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ABsTRACT 

Walls in residential buildings are responsible for about 1.8 quads of the energy con
sumed in the U.S. This energy penalty can be reduced with higher insulation levels; however, 
these measures can compromise the moisture durability and long-term performance of wall 
assemblies. One of the major risks for adventuring moisture durability in walls is air leak
age. Unfortunately, there is no good software tool on the market that will properly take into 
account how building materials are affected by air leakage in building components. This 
study presents the methodology and the results of analyzing the moisture durability risk due 
to air leakage in a commonly used wall assembly for different U.S. climate zones. 
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Sweden. He serves as an expert on hygrothermal risk assessment for both commercial and 
residential buildings. He has made detailed studies of residential moisture generation and 
developed a simulation tool to estimate indoor humidity. Pallin has also developed hygro
thermal risk assessment protocols and implemented probabilistic risk assessment methods 
into computer simulation procedures. He is currently responsible for operating the Air and 
Moisture Penetration Test Chambers for Walls at the ORnL. 
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BACKGROUND 
Energy-efficient walls with higher 

thermal insulation levels and tighter con
struction are being promoted by build
ing codes and standards. This is demon
strated in the 2012 International Energy 
Conservation Code (IECC) and Standard 
90.1-2013 from the American Society of 
Heating, Refrigerating and Air-Conditioning 
Engineers (ASHRAE 2013a). However, 
the adoption rate of these and upcoming 
requirements by local governments will be 
highly dependent on being able to demon
strate to the construction industry that the 
long-term performance of walls is not nega
tively affected by the new energy-efficient 
measures. In fact, some members of the 
construction industry have raised concerns 
about these requirements because they 
could lead to designs that are less forgiving, 
given that these walls are likely to have: 

•	 A lower drying potential because of 
their higher insulation and airtight
ness levels 

•	 Materials with a lower water vapor 
permeance such as continuous foam 
insulation 

•	 Colder exterior sheathings during 
the winter, when the increased levels 
of insulation are only provided in the 
wall cavity, and exterior continuous 
insulation is not utilized. The side 
of the sheathing that is facing the 
wall cavity could then experience 
high relative humidity (RH) levels 
and serve as a condensation surface 
and/or as an area that is prone to 
mold growth. 

•	 Colder drywalls in exterior walls 
during the summer, given the higher 
levels of cavity insulation. The dry
wall side that is facing the wall 
cavity could then experience high 
relative humidity levels and serve 
as a condensation plane and/or as 
an area that could promote mold 
growth. 

The work presented in this paper is the 
first step of a multiyear project to assess the 
moisture durability of energy-efficient walls 
in order to increase their adoption rate by 
supplying evidence to builders that these 
designs can be constructed in a manner 
that would avert potential future problems. 
A limited number of studies have aimed 
for a somewhat similar objective. However, 
these studies represent partial hygrother
mal evaluations because they mostly relied 
on field tests (Fox, 2014; Home Innovation 
Research Labs, 2014), laboratory studies 
(Desmarais et al., 2000; Langmans et al., 
2012), or simulations (Ojanen et al., 1994; 
Straube and Smegal, 2012; Glass, 2013; 
Lepage et al., 2013). In these evaluations, 
field and lab tests were limited to very spe
cific scenarios, while results from simula
tions were not verified with empirical data. 
Moreover, moisture accumulation due to 
airflow was minimally accounted for, even 
though researchers have raised concerns 
about the effects of airflow on the durability 
of building envelope assemblies (Ojanen et 
al., 1994; Desmarais et al., 2000; Künzel et 
al., 2011). 

The overall purpose of this multiyear 
project is to provide the residential con
struction industry with energy-
efficient wall designs that are 
moisture-durable based on a 
probabilistic risk assessment. 
The main differences between 
this evaluation and previous 
research are that the present 
study: 

•	 Examines the effects 
of all sources of mois
ture in walls through a 
combination of simula
tions, lab experiments, 
and field tests. 

•	 Includes airflow among 
the sources of moisture 
because the effects of 
current airtightness 
requirements on mois

ture durability are not known and 
the effects of airflow have been pri
marily evaluated through simulation 
tools that have limited and unveri
fied capabilities to address this phe
nomenon. 

•	 Utilizes a probabilistic approach that 
takes into account numerous vari
ables and, therefore, expands the 
credibility (and, thus, the applicabil
ity) of the results. 

This paper describes a proposed test 
protocol that will be followed in this multi
year project to identify energy-efficient and 
moisture-durable wall assemblies. More 
specifically, this study covers the laboratory 
tests and simulations that can be utilized 
to evaluate energy-efficient wall assemblies 
and thus allow the design of walls with a low 
probability of moisture durability problems. 
This approach is demonstrated with an 
example that illustrates the mathematical 
method that was followed to calibrate the 
selected simulation tool, the type of labora
tory tests that were conducted to validate 
the calibrated model, and results from the 
probabilistic risk assessment using the cali
brated simulation tool. 

Figure 1 – Proposed moisture durability test protocol. 
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PROPOSED TEST PROTOCOL 
The general approach of the proposed 

test protocol that will be used to evaluate 
the moisture durability of energy-efficient 
walls is described in Figure 1. In the first 
step, a wall assembly of interest is selected. 
The second step specifies how the wall 
assembly is expected to perform and identi
fies the potential moisture durability risks 
and parameters that can affect these expec
tations. The next protocol step involves per
forming a quantitative hygrothermal assess
ment, which entails identifying the proper 
simulation tool(s) and determining whether 
the simulations will be based on determinis
tic or probabilistically varying input values. 
Calibration is a substep that is necessary 
at this point when including air leakage 
in the risk assessment, since most hygro
thermal calculation tools do not address 
airflow properly. Subsequently, laboratory 
or field measurements can be used to 
validate the calibrated simulation software. 
Subsequently, the simulation tool will be 
used to evaluate the effect of the influential 
parameters in order to generate recommen
dations based on the expected hygrothermal 
performance. Although the combination of 
simulations, laboratory tests, and field eval
uations is typically ideal to obtain a credible 
assessment, in the future, it may be possible 
to omit the laboratory and/or field tests and 
thus accelerate the evaluation process and 
decrease the cost of proper risk assessment. 

EXAMPLE OF IMPLEMENTATION OF 
TEST PROTOCOL 
Selection of Wall Assembly 

A large selection of materials may be 
incorporated into energy-efficient wall 
assemblies, although their properties and 
cost vary substantially. This study focuses 
on walls with cost-effective designs. Input 
on this matter has been sought from experts 
in the residential construction sector with 

regard to cost, availability of materials, 
accessibility of trained personnel, and pos
sible adoption rate. 

Identification of Potential Moisture 
Durability Problems 
Expected Hygrothermal Performance 
and Potential Risks 

It is expected that the structure of a 
house will not experience decay, drywall 
dissolution, corrosion of fasteners, and mold 
growth during its service life; therefore, it is 
necessary to investigate these potential 
risks. Wood decay and corrosion can lead 
to structural failure (Merrill and TenWolde, 
1989), while mold growth can cause respi
ratory and asthma-related health problems 
(Fisk et al., 2007; Mendell et al., 2011). The 
present work follows the typical criteria 
to prevent decay fungi, which is to main
tain the moisture content of wood below 
20% when temperatures range between 50 
and 100°F (ASHRAE 2013b). Moreover, this 
research utilizes the mathematical model 
of mold growth developed by Hukka and 
Viitanen (1999) and its corresponding and 
updated mold index (Ojanen et al., 2010) 
to determine the likelihood of mold occur
rence; this approach was selected because 
it is more thorough than ASHRAE Standard 
160P (ASHRAE 2009). The mold index is 
described in Table 1 and is referenced 
throughout this report. 

Influential Parameters 
numerous parameters can affect the 

hygrothermal performance of energy-
efficient wall assemblies. These parameters 
include: 

1.	 Indoor environmental conditions 
(e.g., temperature, RH, air pressure) 

2.		 Outdoor environmental conditions 
(e.g., temperature, RH, air pressure, 
solar radiation) 

3. Hygrothermal material properties 

4.		 Material layout/geometry (i.e., 
design vs. actual construction) 

5.	 Initial moisture content of materials 
6.	 Radiational properties of exterior 

façade 
7.		 Airflow through the wall assembly 

(e.g., path, flow rate, direction) 

Among these, the hygrothermal effect 
of 	 airflow through the wall assembly is 
the least understood and characterized in 
hygrothermal simulation tools. The main 
reason behind this is that simulation tools 
that attempt to evaluate the effect of airflow 
(e.g., WUFI®1D, WUFI®2D and Transient
Coupled-Conduction and Convection in 
2-D) have not been calibrated and/or vali
dated. Moreover, although desmarais et 
al. (2000), Langmans et al. (2012), and Fox 
(2014) have gathered laboratory or field 
data, none of them has used it to validate 
simulation tools that predict hygrothermal 
performance. This is particularly problem
atic because the quantitative assessment 
performed as the next step in this protocol 
relies on the effective simulation and char
acterization of the impact of the influential 
parameters on the moisture content of the 
wall assembly. Consequently, the follow
ing questions regarding airflow must be 
assessed before proceeding: 

•	 Is the influence of airflow on the 
moisture durability of the wall 
assembly significant enough to be 
included in the hygrothermal risk 
assessment? 

•	 If air is determined to be a signifi
cant influential parameter, how can 
the selected hygrothermal simula
tion tool be improved to adequately 
characterize the impact of airflow 
and other influential parameters? 

Air leakage from both the indoor and the 
outdoor environment can affect the mois

Index	 Description of Growth Rate	 Risk Level 

0	 No growth	 Safe 

1	 Small amounts of mold on surface (microscope), initial stages of local growth	 Risky 

2	 Several local mold growth colonies on surface (microscope)	 Risky 

3	 Visual findings of mold on surface, <10% coverage, or <50% coverage of mold (microscope)	 Failure 

4	 Visual findings of mold on surface, 10%-50% coverage, or >50% coverage of mold (microscope)	 Failure 

5	 Plenty of growth on surface, >50% coverage (visual)	 Failure 

6	 Heavy and tight growth, coverage about 100%	 Failure 

Table 1 – Mold growth index per Hukka and Viitanen (1999) and Ojanen et al. (2010). 
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ture durability of building assemblies. The 
direction and magnitude of airflow through 
building components depend on variables 
such as pressure gradients (induced by 
wind loads, buoyant forces, and HVAC/ven
tilation systems), and the air permeability 
of materials. These airflows will result in an 
energy penalty due to air traveling to or from 
a conditioned space. However, the moisture 
durability aspect to air leakage must also be 
addressed. If the dew-point temperature of 
the air is higher than or similar to the mate
rial surface temperatures along the air leak
age path, a high RH or condensation may 
occur on these surfaces, which can lead to 
mold growth, corrosion of fastener, dissolu
tion of drywall, and wood decay. 

Warm, moist air transfers moisture and 
heat to materials in an air leakage path. The 
transferred heat could raise the temperature 
enough to inhibit condensation, but this is 
usually not the case in common building 
materials. Figure 2 shows why condensation 
may occur on material surfaces within an 
air leakage path by illustrating two arbitrary 
hygrothermal conditions in a psychometric 
chart. The red dot on the bottom left corner 
indicates an arbitrary condition within the 
air leakage path with a relatively low tem
perature, low RH, and no airflow. The red 
dot on the top right corner is the second case 
and represents the hygrothermal conditions 
of the environment from which the inflowing 
air originates, or the source. Once inflow 
occurs, the steady-state values reached by 
the air within the path will basically be a 
function of the hygrothermal properties and 
conditions of the surrounding materials, the 
conditions of the source, and the airflow 
rate. For most building materials, under a 
constant flow rate, steady-state values will 
come closer to the incoming air moisture 
conditions than to its temperature because 
of the heat and moisture transfer and stor
age properties of materials. In typical wood-
based materials, heat is transported more 
effectively than moisture. Consequently, heat 
from the inflowing air will be quickly distrib
uted amongst materials, while moisture in 
the incoming air will be slowly transported 
through the wood. Therefore, the tempera
ture of the air that travels through the leak
age path is quickly influenced by the tem
perature of the surrounding materials, while 
the moisture levels of the air remain close 
to those of the environment from which the 
air originates. With relatively high flow rates, 
the temperature of the air will move closer 

to that of the incoming air. 
This is demonstrated by 
the dashed lines in Figure 
2, which illustrate the the
oretical direction in which 
the hygrothermal condi
tions of the air inside the 
leakage path travel as they 
reach steady state under a 
constant airflow rate. 

There is a critical air
flow rate (Qcr) in terms of 
moisture durability at any 
point inside the air leak
age path for a wall assem
bly under certain indoor 
and outdoor hygrothermal 

Figure 2 – Theoretical steady-state hygrothermal 
conditions of air inside a leakage path at different flow 
rates.conditions. Since there is 

a correlation between RH and mold growth 
at a surface, the risk of mold growth, pre
sented as the Mold Growth Index (MGI), can 
be evaluated for different air leakage rates. 

Evaluation of Moisture Durability Risks 
The next step in the hygrothermal risk 

assessment is to perform a quantitative 
analysis, where multiple scenarios will be 
evaluated through simulations. Preferably, 
the simulations are based on stochastically 
or randomly varying input parameters that 
will generate results that can be evaluated 
in a probabilistic manner. A limited number 
of parameters were varied in the present 
implementation of the proposed test proto
col because the objective was to provide an 
example of the type of results that the pro
tocol will supply. In future research, the full 
implementation of this comprehensive sto
chastic assessment will take into account 
all of the previously mentioned influential 
parameters and their probabilistic distribu
tions to supply designs of energy-efficient 
wall assemblies for various climate zones. 

Simulations 
Simulations are usually a cost- and 

time-efficient approach to evaluate the 
hygrothermal performance of a building 
component. However, the available calcu
lation tools are not complete or fully vali
dated to account for the influence of airflow 
on hygrothermal performance. This section 
presents an approach to calibrate simula
tions through a mathematical method that 
improves the procedure in which the effect 
of air leakage on building components is 
modeled. Thereafter, results are validated 
with laboratory measurements. 

Tools and Modeling Details 
There are several hygrothermal tools 

available to mimic transient heat, air, and 
moisture transfer in building components. 
WUFI® (Künzel, 1995) was selected for this 
study since it has been frequently validat
ed against experimental data (Kehrer and 
Schmidt, 2008). Unfortunately, WUFI® has 
a simplified method for dealing with airflow 
that doesn’t necessarily comply with true 
conditions (Künzel et al., 2011). For this 
reason, the η-method has been developed 
to allow WUFI® to handle air leakages differ
ently, as described in the “Test Setup” sec
tion of this paper. As of today, there are no 
hygrothermal tools that are readily available 
and that can conduct multiple probabilistic 
simulations. However, Holm (2001) and 
Pallin and Kehrer (2013) were able to auto
matically run multiple simulation scenarios 
with WUFI®1d by making adjustments to 
the calculation code. Because air leakages 
are seldom a 1-D phenomenon, part of this 
study involves enabling WUFI®2D to per
form multiple simulation runs. 

Calibration of the Hygrothermal Model 
for Air Leakage – The η-Method 

This section is a brief summary of the 
calculation steps behind the η-method. A 
more detailed description is presented by 
Pallin et al. (2014). 

In WUFI®, air leakage is solved through 
a 1-D solution. Equation 1 is a 1-D steady-
state equation, which corresponds with 
the approach used in WUFI® to calculate 
the temperature at any given point inside 
a building component with a defined heat 
source/sink (air leakage can both release 
and confine heat and moisture). 
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Equation 1 

Equation 2 

where x (ft.) is the distance between 
the entry point of the air into the air 
leakage path and the point of evalu
ation, and lc (ft.) is the characteristic 
length per Equation 4. 

Equation 3 

Equation 4 

where η is a function of both the dis
tance into the air leakage path, x, and 
the airflow rate, Q. 

Equation 5 

Equation 6 

Here, T is the temperature (°F) and K is the material thermal conductance (Btu/ 
(hr.∙°F)). T1, T2, and T12 are the temperatures of the outdoor air, indoor air, and at 
a point inside the building component (the air leakage path), respectively; while K1 

and K2 are the thermal conductance of the materials between these points. The heat 
source/sink, I (Btu/hr.), is defined as shown in Equation 2. 

Air leakage is simulated in WUFI®1D and WUFI®2d as an air change rate (ACH) 
that originates from either the indoor or the outdoor environment and is distrib
uted uniformly over a defined length in one-dimensional cases or as an area in 
two-dimensional simulations. This approach complies with the method described 
in Equation 1 and can be expected to estimate 1-D heat and moisture transfer 
accurately. For 2-D transfer, this approach is questionable, since the exchange 
of heat and moisture within an air-leakage path is dependent on the path length. 

Therefore, a more appropriate 2-d solution is considered in this work and applies as shown 
in Equation 3. 

Here, Lsurf (ft.) is the surface length or the perimeter of the cross section through the air 
leakage path, and K is the effective thermal conductance of the materials surrounding the 
air leakage path (in this case, K1+K2). 

Since WUFI®1D and WUFI®2d distribute the air leakage uniformly over a defined path 
or area, Equation 1 is not valid for 2-d air leakage paths. Instead, the suggested approach 
is to create a correction factor, η, which allows the solution of Equation 1 to match that of 
Equation 3. This correction factor can then be incorporated into WUFI® through air changes 
per hour (ACH), which is derived from the adjusted source/sink, Iη, expressed as Equation 5. 

If the assumption is made that Equation 1 and Equation 3 equal each other under the 
criterion of Equation 5, then Equation 6 follows. 

In conclusion, ACHη is the corrected air change rate that is used as an input in WUFI®. 
In other words, the correction factor η is used to let the 1-d air leakage solution of WUFI® 

represent that of a 2-D solution (see Equation 8). 
noteworthy is that in the present study, η was calculated only as a function of x and 

Q because preliminary analyses indicated that changes in T1, T2, K1, and K2 have minimal 
effects on the correction factor. 

Initial Validation of Calibrated Simulation Tool 
Laboratory tests were conducted to validate the mathematically derived correction factor 

(η). The general approach involved creating a defined airflow path in a test wall, regulating 
the flow rate, and monitoring the temperature and RH of the air along the flow path. These 
measurements were then used to conduct initial validations of the results. Details of this 
approach are described hereafter. 

Heat, Air, and Moisture Penetration Chamber 
Experiments were conducted in a heat, air, and moisture (HAM) penetration chamber 

that is composed of an indoor room (IR), an outdoor room (OR), and a test frame, all of which 

Parameter	 Indoor Room	 Outdoor Room 

Temperature (ºF)	 60 to 90	 0 to 110 

RH (%)	 10 to 90	 10 to 90 

Pressure (psf, Pa)	 ±1.57, ±75	 ±31.3, ±1,500 

Infrared radiation (W/ft2)	 NA	 ≤100 

Rainwater flow rate (ft2/min)	 NA	 ≤1 

Rainwater temperature (ºF)	 NA	 40 to 95 

Table 2 – Parameters 
controlled in the heat, 

air, and moisture 
penetration chamber. 

Equation 7 Equation 8 
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are thermally isolated from the lab space. 
Test walls are up to 8 ft. wide by 10 ft. tall. 
Table 2 lists the parameter ranges that the 
chamber is capable of monitoring. Patch 
panels within the IR and OR allow for sen
sors to be installed on both sides of the air 
and water-resistive barriers without making 
penetrations through them. 

Test Setup 
The wall assembly selected to imple

ment the proposed moisture-durability test 
protocol had materials that comply with 
the 2012 International Residential Code 
(IRC 2012) in Climate Zones 1 through 5. 
It consisted of vinyl siding, a mechanically 
fastened water-resistive barrier, 7/16-in. ori
ented strand board (OSB), 2×6 studs at 24 
in. on center, R-19 kraft-faced fiberglass 
insulation, and drywall. 

There are numerous paths that air could 
follow in a wall assembly as shown in Figure 
3, but their effect on moisture durability is 
dependent on the previously mentioned influ
ential parameters. Ojanen et al. (1994) and 
Desmarais et al. (2000) examined the effect of 
a few airflow paths through simulations and 
lab experiments, respectively. Their results 
indicate that indirect paths where air has 
more contact with susceptible materials are 
more detrimental to moisture accumulation 
than direct paths where air flows straight 
through the wall cavity. Based on these 
results, the present work explored the path 
that Ojanen et al. and desmarais et al. associ
ated with moisture problems: exfiltration in a 
cold climate where air enters the wall cavity at 
the top of the wall, travels alongside the OSB, 
and exits at the bottom of the wall. 

Figure 4 describes the material layout in 
the test wall and the previously mentioned 
airflow path, as well as how air exfiltrates in 
an actual wall. Two cavities were included 
in the test wall: Wall Cavity A (WC-A) 
and Wall Cavity B (WC-B). The difference 
between these two is that WC-B served as 
a control, given that the sides of the wood 
members facing the cavity were coated with 
oil-based polyurethane to reduce the effect 
of sorption onto these surfaces. The test 
wall did not include the vinyl siding and the 
mechanically fastened, vapor-permeable, 
water-resistive barrier in order to limit the 
number of penetrations in the OSB that 
could affect the studied airflow path. The 
lack of these two materials should not affect 
the results, because their thermal and 
water vapor resistance is minimal. 

Figure 3 – Potential exfiltration and infiltration airflow paths through exterior 
walls. 

Figure 4 – Material assembly 
in test wall and evaluated and 
actual airflow path; airflow 

path between fiberglass 
insulation and OSB, and 

insulation and top plate; and 
sensor layout in test wall. 
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As shown in 
Figure 4, the airflow 
path was incorporat where Q is in cfm and ΔP is in psf 
ed into the test wall 
with a netting made 

Equation 9 of polypropylene twine 
that would maintain 
a somewhat uniform 
½-in. gap between the 
fiberglass batts and 

where Q is in L/s and ΔP is in Pascal the OSB. This airflow 
path was connected to 

Equation 10 the IR by a ½-in. gap 
between the fiberglass 
insulation and the top 
plate that continued 
through the drywall, 

where Q is in cfm and ΔP is in psf and to the OR by a 
1/16-in. gap between the 
OSB and the bottom Equation 11 
plate. These were the 
two primary points of 
airflow through the 
test wall, given that 
special attention was where Q is in L/s and ΔP is in Pascal 
taken to seal most of 
the other potential Equation 12 
leakage spots with 
caulk or tape. The test standard ASTM E283 (ASTM 2004) was fol
lowed to determine the airflow equations for WC-A and WC-B. See 
Equations 9 through 12. 

Flow rates per these equations were intended to be relatively high 
in order to reduce uncertainties from the measured data. 

In the present work, winter conditions were simulated with indoor 
temperature and RH set to 70°F and 50%, respectively. Similarly, 
outdoor conditions were 50°F and 30%. These values were selected 
in part to prevent condensation within the air gap. The test wall was 
subjected to these temperature and RH values and minimal flow 
through the air gap (i.e., ΔP ≅ 0) for about 24 hours before the test 
was initiated. Exfiltration was achieved by maintaining the indoor 
room at a higher pressure than the outdoor room. The effects of dif
ferent airflow rates were explored by varying the pressure difference 
across the wall every two hours per the following sequence: 0.1, 0.21, 
0.42, 0.84, 0.42, 0.21, and 0.1 psf (5, 10, 20, 40, 20, 10, and 5 Pa). 
During the tests, data were collected every 10 seconds, and one-
minute averages are reported in this document. 

The main difference between the test setup just described and the 
experiments conducted by others is that one of the key goals of the 
present work is to reduce the amount of time it takes to run a test. 
The evaluations conducted or proposed by Desmarais et al. (2000), 
Cornick (2008), and Langmans et al. (2012) sought for the moisture 
content in the building materials to reach steady state or quasi-
steady state, which involved weeks or months. On the contrary, the 
present research focuses on using laboratory measurements to study 
moisture sources within the wall, which in this case is the airflow 
through the wall cavity. The materials in the wall cavity will respond 
accordingly to this moisture source; this process will be accounted for 
through simulations to expedite hygrothermal evaluations. 

9 0 • p a l l i n 

Figure 5 – Temperature along the airflow path in Wall 
Cavities A and B. 

Figure 6 – RH along the airflow path in Wall Cavities A and 
B. 
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Collected Data 
Figure 5 and Figure 6 illustrate the 

respective temperature and RH data that 
were measured along the airflow path that 
laid between the fiberglass batts and the 
OSB, per the sensor layout in Figure 4. 
Temperatures within the air gap grew high
er as the rate of warm air from the IR into 
the OR increased. These temperatures were 
greater at the top of the wall, where sensors 
were close to the air’s entry point, and grad
ually decreased with height. Measurements 
typically reach steady state in about one 
hour, although it took about twice as long 
with the highest flow rate. 

In general, RH followed a trend that was 
opposite to what was observed with temper
ature: RH decreased as flow rate increased 
and the air within the gap became warmer. 
This was not the case at the beginning of 
the test because the initial air within the 
gap had relatively low RH values. Moreover, 
this trend was less pronounced at the bot
tom half of the wall because the air was less 
effective in warming up this area of the wall. 
Figure 6 indicates that RH was typically 
somewhat higher in WC-B (which is the wall 
cavity with the oil-based polyurethane coat
ing on the wood members) than in WC-A. 
However, reaching a correlation between 
the coating and the RH values may not be 
feasible with these measurements because, 
as Figure 5 shows, temperatures in the air 
gap of WC-B also tended to be lower than 
in WC-A. 

Initial Validation of Results 
Figure 7 shows temperatures obtained 

through laboratory tests and WUFI®2D sim
ulations, which involved both the tradition
al approach and the proposed η-method. 
These temperatures were obtained at an air-
leakage rate of 9.1 cfm (4.3 L/s), or 0.6 cfm/ 
ft2 (2.9 L/(s∙m2)), given that the wall cavity 
was 2 ft. wide by 8 ft. tall. The four measured 
data points correspond to the two sensors 
in WC-A and WC-B. Results clearly indi
cate the weakness of evaluating the effects 
of airflow with the traditional WUFI®2D 
approach: Its results are on average ±3.7°F 
different from the lab data. Predicting tem
peratures that are much lower or higher 
than what was observed in the lab could 
lead to incorrect recommendations with 
regard to mold growth. In contrast, results 
from the η-method indicated a much better 
agreement with the measured data, given 
that their difference was on average 1.3°F. 

With regard to water vapor content 
(humidity ratio), Figure 8 suggests minimal 
deviations among the humidity ratio levels 
that were gathered through the three evalu
ated methods because the air’s moisture 
content reaches an almost uniform distribu
tion throughout the leakage path. As was 

previously explained, this is because the 
propagation of moisture traveling from the 
surface of materials surrounding the leak
age path and inwards is a relatively slow 
process. Consequently, results indicate that 
the η-method has higher importance when 
estimating temperature than moisture levels. 

Figure 7 – Simulated vs. measured steady-state temperatures at a leakage rate of 
9.1 cfm (4.3 L/s). 

Figure 8 – Simulated vs. measured stead-state humidity ratio levels at a leakage 
rate of 9.1 cfm (4.3 L/s). 
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Figure 9 – Air changes per hour at a pressure differential of 50 
Pa (ACH50) in Climate Zones 2 and 5 (LBL 2014). Specific levels 
of ACH50 are given for every tenth percentile. 

The simu
lations for CZ2 
and CZ5 were 
conducted with 
stochast ica l ly  
varying airtight
ness levels; this 
type of statisti
cal information 
is needed to 
perform a proba
bilistic assess
ment. ACH50 
values were 

Equation 13 

where Cp was expressed with the 
assumption of an air pressure expo
nent, n, of 0.65 (see Equation 15) 

Equation 14 

Equation 15 

Implementation of Calibrated 
Simulation Tool 

Two simulation models were created: 
one for Climate Zone 2 (CZ2) and one for 
Climate Zone 5 (CZ5). The simulation model 
for CZ5 utilized the wall assembly that 
was used to calibrate WUFI®: vinyl siding, 
mechanically fastened water-resistive bar
rier (58 perms), 7/16-in. oriented strand board 
(OSB), 2×6 studs at 24 in. on center, R-19 
kraft-faced fiberglass insulation, and dry
wall. Additionally, it included an air-leakage 
path between the OSB and fiberglass batts 
through which air leakage occurred. The 
simulation model for CZ2 differed slightly 
because kraft paper was not applied on the 
inside of the insulation, given that it is not 
required by the 2012 IRC in this climate. 
Also, air leakage occurred through an air 
leakage path that was located between the 
drywall and the insulation; these conditions 
are more prone to moisture problems in the 
hot-humid climates. 

obtained from 
the Residential Diagnostics Database (LBL 
2014) and represent the air changes per 
hour or airtightness of a whole building 
enclosure at a pressure differential of 50 Pa. 
(Assumptions that were made to estimate 
these data were: 2400 ft2 floor area, 8-ft. 
ceiling height, built after 2000, EnergyStar®
certified, unconditioned basement or vented 
crawlspace, ducts in an unconditioned attic 
or basement, and house located in a humid 
region.) The data in Figure 9 are presented 
as a cumulative distribution function, and 
the listed values are the ACH50 data at a 
specific percentile, p, in Climate Zones 2 
and 5. 

In order to make the statistical data 
applicable to the simulation model, an 
airtightness-specific air-leakage coefficient, 
Cp, was expressed for each value of ACH50 
presented in Figure 9. This was made pos
sible through the relationships shown in 
Equations 13 and 14. 

Consequently, the calculated air leak
age coefficient, Cp, corresponds to a specific 
percentile and remains constant throughout 
the simulation for that percentile. In order 
to estimate hourly variations of air leakage 
rate, and to be able to use Equation 14 for 
arbitrary cases, a pressure difference, ΔP, 
over the simulated wall was needed. Hourly 
varying, wind-induced pressure differences 
were defined for Chicago (CZ5) and Houston 
(CZ2), based on the climate files from 
WUFI®2D. The relationship between wind 
speed and the induced pressure on a wall 
surface was estimated using the ASCE/SEI 
7-10 Standard (2010) in which the air pres
sure acting on the wall surface, Pwind (lb/ft2), 
is expressed as in Equation 16. 

Hourly values for Qp were then calculat
ed using the wind pressures obtained from 
Equation 16, and air leakage rates were 
calculated using Equation 13. However, 

one more step was needed to create the 
inputs needed for WUFI®2d air leakage 
simulations. Qp was then expressed in ACH 
(Equation 17). 

Finally, the proposed η-method is adopt
ed by correcting the ACH for each hour to 
take into account the geometry of the air-
leakage path. Consequently, η value from 
Equation 7 calibrates the ACH through a 
calibrated air change rate, ACHη (Equation 
18). 

In addition, two levels of indoor mois
ture supply were implemented into the sim
ulation model from ASHRAE 160 (ASHRAE 
2011): one for two bedrooms and one for six 
bedrooms. 

Analysis of Results 
Temperature, RH, humidity ratio, and 

mold growth were evaluated along the air-
leakage path of the two simulation models. 
Results covered in this report focus on RH 
and mold growth at two locations along 
the flow path: near the entrance and near 
the exit of the inflowing air as indicated in 
Figure 10. Also, only results from simula
tions with high indoor moisture sources are 
presented because the low sources did not 
display moisture risks. 

where ⩒ is the wind speed (mph). 
naturally, the direction of ⩒ will 
influence Pwind. However, directional 
adjustments for the wind speed were 
not done in this study; therefore, the 
results that are presented in this 
report should be considered as a 
worst-case scenario. 

Equation 16 

where t (s) equals 60 if Qp is expressed 
in cfm, or 3600 if Qp is expressed in 
ft3/s. 

Equation 17 

Equation 18 
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note that the following simulation 
results should be interpreted with caution 
because of the following assumptions: 

•	 Airtightness was the only factor that 
was varied in a probabilistic man
ner. 

•	 Wind pressures that were derived 
from the weather files were applied 
as a unidirectional and normal force 
on the wall. Therefore, airflows did 
not account for changes in wind 
direction and were simulated as 
either infiltration or exfiltration. 

•	 Air leakage was uniformly distrib
uted over the entire surface area of 
exterior walls, while in reality, areas 
without penetrations will likely expe
rience lower flow rates. 

Because the last two items lead to 
extremely conservative results, the simula
tion results that follow should only be used 
as exemplifying the proposed durability pro
tocol and not as precise findings. 

Figures 11 and 12 correspond to the 

two-year RH analyses in 
CZ5. Figure 11 shows simu
lated RH at the OSB near 
the entrance of the leak
age path for four scenarios 
with different airtightness/ 
ACH50 levels. The green 
curve illustrates the results 
from a simulated wall 
with an airtightness of 2.8 
ACH50, which is specific 
to the tenth percentile of 

Figure 10 – Locations where hygrothermal conditions 
were evaluated in Climate Zones 2 and 5. 

the homes that were built 
after 2000 in CZ5. The blue, yellow, and red 
curves represent the ACH50 values given 
by the 40th, 70th, and 100th, respectively. 
Results indicate that all of these flow rates 
generated RH values that were higher than 
the recommended maximum of 80% for 
about half of the year. Moreover, the highest 
flow rate (100th percentile) did not lead to 
condensation because it was able to main
tain the surface of the OSB at a temperature 
higher than its dew point. At a location near 
the point of exit, lower airflow rates (higher 

airtightness) were not sufficient to raise the 
RH as much as higher air flow rates, con
sequently producing an opposite trend, as 
seen in a location near the point of entry. 

Figures 13 and 14 illustrate the results 
for CZ2. Here, the data were gathered at the 
drywall surfaces near the air’s entry and exit 
points, respectively. As with the data from 
CZ5, RH levels were the highest near the 
air-leakage entrance. However, not much of 
a difference was noted at this location due 
to flow rate, and RH was greater than 80% 

Figure 11 – RH and MGI at OSB near the air’s entry point in 
a wall in Climate Zone 5 and with a high indoor moisture 
load. The curves represent the results from a simulated 
wall with four different airtightness values (ACH50). 

Figure 12 – RH and MGI at OSB near the air’s exit point in 
a wall in Climate Zone 5 and with a high indoor moisture 
load. The curves represent the results from a simulated 
wall with four different airtightness values (ACH50). 
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Figure 13 – RH and MGI at drywall near the air’s entry point Figure 14 – RH and MGI at drywall near the air’s exit point 
in a wall in Climate Zone 2 and with a high indoor moisture in a wall in Climate Zone 2 and with a high indoor moisture 
load. The curves represent the results from a simulated wall load. The curves represent the results from a simulated 
with four different airtightness values (ACH50). wall with four different airtightness values (ACH50). 

for short periods of time. Variations in RH 
were more significant near the exit of the air 
leakage path. According to Figure 14, higher 
RH was encountered with increasing in-air 
leakage at a location near the point of exit. 

Figures 11 and 12 depict how the mold 
growth index level changed over a period 
of two years in the wall assembly in CZ5. 
Apparently, the highest risk occurs in loca
tions close to where the air enters the air-
leakage path. For locations farther away 
from the entrance, the risk exists but seems 
most apparent for higher flow rates. Since 
the risk of mold is high even at low airflow 
rates, as seen in Figure 11, it appears that 
the critical air flow rate should be based 
on results that were obtained near the 
entrance of the flow path. 

This conclusion is in accordance with 
what was observed with the RH levels in 
Figure 11 to 14. note that in both Figure 
11 and Figure 12, the mold growth index 
levels seem as though they will continue 
to increase with time, which indicates that 
the highest risk of mold is yet to be seen, 
since the simulation period was limited to 
two years. 

In CZ2, the risk of mold growth is much 
lower than for the simulated scenarios in 
CZ5. Figures 13 and 14 reveal that the risk 
of mold growth on the exterior side of the 
drywall is minor. However, there seems 
to be a slight increase in the mold growth 
index, which indicates that simulations 
beyond two years should be conducted. 

Figure 15 provides an example of how 
the proposed protocol of this study will 
generate results that can help to identify 
moisture-durable and energy-efficient wall 
assemblies. By comparing the simulation 
results, a critical air-leakage rate (airtight
ness), Qcr, of the wall can be defined for 
the two investigated walls. According to 
Figure 15, walls in CZ5 with an airtightness 
lower than approximately 1.2 ACH50 are 
not likely to encounter moisture-durability 
problems. 

Validation of Simulations Through 
Laboratory and Field Tests 

As indicated in the “Initial Validation 
of Calibrated Simulation Tool” section, 
above, the initial validation of the η-method 
appears to suggest promising results. 

Further laboratory experiments with the 
current test wall include evaluating lower 
flow rates, different indoor and outdoor 
environmental conditions, infiltration, and 
exterior continuous insulation. Thereafter, 
experiments will be repeated with a differ
ent wall assembly. Findings will be used to 
further validate and calibrate the simulation 
tool. Subsequently, the improved software 
will be utilized to conduct stochastic analy
ses that will identify various energy-efficient 
wall assemblies that have a low probability 
of encountering moisture-durability prob
lems. Based on this information, designs 
will be selected to be assessed through field 
tests, which will provide additional data 
that will strengthen the simulation and 
laboratory results. 

Recommendations Based on Expected 
Hygrothermal Performances 

This section serves to evaluate the 
results from simulations and measure
ments that were conducted. Since this 
study was intended to be an example of the 
proposed moisture durability protocol, the 
outcome is not as relevant as the described 
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procedure. Therefore, recommendations are 
not provided at this time. 

CONCLUSION 
The work described in this report was 

to propose and verify the feasibility of 
a moisture-durability protocol that would 
enable the hygrothermal risk assessment 
of wall assemblies. This report covers an 
example of the implementation of the pro
posed protocol with a 2012 IECC-compliant 
wall assembly. Significant accomplishments 
include: 

•	 Successful implementation of the 
proposed protocol through a case 
study 

•	 Development of the η-method that 
enables WUFI®2D to simulate air 
leakage due to its limited capabili
ties to address airflow, although air 
leakage is one of the most signifi
cant causes of moisture problems in 
building components 

•	 Initial validation of the η-method 
where preliminary results show sig
nificant improvements over the tra
ditional way in which WUFI®2D cal
culates the temperature distribution 
in an air leakage path 

•	 Simulation results appear to indi
cate that the improved WUFI®2D 
can be used to estimate the critical 
air-leakage rate above which the 
probability to encounter moisture-
durability problems in a specific wall 
assembly increases. This informa
tion will be valuable when trying 
to determine which wall assemblies 
exhibit higher tolerance toward air
flow. Furthermore, this knowledge 
will be welcomed by the developers 
of building codes as they set the 
newly required air-leakage rates. 

Upcoming tasks include continuing 
further validation and calibration of the 
η-method with laboratory tests that incor
porate more environmental conditions and 
wall assemblies. These will be followed by 
stochastic analyses that will identify energy-
efficient wall assemblies with a low probabil
ity of encountering moisture problems, and 
by field tests that will strengthen the simu
lation and laboratory results. This robust 
evaluation process will hopefully facilitate 
the adoption rate of energy-efficient wall 
assemblies by providing conclusive data on 
moisture-durable designs. 
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