
This model has been used in several related studies (Elmahdy
et al. 2009; Saber et al. 2010a, 2010b; Saber and Swinton
2010). The three-dimensional version of this model was used
to conduct numerical simulations for different full-scale wall
assemblies with and without penetration to represent window
in order to predict the effective thermal resistance (R-value)
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with and without air leakage. These walls incorporated two
different types of insulation, specifically, spray polyurethane
foam and glass fiber. 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 (GHB) (Elmahdy et
al. 2009; Saber et al. 2010a). Recently, the two-dimensional
version of the present model was 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 in a
furred assembly with airspace next to the foil (Saber and Swin-
ton 2010). In this work (Elmahdy et al. 2009; Saber et al.
2010a; Saber and Swinton 2010), no moisture transport was
accounted for in predicting the thermal performance of differ-
ent types of walls.

In the case of accounting for moisture transport, the pres-
ent model was used to predict the drying rate of a number of
wall assemblies subjected to different exterior and interior
boundary conditions (Saber et al. 2010b). The results showed
that the overall agreements between the present model and the
hygIRC-2D model that was previously developed and bench-
marked at NRC-IRC (Maref et al. 2002) as well as the exper-
imental measurements were 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. Another step for benchmarking the present
model is to compare its predictions against field measure-
ments as opposed to controlled lab of the thermal response of
mid-scale ICF walls. As indicated earlier, these walls are being
tested and subjected to different exterior and interior condi-
tions. The descriptions of the wall specimens and experimen-
tal approach are briefly discussed in the next sections.

ICF WALL ASSEMBLIES AND INSTRUMENTATION

Two ICF wall test specimens were installed side-by-side
in the FEWF. The dimensions of the test specimens are shown
in Figure 1. For repeatability purposes, the two test specimens
were identical in order to provide an indication of the variabil-
ity of results under similar exposure conditions. Prior to
preparing the two ICF specimens, the present model was used
to determine the thickness of the thermal insulation needed
around and between the ICF specimens to minimize the ther-
mal interaction between the specimens and the rest of the
FEWF walls. The ICF wall is comprised of an external layer
of expanded polystyrene foam, EPS (nominal thickness of 2.5
in.), alayer of concrete (6 in. thick) and an interior layer of EPS
(2.5 in. thick). The ICF has plastic spanners to connect the
layers of EPS and reinforced with horizontal and vertical steel
bars prior to pouring the concrete. The specimens were
allowed to cure outdoors for 28 days before being lifted into
place by forklift on August 25, 2009. The ICF test specimens
were covered with a painted drywall on the interior. The exte-
rior of the ICFs was covered by a vinyl siding that is resistant
to rainwater ingress, as rain water ingress and its effects on

Buildings XI

heat transmission characteristics are not intended to be
included in the study.

In each wall specimen, four heat flux transducers were
installed at the center of the wall as shown in Figure 1 at the
following interfaces: (1) between the vinyl siding and the exte-
rior EPS foam layer, (2) on the face of the concrete behind the
exterior EPS foam layer, (3) on the face of the concrete behind
the interior EPS foam layer, and (4) between the drywall and
the interior EPS foam layer. At each of these interfaces, two
thermocouples were installed at each of the five instrumenta-
tion locations shown in Figure 1, for a total of 10 thermocou-
ples per interface. As a part of the test protocol, all heat flux
transducers used in the two ICF test specimens were calibrated
according to the ASTM C 1130-07 “Standard Practice for
Calibrating Thin Heat Flux Transducers”(2009). The uncer-
tainly of heat flux measurements was +5%. Also, the uncer-
tainty of thermocouples measurements was +0.1°C. More
details about the test protocol and results will be presented in
later publications.

GENERAL PARAMETERS AFFECTING THE
THERMAL RESPONSE OF WALL SYSTEMS

The thermal properties of the concrete layer of the ICF
wall assembly are listed in Table 1 (Hill and Monsour 2006).
Recently, the thermal conductivity and density of the type of
EPS layer that was used in the ICF wall were measured at the
NRC-IRC’s material characterization laboratory at different
temperatures. The test method used to measure the thermal
conductivity of EPS was ASTM C 518-04 (2007). The
measured thermal conductivity of EPS, A off (in W/(mK)), as
a function of temperature, 7 (in °C), that was used in the
numerical simulation is given as:

A= 1.062x107 T+ 0.0308 (1)

eff

The uncertainty of the measured thermal conductivity of
EPS was +1.5%. The measured density of EPS was 22.7 kg/
m? (uncertainty =+0.6 kg/m?). Also, the thermal properties of
glass fiber with a thickness of 140 mm that can fill the stud
cavities of a 2 in. x 6 in. wood frame construction are listed in
Table 1 as areference just for a purpose of explaining the effect
of material properties on the transient response of wall
systems.

There are four main parameters that affect the thermal
response of a wall system. These parameters are:

1. Volumetric heat capacity, sometimes called thermal
mass. This is a measure of the ability of the material to
store thermal energy. In the case of the ICF wall, the
concrete has the ability to store energy of 75 times that for
EPS. Furthermore, the ICF wall has the ability to store
thermal energy of ~ 200 times that for glass fiber.

2. Thermal diffusivity, o = A et/ (PCP) - This is the ability
of the material to conduct thermal energy relative to its
ability to store thermal energy. The material with low
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thermal diffusivity responds slower to changes in the
thermal environment compared to that with high thermal
diffusivity. As shown in Table 1, the EPS and glass fibre
respond to the thermal changes 3 times and 6 times,
respectively, faster than the concrete.

Thermal resistance (R-value). It is a measure of the mate-
rial ability to resist the heat flow. As shown in Table 1,
both the ICF components and the glass fiber in reference
wall have approximately the same R-value (R-20). Unlike
the ICF wall, the reference wall with glass fiber has ther-
mal bridges through the wood/steel studs. In a recent study

Figure 1 Schematic of ICF wall specimens showing the instrumentation (heat flux transducers, HE, and thermocouples, TC)
and three-dimensional representation of half of ICF wall.

at NRC-IRC (Elmahdy et al. 2009 and Saber et al. 2010a),
the measured R-value in the NRC-IRC’ Guarded Hot Box
(GHB) for a full-scale glass fiber wall assembly (2.4 m x
2.4 m) and 2 in. x 6 in. wood studs at 16 in. o/c with an
OSB sheathing board and drywall was 3.25 W/m?K (R-
18.5). By including the thermal resistance of the drywall
in an ICF wall assembly, the total resistance can be 4.01
m?K/W (R-22.8). Therefore, the effective R-value of an
ICF wall assembly is greater than that for a 2 in. x 6 in.
wood stud frame construction with glass fiber. Note that
for the ICF wall, the thermal resistance of the concrete is
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Table 1. Dimension and thermal properties of the ICF components and glass fibre
Properties Concrete EPS? Glass Fibre (Reference)
Thickness, & , mm (inch) 152.4 (6 in.) 63.5(2.5in.) 140 (5.5 in.)
Thermal Conductivity, 1., (W/(m'K)) 1.4 0.0332 0.039
Density, p (kg/m®) 2,350 22.7 11.5
Specific Heat, Cp (J/(kg'K)) 880 1,210 (ASHRAE 2009) 840
Volumetric Heat Capacity, pCp (kJ/(m>-K)) 2,068 27.47 9.66
Thermal Diffusivity, & = &,/ (pCp) (m%/s) 6.77x 1077 121x10° 4.04x10°
Characteristic Time Constant, t = 82/a. (hr) 9.53 0.93 1.35
Thermal Resistance, RSI = 8/7»61]- (m*K/W) 0.109 1.913 3.590
Total Thermal Resistance, R (ft? hr °F/Btu) 22.3¢ 20.4°

2 Properties at 23°C
Y Value does not include the effect of thermal bridging due to 2 in. x 6 in. studs
¢ Value does not include the effect of thermal bridging due to the plastic spanners

much lower than the EPS. As such, the main contribution
of the concrete in the ICF walls to thermal performance is
to provide thermal mass and ability to store thermal
energy.

4. Characteristic time constant, t, is another parameter that
affects the transient response of a wall system. It is
definedas t = Lg/ o, where L, is the characteristic heat
penetration length, which is equal to the thickness of
material layer, 8. The characteristic time constant is a
measure of the time that a material layer takes to complete
63.2% of the transient portion of its response due to a
change in its thermal environment (63.2% response
corresponds to 38.2% deviation from a steady-state
condition, Rabin and Rittel 1999). As shown in Table 1,
the characteristic time constant of a 6 in. thick concrete
(9.53 h) is much larger than that for the 2.5 in. thick EPS
(0.93 h). As such, the exterior and interior EPS layers
respond quickly to the changes in the indoor and outdoor
conditions. On the other hand, the concrete layer
responds slowly to changes of thermal environment
resulting in a small change in its temperature as will be
shown later. For the glass fiber insulation, however, the
characteristic time constant (1.35 h) is much smaller than
that for concrete. Accordingly, the ICF wall responds
slowly to the changes in thermal environment compared
to the glass fiber wall.

In the next section, the governing equations and the initial
and boundary conditions needed to predict the transient ther-
mal response of wall systems are discussed.

GOVERNING EQUATIONS

The governing equations needed to assess only the ther-
mal performance (no moisture transport) of wall systems are
presented. The mass balance and momentum equations for
airflow through porous medium are given as (Bird et al. 1960):
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Mass balance: aEf =-Ve pﬁ»f

k
Darcy’s Law: ¥, = —;f(VP -p2) )
A ‘

where P is the air pressure,  is vector of acceleration due to
gravity, ‘9’./“ is Darcy velocity vector of the air, p, is air density,
¢ is material porosity, k, is air permeability, and p, is air
dynamic viscosity.

The energy equation in porous media is given as (Saber et
al. 2010a and 2010b):

oT > "
paneffa_t + prprf. VI =Ve (kejfv T) * dgourcessink »
with Aegr = ehpt (1 =€)k

and Cpoy = Cpy+eCpfp,/p,) 3)

where Cpy and Cp, are the specific heat of the fluid and solid,
respectively, and A and A, are the thermal conductivity of the
fluid, and solid, respectively. The parameters p,, A off and
Cpeosr in Equation 3 are the matrix density, apparent thermal
conductivity and apparent specific heat, respectively, for a
porous material. In Equation 3, the term ¢, .. Tepresents
the heat source/sink (e.g., due to condensation/evaporation),
which is neglected since no moisture transport was considered
in this work. In this equation, the first term on the LHS repre-
sents the rate of accumulation in the thermal energy. The first
term on the RHS accounts for heat transport by conduction
and the second term on LHS accounts for heat transport by
convection. In this study, it is assumed that there is no defi-
ciency in the ICF wall specimen (e.g., no cracks). Further-
more, since both the air permeability of the EPS layers and the
pressure difference across the wall are very small, the air leak-
age through the ICF wall specimen can be neglected. As such,
the contribution in heat transfer by convection (second term
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Figure 2 Measured temperatures at vinyl siding—exterior EPS and drywall—interior EPS interfaces.

on LHS of Equation 3) is zero; hence, there is no need to solve
Equation 2.

Initial and Boundary Conditions

Figure 1 shows the mid-scale ICF wall specimens. Due to
the symmetry, only one half of one ICF wall was modeled. The
three-dimensional version of the present model was used in this
study in order to account for the effect of thermal bridges due
to wood frame around the ICF wall specimens. In a full-scale
(2.4 m x 2.4 m) ICF wall system (no wood frame), however, the
transient thermal response of this wall can be predicted using
a one-dimensional thermal model. The initial temperature of
the entire wall assembly was assumed uniform and equal to
10°C. Since this initial temperature is not the same as in the test,
it is anticipated that the predicted dynamic response of the ICF
wall in the first period of the test (say first 2448 h) will be
different than that obtained in the test.

The boundary conditions on the top, bottom, left, and
right surfaces of the ICF wall are insulated and sealed (i.e., no
heat transfer). In the test, the temperatures and heat fluxes
were measured at different locations in the ICF wall specimens
but were not measured on the exterior surface of the vinyl
siding and on the indoor surface of the drywall. The temper-
ature measurements were taken between the vinyl siding and
the exterior EPS layer, on the face of the concrete behind the
exterior EPS layer, on the face of the concrete behind the inte-
rior EPS layer, and between the drywall and the interior EPS
layer. The measured temperatures at the vinyl siding—exte-
rior EPS interface and at the drywall—interior EPS interface
were taken as time-dependent boundary conditions for solving
the energy equation (Equation 3). These measured tempera-

tures are shown in Figure 2 where Time = 0 corresponds to
October 13 at ~15:00. As shown in this figure, these measure-
ments were missing during a period of five days (7ime = 74.33
d—79.38 d). In numerical simulation, it was assumed that these
temperatures changed linearly between Time = 74.33 d and
Time =79.38 d.

By considering the boundary conditions at vinyl siding—
exterior EPS and drywall—interior EPS interfaces, there is no
need to include both vinyl siding and drywall in the numerical
simulations. In future work, however, numerical simulations
will be conducted to investigate the transient response (includ-
ing the effect of infiltration and exfiltration) of full-scale ICF
wall assemblies subjected to different Canadian climates. The
numerical simulation was conducted for a period of 161.66 d.
The benchmarking of the present model against the experi-
mental data and the transient response of the ICF wall are
discussed next.

RESULTS AND DISCUSSION

Figure 3 shows the temperature contours in five vertical
and horizontal slices passing through the ICF wall at the end
of simulation (7ime = 161.66 d). The first four vertical slices
are passing through the ICF and the last vertical slice is passing
through the wood frame on RHS of the ICF (Figure 3a).
Figure 3 shows that the temperature distribution within the
concrete layer is approximately uniform. Also, as shown in
this figure, the wood frame in the mid-scale ICF assembly (see
Figure 1) acts as thermal bridges due to its higher thermal
conductivity (0.09 W/mK) compared to EPS (0.033 W/mK).
A three-dimensional thermal model is needed to predict the
thermal performance of wall systems with window and door

Buildings XI



Figure 3 Predicted temperature contours at the end of simulation (Time = 161.66 d).

openings, corners, and structural joints with roofs, floors, ceil-
ings, and other walls, where the effect of thermal bridges
cannot be neglected. Simplifying the problem to one dimen-
sion can lead to errors in determining the energy efficiency of
building envelope. However, for a clear/opaque ICF wall
system (uninterrupted by wall details), the effect of these ther-
mal bridges will be minimal, and the thermal performance can
be accurately predicted by a one-dimensional thermal model.

During the first three months of the experiment, two heat
flux transducers were positioned at the EPS-concrete inter-
faces. This proved a complex task due to the grooves in the
interior side of the foam. To provide a flat surface for the heat
flux transducers so that the measured heat flux component is
perpendicular to the surface, a section of foam was removed
prior to pouring the concrete. The grooves in the removed
section of the EPS were filled in with wet concrete and cured
before the foam section was put back into position (see Figure
4a). By doing this, the heat flux transducer was neither
exposed to a uniform material nor in good contact with the
material, but rather alternating lines of foam and concrete on
the heat flux transducer surface (forming fins from both foam
and concrete materials) with trapped air voids. The combined
effect of both the fins (specifically the concrete ones since it
has high thermal conductivity, 1.4 W/mK, compared to EPS,
0.033 W/mK, see Table 1) with the trapped air voids (thermal
conductivity = 0.025 W/mK), called “fins effect” could result
in different heat flux readings than the actual heat flux passing
through the ICF assembly if the removed section of the foam
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shown in Figure 4a is in good contact with the surface of
concrete.

When the measured heat fluxes were used to calculate the
R-value of the ICF assembly during the periods of minimal
change in the thermal environment (at pseudo steady-state
conditions), it was found that the calculated R-value was R-14,
which was much lower than the expected one (R~20). At this
stage, it was decided to use the present model to interpret the
results of the heat flux measurements and to improve the
experiment design by repositioning the heat flux transducers
at different locations in the EPS layers.

Figure 5 shows the predicted heat flux at different loca-
tions in the interior EPS layer at the wall center. As indicated
earlier, 7ime = 0 corresponds to October 13th at ~15:00. As
shown in this figure, the differences between the predicted
heat fluxes at drywall—interior EPS interface, at the middle of
the interior EPS, and at the interior EPS—concrete interfaces
are small. The small differences between these heat fluxes are
due to the small thermal mass of the EPS layer (see Table 1).
Furthermore, when the predicted heat flux was used to calcu-
late the R-value during the periods of pseudo steady-state
conditions, the obtained R-value was approximately the same
as expected for the ICF wall (R ~ 20).

During the first three months of the experiment (October 13
to January 14), the predicted heat flux at the middle of the inte-
rior EPS layer was compared with the measured heat flux at the
interior EPS—concrete interface at the center of wall in Figure
6. As shown in this figure, the trends of both the measured and
predicted heat fluxes with time are approximately the same.



(a) Removed section of EPS foam for heat flux transducer installation

Figure 4 Installation of heat flux transducer in the ICF test specimen.
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Figure 5 Predicted heat flux at different locations in the interior EPS layer at the center of the wall.
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Figure 6 Comparison of predicted and measured heat fluxes in the interior EPS layer at the center of the wall.
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Figure 7 Comparison between the measured and predicted heat fluxes at the middle of the interior EPS after repositioning

the heat flux transducer (January 14).

However, the measured heat flux was ~30% higher than the
predicted one due to the fin effect as indicated earlier. Conse-
quently, it was decided to expose the heat flux transducers that
were installed at the exterior EPS—concrete interface and at the
interior EPS—concrete interface to a uniform material by repo-
sitioning them between two blocks of foam (approximately at
the middle of the EPS layers as shown in Figure 4b). By doing
this, it was possible to expose the heat flux transducers to
uniform material and to ensure that these heat flux transducers
were in a good contact with the EPS material and with homog-
enous material. Full descriptions of the instrumentation of the
experiment and test results will be reported at a later date. There-
after, the predicted results using the present model were
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compared with the measurements. During the last period of the
experiment (January 14 to March 24, after repositioning the heat
flux transducers), Figure 6 shows a comparison between the
predicted and measured heat fluxes at the middle of the interior
EPS layer. During this period, a quantitative statistical measure
of the agreement between the predicted and measured heat
fluxes at the middle of the interior EPS layer is also shown in
Figure 7. As shown in Figure 6 and Figure 7, the agreement
between the model prediction and experiment is reasonably
good (within ~+10%). Furthermore, the mean bias error and
root-mean-square error between the model prediction and
experiment were 0.235 W/m? and 0.347 W/m?, respectively.



In the exterior EPS layer, Figure 8 shows a comparison
between the predicted heat fluxes at the concrete—EPS inter-
face, at the middle of the EPS and at the EPS—vinyl siding
interface at the center of wall. As shown in this figure, the differ-
ences between the predicted heat fluxes at different locations are
very small. Given that the EPS has a small thermal mass (see
Table 1) and the temperature at vinyl siding—EPS interface
changes significantly with time (see Figure 2), the exterior EPS
layer has a fast thermal response. As such, the predicted heat
fluxes in the exterior EPS layer change significantly with time
(Figure 8).

During the first period of the experiment from October 13
(day 0) to January 29 (day 108), the predicted heat flux at the
middle of the exterior EPS layer is compared with measured
one at the concrete — EPS interface in Figure 9 at the center of
wall. Similar to the case of interior EPS layer, the measured
heat flux was ~30% higher than the predicted one (e.g., see
Figure 10 for a period of two weeks from day 56 to day 70).
On January 29 (day 108), the heat flux transducer at the
concrete—exterior EPS interface was repositioned at the
middle of the exterior EPS (Figure 4b). During the last period
of'the test (January 29 to March 24), Figure 9 shows a compar-
ison between the measured heat flux at the middle of exterior
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Figure 8 Predicted heat flux at different locations in the exterior EPS layer at the center of wall.
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Figure 9  Comparison of predicted and measured heat fluxes in the exterior EPS layer at the center of the wall.
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EPS with the predicted one. During this period, Figure 11
shows a quantitative statistical measure of the agreement
between the predicted and measured heat fluxes at the middle
of the exterior EPS layer. The mean bias error and root-mean-
square error between the model prediction and experiment
were 0.126 W/m? and 0.630 W/m?, respectively. Figure 9 and
Figure 11 show the agreement between the model prediction
and experiment is reasonably good (within ~+10%).

A final step for benchmarking the present model was
conducted by comparing its prediction for the heat flux at the
vinyl siding—exterior EPS interface with the measured one at
the center of wall. This comparison is shown in Figure 12.

20 L B B LA N

Despite the large scatter in measured heat flux at the vinyl
siding—EPS interface during the last period of the test, Figure
12 shows that both predicted and measured heat fluxes are in
good agreement.

SUMMARY AND CONCLUSION

This paper is one of a series to benchmark the NRC-IRC’s
hygrothermal model, called hygIRC-C. This model solves
simultaneously the two-dimensional and three-dimensional
Heat, Air, and Moisture (HAM) transport equations. However,
no moisture transport was considered in this study. During the
first period of the test, the readings of the heat flux transducers

I —--—— Measured at Middle of EPS
Predicted at Middle of EPS

o o

Heat Flux in Exterior EPS Layer (W/mz)
(5]

——— Measured at EPS - Concrete Interface |

0
56

Time (day)

Figure 10 Enlargement of Figure 9 for a period of 2 weeks (time = 56 d — time = 70 d).
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Figure 11 Comparison between the measured and predicted heat fluxes at the middle of the exterior EPS after repositioning

the heat flux transducer (January 29).

Buildings XI

11



that were positioned at the EPS-concrete interfaces were used
to determine the R-value of the ICF test specimens. It was
found that the calculated R-value during the periods of pseudo
steady-state conditions (i.e., during the periods of minimal
change in the thermal environment) was much lower than the
expected R-value. The present model was then used to inter-
pret the results of the heat flux measurements and to improve
the experiment design by repositioning the heat flux transduc-
ers at different locations in the EPS layers. As a result of the
small thermal mass of the EPS, the numerical results showed
that the differences between predicted heat fluxes at different
locations in each EPS layer were small. As such, it was
decided to reposition these heat flux transducers at the middle
of the EPS layers. Thereafter, the numerical results were
compared with the measurements. The results showed that the
comparison between the present model predictions and exper-
imental data was reasonably good (within ~+10%). This
research is on-going. The present model will be used to
conduct numerical simulations in order to investigate the tran-
sient thermal response of full-scale ICF wall assemblies
subjected to different Canadian climate conditions. The
results of this effort will be the subject for future publications.
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