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W. Maref', H. ElImahdy, M.C. Swintorf, and F. Tarikd

Assessment of Energy Rating of Polyurethane Spray Foam Walls:
Procedure and Interim Results

ABSTRACT: The application of polyurethane spray foam (SPF) insulation in bg#dpmovides a durable and efficient
thermal barrier. The industry is also promoting the SPF as an effadtikarrier system in addition to its thermal insulation
characteristics. In an effort to address these issues, a consortiSfPFomanufacturers and contractors, jointly with the
National Research Council of Canada’s Institute for Research in Construction, (NRC-IRC) conducted an extensive research
project to assess the thermal and air leakage characteristics of SPF walls as welleatiooah wall assemblies. The
objective is to develop analytical and experimental procedures to detesinaiall energy rating (WER) that captures both the
thermal and Airleakage performance of a wall assembly. The experinpamtaincluded two streams of testing: 1) to
determine the wall air leakage rate at different conditions and 2) themahegsistance, R-value, at different temperature
differences. An analytical procedure was also developed to calculate WER by iognthim heat loss due to thermal
transmission and that due to air leakage with the aim of arriving at WER conventional full scale wood frame wall
assemblies were built: two with glass fibre batts, and of four withumediensity SPF. Some walls were constructed without
penetrations and others were built with penetrations. The testing regimeethciudhitial testing of air leakage and thermal
resistance; ii- Conditioning in the Dynamic Wall Test Facility (DWTF) accortlingn established routine; iii- Retesting for
air leakage and thermal resistance. This paper presents the results alfssirahuded in this project. The focus of this paper
will be on presenting a brief summary of the project objective, teptioigcol and the theoretical approach to determiee th
WER number for the six walls.

KEYWORDS: Polyurethane, Insulation, Energy rating, Testing, Modeling, LabgraEoperiment.

Introduction

The spray polyurethane foam (SPF) insulation is facing increasitigraes to meet the global demands to eliminate
the use of hydrochlorofluorocarbon (HCFC) in the manufactyiogess. More than a decade ago, Canadian and American
SPF industry worked to develop better procedures enabling the transfemmiiégghdeveloped with the chlorofluorocarbon
(CFC) blown foams to the second generation of blowing agentelnd€FC. The research was performed jointly between
the SPF industry and the National Research Council of Canada (NRC) usirigtearily developed foam systefBase 88”

[1, 2].

Today’s marketplace, however, is focused on the system performance rather than a “drop in” blowing agent replacement, as it
was over a decade ago. This implies that a decision on the SPF cost is nedatteomto its total performance that includes
SPF contribution to heat, air and moisture aspects not only dadikef steady state “R-value”. Therefore, it is important to
evaluate total performance walls built with SPF (2 foams by supplier were aesteldin total) with the third generation of
blowing agents as well as meeting air barrier criteria as required by biglutileg.

The current paper is presenting preliminary results of a joint research petjgeth the National Research
Council’s Institute for Research in Construction (NRC-IRC) and SPF producers and contractors. The main focus ofdjeetp
is on the development of analytical and experimental procedures to detdreneretgy rating of SPF insulated walls. This
would take into account the effect of air leakage and thermal transmissi@tighistics of SPF walls.

In an earlier paper [3], a detailed project outline and limited test angtiaabiesults of two reference walls (one
with glass fiber batts and another with medium density SPF) were preséiiscaper will provide a brief summary of the
project outline, a summary of the test procedures and interim resulksvedls. Four of these walls are built with medium
density SPF insulation and the remaining walls were built with glass fiagation, and this is with 2 manufacturers (1
opaque wall and 1 with penetration and windows for each manufacturer).

Project Objectives

The main project objective is to develop experimental and analytical procedwtesermine the energy rating of SPF
walls (WER). In addition, the foam producers and applicators desir@eimonstrate that the use of polyurethane spray foam
(when applied with certified foamers to ensure the intended thickndsat éhe right temperature and relative humidity ) could
also provide an air barrier system that could meet the Canadian Consthatenal Centre Guide 07272 [4]. Therefore, the

1-National Research Council Canada-Institute for Rebein Construction (NRCC-IRC), 1200 Montreal R@aimpus, Ottawa, ON, K1A 0R6, Canada.



project is aimed at demonstrating these features, both analytically agihexptally. To see as well the effect of air leakage
on the overall thermal performance of the wall system insulated with SREgasis fiber. This project also aims to develop a
calculation tool to help practitioners to design their insulated walls takingaotount the effect of the air leakage to assess
their thermal performance. For example calculate the apparent R-value at 75 Rgvér wall knowing the R-value at no air
leakage.

Experimental Approach

The experimental part of this project included laboratory air leakage testaal transmission (R-value) tests (using
guarded hot box apparatus), material characterization (only for the diffesmns)faand wall specimen conditioning. The
conditioning (beating up and shaking walls by subjecting the waltycles of pressure difference) can open pores and gaps
The conditioning simulates wind loading and gust according to the testgrottlined in the CCMC Air Barrier Guide [4].
The air leakage and R-value tests were performed before and after fhle samditioning to see if the conditioning had an
effect on the air leakage performance of those wall systems andotketieé overall thermal performance. Figure 1 is a
schematic illustrating the test sequence as performed on all walls.

R-value in GHB

% Air leakage test
% Sample conditioning

% Air leakage test

% R-value in GHB

FIG. I—lllustration of the test sequence

Brief Description of the Test Procedures and Apparatus

In this section, a brief description of the test procedures and apparatesated. More details can be found in [4].

Air Leakage Tests

Air leakage tests were performed on all wall samples. The test proceddréstis accordance with ASTM 83
standard (ASTM 1997) [5]. An air leakage test apparatus was designed tioetegll sample (2.4 m by 2.4 m in size).
Figure 2 is a schematic illustrating the mounting of the wall sample on tleakaige test apparatus.

Gasket
Wall F\ame Air leakage tester

OSB
/ .
| AIl/ WRB

2z 6 ) |
Clam X K\ |
3;:0"0(21” ) Foam g(;‘:)rs(;lm
“Grips” Sealing tape — Insulation
Screws

FIG. 2—A schematic illustrating the wall mounting on the air leakage tester



Thermal Resistance Test (R-value)
The thermal resistance test was performed in the NRC-IRC guantibddh(Figure3). The test method followed is a

well-established procedure developed at NRC-IRC and formed the b#&§ bf guarded hot box standards (ASTM 1998[6]
and ASTM 1998-a [7]

y
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Material Characterizations
The characterization of SPF Thermal properties was performed using heatdtewaccording to ASTM C18-98

standard [8] on all foams used in this projet@te test specimens were placed horizontally in a 60 cm x 60 cm Heat Flow
Meter apparatus. Heat flowed vertically upwards through the specimeng dle tests. The thermal conductivity was
determined at three different mean temperatures:
¢ Trhean= OC (non standard test, but done for the purpose of the modelirgdlmge to full-scale test2@C
and +20C))
¢  Tiean= 24C (Standard test according to ASTM5898 standard [8]
¢  Tmean= 20C (Non standard test, but for purpose of simulation)
However, only the foam thermal properties reported in this paper apphgan temperature of around 24 + 1°C.
Table 1 provides a summary of the results of foams used in WBRER-3a, WER-3b and WER-
The thermal properties of glass fiber used in constructing WERFWAER-5 were obtained from published thermal
properties of insulation materials databases [9].

TABLE 1— Summary of the material characterization of foams (WER-2, 3a, 3b and 4) according to
ASTM standard C 5188.

Wall —»
Parametery | Symbol | Units | WER-2 |WER-3a|WER-3b|WER-4
Mean

temperature of
the ASTM test Tm °C 24.3 24.1 24.1 24.2

Material density | p Kg/m® | 349 | 463 | 439| 343

Thermal

conductivity, Sl
units A W/(m.K)| 0.019 | 0.0224| 0.0214 0.018




Sample Conditioning

Following an initial air leakage and R-value tests (performed on each wali)wedl specimen was conditioned to
simulate wind loading and gust, according to the test protocol outlined @EMC Air Barrier Guide (NRC-CCMC, 1996).
Figure 4 presents the pressure cycle applied to the samples. In syrtimamall sample was subjected to the following

cycles:

- A positive pressure rise from 0 to +800 Pa in 1 second remaissacbrior 3 seconds, down to O Pa in one
second and remains at 0 Pa for 3 seconds. This cycle is rep@atehés
- A negative pressure is applied from 0-t800 Pa in one second, remains &00 Pa for 3 seconds, increases to 0
Pa in 1 second, and remains at 0 Pa for 3 seconds. Thisscyeeated 800 times.
- Gust wind: two cycles from 0 to + 1200 Pa (and anotherlt®00 Pa) in a similar cycle.
The total estimated time to complete the sample conditioning is about 5 h anduBes.

Pressure cycle for conditioning
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FIG. 4—Pressure cycle during the sample conditioning

Sample Description and Instrumentation

There are six walls included in this paper. Table 2 provides a sunofitdoy six walls and their designations, which

will be referred to throughout the rest of this document.

Wall # Wall Description

Reference walglass fiber indoor and outdoor electri
WER-1 boxes andho penetration

Reference walSPFmedium density foam, indoor anc
WER-2 outdoor electric boxes amdb penetration

Foamed wall, medium density foam, indoor and outd
WER-3al electric boxes ando penetration

Foamed wall, medium density foam, indoor and outd
WER-3h) electric boxes andith penetration

Foamed wall, medium density foam, indoor and outd
WER-4 electric boxes and with penetration

Reference walglass fiber indoor and outdoor electri
WER-5 boxes anahith penetration

TABLE 2—Description and designation of the six walls included in this paper.



All walls included in this project were built using the conventional 2” by 6” wood stud frame construction. There were
reference walls (filled with glass fiber batts (WER-1) and SPF (mediensity foam) insulation (WER-2)) and others
included variations of penetrations to simulate windows, electric boxesfiathd outdoor), air vents and plastic pipes, as per
the CCMC Air Barrier Guide. Figure 5 is a schematic of a cross section ¢fvthesference walls: glass fiber and SPF
insulations without penetration. Figure 6 is a schematic of a wall samplpemi¢tration

Top plates
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6 mil polyethylend
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FIG. 5—A schematic showing cross sections of WER1 and WER2
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FIG. 6—Details of sample dimensions of a wall with penetration

Each wall sample was instrumented to measure the surface temperatteenal and external surfaces as well as interstitial
points. Figure 7 shows the locations of the surface thermocouptaseaside, and Figure 8 shows the locations of interstitial
thermocouple for a wall with penetrations.
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FIG. 7—Surface thermocouple locations on a blank wall without penetration

7

FIG. 8—Interstitial thermocouple locations (wall with a window frame)

Results

Air Leakage Tests Results

Figure 9 provides a summary plot of the air leakage test results of the “un-conditioned” six walls. Also shown in that
figure is the maximum allowable air leakage to qualify as an air barrier aogdghown in red circle) to the CCMC Air
Barrier Guide (set at 0.05 I/(s’mat AP=75). The air leakage tests were performed at several pressure differentials from
AP=50 to 150 Pa, and all values were normalized to the standard temperature and pressure conditions (101.325 Pa and 20 °C).



WER, Air Leakage Test, Net Infiltration, Walls Unconditioned
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FIG. 9—Summary of the air leakage rates of the six walls before conditioning

Figure 9 also shows that, with the exception of WER-1 and WER-&alllsamples showed air leakage rate below
the maximum allowable value to qualify as an air barrier at AP=75. The blank glass fiber insulated reference wall without
penetration (WER-1) showed less air leakage rate than the reference glasslfibgéth penetration (WER-5).

It should be noted that WER-1 and WER-5 were built with a 6-milgibjffene air barrier which was installed in a
fashion that was considered representative of field practices, (as opposeetiowdons lab installation e.g. poly lapped at
joints but not sealed).Also, all SPF walls (i.e., WER-2, 3a, 3b and 4) featured additional seslisgam of the double top
plates. These practices will be recommended to achieve such level of air tigh®ieEsviralls.

Following the wall conditioning, an air leakage test was performed again oanagfiles. Figure 10 provides a
summary of the air leakage of all the walls after conditioning. Congp#hrinair leakage rates in Figures 9 and 10, it could be
observed that WER-1 and WER-5 showed a considerable increase inltiakage rate as a result of the conditioning. On the
other hand, all foamed walls showed a slight increase in the air leakage aétitiooing, but almost all SPF walls still meet
the CCMC allowable air leakage value and could meet the air barrier guide respigem

WER, Air Leakage Test, Net Infiltration, Walls Conditioned
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FIG. 16—Summary of the air leakage rates of the six walls after wall conditioning



Thermal Resistance Tests Results

As indicated earlier, the R-value of each wall was determined before and affde samditioning. Also, the R-
values were determined at a warm side temperaturetdP@0while the cold side was maintained 26+1°C and 35+1°C.

Table 3 provides a summary of the R-values (in SI and Imperial unitdjeo$ix walls before and after sample
conditioning, as determined at the two test conditions, and Figugsealdraphical presentation of the results. The hot box R-
value are accurate within £6%, which is an acceptable level of uncertainty assadgilatedt box measurements [10].

Weather-side
temperature -20°C -35°C -20°C -35°C
Unconditioned R-value Conditioned R-value nf.K/W
m?K/ | °Fft2hr/ | mPK/ | °F#2hr/ | m?K/ | °Ff2hr/ | m?K/ | °Fftlhr/
Wall # W BTU W BTU W BTU W BTU
WER-1 3.24 18.4 3.38 19.2 3.25 18.5 3.44 19.5
WER-2 3.6 20.4 3.57 20.3 3.53 20 3.5 19.9
WER-3a 3.89 22.1 3.82 21.7 3.85 21.9 3.82 21.7
WER-3b 3 17 3.12 17.7 2.86 16.2 2.99 17
WER-4 3.48 19.7 N/A N/A 3.3 18.7 3.31 18.8
WER-5 2.52 14.3 N/A N/A 2.78 15.8 2.84 16.1
TABLE 3—Summary of the R-values of the six walls.
WER Project Measured RSI @ -20 & -35 C
4.5
4 p—
35 B —
3 4
25 1 | O Unconditionned (-20)
n O Conditionned (-20)
o o 1 O Unconditionned (-35)
m Conditionned (-35)
1.5 1
1 4
0.5 1
0 T T T T T

WER 1 WER 2 WER3a WER3b WER 4 WER 5

FIG. 113—Comparison of the walls R-values before and after conditioning

Analytical Approach

The advanced NRC-IRC hygrothermal model, hygIRC-2D [11, 1214,315and 16] was used for the thermal analysis of
all wall assemblies. The model is capable to analyze transient heat, air atdrenwansfer through building envelope
components. However, in this research project its applicability is restricteshtaand airflow aspects only. In this paper, a
limited amount of information about modelling is presented. A demm@ccount of the analytical method and the computer
simulation of the six walls will be presented in a separate publication in thiuhea.



Comparison of Experimental and Analytical Results

A comparison of the experimental R-values of the all walls was compétfethase predicted by the hygIRC-2D model
results at the same test conditions to ensure the accuracy of the befuiésproceeding to more general application of the
methodology. As indicated earlier, only a limited comparison of exgetial and computer simulation is presented here.
Table 4 provides a summary of the experimental (hot box measureraadtg)nalytical (hyglIRC-2D model) R-values for
WER-1 and WER-2. Table 4 also shows the predicted R-value of thedlis at 75 Pa pressure differential as determined by
the 2D model. These predictedvRues by the model will be referred to as “apparent R-values”, since they include the impact

of the air leakage through walls. This differentiation is necessary becausentrentional R-value is determined with no air
leakage present.

WALL ID _RSI, m2K/W @ AT= 40K

Experiment Modelling
(apparent R-value)
AP, Pa AP, Pa
0 0 75

WER 1 3.24 3.29 1.99
WER 2 3.6 3.58 3.4
TABLE 4—A summary comparison of the experimental and analytical R-values.

Calculation of the Wall Energy Rating (WER)

WER is a combined energy loss due to conduction and air leakage. taiaetion between these two components of
heat loss was discussed by Morrison, I.D. et al. [17] and Vertdhe[1,8]. The detailed calculation of WER is given in
Elmahdy, et al, 2009. In this paper a summary of WER is presengdaw the final results of the six walls.

In order to determine WER, the apparent R-valug R determined from the following relationship:

AT
RSl = A (1)
Qcond + Qair - fi hd Qair
where:
RSker = Apparent RSI accounting for conduction and air leakagh bt 40 K
and AP =75 Pa, (MK/W)
QCond = measured conduction heat loss through the specimar at 40°C, (W)
Q.ir = measured heat loss due to air leakage through the specimen girésdiee difference, (W)
fi = factor of interaction (expressed as a fraction, ranging froor @d interaction, to an increasing fraction
towards 1 for greater interaction between the heat loss terms)
Substituting the appropriate quantities in the above equation, it can bdisirgmi
_ 1
RSLyer = - )
where:
RSkhbio = measured RSI of the conditioned wall specimen using the guantiédhtest result aNP =0 Pa
and AT =40K
Up7s = air leakage rate from the air tightness test, evaluated at 75 P&)l/(s.m
f = factor of interaction

The factor of interaction,fi , is detrained from the simulation results by calculating the apparealRevatAP =0
and 75 Pa from Table 4.

Finally, WER is expressed as follows:
AT 3)
RSI

wer

WER=50-

where:

WER wall energy rating, W/m



AT proposed standard temperature difference for evaluating WER, 40 K.

To be consistent with CSA Standard A440.2 [19] for windoavs,expression was sought to evaluate a heat loss
density term expressed in Watts per unit area (vand results in a term that increases for better wall performance. In
Equation 3, an apparent heat loss term was derived and an arbititisepasmber was added (50 Wiim this case) to make
the final result positive. This was necessary because the two centpaf heat loss have a negative sign. The resulting
WER increases with improved performance. This leads to the fin& WEnula as expressed in Equation 3. Table 5 is a

summary of the derived factor of interactiofy,, and WER for all six walls.

wall ID | Measured RSI of| Measured Air | Derived Factor (RS, WER
(1) the Assembly at| leakage rate | of Interaction (mZ.KN\/) (W/m2)
AT =40°C, (Us.m’) @ ]
(m? KIW) AP =75 Pa )
@) (3) @) (5) (6)
WER 1 3.25 0.369 0.55 1.97 29.7
WER 2 3.53 0.013 0.07 3.42 38.3
WER 3a 3.85 0.046 0.36 3.25 37.7
WER 3b 2.86 0.034 0.45 2.81 35.8
WER 4 3.3 0.059 0.32 2.98 36.6
WER 5 2.78 0.62 0.41 1.25 18

TABLE 5—A summary of the derived factor of interaction and wall energy rating

Discussion

From Table 5, it is noted that the results fﬁr suggest little or no interaction between the conduction and air leakages
streams for WER-2 (the tightest SPF specimen with no penetration), whbega is apparent interaction obtained for the
glass fibre specimens (WER-1 and WER-5) results, V\ﬁth)ver 0.40 for both walls. The single SPF specimen withfian
over 0.40 had wall penetrations, a signal that the increased air leakage absdthateese are interacting with the conduction
heat loss, possibly in the air space between the SPF and the gypswe.it is ongoing project, further analysis qu and its
relationship with wall construction and details will be presented in future papers.

In order to generalize the application of this procedure, a larger samplisfwill be tested and evaluated. Four more
walls of light density foam are being prepared for testing and evaluatiog the procedure outlined in this paper.

Closing Remarks

A new and innovative procedure to determine the wall energy ratipglpfirethane foam walls is presented. The
procedure allows combining the heat loss due to conduction and aigéetikarrive at a value that could be used to rate
insulated walls (SPF and glass fiber) for energy performance. The rgsated that SPF insulated walls could provide air
barrier layer without adding polyethylene sheets. The tested SPF wall sanepld®emequirements of CCMC Air Barrier
Guide as a requirement of the Canadian Building Code.

More walls built with light density foams will be tested to provide conclusivdteesn the application of this procedure.
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