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ABSTRACT 

Well insulated walls of residences experience 
temperature depression in their outer layers during cold 
weather, causing moisture to condense on the surfaces. A 
predictive model capable of identifying the conditions that 
ootentially lead to condensation or high moisture levels has 
been developed. The model utilized Includes both moisture 
storage and distribution effects by utilizing the general form 
of the thermal energy and moisture conservation equations 
for each layer of a wall of typical residential construction, 
utilizing materials such as wood siding~ insulation, and 
gypsum board. A finite difference numerical solution 
produces the transient temperature and moisture profiles for 
each material. The model predicts that the wood layers 
offer most of the storage capacity for moisture, exhibiting 
large delays between changes in the external conditions 
and response of the moisture content. When walls are 
exposed to various outdoor climates, the wall moisture 
content is greater for mild and moist climates than for cold 
and dry climates. Simulation of an air leak in the wall, such 
as that found around an electrical outlet, show that the 
wood moisture in the region adjacent to the leak is 
substantially greater than with no air leak. 

INTRODUCTION 

The trend toward the construction of more energy 
efficient buildings in recent years has increased the concern 
about the presence of moisture in wall cavities. The 
addition of wall insulation lowers the temperature of those 
material layers external to the insulation during cold winter 
conditions. As moisture from within the house migrates 
outward, either by diffusion or leakage convection, it will 
condense on any surface whose temperature is below the 
dew point. If moisture were to accumulate at these sites, 
subsequent mold or wood decay could potentially occur. 

Methods were developed to predict the occurrence 
of moisture condensation within walls based on steady state 
moisture diffusion theory (ASHRAE 1985). However, under 
conditions whereby these models predicted moisture to 
accumulate, it was not observed in field studies (Tsongas 
1979, Tsangas 1985). The consensus seems to be that 
under such conditions, even though condensation may 
occur. it either does not accumulate at high enough levels 
ta induce problems, or it evaporates during the warmer, 
drier summer months. 

These findings point out the deficiency of a steady 
state model to usefully predict transient phenomenon such 
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as the wetting and drying of wall materials. Transient 
models have subsequently emerged and are currently in 
various stages of development . (Cunningham. J983, 
Kohenen 1984, Spolek et al. 1985, Thomae and Burch 
1990). These models, with adequately defined transport 
and material properties, would be capable of testing a wide 
range of constructions and exterior conditions in a relatively 
short time. The primary difficulty to date is measurement of 
the transport properties for these materials. 

The purpose of this paper is to describe the 
development of one of those transient models, the 
numerical methods employed, and present some of the 
predictions when subjected to actual weather data. While 
the critical need for accurate transport property data has 
not been circumvented here, the model relies on well 
established properties. The findings point out that structural 
effects are as important as the property data. 

The wall of a typical house in America consists of 
layers of materials (such as sheathing, siding, gypsum 
board, and insulation) which are hygroscopic to some 
degree. Each layer has the potential for conducting and 
storing thermal energy, and for diffusing and storing 
moisture. 

Heat and mass transport are driven by gradients in 
the temperature and moisture concentration, respectively, 
plus convection due to bulk flow when it is significant 
Following arguments presented elsewhere (Spolek et al. 
1985, Oosterhout and Spolek 1988), convection through 
construction materials Is negligible, so the governing 
equations for heat and mass transport can be written as 

oT 
Tt 

02T = a:--3x2 
(1) 
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where a and D are the effective thermal and moisture 
diffusivities, respectively, for each material layer. Constant 
values for diffusion coefficients were used for the first 
approximation, although it was recognized that both 
coefficients are actually dependent on both moisture 
content and temperature. 



The innermost (indoor side) and outermost (outdoor 
side) layers were subjected to convective boundary 
conditions. The boundary condition for heat transfer is: 

dT] h (T. - Tsurtl + Iflhtg 2 
- K-a 
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(3) 

The second term of this equation accounts for the latent 
heat of vaporization as moisture evaporates or condenses 
on the surtace. This term arises only at the convective 
surfaces because the moisture is assume to be effectively 
bound throughout the structural materials. Since 
adsorption and desorption were assumed to occur only at 
these surtaces, the surtace mass flux term was represented 
as: 

Ifl;pDaM] 
ax surt 

(4) 

The convective mass transfer boundary condition 
was written in terms of the single dependent variable M as: 

aM] hm (P.,,,,. - Pwv. surt) "' - P D a 
'X surL 

(5) 

The sorption isotherm was used to relate the 
moisture content at the surtace to the water vapor partial 
pressure at the surface (via the relative humidity). The 
convective mass transfer coefficient was derived from the 
convective heat transfer coefficient by using the Lewis 
analogy. 

At the intertace between the layers. a difh.Jsive 
boundary condition was assumed. For heat transfer, this 
relationship Is straightforward since temperature is a 
continuous variable. However. a discontinuity in moisture 
content exists at the intertace because of the definition of M, 
which was the ratio of the moisture density to the material 's 
dry density. The abrupt density change between, say, 
wood and fiber glass causes a discontinuity in M. By 
assuming that the moisture content at each interface was in 
equilibrium with the water vapor pressure as predicted by 
the sorptiof'l isotherm, then the moisture content 
discontinuity could be handled. This assumption was key 
to allow the use of a single dependent variable, namely 
rnoisture content, to be used for the mass continuity 
equation. While this variable may not be the most 
convenient, it is the one that is tradit!onally used in the 
measurement of effective diffusion coefficients. 

A fully Implicit finite difference numerical method was 
used to solve the governing equations. The program was 
written in the Pascal programming language and employed 
the Crout Reduction Algorithm to solve the tridiagonal 
matrices. The computer program read data from an 
external file to incorporate a variety of materials and their 
geometric and thermophysical properties. The finite 
difference solution used a fixed time step of one hour, and 
was typically run to represent one year of exposure. A 
variable spatial increment utilized seven computational 
nodes per material layer. 

The wall that was modeled for this preliminary study 
was a simple 3-layer wall as illustrated in Figure 1 . The 
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base wall configuration had a 2 cm. wood layer on the 
outside, a 9 cm. layer of fiber glass insulation, and a 1 cm. 
layer of gypsum board on the inside. The inside of the wall 
was exposed to constant conditions of 22· C and 50% 
relative humidity. The outside of the wall was exposed to 
hourly temperature and relative humidity data representing 
the Typical Meteorological Year for Portland, Oregon, USA. 
The convective coefficients for each surface were those 
recommended by (ASHRAE 1985). 

Additional simulations were performed on a wall with 
an assumed leak, also shown in Figure 1. The leak 
extended through the gypsum board and Insulation layers, 
but not through the wood. This type of leak is 
representative of the pathway around an electrical outlet, for 
example. For purposes of simulation. the heat transfer was 
assumed to be unaffected by the leak, implying that the 
convection was negligible and that the temperature 
distribution was the same as it would be for pure 
conduction. The moisture transfer, on the other hand, was 
assumed to be affected such that the leak imposed 
negligible resistance to the transfer of moisture. This 
combination of assumptions probably constituted the ''worst 
case" conditions to investigate whether the presence of 
leaks are important In wall moisture transfer. 

WOOD FIBER GYPSUM 
GLASS . BOARD 

LEAK 

Figure 1. Model of a layered wall with and without a leak. 

RESULTS 

The computer simulation predicted the moisture and 
temperature distribution through each material for each 
hour for the entire year. As reported previously (Spolek et 
al. 1985, Oosterhout and Spolek 1988), the characteristic 
lime constant for the redistribution of thermal energy is on 
the order of one day while that for moisture distribution is 
on the order of 50 days. To some extent, therefore, the 
energy and mass transfer equations are decoupled by the 
phenomena. 

The wood layer of the wall is capable of storing 
significantly greater moisture than the insulation or gypsum 
board layers. The effective diffusion coefficient for wood is 
also much lower than those of the other materials. Hence, 
the wood layer acts as a moisture capacitor. This result is 
illustrated In Figure 2. For this case, the wood was 
assumed to be uniformly at 22% moisture while the 
fiberglass was at 4% and the gypsum board was at 0%. 
The starting time was January 1 of the Typical 
Meteorological Year. The wood began to dry out 
immediately and had experienced significant drying during 



the first 11 weeks, with the maximum moisture at about 17% 
in the center of the wood layer. During the remainder of the 
year, the wood's moisture fluctuated somewhat in response 
to the changing ambient conditions. The surface of the 
wood in direct contact with the outdoor climate showed 
wide swings in moisture content, varying from 7% to 26%. 
But the variation was reduced just slightly inside the wood, 
ranging from only 12% to 20%. At the inner wood surface, 
the fluctuation of moisture was negligible and remained at 
essentially 10% throughout the year. This moisture 
prediction reflects the constant indoor conditions and the 
high relative permeability of the other materials; actual walls 
would likely exhibit greater fluctuation due to indoor 
variations. The insulation and gypsum board layers showed 
little change in moisture throughout the year. 
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Moisture distribution in a layered wall for one 
year. 
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Since the "most interesting" prediction of wall 
moisture occurred at the outer surface in response to the 
ambient conditions, the same wall with the same indoor 
conditions was exposed to the simulated weather for a 
different climate. It has been speculated that a cold climate 
will reduce the temperature of the wood which would 
enhance condensation and increase wood moisture. The 
climate for Spokane, Washington, USA is much colder than 
that of Portland, Oregon. But the air's humidity is also 
lower, and that effect causes the wood's moisture to remain 
lower throughout the year, as illustrated in Figure 3. The 
outer surface of the wood in Spokane is predicted to be 
considerably drier during the summer and remain 
somewhat drier in the cold winter months. This finding 
would suggest that homes built in warm, moist climates 
would be more susceptible to moisture problems than 
those built in cold, dry climates. Field investigations have 
corroborated this conclusion (Tsongas, 1987). 
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Figure 3. Wood Moisture for Cold and Warm Climates. 

The predictions of the moisture history adjacent to a 
leak was quite interesting. Again, the leak was defined as 
illustrated in Figure 1 : original heat transfer with· enhanced 
mass transfer. As the warm, moist air from the living space 
was brought in direct contact with the inner surface of the 
wood, which became very cold in winter, the water vapor 
condensed on the wood and locally increased its moisture 
content. See Figure 4. Local values were predicted to 
reach 50% - 60% in the neighborhood of the leak. These 
results are very similar to results obtained from 
measurements of wood moisture taken in actual houses 
during winter. Moisture in wood siding directly behind 
electrical outlets and other leak sites were measured in the 
range 40%-60% (Tsongas 1987). Measurements removed 
from the leaks were typically in the range of 15%-20%; the 
model prediction was 1 0% for those sites. The model also 
predicts that the outside wood surface would be affected by 



the leak, but to a much lesser extent. As seen in Figure 4, 
the outer wood's surtace for the two cases (leak and no 
leak) are quite similar. This implies that moisture problems 
may be hidden from outside Inspection. 
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Figure 5. Effect of Increased Insulation. 
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It must be noted that many simplifying assumptions 
have been employed to develop this simulation model. 
Some of these must next be examined to evaluate their 
impact on the results. Other wall configurations must also 
be tested, Including such effects as paint and vapor 
retarders. But the model does appear to predict the correct 
trends observed by field studies, demonstrating the 
potential value of transient models. 

* CONCLUSIONS 
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Figure 4. Effect of a Simulated Leak on Wood Moisture. 

The logical extension of this finding for walls with 
leaks is that greater insulatlon layers would further depress 
the temperature of the wood and cause even greater 
moisture buildup. The same leak was modeled with 27 cm 
of fiber glass Insulation (R-33) rather than the original 
thickness of 9 cm (R· 11). As seen in Figure 5, the wood 
moisture was predicted to be greater but not substantially 
so. 
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A computer simulation of the transient heat and 
moisture transfer In a the layers of a typical residential wall 
was developed. The model was applied to a variety of 
ambient conditions and structural configurations. It was 
found that only the wood contributes significantly to 
moisture storage. Normally, the moisture of the wood 
surface exposed to the outdoor conditions would fluctuate 
with the weather, but the remainder of the wood remained 
constant. The wood moisture was higher for a warm, moist 
climate when compared to a cold, dry climate over the 
duration of a year. A leak through the inner layers, such as 
that developed around electrical outlets, allows wood 
moisture to dramatically increase during cold winter months. 
Although it dries during the summer, it may remain high 
enough on average to allow degradation of the wood, even 
though it may not show visibly on the outer wall surface. 
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NOMENCLATURE 

P.., 
T 

x 
ll 

p 

BIOGRAPHY 

effective mass diffusivity, m2/s 
thermal convection coefficient, W/m2-K 
effective mass convection coefficient, s/m 
enthalpy of phase change (fluid to vapor). J/kg 
thermal conductivity, W/m-K 
moisture mass flux, kg/m2s 
moisture content, mass of water/mass· of 
material 
water vapor pressure, Pa 
temperature, Kelvin 
time, s 
spatial variable, m 
effective thermal diffusivity, m22/s 
density, kg/m3 

ambient conditions 
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