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ABSTRACT

Moisture accumulation within a wall cavity can result in the degradation of
insulation and structural damage to the exterior wood sheathing due to wood rot. Most
homes are not “air-tight” and are susceptible to warm moist air exfiltrating through cracks
and openings through the wall cavity to the outside. When this air flow comes in contact
with the cold surface of the exterior sheathing moisture deposition occurs. The amount of
air flow through the wall cavity is dependent upon the leakage path configuration, the
leakage configuration of the house (vents, flues or fans) and meteorological conditions.

The Wall Moisture Simulation (WMS) model was developed to predict the
amount and location of moisture deposited in a wall cavity as a function of time. This
model is comprised of three different sub-models. The first is Walkers (1993) ventilation
model which predicts the overall leakage of the building as a function of the leakage
configuration, building geometry, shelter effect, and meteorological conditions. The
second is Nikels (1991) two-dimensional, steady-state moisture deposition model which
predicts the wall moisture deposition rate for a given leakage air flow rate. The third is the
cavity flow model which predicts the wall leakage flow rate and couples the first two
models together. The WMS model is the first model of its kind which first calculates the
air leakage flow across the wall cavity and then determines the moisture deposition rate
based on that air flow rate.

The WMS model was used to predict the seasonal variation in wood sheathing
moisture content for five distinct regions across Canada. These regions included the East
and West Coasts, Prairies, Central and Northern Canada. The East Coast represented by
St.Johns, had the greatest moisture accumulation and potential for biological activity.
Whitehorse (Northern), Winnipeg (Prairies) and Montreal (Central) all had comparable
amounts of moisture accumulatior.. Vancouver with its mild winters and low wind speeds
ha t1e lowest moisture accumulation but surprisingly the second highest potential for
biological activity.
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v Air velocity in the y direction [m/s]
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H Dynamic viscosity [kg/m s]

p Density [kg/m’]

¢ Relative humidity

£ Long wave emissivity for the exterior sheathing

o Stefan-Boltzmann constant [W/m*/K*]
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Chapter
ONE

INTRODUCTION

Indoor moisture-related problems, consisting of dampness and mustiness, window
condensation, and mold and mildew are known to occur in homes. Tsongas (1992)
visually inspected 86 newly constructed homes in the Pacific Northwest and found that
one-third of the homes had mold and mildew. It was observed on window frames, walls
and ceilings of all types of rooms. Almost all of the problems were worst in cold climate
regions. Moisture damage visually apparent on the walls, and ceilings is not only a
nuisance, but also causes additional maintenance and repair costs and is a potential health
problem. Of greater concem is the amount of moisture damage caused by moisture
deposition within wall and ceiling cavities. By visual inspection the wall may appear to be
unaffected but the exfiltration of warm moist air during the cold winter months may
covertly be causing damage to the wall cavity. Moisture in the form of water or ice may
unknowingly be accumulating within the wall cavity which could lead to several different
moisture related problems.

The exfiltration of warm moist indoor air is the main reason for moisture
deposition within wall cavities of residential homes. Moisture deposition within wall
cavities often leads to deterioration of the insulation and wood components and the
presence of biological activity such as mold and fungi.

The amount of moisture deposition is dependent upon the air flow rate across the

various leakage sites of the building envelope. The air flow is dependent upon the outdoor



weather conditions and the condition of the building envelope. Air exfiltrating through
cracks and openings causes a great deal of heat loss when there is a high indoor-outdoor
temperature difference. Warped, damaged, or deteriorated trim around windows and
doors often leads to drafts which are one cause of a “leaky” house resulting in great deal
of exfiltration. Another contributing factor of a “leaky” house is poor craftsmanship.
Examples of poor craftsmanship include not taking the proper precautions in «ealing
around electrical outlets, windows and doors, and at the joints where the wall and floor
and wall and ceiling meet.

The warm 1. sist air exfiltrating through the leakage site up along the wall cavity
will result in moisture depositing on the cold surface of the exterior sheathing. There are
two possible methods to try to eliminate the possibility of meisture deposition caused by
air exfiltration. First, the house could be built “air-tight” void of any possible leakage sites.
This “air-tight” building would be void of any air leakage but the occupants would require
a minimum of 8.5 :+£/hour/person (ASHRAE 1989), of fresh air supplied by some type of
mechanical ventilation system. Unfortunately, most older homes do not have ventilation
systems solely dedicated to the supply of fresh air. The second and more feasible option
would be to take the necessary preventative maintenance precautions and reduce the
possibility of moisture deposition. This would include such things as sealing around
electrical outlets, ensuring weather striping around doors and windows are well
maintained, and properly insulating the walls of the house.

However, even by taking the necessary precautions some moist air may find its

way though some leakage site and enter the wall by two possible mechanisms: vapor



convection and vapor diffusion. When the partial pressure of water vapor of the indoor
environment is greater than the partial pressure of water vapor of the outdoor conditions,
vapor diffusion will occur through the wall cavity initiating at the drywall and travel
towards the exterior sheathing. The only meaner in which to stop vapor diffusion is the
use of a vapor retarder such as a polyethylene sheet. A vapor retarder will also stop the
flow of air infiltrating and exfiltrating through the wall cavity. Vapor convection
associated with air movement is the result of a pressure difference across the building
envelope caused by temperature and wind effects and some defect in the wall. Normally, in
most residential buildings the amount of water vapor carried through walls caused by
vapor convection is 10 to 4000 times greater than vapor diffusion, (TenWolde and
Suleski, 1984).

Breaks in the vapor barrier occur in the wall cavity as a result of poor installation
and openings cut to allow for the installation of electrical outlets, windows and doors. A
break in the vapor barrier allows the moist air to travel past the vapor barrier, vertically
along the wall cavity and deposit moisture upon the cold surface of the exterior sheathing.
The amount of moisture deposition is a function of the air flow rate which is dependent
upon the weather conditions, building leakage configuration, building shelter and cavity
geometry. As the air flow convects along the wall cavity, moisture deposits on the cold
exterior surface causing an increase in the moisture content of the exterior sheathing.

The moisture content of the sheathing increases from the start of the summer,
eventually reaching a maximum during the cold winter months and then declines with the

onset of spring and summer. The surface deposition reaches a maximum during the cold



winter months and gradually declines with the onset of warmer weather until there is no
surface deposition remaining. The amount of deposition varies from one region to another
within Canada. It is not possible to generalize and say that the coastal areas have a greater
chance of more moisture deposition because of their higher relative humidities than areas
such as the prairies. Wind direction, wind speed, cutdoor temperature and relative
humidity all must be taken into account when predicting if there will be a potential

problem with moisture deposition in the wall cavity.

1.1  Historical Development and Literature Review

There are a number of different numerical models used to predict the amount of
moisture deposition in a wall cavity. One of these is a transicnt, one dimensional, finite
difference model developed by Burch and Thomas (1992) which predicts the horizontal
distribution of heat and moisture in a multilayer wall under nonisothermal conditions. The
model is capable of calculating the moisture transfer for diffusing water vapor through the
capillary regimes. Capillary transfer occurs when a continuous path of liquid exists within
the insulation or porous material. The model predicts the transient average moisture
content of the sheathing and siding of a wood-frame wall as a function of the time of the
year. The model is also capable of accounting for convective moisture transfer assuming
an exfiltration flow rate or cavity ventilation rate of six volume changes per hour. Because
the amount of moisture deposition for vapor diffusion is very small compared to that of
vapor convection this model is limited in its use. It also does not predict a vertical

distribution of moisture.



Ojanen and Kumaran (1992), on the other hand developed a numerical method
model to predict the amount of moisture accumulation in residential wall cavities due to
vapor convection. The computer model used for the simulations uses a finite-difference
technique to solve the transient heat, air, and moisture transfers in twe dimensional
multilayer building structures. They studied the results for a number of wall cavities
exposed to Canadian and Finnish weather conditions at various locations. An appreciable
amount of moisture accumulated during the heating season and subsequently dried out
during the warmer periods. The maximum mass of moisture ranged from 1.0 kg/nf of wall
area for Vancouver to 28.1 kg/m’ for Resolute Bay. Unfortunately, similar to Burch and
Thomas (1992), instead of calculating the air flow rate across the wall cavity they also
assumed a constant exfiltration flow rate. It will be shown in Chapter 4 that assuming a
constant exfiltration flow rate is a viable alternative only if this value approximates the
yearly mean exfiltration rate.

TenWolde and Carll (1992) on the other hand measured the air flow rate across
the wall cavity based on an imposed 4 Pa pressure differential across the wall envelope.
They used the measured air flow rates to predict the moisture flows, wetting and drying
potentials assuming a steady-state, one-dimensional, thermal conduction, and waicr vapor
diffusion. TenWolde and Carll’s prediction is somewhat limited since the majority of
moisture deposition is the result of vapor convection and not vapor diffusion.

One of the better models developed was by Nikel (1991) whose two dimensional
model coupled heat transfer and mass transfer together to predict the moisture deposition

in a wall cavity. The moisture deposition model is based on the analytical solution to the
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two dimensional, steady-state differential equation governing the diffusion of air through a
porous medium. The model takes into account the vapor diffusion in the horizontal
direction and vapor convection associated with the air flow in the vertical within the wall
cavity. However, in verifying the model, the air flow rates had to be first measured using
an orifice meter and then input into his moisture deposition model. An orifice meter
located 1.55 m from the base of the wall was installed in the interior wall of the wall
cavity. Located on the exterior side of the wall cavity were two leakage sites. There was
one leakage site located at the top and bottom of the wall cavity. The modei proved to be
a simple method of predicting the amount of moisture deposition but limited in scope since
the air flow rate across the wall cavity leakage path had to be known. These leakage flow

rates are generally not known for varying meteorological conditions.

1.2  Main Features of the Wall Moisture Simulation Model

The moisture deposition model presented is called the Wall Moisture Simulation
(WMS) model and is a culmination of 3 different works. The first model calculates the
pressure difference across the building envelope as a function of the weather data, building
leakage configuration, building geometry, and shelter. This model has been recently
developed by Walker(1993) in order to predict the whole house ventilation rate. The
second model predicts the amount and distribution of moisture in a vertical wall cavity for
a given leakage air flow rate through the wall cavity. This model has been developed by
Nikel (1991). The third model developed in Chapter 2 is the cavity flow model. This

model calculates the pressure difference across the wall cavity as a function of the overall
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leakage configuration, wind and temperature effects, and the mass flow rates through the
wall cavity.

The Wall Moistare Simulation model was developed to be used as a tool to better
understand the behavior of moisture deposition in a wall cavity for different climatic
regions across Canada. Chapter 2 outlines the development of the WMS model showing
the contribution of the ventilation model (Walker, 1993), moisture deposition model
(Nikel, 1991) and the derivation of the cavity flow model which has not been done

previously. Chapter 3 discusses how the vapor pressure, P, , relates to the moisture

deposition model for temperatures both above and below 0 ° C. Chapter 4 presents yearly
simulations including the flow rate, cavity mass deposition rate, sheathing moisture
content profile, and surface moisture accumulation for five different climatic regions
across Canada. These results are then used as the base for comparison with various wall
assemblies. Chapter 5 summarizes and makes recommendations based on the results of
Chapter 4 which can then be used to improve the building construction practices of

residential housing.



Chapter
TWO

DEVELOPMENT OF THE WALL
MOISTURE SIMULATION MODEL

Mos: residential buildings have some air lezkage through the walls of the house.
During the cold winter months, the air leakage exfilirating from within the house carries
moisture with it which tends to condense on the cold outer sheathing causing an
accumulation of moisture. This is generally followed by a drying period during the spring
and summer months. This cycle of moisture accumulation and drying may continue for
years going unnoticed. Depending on the weather conditions, there is the unfortunate
possibility that the exterior sheathing may not dcy out in the spring and summer and the
high moisture content within the woc:'z:. structures may result in some form of structural
damage.

The objective of this chapter is to show the development of the Wall Moisture
Simulation (WMS) model which will predict the amount of moisture deposition and
subsequent moisture content of the exterior sheathing within the wall cavity. A review of
ventilation model developed by Walker (1993) and moisture deposition developed by
Nikel (1991) mode! for air flow through wall cavities model will first be covered followed
by the derivation of the cavity flow model . The major components reviewed in Walker’s
ventilation model] include: some of the main features which the model was developed,
weather data, shelter effect, building geometry and leakage configuration, wind pressures,

and indoor-outdoor temperature difference pressures. This is followed by a review of the
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moisture deposition mode! which includes: goveming equations, boundary conditions, and

inlet conditions. After reviewing the main features of the ventilation model and moisture
deposition model, the critical connection between these two models will be outlined in the

derivation of the cavity flow model.

2.1  Ventilation Model
The ventilation model developed by Walker estimates the air mass flow rates
through all house leaks which includes major leakage such as flues, open windows or
doors, vents and fans and minor leaks which are distributed over the walls and ceilings.
Input to the ventilation model includes the weather data, shelter type, and building
geometry and leakage configuration. Some of the important festures of the model are :
- Ti.:. wailding has a rectangular floor plan. The floor plan must not have the
lo..c»t side greater than about three times the shorter side because the
wind pressure coefficients used in the model will be incorrect.
- Leakage is distributed between the ceiling, floor, and walls for the four walls.
- All wind pressure coefficients are averaged over the wall surface. This means
that extremes of wind pressure occurring at the comer flow separation are
not included.
- Upwind obstacles are assumed to shade the entire wall height of the

downwind building when calculating wind shelter.
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2.1.1 Weather Data

Weather data required for the ventilation model are the hourly averaged wind
speed, wind direction, outdoor relative humidity, and outdoor temperature.
Meteorological data generated by Canada Mortgage and Housing (CHMC)' is used as
input to run the WMS model and includes; wind speed at 10 m height, wind angle,
outdoor relative humidity, outdoor temperature, cloud cover index and total solar
radiation on the four vertics) walls oriented N, S, E and W. Simulations will be run using
the CHMC meteorological data collected for Whitehorse, Winnipeg, St.Johns, Montreal

and Vancouver.

2.1.2 Shelter Effect

The wind shelter effect is dependent upon the surrounding buildings and obstacles.
The re_duction in velocity caused by upwind obstacles can be determined using a method
called the~Wind Shadow Wake Shelter developed by Walker (1993). The reduction in
wind speed in the shadow is assumed to be proportional to the decrease in velocity at the
eave height on the centerline of the wake generated by the upwind obstacle. The shelter
model further assumes that the downwind building of interest is sufficiently far enough

downstream of the obstacle that it does not affect the wake flow structure.

! Meteorological data in 2 standard format is available from CHMC.
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2.1.3 Building Geometry and Leakage Configuration

The building geometry of the house which the WMS model takes into account
includes the ceiling height, floor height, floor area, and volume of the building. The
specific dimensions of the building geometry used in the simulations ran in Chapter 4 can
be seen in Table 3-1. The building geometry together with the leakage configuration is
input into Walker’s ventilation model in order to calculate the leakage across the building
envelope.

The building leakage configuration is dependent upon a number of different factors
as shown in Fig. 2-1. Air flow across a leakage site may resuit from the pressure difference
caused by mechanical ventilation or natural causes. Mechanical ventilation within a house
includes such things as a flue, fan, or vent. Natural causes of ventilation include the effects
due to wind and temperature differences. The mass flow of air through each leakage site, i,

resulting from either mechanical or natural pressure differences can be expressed as

m,=p,CAR" (infiltration) (2.1a)

m, =p,CAR" (exfiltration) (2.1b)

where p is the density of the ambient air,
C is the flow coefficient of each leak,
AP is the pressure difference across the leakage site, and

n is the flow exponent of each leakage site.



M, — ——
————————————————————————— — ]\lf ;
Mass Flow Rates where:
M, - Fle
M, Fan < Fan
M, - Floor level leaks below wall i
M, - Vent
M,, - Walli
M. - Ceiling
Figure 2-1 Individual components of mass flow resulting from natural and

mechanical sources within a house.
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Density, p , of the ambient air is dependent upon the direction of the air flow. For

example, if the air flow is from the exterior to the interior (infiltration) of the house then

the outdoor density, p,,, is used; if exfiltration, then the indoor density, p, would be

used. The flow coefficient C , is related to the leakage area and air properties and may

differ depending on the direction of the flow. The flow exponent 7, , describes the

nature of the air flow. The flow exponent is a number between 1/2 for turbulent flow and

1 for laminar flow. The pressure difference AP, is the result of the pressure differences

caused by wind and temperature (stack) effects which can be expressed as

AP, = AP +AP,,, + AP, (2.2)

where: AP,_, is the wind induced pressure difference,
AP, , is the temperature effect pressure difference, and

AP, is the reference pressure difference at grade.
(This term will be discussed in Sec. 2.1.6)

2.1.4 Wind Pressures

The wind induced pressure difference on a surface of a house is defined as

AP, =C,” W'ZU s, 2.3)
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where: C, is the wind pressure coefficient,

P . 1 the outdoor density,

U is the reference wind spzed at eave height, and

Sw is the shelter factor.

AP, is the difference between the pressure on the surface of the building due to the
wind and the atmospheric pressure P, . The pressure coefficients, C, have been

determinad from wind tunnel studies which are generally positive for upwind surfaces due
to flow stagnation and negative on downwind surfaces due to flow separation (the

varigtion of C,, wind direction will be discussed in Chapter 4). The outdoor density was

chosen as the reference density because the pressure coefficients are in terms of wind
speed. U is the wind speed which corresponds to the wind speed at the eaves height. The
wind speed data from the CHMC meteorological data files were measured at a 10 m
height. A correction was made to account for the height difference between the 10 m

measured values and eaves height. For no shelter, the shelter effect, Sw =] and for

complete shelter S, = 0 which implies that there is no wind effect.

2.1.5 Indoor-Cutdoor Temperature Difference Pressures
The pressure difference due to the indoor - outdoor temperature difference (stack

effect) can be expressed as
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T -T
AP, =—Pou gH.( "’T "“’] (29)

where: p,,, is the outdoor density,
g is the gravitational acceleration,
H, is the height of the leakage site, i,
T, is the indoor temperature, and

T, , is the outdoor temperature.

AP is the pressure difference across the building envelope resulting from the difference

between the indoor and outdoor densities. By using single indoor and outdoor densities,
assumes that the indoor and outdoor air are homogeneous and well mixed. The pressure
difference is the outdoor pressure minus the indoor pressure which will be the convention

so positive pressures result in flow entering the building from the outside. H, is the height

of the leakage site which is taken above grade level {reference height). The indoor and

outdoor temperatures are both assumed to be constant for any given height above grade.

2.1.6 Reference Pressure, AP,
An in-depth look at how AP, is defined and its significance to the cavity flow
mode! is beneficial. For any given height, H, , the pressure inside the house can be

expressed as
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F=F,-p&gH, (2.5)

where F,,, is the inside reference pressure at grade level. The pressure on the wall
induced by wind at grade level is

p,U?

P,y = P+ C, 25w (2.6)

o,ref

The pressure on the outside of the wall at height, H, becomes
Fy=F, ., -p.gH, 27

Now eliminating P, , . from Eqn.2.7 using Eqn. 2.6 gives

Jref
2
P,=P.-pgH+C B s @8)

The complete expression for the pressure difference between the outside and inside across

the leakage site i at height, H, can now determined using Eqns. 2.5 and 2.8 and expressed



17
pouz 2
B,-B=P,-p, gH,~ P, +p,gH,+C,2 sw 29)

ol 2
AP, isnow defined as (P, — B,,;). Combining the two terms with densities together,

using the ideal gas equation and the outdoor-indoor pressure difference across a leakage

site at height, H, can now be expressed as

L-T,
L.

AP,=AP,d-p.,gH-'( W)+C Pl s (210

P2
For brevity, Eqn. 2-10 can be expressed in a more general form as

AP =AP,-AR H,+C,AP,S,* (2.11)

The value of AP, _, is determined by iteratively solving the mass balance for the

mass flow from Eqn. 2.1 of air flowing through each leakage site as a result of mechanical
or natural ventilation within the house. Because the flow through the wall cavity is small

compared to the total flow across the building envelope, the ventilation model is not
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influenced by the leakage through the wall cavity. The value of AP isnot affected by the

presence of the leakage path in the wall cavity and will be used as an input in the cavity

flow model.

2.2  Moisture Deposition Model
Nikel (1991) developed a simple mass transfer model which predicts the amount
of moisture accumulation based on forced convective flow through a wall cavity. Input
parameters for the model include indoor and outdoor relative humidity, ambient
teaperature and air flow rate. The cavity model used in the derivation of the moisture
deposition model can be seen in Fig.2-2. Some important features of the moisture
deposition model are:
- The wall cavity can be of any rectangular construction as long as it has a large
aspect ratio (height/depth >>1) and is assumed to be two dimensional.
- The velocity has a uniform profile (plug flow) which flows only in the y
direction. There is no forced convective flow in the x and z directions.

- The inlet vapor pressure, Z, ., is assumed to be constant at the inlet.

- The vapor pressure, P, , is assumed to be constant along the height of the wall
cavity.

- Moisture is deposited by diffusion in the x direction on the inner cold

surface of the exterior sheathing and not within the insulation.
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deposition model.
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- There is negligible effect due to latent energy when the moisture vapor

condenses on the cold surface.
- The porous medium is assumed homogeneous, and isotropic. Darcy's Law
applies if the iocal Reynolds number based on the average velocity and K!/2

does not exceed O(1).

2.2.1 Governing Equations

The two dimensional, steady-state differential moisture diffusion equation

governing the diffusion of a gas through the porous medium is expressed as

2
va;' =Dif} (2.12)
y X

where: P, is the partial pressure of water vapor,
v is the velocity in the y direction, and

D is the mass diffusivity of the porous medium.'

Since the velocities in the x and z directions are assumed to be zero, Eqn.2.12 reduces to

moisture deposition in the y direction only. Before we can solve Eqn. 2.12 we must first

review the boundary conditions.

! All physical constants are listed in Appendix-B.
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2.2.2 Bcu.?ary Conditions

The first boundary condition is at x = 0. This is the interface between the drywall
and the vapor barrier. Since the vapor barrier is assumed to be impermeable to any
moisture vapor, the first boundary condition states that no moisture will be able to diffuse
through the vapor barrier to the inner wall. Mathematically this boundary condition

translates into a zero mass flux at x = 0 and can be expressed as,

&P, 0,y)
ox

=0 (2.13)
Since no moisture can permeate the vapor barrier, the only place moisture can enter the
cavity wall is through a leakage path entrance. This leakage path entrance could be the
result of not properly sealing the entire cavity wall due to poor construction practice.

The second boundary condition is at the outer wall cavity x = d which has a
constant vapor pressure given by P,(d,y) = F, . . The vapor pressure, F, . depends on the
moisture content and the temperature 7. at the inner surface of the external sheathing.

Though the moisture content of the sheathing varies greatly along the height of the cavity,

the value of P, , is assumed to be constant along the wall cavity.

The third boundary condition states that since the inlet relative humidity and
temperature are assumed to be constant, the inlet vapor pressure must therefore also be

assumed to be constant. This is expressed as
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P (x,0)=F, pia (2.14)

After using separation of variables and applying the three boundarics conditions,

the general solution for Eqn. 2.12 in terms of P, can be expressed as

2

—2sin A Ax DA
Pw(x’y) = Pw.c +(Pw.hlﬂ - RV.C)Z j, % co{ 2 )exp[— dz:’ y] (2'15)

n=] »

. 2n-1
where: ., is the separation constant (4, = (——15—21{ ,n=123..)

The vapor pressire gradient can now be obtained by taking the derivative of Eqn. 2.15

with respect io x.
OP,(x,y) _ _ & -2sind, . (A, x _Da;
Ox - (Pw.i‘nlcr Pw.c ); d sm( d )expl: vdz Yy (216)

The total mass deposited on the surface at x =d can be detcrmined by integrating
Eqn. 2.16

MW

s, =-DL
e RT

P,
j-—a-x—ay (2.17)
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where D is the diffusivity of the porous medium,

L is the cavity width,
M, is the molecular mass of water,
R, is the universal gas constant, and

T is the mean cavity temperature.

Integrating Eqn 2.17 yields the complete expression for the total mass deposited between

the limits of integration .

(exv[—lzj; y,]—exp[- va; y,D (2.18)

2.2.3 Inlet Conditions
The two main inlet conditions which are essential to the moisture deposition model
are the vapor pressure at the inner surface of the exterior sheathing, P, . and the inlet

-vapor pressure, P, ... The inlet vapor pressure is simply the product of the relative

humidity and the saturation vapor pressure for the inlet temperature. The direction of the

flow through the wall cavity will determine whether to use the indoor or outdoor
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temperature and relative humidity. The value of the inlet conditions for infiltrating flow

can easily be determined since the values of the outdoor temperature and relative humidity
are read into the model as input parameters. However, before the inlet conditions for

exfiltrating flow and the vapor pressure P, can be determined, the value of 7, must first

be calculated.

2.2.3.1 Temperature Profile

In order to determine the value of T, an energy balance at each node within the
wall cavity is performed using a one-dimensional steady-state analysis. Nikel (1991)
determined that the addition of forced flow through the wall cavity does not alter the
steady state heat flux calculations. The induced air flow through the wall cavity tends to
affect a small region of about 2d long (approximately 18 cm), near the entrance to the
wall cavity which is small in comparison to the entire height of the wall cavity. Therefore,
a linear temperature profile is assumed throughout the entire height of the wall cavity.
Fig. 2-3 shows the nodal point locations a through d and the indoor and outdoor

temperatures. The steady state energy balance at each node can be expressed as

iq, =0 (2.19)

i=]

where g, are the heat fluxes due to conduction, convection and radiation.
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Figure 2-3  Sources of heat flux throughout the wall cavity for each nodal point.
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Convention for heat flux into a node will be positive and negative for heat flux leaving a

node. For node a, the sum of the heat fluxes are due to convection and conduction can be

expressed as

h AT, -T)-2=(T,-5) =0 (2.20)

where: A, convective heat transfer coefficient for node a,
A, is the cross sectional area,
T,, is the indoor temperature,
T,, T, are the temperatures at nodes a and b, respectively, and

R, is the thermal resistance of the drywall between nodes a and b.

The value of the convective heat transfer for node a is the ASHRAE(1989) value based on
the assumption for still air on a vertical surface with horizontal heat flux. The thermal
resistance of the vapor barrier is assumed to be negligible. The heat fluxes for node b are

solely due to conduction and can be expressed as

(T,-F)-22(5-T) =0 @.21)

where R,, is the thermal resistance of the insufation. The heat fluxes at node ¢ are also

due to conduction only and can be expressed as
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A o\ A (Ve
R,,(Y;’ T.) R‘d(n T,)=0 (2.22)

where R_, is the thermal resistance of the exterior sheathing. The heat fluxes at node d

are due to conduction, convection and radiation and can be expressed as

Ai

2T, T,) + A i+ iy Aal Ty = Ta) + P gmiAaToa = L) + A To = T2) = 0
cd

(2.23)

where: ,,, is the total solar radiation on the exterior sheathing,

a is the solar absorptivity of the exterior sheathing,

hg 4-a1, is the radiation heat transfer coefficient from node d to the sky,

T,,, isthe sky temperature,

Pg 4-gma 1S the radiation heat transfer coefficient from the node d to the ground,
and

h, is the convective heat transfer coefficient for the exterior sheathing,

The total solar radiation which is one of the input parame_ers to the WMS model includes
both the direct and diffuse radiation. The value of the solar absorptivity of the exterior

sheathing was chosen to be equal to 0.8 which lies between 0.7 for red brick and 0.9 for
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black oil paint. The convective heat transfer coefficient for the exterior sheathing is based

on an ASHRAE (1989) mean value of 28.40 W/m °C for any position, moving air at 6.7
/s in the winter (34.08 W/m °C) and 3.4 /s in the summer (22.72 W/m °C). The
radiation heat transfer coefficients form node d (exterior sheathing) can be defined from

node d to the ground and to the sky as

o7, + T N7 + T
Ppa-gma = dl_ : dl ’ ) (2.24)
—+
€ F:!—gmd
ol T, + T, )7 + 1)
Ppaesty =—— (2.25)
—+
e F g,

where: o is the Stefan-Boltzmann Constant (5.669 x 108 W/m2/K4),
& is the iong wave emissivity of the exterior sheathing,

F;.ma is the view factor from the exterior sheathing to the ground,
T,,, is the sky temperature which is defined as,
T, =T,(0.55+5.68x10° JF,,)"" (Parmelee and Aubele, 1952),

F,_y, is the view factor from the exterior sheathing to the sky.
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The view factor from the node d to the sky is defined as F;_,,, = 0. 5(1- CCI) where CCI

is the cloud cover index (Ford, 1982). A value of CCI = 1 implies that there is complete
cloud cover whereas a value of CCI = 0 implies that the sky is clear. Since the two view
factors must add up to unity, the view factor from node d to the ground is
F; gma =1- F,_,,. Once the energy balances have been determined for nodes a - d,
Gaussian elimination is used to solve the Eqns. 2.20 to 2.23 for the four unknowns
temperatures, 7, ,7, ,T, ,and 7.
2.2.3.2 Indoor Relative Humidity

Nikel (1991) ran his moisture deposition model using an inlet relative humidity
varying from 5 to 100 %, indoor temperature of 20 ° C, outer wall cavity temperature
varied from -30 ° C to 10° C for a maximum velocity of 0.01 m/s. He showed that for a
given wall cavity temperature 7., there is a minimum RH,,,, above wk.ch moisture will
begin to deposit within the insulation as well as on the sheathing. Since his simplified
model could not handle condensation within the insulation, the RH,,,, was limited to a
specific range of values depending on the value of 7. Vhis range of values is shown in
Fig. 2-4 together with typical measured indoor relative humidity values in Canadian homes
as a function of temperature. Since the indoor relative humidity values for the typical
Canadian homes below -13.8 °C would result in deposition within the insulation, the
WMS model uses indoor relative humidity values which are determined from the limiting

values shown in Fig. 2-4.
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By utilizing the value of AP which is a function of the leakage characteristics

calculated from Walker's ventilation model and coupling this with the moisture deposition
mode] a more comprehensive realistic model has developed. Before the ventilation model
and moisture deposition model can be coupled together, the air flow rate through a wail
cavity must be determined utilizing the cavity flow model. This is where the WMS model
differs from the other moisture deposition models developed to date. The WMS model
calculates the air flow rate across the wall cavity based on the leakage configuration of the

house and the meteorological data.

2.3  Development of the Cavity Flow Model

The main objective of the cavity flow model is to determine the flow rate across
the wall cavity and subsequently determine the air velocity which can then be used as input
to the moisture deposition model. The cavity mass flow rate is determined from the overall
pressure difference, P,, — P, as shown in Fig. 2-5 and the characteristics of the leakage

path. The expression for the pressure difference P, — P, is in terms of the wind effect and

stack effect. The derivation of the cavity flow model is first shown for infiltrating flow
followed then by a summarized derivation for exfiltrating flow. With the mass flow rate
known, the velocity through the insulation can subsequently be determined. The velocity is
then used as an input into the Eqn.2.18 and the hourly moisture deposition rate calculated.

The cavity flow model is based on the following:
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Figure 2-5  Wall cavity geometry showing the leakage site locations and the various
pressure difference locations used in the derivation of the cavity flow
model.
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- The air flow leakage path is two dimensional. Air enters horizontally through an

inlet slit approximately 2mm high and 368 mm wide, travels vertically through
the insulation, and then exits the wall cavity through another slit of similar
dimensions into the surrounding ambient conditions.

- The flow through the leakage path is assumed to be either turbulent, developing
or laminar flow.

- The amount of leakage through the wall cavity is small compared to the total
amount of distributed leakage through the building. Therefore, AP, ; from the
ventilation model can be utilized in the development of the cavity flow model.

- The flow coefficient and flow exponent for the cavity have different values than
the building's.

- The absolute temperature throughout the cavity insulation is the mean
temperature between the indoor and outdoor temperature. Consequently,

the density of the cavity insulation is based upon the cavity mean temperature.

2.3.1 Infiltrating Flow
Recall the expression from Eqn. 2.11 for the pressure distribution across a leakage

site i, is a combination of the wind and stack effects.

AP, = AP -AP, H,+C,AP, S, *
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Using this expression, the pressure difference for the leakage site at location 2 where the

wall cavity meets the ceiling as shown in Fig. 2-5 can be expressed as
Fpy =P, =AF+C, AF, Snz"APer (2.29)

Here P,, is the pressure at the outside of the site 2 and 7, is the pressure at the inside

of the wall cavity at location 2. Similarly, for location 1 at the base of the wall cavity
where the floor meets the wall, the expression for the pressure difference across the

opening at location site 1 can be expressed as
Py —F,=AP+C, AP, S,2-AP. H, (2.30)
The pressure at locations 11 and 12 or O1 and O2 are related by the hydrostatic terms

P =F,+pgH, @231)



35

where p is either the indoor density for locations I1 and I2 or outdoor density for
locations O1 and O2. The term H_, has been substituted for the height difference H, - H,.

By substituting the expression for P, from Eqn. 2.31 into Eqn. 2.29 the expression for

F,, becomes,

Poz=Pn—pich+APuf+Cp,ARvSw2-APTHz (2.32)

By substituting the expression for Por from Eqn.2.31 into Eqn. 2.30, F;, becomes,

Py=P,+p,gH.~AP.-C, AP,S, +AP, H, (2.33)

A general expression for the pressure difference across the leakage path in terms of the

stack and wind effects can now be obtained by subtracting Eqn. 2.33 from Eqn. 2.32.

H +H,

P,-P, = _(%E_e.) gH.+AP, - AP,( )+AP,, c,S, (2.34)

Since the value of AP, is calculated from the ventilation model, the pressure difference in

Eqgn. 2.34 can be determined.
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For a given pressure difference (P, — B,), the mass flow rate can de calculated if

the flow resistance of the leakage path can be characterized. For the path shown in

Fig, 2-5, there are three flow resistances in series: the inlet crack at location 2, the cavity
filled with porous insulation, and the outlet crack at location 1. The mass flow rate
through the leakage path can be calculated by expressing the pressure difference across
each resistance in terms of the mass flow rate and equating the sum of the three pressure

differences to (P,, — P,,). The mass flow through any resistance can be expressed as

= p CAP" (2.35)

where p is the density,
C is the flow coefficient,
AP is the pressure difference across the leakage site and,

: is the flow coefficient.

The density term is dependent upon the direction of the air flow through the wall cavity.
For infiltrating flow the cutdocr density will be used whereas the indoor density will be
used for exfiltrating flow. The flow voefficient, C, is determined from the geometry of the
inlet and flow characteristics such as density and viscosity. The flow exponent specifies the

behavior of the flow through the leakage site. For fully developed flow,n = 1, whereas for
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turbulent flow n=1/2. Selection of the values for the flow coefficient and flow exponent

will be discussed later in this section.

The mass flow rate from the outside at location 2 through the inlet into the wall cavity can

be expressed as

t,=p,C, (P, - P,)" {2.36)

where P, is the pressure at the outside of location 2,
P, is the pressure just after the air enters the cavity at location 2, and

C, ,n, are the unknown flow coefficient and flow exponent respectively.

Similarly, the mass flow for an infiltrating flow exiting the cavity and entering the indoor

space through inlet 1 can be expressed as

tite = pc C, (Pm"Pn)"I (2.37)

where g, is the density of air within the cavity,
P,, is the pressure just after the air enters the cavity at location 1,
B, is the inside of the house at location 1, and

C,,n, are the unknown flow coefficient and flcw 2xponent respectively.
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Finally, in order to consider the mass flow through the insulation of the cavity wall we

must first review the governing equation for flow through a porous medium.

In fluid mechanics of porous medium, the momentum or force balances can be
summarized mathematically by the Darcy Law (Bejan 1984). Since the velocity flows only
in the y direction the expression for velocity from the Darcy Law in the presence of a

body force (gravity) is expressed as,
v=£(———-—pg) (2.38)
7

where K is the permeability of the insulation and 4 is the viscosity of air seeping through
the porous material . For infiltrating flow traveling in the negative y direction Eqn. 2.38

becomes
v= %(—+ pg) (2.39)

This form of Darcy’s Law assumes that the velocityV is uniform across the cross-
sectional area of the wall cavity. (i.e. plug flow through the insulation). Integrating
Eqn. 2.39 over the height of the wall cavity height the expression for the velocity in the y

direction in terms of pressure difference becomes
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K [(Pcz ’ch)+ngc] (2.40)

—.Uch

v

The mean temperature of the cavity will be used to determine the variations in density and
viscosity with temperature. The mean temperature of the cavity is the mean value of
outdoor and the indoor temperatures. Using the power law to account for variations in
viscosity with temperature , the viscosity of the air within the cavity can be determined as

follows (Wilson 1994)

He (i) (2.41)
Hg

where . isthe reference viscosity = 1.98 x 10 (Ns/m?) at T, =300K, and

T, is the mean cavity temperature.

To determine the variation in the air density with temperature within the cavity, the ideal
gas equation is used assuming a constant pressure. A simple ratio between the unknown

density and the reference density, p,,, is used to determine the density of the cavity.

Pe 298

(2.41)
Py Io
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The mass flow rate within the wall cavity can now be determined knowing the values of

the density and viscosity within the cavity. Using the expression derived for the velocity

from Eqn. 2.40, the mass flow through the porous medium within the cavity is,

. A K .
me = Er'_c""[(Pcz - J;"cl) +Pc ch] (2.42)
HcHe

By equating mass flows in Eqns. 2.36 and 2.37, the pressure difference across the outlet at

location 1 becomes

S
Foy—-PB, = (’po-cé%') (Poz - Pcz),%‘ (2.43)

Cc ™1

Similarly, by equating the mass flows in Eqns. 2.37 and 2.42 the pressure difference within

the cavity between inlets 1 and 2 becomes,

C u.H
P -Fy = _15_(:_13_9_(};0 "Pn)”l -pc8H, (2.44)
c

Subtracting P, from both sides, Eqn. 2.44 becomes,

C u.-H
Pp-PB,=F,-F, +__1ﬁ‘£1?_c_(}>a - Ex)"l ~-p-gH, (2.45)
c
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Now, by substituting the expression from Eqn. 2.43 for the pressure difference Fr, - B,

into Eqn. 2.45 an expression for the pressure difference (F,,, - F;,) across the wall cavity

can be expressed as,

C. /o m/ C,ucH
Poz—Pn:(Poz_Pcz)*'('pLéz") (Poz"Pcz)/""""iy_CEL&(Pm’Pm)m“pchc

-1 c & Pe

(2.46)

By equating the expression for the pressure difference 7, — F,, across the leakage path
from Eqn. 2.34 with the pressure difference, P,, — P, from Eqn. 2.46 in terms of the mass

flow rates, a general expression for the pressure difference acress the wall cavity can be

determined and expressed as,

%1 ny
(Mm)+(_%%) (o) +§£§£I%&(Apoa ) AP, =0 (247)
c™1 C (4

where AP, is P, - F,

H,+H,

AP, = AP -AP,( )+AR, c,S, (2.48)

It should be noted that the C and » values in Eqn. 2.47 depend on the flow rate through

the wall cavity which depends on AP,, . The evaluation of C and n will be discussed in



42
Sec. 2.3.3. Thus for a given C and » Eqn. 2.47 is nonlinear and the unknown quantity

AP,., of Eqn. 2.47 is solved using Newton's method. Once the unknown quantity AF,,
has been d-termined, the mass flow can be calculated by substituting the value for AF,,

back into Eqn. 2.36.

2.3.2 Exfiltrating Flow
The derivations for determining the pressure difference across the cavity wall for
exfiltrating flow are exactly the same as those for infiltrating flow. The mass flow

equations across leakage site 2, site 1, and through the insulation are respectively,

tie = pC,( By - Bp)”, (2.49)
Mg = p, Cx(Pu -Pcl)nl, and (2.50)
. A K
Me =_pc_c__[(&l "Pcz)"Pc ch] (2.51)
HcHe

Equating the mass flow equations (2.49) and (2.50) an expression for the pressure across

the cavity wall at location 1 becomes

pA
P, -F, =(pcgz) (Pcz-*poz)”%l (2.52)
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Now equating the mass flow Eqns. 2.50 and 2.51 the pressure difference between

locations I1 and C2 becomes,

Cu.H
B,—Fp=F,-Fy+ 1fe. Cp_"(Pn_Pcl)”l +pc 5 He (2.53)
Ac Kpc

Substituting the expression for the pressure difference P, - P, across leakage site 1 from

Eqn. 2.52 into Eqn. 2.53 wei yield the expression for the pressure difference across the

leakage path.

pA
P,-F, =(Pa"Pm)+(Ml) (Pcz‘Poz)% ‘*''Cizjj‘l—ckli(Pcz"Poz)'lz +p.gH,
c

(2.54)

For exfiltrating flow, the expression for the pressure difference P, — B,, is,

H +H,

P,-PB,= (P_f‘;./_%) gH.-AP, +AP,( )+AP, c,S, (2.55)
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Equati«:g Eqns. 2.54 and 2.55 for the pressure difference £, — F,, across the cavity wall

results in the following expressions,

%
(APM)+[£C%) (8Ps) 4 + AEZE (AP, " = AP, =0 256)

where: AP, is P,—F,

H, +H,

AP, = —(APM -AP,( )+AR, c,s,’) (2.57)

The mass flow rate for exfiltrating flow can be determined by solving for AF,,, using

Newton's method and substituting the value of AP,,, back into Eqn. 2.49.

2.3.3 Determination of the Flow Coefficients and Flow Exponents

The flow coefficient and exponent describing the resistance of the inlet and outlet
cracks are dependent on the nature of the flow (i.e. whether the flow is laminar, turbulent,
fully developed or developing). For a given crack geometry, the C and » will therefore
depend on the mass flow rate through the wall cavity. Thus, the solution to Eqns. 2.47 and
2.56 requires iteration where an initial guess is made for C and n and then verified by

checking the flow regime.
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The flow exponent 72, must first be determined since the flow coefficient C, is

dependent upon its value. Kreith and Eisenstadt (1957) performed an ¢¥periment to
determine the pressure drep and flow characteristics of short capillary tubes at low
Reynolds numbers. The inlet cracks of the wall cavity were assumed to behave in a similar
manner as the short capillary tubes. The length to diameter (L /d) ratios ranged from 0.45
to 18 at diameter Reynolds numbers ranging from 8 to 1500. The air flow rate was plotted
against the pressure drop for each (L /d) ratio and the corresponding slope was the flow
exponent. With the flow exponent known, a relationship between the flow exponent and
the corresponding (L /d) ratio can be determinc..’ s shown in Fig. 2-6. This figure is
very useful in determining the flow expenent for a given (L / d) geometry. Unfortunately,
this leads to two further problems. One problem is that the (L /d) ratio is not known for a
given leakage site and secondly, the flow coefficient is difficult to calculate for
intermediary values of n. By assuming a (L /d) ratio of 5 and using three intermediary
values of n=1/2, 2/ 3, and 1 the corresponding flow coefficients can be calculated. The
value of the (L /d) changes for differing values of flow exponents but a (L /d) ratio of 5
will be assumed to be constant regardless of the value of the flow exponent. This is based
on the assumption that the geometry of the leakage path throughout the wall cavity is
seldom straight from the leakage site to the surrounding environment but rather is
complex changing directioas 3&eral times across the cavity wall.

The air flow raxs iz ©:st determined based on an initial guess that n=2/3 for the

flow zxponent. Jones (1987) calculated the relationship for the flow forn=2/3 from the
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Figure 2-6  Flow exponents for various length to diameter ratios of short capillary
tubes at low Reynolds Numbers.
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experimental results of Shapiro, Siegel and Kline (1954). The expression for the flow rate

in a tube when n=2/3 1s

Y 173
0=[-ZD_| ap (2:58)
16puk* L

where: D is the diameter of the tube,
p, i are the density and viscosity of the air,
k is an experimental constant equal to 13.74,
L is the length of the tube and,
AP is the pressure drop along the tube from the entrance to the

axial distance L.

Replacing the term for ti:2 tube's diameter in equation (2.58) with the hydraulic diame: er
for a two-dimensional crack and recalling that (L /d)=5, Eqn. 2.58 can now be expressed

as,

_(0-2628(why"\" o 259
Q(mwwr) @:39)
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where: w is the width and 7 is the height of the leakage crack, and

7 /3
(2-2—622—8{!}?)2—) is the expression for the flow coefficient forn=2/3.
PH(W

After solving for the mass flow rate based on 7 =2 /3 the Reynolds number based on the
hydraulic diameter is calculated . If the value of the ratio of (L /d ) to the Reynolds

number falls within the limits

107 ) (Ei]i?) ) 107 (2.60)

then the assumption was correct and n=2/3. However, if the value of the ratio is greater
that 103 than the flow is approaching laminar flow and the mass flow rate is then
recalculated for a flow exponent equal to 1. The expression for the flow rate in a tube for

laminar flow is

0= (_’.’ﬁ) AP 2.61)

where: R is the radius and L is the length of the tube,
M is the viscositw, and

AP is the pressure drop along the distance L of the tube.
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Replacing the radius term with the hydraulic radius Eqn. 2.61 can be expressed now for

non circular geometries as

| m(wh)’
Q_(640p(w+h)3)AP (2.62)

where: w is the width and 5 is the height of the leakage crack, and

mwh)® . .
——=—jsth ession for the flow coefficient.
640w+ ) is the expr (0} W

If the value of the ratio is less than 10°5 then the flow is approaching turbulent
flow and the process is repeated using a flow exponent equal to 1/2. For turbulent flow
the flow coefficient is equal is equal to 1/2 which corresponds to flow through an
obstructed opening. From White (1986) the expression for flow as a function of pressure

drop is expressed as

24P "
=C, 2.63

where: C, is the discharge coefficient,
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A, is the area at the throat (inlet),

p is the density of the air flow,
AP is the pressure drop across the inlet, and

B is the ratio of the obstruction diameter to the upstream diameter .

The density of the air flow depends on whether the flow is infiltrating or exfiltrating. When

the upstream diameter is much greater that the obstruction diameter, 5 =0. Rearranging

the terms in Eqn. 2.63 and by setting #=0 the expression for the flow rate becomes,

Q=[(3) A)AP"2 (2.64)
P

172
where: (—2—) A is the expression for the flow coefficient forn=1/2.
P

Note that the area A is the product of the discharge coeflicient snd the irlet area.

Once the flow coefficient and flow exponent have been determined the mass flow
rate can be determined using Eqn, 2.36 or 2.49. The velocity of the air through the wall
cavity is then calenlated by dividing the mass flow rate fro-:a Eqn. 2.36 by the product of

the density and cavity cross-sectional area.
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2.4 Implementation of the WMS Model

The WMS model divides the wall cavity into 40 equal zones with each zone being
less than 5 cm in height. Zone number 1 is the bottom zone which is adjacent the interior
leakage crack at the junction where the floor and wall meet. The zone numbers
sequentially range from 1 to 40 with zone 40 being adjacent the exterior leakage crack
where the ceiling and wall meet. If the leakage path height is reduced and the zone height
is calculated to be less than 1 cm thex the WMS model reduces the number of zones from
40 to 23. The zone height was chosen to be a maximum of 5 cm in order to compare
results from the WMS mode! with the moisture deposition model. Nikel (1991) used a 5
cm zone height to compare the predicted values from his moisture deposition model with
the actual values of moisture deposited which were cut out of the exterior sheathing each
5 cm in diameter.

The WMS model calculates the hourly moisture deposition rate which is then used
to determine the muisture content and surface moisture accumulation for each zone along
the wall cavity as shown in Fig. 2-8. This figure also shows the major components of the
WMS model includiiig the contribution of the ventilation, moisture deposition and cavity
flow models. When moisture is deposited in a zone it is assumed to be distributed
uniformly over the height and width of that zone. The moisture is also assumed to be
absorbed instantaneously increasing the moisture content of the exterior sheathing. Once
the exterior sheathing reaches its saturation point, moisture then deposits on the surface of

the sheathing.
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However, before the moisture deposition rate can be calculated, two important

questions must be addressed. The first questions deals with the relationship between the

moisture content (MC), temperature, T, and the vapor pressure, P, and the second

questions deals with which value of F, , should be chosen (i.e which zone should used).

Chapter 3 will discuss these two questions in detail.
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Figure 2-7  Flow chart showing the major components of the Wall Moisture
Simulation Model.



Chapter
THREE

VAPOR PRESSURE FOR WOOD SHEATHING

Before the WMS simulation model can be used, there are two important questions

to be resotvec. fhe first deals with the relationship between the vapor pressure F, .,

moisture content (MC), and temperature for wood. As moisture is deposited or removed
from the exterior sheathing, the moisture content of the sheathing changes resulting in a

change in the value of P, which changes the flux of moisture to or from the sheathing. At
temperatures above 0 ° C, the relationship between P, ,, MC, and temperature has been

measured and the results have been described by the correlation developed by
Cleary (1985). However, for temperatures below 0° C, there are no measured data for
this relatior ip. The first part of this chapter discusses two alternatives for the

relationship between P,

w,c?

MC, and temperature below 0° C.
The second question deals with the appropriate value of P, . to be used in the

moisture deposition model. Recall, that the moisture deposition model developed by Nikel
(1991) requires that the cold surface of the exterior sheathing have a uniform vapor
pressure. However, when moisture is initially deposited on the sheathing, the moisture
content will not be uniform over the height of the wall cavity because the flux of vapor to
the cold sheathing varies with height (as given by Eqn. 2. 18). This implies that the vapor
pressure P, , will vary with height. Two alternatives for choosing the value of P, . are

compared using the WMS model to generate yearly simulations. In the first analysis the
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values for the vapor pressure P, ., are obtained by extrapolating Cleary’s expression for

temperatures below 0 ° C. The second alternative utilizes the same procedure as the base
case model for determining the vapor pressure but utilizes the arithmetic average moisture
value as the input for moisture content into the expression for the vapor pressure, P,..
3.1 Base Case Simulation

The absorption characteristics 6f wood sheathing is given Cleary’s empirical

expression for the vapor pressure for values of temperature above 0 °C,

P, = e em(lsico C)(-o.0015+o.053 MC -0.184 MC? +0.233MC?)

The input variables into this expression are the temperature 7, , which is the temperature
between the insulation and the exterior sheathing and the moisture content. For
temperature () values below 0 ° C the base case method assumes that the moisture
content is constant for a givea vaiue of relative humidity as shown in Fig. 3-1 . Physically
this implies that watex absorbed within the cell walls for temperatures belov 0°C fora
given relative humidity is assumed to be constant'. The cell walls will not absorb any

additional mcisture unless the relstive humidity increases.

! Wood is composed of hollow cells and the cell walls are made of cellulose. Moisture is first absorbed in
the cell walls until it reaches saturation beyond which excess moisture appears as free water inside the
hoilow cell.
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For the base case simulation, the meteorological data for Winnipeg was chosen for

its extremes in indoor-outdoor temperature. The wall cavity and building geometry used in

all simulations ran can be seen in Fig. 3-11 and Table 3-1.

3.2  Alternative Model for P, Below 0°C

An alternative mode! for the vapor pressure of wood below 0 ° C, recults from a
simple extrapolation of Cleary’s correlation below 0° C. These extrapolated values are
shown in Fig. 3-1 as the dashed curve for a given relative humidity. Physically, this model
predicts that as the temperature decreases (below 0 ° C) moisture thz: is beund in the cell
wall is forced out and ultimately some of this moisture appears as unbound water inside
the cell. For example, if a wood szmple initially at 0° C and a moisture content of 16.5 %
(i.e. in equilibrium at a relative humidity of 80 %) were cooled down to -10° C, the cell
wall would just reach saturation and corresponding vapor pressure of 260 Pa. A further
reduction in the temperature to -20 ° C would reduce the moisture content in the cell wall
to 11 % and the excess amount of moisture would appear as unbound water inside the cell
as shown in Fig.3-2. The corresponding vapor pressure would be the saturation pressure
value for the given temperature.

The main difference between this model and the previous modei(solid line below
0 ° C in Fig. 3-1) is the vapor pressure of the wooZ at a given moisture content and
temperature. In the example above, the first model would predict a vapor pressure of 260

Pa at a moisture content of 16.5 % and temperature of -10 ° C as opposed to 208 Pa for
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the second method. For the cavity moisture deposition model, this difference in the vapor

pressure will affect the flux of vapor to the exterior sheathing.

In the simulations that were used in this chapter, the inlet vapor pressure, P, .,
remained constant and only the value of the vapor pressure P, . changed causing the
vapor pressure difference (P, ., — P, .) to differ form the base case simulation. As a

consequence using the extrapolated method would result in a vapor pressure value that is
always lower than the base case method. This results in only a slightly greater vapor

pressure difference (2, .., — P,.) using the extrapolated method of determining F, .

compared to the base case model as shown in Fig. 3-3. This small increase in the vapor

pressure difference (P, ,,, — P, .) results in a marginal increase in the moisture deposition

rate as shown in Fig. 3-4. From Fig. 3-5 the behavior of the moisture content profile of
zone 1 shows a strong temperature dependency using the extrapolated method of

determining the value of P, compared to the base case. The difference in the moisture

content values of zone 1 between the base case and extrapolated methods can be used to
determine the amount of unbound water. Though the maximum amount of the daily
averaged surface moisture deposition is less than 1 gram, the daily averaged unbound
water for zone 1 can reach values as high as 23 grams as shown if Fig. 3-6.

Though there was only a small difference in the results for the two methods
presented, the base case method was chosen as the preferred method for determining the

value of P, . The moisture content profile for the base case seemed to demonstrate a

better response to the weather conditions than the extrapolated method increasing with the
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onset of colder weather, reaching saturation value during mid winter, and then declining

with the onset of warmer weather in the spring. More measurements for the vapor

pressure of the wood for temperatures below 0 ° C should be done.

3.3  Average Moisture Content Values

The second question relates to which value of vapor pressure P, , or (i.e. which
zone) should be used. With most of the deposition occurring in zene 1 it would seem
reasonable to use the value of the moisturz content of zone 1 to determine the value of the

vapor pressure, P, . However, moisture deposition does occus in the other zones along

the wall cavity and depending on the flow conditions, the moisture content way for
example be greater in zone 40 than zone 1 for any particular time. The moisture content of
zone 1 was therefore chosen as input for the moisture content for exfiltrating flow and
zone 40 for infilrating flow. However, since the moisture cc-:tert of each of the 40 zones
is different, it was difficult choosing the appropriate value for the moisture content as the

input when determining the value of 7, .

One possible alternative was to use the value of the arithmetic average moisture
content of the 40 zones as the input for the moisture content when determining the value
for the vapor pressure. Since the value of the average moisture is lower than the moisture
content of zone 1 and zone 40, inputting this value into the expression for the vapor

pressure, P, _ resulted in a lower value of P, , and a greater vapor pressure difference

(P, s — B,.) as shown in Fig. 3-7. This produced a greater moisture deposition rate as
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shown in Fig. 3-8. The result was a significant increase in the moisture deposition rate,

which caused an increase in the wood moisture content and surface moisture accumulation
as shown in Figs. 3-9 and Fig 3-10, respectively.
Using the arithmetic average moisture content as the input for the moisture when

determining the vapor pressure P, , was not a reasonable approach after examining the

moisture content profiles as shown in Fig. 3-9. The moisture content profile using the
average moisture content value showed a rapid increase over a short period of time in the
fall and early winter. The maximum moisture content was sustained over a substantially
longer period than the base case and showed oaly a 4 % decrease in the moisture content
at the end of the simulation during the spring and summer period. This moisture content
profile did not seem to reflect the weather conditions for Winnipeg having moderate wind
speeds and indoor-outdoor temperatures.

Having chosen zone 1 for exfiltrating flow and zone 40 for infiltrating as the values

for the moisture content when calculating the value of the vapor pressure P, , , the mass

deposition rate will now be determined for five different climatic regions across Canada in

Chapter 4.
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Figure 3-1  Vapor pressure of wood as a function of the temperature and moisture
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year period (July-June) in Winnipeg. Surface moisture accumulation is
uniformly distributed over zone ! which is 50 mm high and 368 mm wide.
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period in Winnipeg for the base case and average moisture content
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(R Chmm
Ceiling height of building
Floor height of building
Volume of building
Building flow coefficient
Building flow exponent
Fraction of distributed leakage:
Fraction of distributed leakage in walls
Fraciion of floor leakage below walls

7

3m

0.61 m

200 m®

0.00845

0.681

20% Floor: 10% ceiling: 70% walls
25% in each wall

25% in each wall

Fraction of attic leakage above each wall | 25% in each wall
Wil Choackeneies .
Width of exterior slit 368 mm

Height of exterior slit 1.9 mm

Height of exterior inlet 2.684 m

‘Width of interior slit 368 mm

Height of interior slit 2.6 mm

Height of interior iniet 0.753 m

Width of Cavity 406.4 mm

Dept of Cavity 89 mm

Direction ¢ ity ==l ;3 1acing North

Table 3-1
determine the relationship for P, ..

Building and wall cavity characteristics used in the WMS model to



Chapter
FOUR

WALL MOISTURE SIMULATIONS

Development of a comprehensive numerical model enables manufacturers and
builders involved with the building science industry the ability to prediéi potential problem
areas which may arise and probable solutions without having to incur the time and expense
of setting up field experiments. The Wall Moisture Simulation Model (WMS) was used to
predict the moisture in walls of residential buildings of 5 different climatic regions across
Canada. The meteorological data for five cities across Canada were chosen to represent
different climatic regions. These 5 cities include Whitehorse (Arctic Region), Winnipeg
(Prairie Region), St.Johns (Eastern Coastal Region), Montreal (Central Region) and
Vancouver (Western Coastal Region). This chapter will first discuss the results generated
for the 5 different cities across Canada which will be used as the basis for comparison
purposes in the second part of the chapter. In the first section, it will be shown how the
climatic conditions influence the leakage flows and hence the moisture conditions in the
wall cavity and potentia! for biological growth in the sheathing, The meteorological
conditions determine the moisture deposition pattern by imposing a total pressure and
vapor pressure difference across the wall. It was also instructive to examine how the
leakaz~ fows are siiected by the climatic conditions.

In the second part of the chapter, various wall assemblies were simulated to reflect
current building praciises of building walls of 140 mm (5.5”) thickness and renovating

existing walls by adding an exterior insulating sheathing. Simulations were also carried out
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for varying leakage path length to determine the sensitivity of the results to this parameter.

A final simulation was carried out using the base case and imposing & constant ieakage
flow on the wail. This type of simulation has been reported before by Gjanen and Kumaran
(1992) and TenWolde and Carll (1992).

Each of the simulations were for an isolated, unsheitered bungalow, with a north
facing wall cavity having a typical leakage path. A north facing wall was chosen since the
moisture deposition would be greater for the north facing wall than the other 3 cardinal
directions because of the lower amount of solar gain and hence lower sheathing
temperatures. The results generated by the WMS model were calculated on an hourly
basis over a 1 year period commencing in July and finishing in June. All simulations began
in July when the moisture content of the sheathing is generally dry having an initial
moisture content of 5.5 %. It was expected that the sheathing moisture content would
increase from a low value in the suramer reaching a maximum in the winter and then

gradually decreasing with the retumm of the warmer weather in the spring.

4.1 Base Case Analysis For the Five Cities

In this section, we discuss the flow rate, vapor pressure difference (P, ,,, ~ F,..)-

cavity mass deposit rate, moisture content profile, and surface moisture accumnlation for
the 5 cities and how these depend on the meteorological data. The flow rate and vapor

pressure difference, (P, ., — F, ), will first be analysed to determine the effect they have

on the mass deposit rate. Meteorological data for each of the 5 cities included the outdoor

temperature and relative humidity, wind speed as measured at a standard height of 10 m,
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and wind direction which can be scen in Appendix A. The combination of air flow rate,

vapor pressure difference (P, ,,,, - B, ), and moisture deposition rate will then be used to

explain the behaviour of the moisture content profile and surface moisture accumulation
along the wall cavity.

The leakage path for all simulations ran comprised of ais entering horizontally
through an inlet slit, traveled vertically through the insulation, and then exited horizontally
through another slit into the surrounding ambient conditions. The wall cavity was built of
50 mm x 100 mm (2” x 4”’s) on 406 mm (16™) centers. The wall cavity was composed of
13 mm gypsum wall:oard, 0.1 mm polyethylene vapor barrier, 90 mm glass fiber batt
insulation, and 9.5 mr: »ooden exterior sheathing. The specific dimensions of the leakage

path inlet slits and the wall cavity can be seen in Table 2-1.

4.1.1 Flow Rate

The air flow through the wall cavity can be either infiltrating or exfiltrating and its
rate has a direct affect on the amount, location, and whether the moisture is either
deposited or removed from the exterior sheathing. The amount of moisture deposition or
removal is partially determined by the magnitude of the air velocity wkich is calculated
from the volumetric flow rate. The direction of the flow determines whether the majority

of the moisture is deposited or remove 1 near the top or bottom leakage sites of the wall

cavity.
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Recall from Secs. 2.1.4 and 2.1.5 that the two main factors affecting the pressure

diffarence across the leakage path are the wind and temperature differences (stack) on the

envelope and are given by the following expressions.

AP, =C,” 3 Us, @.3)

T -T
AP, ==Ppu gH,( ‘”T ‘”“) (2.4)

The majority of the flow across the wall cavity in the summer is due to wind effect when
the indoor-outdoor temperature difference is negligible or zero. As the outdoor
temperature decreases , the indoor-outdoor temperature difference increases and the flow
subsequently due to the stack effect increases. For cold climate locations such as
W hitehorse and Winnipeg where the daily average cutdoor temperatures can reach values
colder than -30 ° C, the flow due to the stack effect is quite significant. Conversely, for
fair weather locations such as Vancouver where the daily averaged outdoor temperature
reach vaiues of only -5 ° C during the winter months, the pressure difference due to the
stack effect is only half that of Whitehorse or Winnipeg.

Superimposed on the stack effect is the variable effect of wind. The magnitude of
the flow due to wind effects is not only due to the wind speed acting on the surface of the

wall surface but also the wind directic . For 41 isolated house, with ths wall leakage path
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facing on a north wall, the pressure coefficient, C, , for northerly blowing winds is

approximately +0.6,-0.4 for southerly winds, and -0.6 for easterly and westerly blowing

winds. The variation of the pressure coefficient, C, over a wind angle range of 360 ° for

an isolated house can be seen in Fig. 4-1. This variation is included in the ventilation
model. Positive values of pressure coefficient tend to result in infiltrating flow while
negative values result in exfiltration. Note from Fig. 4-1 that the pressure coefficient is
sensitive to wind direction and can change from positive to negative for a small change in
wind direction. Thus, the wind direction will determine whether the flow is infiltrating or
exfiltrating. On the other hand, the wind speed, U determines the magnitude of the flow.
For example, St.Johns daily averaged wind speeds reach values as high as 65 kph,
resulting in a flow rate 4 times greater than Vancouver where the wind speeds reach
maximum values of only 33 kph.

Table 4-1 summarizes the number of hours of infiltration and exfiltration, flow
rates, mass of water vapor entering the leakage site, cavity mass deposit rates, and mass of
water vapor exiting the leakage site for each of the 5 cities. The mean infiltration flow rate
for St.Johns calculated over 2908 hours was 0.0215 m*/hour and 0.0244 m*hour over
5852 hours of exfiltration. This is largely due to the high wind speeds in St.Johns
compared to the other locations. Vancouver on the other hand, with its seasonable warm
temperat:ses and moderately low wind speeds, only reached a mean infiltration flow rate

of 0.0011 m*/hour calculatzd over 3849 hours and 0.0056 m*/hour over 4911 hours of
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exfiltration. Figures 4-2 !, 4-6, 4-10, 4-14 and 4-18 show the daily averaged flow rates for

5 base case cities. The mean houzly infiltration flow rates over a 1 year period for
Whitehorse, Winnipeg and Mongxeal were 0.0054 m*/hour, 0.0212 m*/hour, and 0.0090
m’/hour respectively. For the most part, the mean hourly exfiltration flow rates were lower
than the mfitrssion rates because of the difference in the magnitude of the pressure
coefficients i.e. for a given wind speed, northerly winds produce +0.6 while southerly
winds produce only -0.4. Throughout a 1 year period, the mean hourly exfiltration flow
rates for Whitehorse, Winnipeg and Montreal were 0.0050 m*hour, 0.0067 m*/hour, and
0.0087 m*/hour respectively.

In general, the leakage flow rate directly inf1ences the amount of moisture
deposition. The leakage flow direction determines where th moisture is predominately
deposited or removed along the wall cavity and the vapor pre=sure difference

(P, i — P,.) determines the magnitude of the moisture deposition or removal rates from

the exterior sheathing as the flow convects through the wall cavity.

4.1.2 Vapor Pressure Difference (P, ,,,, — P, .)

Similar to leakage flow, the magnitude of the vapor pressure difference partially

determines the amount of moisture deposited since the sign of the vapor pressure

1 Reference to figures will be made out of sequence when discussing the results for the 5 base
cases. The results are grouped together in order for Whitehorse, Winnipeg, St.Johns, Montreal,
and Vancouver.
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difference (P, .4 — PB,.) determines whether the flow is depositing or removing moisture

along the wall cavity as can be seen in Eqn. 2.18,

. oM, _p ye—2sind, . (4
R R ) Y sm(

By
*®
N’

Recall from Sec. 2.2.3 that the inlet vapor pressure, P, ., , is a function of the

ambient temperature and relative humidity. The direction of the flow through the wall
cavity determines whether the indoor or outdoor temperature and relative humidity values
will be used. With the indoor temperature set at 20 ° C, the inlet vapor pressure for
exfiltrating flow can vary from 234 Pa for a minimum indoor relative humidity of
approximately 10 % to 1053 Pa for maximum indoor relative of 45 %. The variation in the
indoor relative humidity as a function of the temperature 7, can be seen in Fig. 2-4. For
an infiltrating flow, the inlet vapor pressure can range from 17 Pa for an outdoor
temperature of - 30 ° C and relative humidity of 45 % to 3821 Pa for an outdoor
temperature of + 30° C and relative humidity of 9C %. Recall from Sec. 3.1 that the

vapor pressure along the exterior sheathing surface, P, , is a function of the temperature,

T, , moisture content, and the relative humidity, RH .. The vapor pressure for a maximum

moisture content of 34 %, relative humidity of 100 %, and temperature, 7, of
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28.5 ° C is 3753 Pa and 47 Pa for a minimum moisture content of 5.5 %, and

temperature, 7. of - 28.5 ° C.

There are 4 possible combinations between the air flow direction and the vapor
pressure difference which can occur. The first two possibilities occur when the vapor
pressure difference is positive. For this case the inlet vapor pressure is greater than the
vapor pressure along the wall surface and as the exfiltrating or infiltrating air flow
convects upward or downward, the diffusion of moisture from the flow to the wall surface
occurs in the form of moisture deposition. The other possibilities occur if the vapor
pressure difference is negative. When the inlet vapor pressure is less than the vapor
pressure then the diffusion of moisture is from the wal: surface to the convective flow as
moisture is removed from the wall surface for either exfiltrating or infiitrating flows.
Examples of moistare removal and deposition for either infiltratu:g or exfiltrating flows
can be seen in Table 4-1 by observing the range of the average cavity mass deposit rates

for the 5 base case cities.

During the late sumr -he vaiues and sign of the pressure difference
fluctuate a great deal : ‘sace will generslly be positive during the
cold winter months, : € approximately 500 Pa and will be
predominately negatis -, 46, 4-10, gnd 4-14 show these trends
of increasing vapor press... ._.sace fluctuating between 0 and 400 Pa as the weather

becomes colder. As the year progresses and warmer weather approaches, the vapor

pressure differences gradually becomes more negative. These trends can also be seen for
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Vancouver in Fig. 4-18 but the fluctuations are smaller because of the small indoor-

outdoor temperature difference during the winter months.

4.1.3 Cavity Mass Deposit Rate
The mass deposit rate is determined predominately by the velocity v, through the
cavity which is calculated from the leakage air flow rate, and the vapor pressure difference

(P, pue: — P, ) as shown in Eqn. 2.18 for the mass deposit rate. The cavity depth, d, has

been set for the base case at 89 mm (3.5”) aud the cavity width, L, at 406 mm. The cavity
temperature, T , is the mean temperature between the indoor and outdoor temperatures.
The hourly sum of the mass deposit rate for all zones along the wall cavity is the cavity
mass deposit rate. The distribution of the moisture deposition is non-linear along the
height of the wall cavity, having the greatest deposition just adjacent the leakage sites and
exponentially decreasing along the height of the wall cavity. The moisture deposition rate
can be either positive or negative for an infiltrating or exfiltrating flow. To illustrate this
phenomenon, hourly values are shown in Fig.4-21 for a 3 day period (July 1- 3) in
Winnipeg. In the top diagram the flow rate is predominately positive (infiltration) over the
first 3 days of July in Winnipeg and in the bottom diagram the vapor pressure differen: =
(B, sue — B,..), is also predominately positive. The result is a positive cavity mass deposit
rate (moisture deposition) except for hours 15 and 63 where the rate is negative (moisture
removal) as shown in the bottom diagram of Fig.4-21. When the moisture deposition rate
is positive and the flow is infiltrating as shown in Fig. 4-21 the moisture is being deposited

first at zone 40 and then exponentially decreasing as the flow descends down the wall
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cavity. At hour 48 the flow is exfiltrating and the moisture deposition rate is positive

resulting in moisture deposition beginning at zone 1 and exponentially decreasing as the
flow ascends up the wall cavity. During hour 63, the cavity mass deposit rate is negative
resulting from the inlet vapor pressure being less than the vapor pressure at the exterior
surface. Moisture is removed from the sheathing as the flow convects down the wall
cavity.

Of the simulations carried out, the greatest daily average deposition rate is for
St.Johns as shown in Fig, 4-11 reaching a maximum of 0.54 grams/hour. St.Johns with its
sts-»iss ~vinds, moderate to high indoor-outdoor temperature differences and vapor
pressure differences produced a deposition rate ranging between a maximum moisture
deposition rate of 0.861 grams/hour to a maximum moisture removal rate of 0.641
grams/kour. Vancouver conversely, had the lowest deposition rate resulting from it very
low flow rates and vapor pressure differences. The maximum deposition rate for
Vancouver was 0.100 grams/hour as shown in Fig. 4-19. Comparing St.Johns to
Vancouver, there was, on average, a difference of 2.3 and 24.6 times greater moisture
deposition rates during infiltration and exfiltration, respectively.

Whitehorse with its extremes in indoor-outdoor temperatures had a moderately
low moisture deposition rate compared to St.Johns. The maximum daily averaged
deposition rate for Whitehorse was only 0.08 grams/hour as shown in Fig. 4-3. Though
Winnipeg has similar weather conditions to Whitehorse, its maximum mass deposit rate
was approximately three times greater (0.27 grams/hour) as shown in Fig. 4-7. The lower

deposition rate for Whitehorse can be attributed to its lower wind speeds and vapor
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pressure difference. The maximum daily averaged moisture deposition rate for Montreal

was comparable to Winnipeg at 0.32 grams/hour as shown in Fig. 4-15 but its mean
deposition rate calculated over 5053 hours was approximately 30 % higher.

A high moisture deposition rate is always a concern since a sustained rate will
result in a significant amount of moisture deposition. Howeve:, the amount of moisture
which enters the wall cavity is not always completely deposited along the wall surface but
may exit through the leakage site at the top of the wall to the ambient conditions or into
the interior room. When this occurs there is the potential for an accumulntion of moisture
in the form of liquid or ice near the exterior leakage site. The mass of water vapor exiting
through either of the leakage sites can be calculated by subtracting the amount deposited
within the cavity from the total amount of moisture entering the wall cavity. The total
amount of moisture entering the cavity can be determined by multiplying the air flow rate
and humidity ratio together.

From Table 4-1 it can be seen that there is more moisture leaving the leakage site
than being deposited along the sheathing. For example, for St.Johns during exfiltrating
flow, the average mass of water vapor entering the cavity over the period of 5852 kours is
0.1694 grams/hour. Out of this amount of water vapor, an average of 0.0.0344
grams/hour deposited as moisture along the wall cavity and the remaining 0.1331
grams/hour on average will exit through one of the leakage sites. If the vapor pressure of
the water vapor exiting the wall cavity is less than the saturation pressure (based on the
outdoor temperature) than there will be no problem with condensation. However, during

the winter when the outdoor temperature is always a few degrees cooler than the inner



83
surface of the exterior sheathing the water vapor will condense and freeze near the leakage

site. Th« result is ice accumulation surrounding the leakage site. This is a definite concern
for all n<the § cities since the amount of moisture exiting the leakage sites is

approximately 5 times the amount being deposited within the wall cavity.

4,1.4 Moisture Content Profiles

The moisture deposition rate was integrated over the zone height and calculated
for each zone along the wall cavity. The moisture content of each zone along the wall
surface was determined by recording the amount of moisture depogition or removal for
each hour. T2 moisture content profiles are the running cumulative values for each zone
for anytime throughout the year. These profiles are useful in determining when throughout
the year, there may be a potential moisture deposition problem.

Since the majority of the moisture is deposited in the first few zones near the
leakage inlets, only the moisture content profiles for zones 1, 2, 3, 5, 20, 36, 38,39, and 40
for eack of the 5 cities are shown. The general trend of the moisture content profiles is a
" continual increase in the moisture content while the temperature progressively drops as the
season changes from summer to fall reaching a maximum during the colder periods during
mid-winter. As the weather begins to warm up with the onset of spring the magnitude of
the vapor pressure difference begins to decline and change sign from positive to negative.
The sign change in the vapor pressure difference results in the removal of moisture from

the exterior sheathing causing a decline in the wood moisture content. In the spring
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the values of the outdoor relative humidity begin to decrease causing the magnitude of the

inlet vapor pressure to fall resulting in a negative vapor pressure difference.

The moisture content profile in Fig. 4-4 for Whitehorse shows that zone 1 reached
saturation at day 178 (beginning of January) and remained there for over 210 days. The
moisture content of zones 2, 3, 5 and 20, along the wall cavity, were negligible. It was
interesting to note that there was a small increase of approximately 10% from the initial
moisture content of zone 40 due to infiltration early in the year during the early fall
periods. Results for Winnipeg given in Fig. 4-8 showed a similar trend for the moisture
content profile of both zone 1 and zone 40 as compared to Whitehorse. The maximum
moisture content of 30 % in zone 1 stayed at that value for a shorter period of 180 days.
Figure 4-16 shows a similar trend in the moisture content for zones 1 and 40 for Montreal
compared to both Whitekorse and Winnipeg. Comparing the mean moisture deposition
rates of Whitehorse, Winnipeg and Montrzal from Table 4-1 of 0.0057 grams/hour,
0.0065 grams/hour and 0.0082 grams/hevr vespectively it is easy to see why the moisture
content profiles for these three ciiies were similar. St.Johns on the other hand, showed the
same trend in the moisture content p::fiz as Whitehorse for zone 1, but reached
saturation earlier at day 136 (mid Decei::+:; and had a much higher moisture content for
zones 2 through 5 as shown in Fig. 4-12. 1 difference in the trends of the moisture
content profiles for zone 2-5 during the last few months can largely be attributed to the
variations in the vapor pressure difference. The greater the magnitude of a negative vapor
pressure difference, the more “*-ying potential” the air flow has when convecting through

the wall cavity. It is important to note that the vapor pressure difference for St.Johns
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during the last month of the simulation only reached values as low as -300 Pa compared to

Whitehorse and Winnipeg which reached values as low as -800 Pa and -1400 Pa
respectively. Therefore for St.Jonns, the air which convected through the wall cavity
during the last month of the simulation did not have a very strong ability to remove
moisture from the sheathing as compared to Whitehorse or Winnipeg. Vancouver with its
very low mass deposit and flow rates conversely showed that the moisture content in zone
1 was unable to reach the maximum moisture content of 30 % as shown in Fig. 4-20. The
moisture content of zone 40 did show some increase froz its original value of 5.5 % te
approximately 13 %. The potential for surface moisture accumulation is possible only if
the moisture content values exceeded 34% for temperatures above 0°C or above 30 % for

temperatures below 0°C.

4.1.5 Surface Moisture Accumulation

Moisture which is deposited onto the wall cavity surface is first absorbed into the
sheathing and retained as bound water in ti:e cell walls of the wooden structure. Each time
moisture is deposited or removed from the surface the moisture content is calculated for
each zone along the wall cavity height. Once the saturation point of the wood has been
reached, any additional moisture then deposits on the surface as water or ice depending on
the sheathing temperature, T, . The saturation point or maximum moisture content of the
wood is dependent upon the temperature, 7. . For temperatures above 0° C the maximum
moisture content is 34 % by weight and when the temperatures are below ¢’ C, the

maximum moisture content for 106 % relative humidity is 30 % by weight. It is easy to
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predict from the moisture content profile figures when and for which zones there will be

an accumulation of moisture on the surface of the wall cavity.

For Whitehorse, the maximum moisture content is reached first at day 178 and
surface moisture for zone 1 then begins to accumulate until it reaches a maximum value of
3.44 grams. With the onset of warmer weather the surface moisture accumulation begins
to drop from its maximum value until at day 298 when there is no surface moisture
remaining as shown in Fig. 4-5. Winnipeg followed the same trend for zone 1 as
Whitehorse as shewn in Fig. 4-9 commencing in day 195 but reaching a maximum surface
moisture accumulation of 8.08 grams in zone 1 which is approximately two and a half
times greater than for Whitehorse. St.Johns followed roughly the same trend as Winnipeg
but the magnitude of the surface moisture accumulation for St.Johns was approximately
three times greater than Whitehorse as a result of its high moisture deposition rates as
shown in Fig. 4-13. The deposition rates were large enough that there was a small
deposition of surface moisture in zone 2 and 2 substantial amount accumulated in zone 1.
St.Johns was the only city which had surface moisture accumulation other than in zone 1.
A total of 23.0 grams accumulated in zone 1 for St.Johns which corresponds to 2.4 mm of
ice uniformly distributed over the complete zone. Montreal had a comparable amount of
moisture accnmulation compared to Winnipeg as shown in Fig. 4-17. Vancouver with its
very low mo; ..re deposition rate was unable to reach the maximum moisture content and
subsequently had no surface moisture accumulation.

It is important to note that the WMS mode! is unable to account for liquid

drainage down the wall cavity. Any moisture which is deposited is assumed to be absorbed
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into the sheathing instantaneously until the saturation point is reached then deposit as

surface moisture accumulation. This is a realistic assumption since a majority of the
surface moisture accumulation occurs during the mid-winter months. However, with the
onset of spring and the temperatures reacsing values above 0 ° C the accumulation of

noisture from one zone may condense and drain down into another.

4.1.6 Biological Activity Potential

The combination of moisture and moderately warm temperatures can lead to the
growth of bacteria, mould or fungi in wood. Biological activity can occur for temperatures
as low as 0°C or as high as 60 ° C for a variety of moisture contents. The excessive
biological activity within the wall cavity can lead to odour problems, deterioration of the
insulation, unsightly staining of the wood, wood rot, and potential health problems to the
inhabitants of the house.

Although there is considerable disagreement, a wood moisture content of 20 %
and a temperature greater than 10 °C was chosen as the criteria for biological activity in
this study. The number of hours for each zone was recorded when these conditions were
meet or exceeded. Table 4-2 shows the results for the top and bottom 10 zones of the
cavity. The greatest risk for biological activity along the height of the wall cavity was for
St.Johns followed next by Vancouver. The city with the least possibility of biological

activity was Montreal.
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4.2  Variation in the Wall Cavity Depth

This section compares the difference in the moisture content and surface moisture
accumulation of zone 1 for a standard wall built with a 89 mm (3.5) cavity depth and
140 mm (5.5”) cavity depth. Since the differences and trends for the moisture content
profiles and surface moisture accumulation for all 5 cities were minimal, only the results
for St.Johns with its high moisture content profiles and surface moisture accumulation was
used for comparison purposes.

Increasing the cavity depth, d, affects the air flow rate, insulation thermal
resistance value, R,, , and mass deposit rate. Since the moisture deposition rate is a
function of the cavity depth, any increase in the value of the cavity depth results in an
increase in the moisture deposition rates for both infiltrating and exfiltrating flows as
shown in Table 4-3. There was an increase of 33 % and 13 % in the mean hourly meisture
deposition rates for infiltration and exfiltration flows respectively. The moisture deposition
rate is also affected by the velocity of air which decreased by 28 % when the cross
sectional area of the wall cavity was increased. Increasing the thermal resistance, R, , on
the other hand, from 2.11 m’K/W to 3.287 m*K/W had little or no efiect on the sheathing
temperature, T, or moisture deposition rate.

Increasing the cavity depth and decreasing the velocity overall had a minimal effect
on the moisture content profile and a moderate effect to the surface moisture
accumulation as seen in Figs. 4-22 and 4-23 for St.Johns respectively. The moisture
content profile for zone 1 with a 140 mm (5.5”) cavity depth followed essentially the same

trend as the base case with the 89 mm (3.5”) cavity depth.
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4.3 Exterior Retrofit

This section comnpared the simulations for the base casss for the 5 cities consisting
of the standard wall configuration with a 89 mm (3.5”) cavity wall depth which had an
exterior retrofit consisting of an additional 25 mm of expanded polystyrene extvuded rigid
insulation and aluminium siding. An exterior retrofit to a home is done to reduce hiex: loss
and to generally improve the aesthetics.

The addition of the rigid insulation causes the ther- . - sistance of R, to merease
from 0.083 m’K/W t~ 0.959m’K/W. Thisresultsinai.  .swperature difference
between 7. and the outdoor temperature. Increasing the temperature 7 causes a number
of changes to occur which include increasing the maximum moisture content and vapor

pressure, P, .. For example, if the outdoor temperature was - 22 ° C, the temperature T,

would increase from -21.5 ° C to -10 5 ° C causing the vapor pressure, P, , to increase

from 92 Pa to 249 Pa. A change in T, also allows the indoor relative bumidity to vary up
to a maximum of 30 %.

If the inlet vapor pressure remained constant and the vapor pressure, P, . increased
as a result of the temperature T, rising, then t%e vapor pressure difference, (B, .. — F...)
would decrease. The decrease in the vapor pressure difference,(P, ..., — P, .) resulted in a

proportionate decrease in the moisture deposition rate. A reduction in the moisture
deposition rate resulted in a decrease in both the moisture content profiles and surface

moisture accumulation.
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The moisture content profiles of zone 1 all decreased as shown in Figs. 4-24, 4-26,

4-28, 4-30, and 4-32 for each of the 5 cities. The trends were generaliy the same for all of
the moisture content profiles except the duration at which the maximum moisture content
was sustained decreased. The surface moisture accumulation for St.Johns decreased from
23.0 grams to 2.2 grams as shown in Fig. 4-29. Note that the surface moisture
accumulation is uniformly distributed over the zone area. The surface moisture
accumulation for Whitehorse, Winnipeg and Montreal were all approximately reduced to
1/3 of there original values as shewn in Figs. 4-25, 4-27, and 4-31 respectively.

With the addition of the exterior retrofit comes a significant reduction in moisture
deposition rates but at a cost of increasing the amount of water vapor exiting through the
leakage sites. St.Johns for example, decreased the mean hourly moisture deposition rates
from 0.0344 grams/hour to 0.0157 grams/hour but the rate of water vapor exiting the
leakage site increased from 0.1331 grams/hour to 0.1639 grams/hour. This trend was
similar for all 5 climatic regions. By adding the exterior retrofit, the problem of moisture
deposition in the wall cavity has not been solved but only displaced from the wall cavity to

the areas surrounding the leakage sites.

4.4  Variation in the Leakage Path Height

The base case simulations were set up to yield the worst case scenarios for
moisture deposition throughout the year. The leakage sites were assumed to be at the
junction of the wall and floor and wall and ceiling giving the maximum leakage path height

possible. This section investigated and compared the results of the moisture content profile
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of zone 1 and the surface moisture accumulation of Vancouver and St.Johns for a leakage

path height 1/2 (0.966 m) of that for the base case (1.931 m) simulations.

Decreasing the leakage path height resulted in an increase in the velocity within the
wall cavity. This increase in the velocity resuited in an increase in the mean hourly
moisture deposition rate by 26 % over the base case for exfiltrating flow as seen in Table
4-3. The moisture content profiles for zone 1 for Vancouver and St.Johns shown in Figs.
4-33 and 4-34 followed the same trend as the base cases for these two cities with a slight
increase in magnitude due to the increase in the moisture deposition rates. The moisture
accumulation for St.Johns with a leakage path of 0.966 m shown in Fig. 4-35 reached a
maximum of 23.9 grams and sustained a surface moisture presence for approximately 20
days longer than the base case simulation.

Unfortunately, similar to the dichotomy of the exterior retrofit, the reduction in the
surface moisture accumulation was at the expense of a greater number of zones having the

potential for bacterial growth.

4.5 Corztant Exfiltration Flow

There are a number of moisture deposition models which predict the amount of
moisture deposition. To date, there are no models which calculate the pressure difference
across the leakage path based on the leakage and building characteristics, determine the air
flow rate and then calculate the moisture deposition like the WMS model. Other models
eithex use a predicted constant flow rate (Ojanen and Kumaran 1992) or impose pressure

differeatial across the wall cavity, measured the flow rate (TenWolde and Carll 1992) and
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then calculated the moisture deposition rate. This section compared the results from the

base case for St.Johns with & constant exfiiration flow rate.

St.Johns was chosen as the base case having the largest average exfiltration flow
rate of 0.0244 ra’/hour over 5852 hours. Figure 4-36 compared the moisture deposition
rates for the variable and fixed flow rate of 0.0244 nf/hour for St.Johns over a 1 year
period. There was a decrease of 30 % in the mean hourly moisture deposition rate for the
constant exfiltration flow rate simulation compared to the base case. There was also a
difference in the sign of the moisture deposition rate as shown in Fig.4-36 for different
times throughout the year. The moisture content profile of zone 1 for St.Johns for the 2
simulations was quite close during the summer, fall and spring periods and exactly the
same during the winter months as shown in Fig. 4-37. As a result, the surface moisture
accumulation shown in Fig. 4-38 differed only slightly between the variable and fixed flow
rate models.

If the flow rate is required for a moisture deposition model, then a constant
exfiltration flow rate seems like a viable alternative as long as the value of the flow rate is
carefully chosen. For example, Ojanen and Kumaran (1992) assumed a constant
exfiltration flow rate of 0.98 L/(nfs) which corresponds to 7.056 m*/hour based on a 2 m’
exposed area. Comparing the fixed flow rate of 0.0244 n’/hour to 7.056 m*/hour, it

obvious that the moisture deposition will be many times greater than the actual value.



93
4.6 Summary

Of the ¢ distinct climatic regions across Canada evaluated using the WMS model,
St.Johns had the greatest moisture accumulation and potential for biological activity
because of its high wind speeds and moderate outdoor temperatures. The Prairie, Arctic,
and Central regions represented by Winnipeg, Whitehorse and Montreal respectively all
had comparable amounts of moisture accumulations and a moderately low risk of
biological activity. The western coastal region of Canada represented by Vancouver had
the lowest moisture accumulation but the second greatest potential for biological activity
due to the mild temperatures.

Fmploying a 140 mm (5.5”) cavity depth increased the cross sectional area,
resulted in an increase in the mean volumetric flow rates and moisture deposition rates but
a decrease in the air velocity. The overall effect was a decrease in the surface moisture
accumulation of all of the 5 cities tested. The moisture content profiles showed no real
distinguishable difference between the 89 mm (3.5”) and 140 mm (5.5”) cavity depth.

The addition of the exterior retrofit greatly reduced the moisture content profiles
and surface moisture accumulation by raising the temperature, 7. This increase in the

temperature, T, caused the vapor pressure difference,(P, ,,,,, — P,,.) to decrease resulting

in a substantial decrease in the moisture deposition rates. However, the reduction in
surface moisture accumulation only transferred the moisture deposition problem from the
wall cavity surface to the areas surrounding the leakage sites.

Decreasing the ieakage path height by one half resulted in increase in the mean

volumetric flow rates across the wall cavity. This increase in the flow rates across the wall
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cavity subsequently resulted in an increase in the moisture deposition rates, moisture

content profiles and surface moisture accumulation.
Utilizing a constant exfiltration flow rate proved to be a viable alternative only if

the mean exfiltration rate is used in the simulation.
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Figure 4-5  Daily averaged surface moisture accumulation for zone 1 over a 1 year
period {July-June) in Whitehorse. Surface moisture accumulation is
uniformly distributed over zone 1 which is 50 mm high and 368 mm wide.
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Daily averaged moisture content profiles for various zones over a 1 year
period (July-June) in Winnipeg.
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Figure 4-22  Comparison of the daily averaged moisture content of zone 1 for a cavity
depth of 89 mm (3.5”) and 140 mr (5.5”) over a 1 yeer period
(July-June) in St.Johns.
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Figure 4-23  Comparison of the daily averaged surface moisture accumulation in zone 1
for a cavity depth of 89 mm (3.5”) and 140 mm (5.5”) over a 1 year
period (July-June) in St.Johns. Surface moisture accumulation is
uniformly distributed ver zone 1 which is 50 mm high and 368
mm wide.
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Figure 4-24  Comparison of the moisture content of zone 1 for a standard wall
configuration with an exterior retrofit wall over a 1 year period (July-June)
in Whitehorse.
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Figure 4-26  Comparison of the daily averaged moisture content of zone 1 for a

standard wall configuration with an exterior retrofit wall over a 1 year
period (July-June) in Winnipeg.
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Figure 4-27 Comparison of the daily averaged surface moisture accumulation in zone 1

for a standard wall configuration with an exterior retrofit wall over a 1
year period (July-June) in Winnipeg. Surface moisture accumulation is
uniformly distributed over zone 1 which is 50 mm high and 368

mm wide.
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Figure 4-28 Comparison of the daily averaged moisture content in zone 1 for a
standard wall configuration with an exterior wall retrofit over a 1 year
period (July-June) in St.Johns.
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period (July-June) in St.Johns. Surface moisture accumulation is

Figure 4-29  Comparison of the daily averaged surface moisture accumulation for a
standard wall configuration with an exterior retrofit wali over a 1 year
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Figure 4-30  Comparison of the daily averaged moisture content in zone 1 for a
standard wall configuration with an exterior retrofit wall over a 1 year

period (July-June) in Montreal.
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Comparison of the daily averaged surface moisture accumulation in zone

1 for a standard wall configuration with an exterior retrofit wall over a 1
year period (July-June) in Montreal. Surface moisture accumulation is

uniformly distributed over zone
mm wide.
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Figure 4-32  Comparison of the daily averaged moisture content in zone 1 for a
standard wall configuration with an exterior retrofit wall over a 1 year
period (July-June) in Vancouver.
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Figure 4-33  Comparison of the daily averaged moisture content in zone 1 (top figure)
and zone 40 (bottom figure) for a leakage path height of 1.931m and
0.966m over a 1 year period (July-June) in Vancouver.
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Figure 4-34  Comparison of the daily averaged moisture content in zone ! (top figure)
and zone 40 (bottom figure) for a leakage path height of 1.931 m and
0.966 m over a 1 year pericd (July-June) in St.Johns.
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Figure 4-36  Comparison of the daily averaged cavity mass deposit rate for a variable
flow rate (base case) with a fixed flow rate of 0.0244 nf/hour over a 1
year period (July-June) in St.Johns.
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Figure 4-37 Comparison of the daily averaged moisture content in zone 1 for a variable
flow rate (base case) with a fixed flow rate of 0.0244 nf/hour over a 1
year period (July-June) in St.Johns.
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Figure 4-38  Comparison of the daily averaged surface moisture accumulation in zone 1
for a variable flow rate (base case) with a fixed flow rate of 0.0244
m’>/hour over a 1 year period (Fuly-June) in St.Johns. Surface moisture
accumulation is uniformly distributed over zone 1 which is 50 mm high and
368 mm wide.
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"City | Whitehorse | Winnipeg |

Hours of Infiltration 3351 4687 2908 3707 3849
0 (m*/hour) 0.0054 0.0212 | 0.0215 | 0.0090 0.0011
Q.  (m‘hour) 0.078 0.249 0.466 0.092 0.030
M, (grams/hour) 0.0162 0.1025 | 0.1034 | 0.0434 0.0098
m,  (grams/hour) 0.0017 0.0007 | 0.0052 | 0.0010 0.0023
m, ., (grams/hour) -0.167 -0.639 -0.313 -0.429 -0.042
1, pa (grams/hour) 0.287 0.584 0.402 0.256 0.106
7., (grams/hour) 0.0141 0.0990 | 0.0944 | 0.0413 0.0076
Hours of Exfiltration | 5409 4073 | 5852 | 5053 2911
Q (m*/hour) 0.0050 0.0067 | 0.0244 | 0.0087 0.0056
Q.  (m*hour) 0.072 0.065 0.278 0.118 0.073
M, (grams/hour) 0.0336 0.0433 | 0.1694 | 0.0596 0.0419
m,  (grams/hour) 0.0057 0.0065 | 0.0344 | 0.0082 0.0014
1, . (grams/hour) -0.216 -0.601 | -0.641 | -0.924 -0.174
7, e (grams/hour) 0.166 0.168 0.861 0.359 0.140
tite, (grams/hour) 0.0282 0.0367 | 0.1331 | 0.0510 0.0402

Q is the volumetric flow rate (m’/hour)

M, is the mss oi vater vapor entering the leakage site (grams/hour)
m,, is the cz ity me ‘s deposit rate (grams/kour)

M, . is the 1ai. of water vapor exiting the leakage site (grams/hour)

Table 4-1 Summary of the hourly average and r:aximum flow rates, mass of water
vapor, cavity mass deposit rates, and mass of water vapor exiting the
cavity for each of the base case cities over a 1 year period.

* positive values of flow rate are infiltration while negative values are exfiltration

* positive values of mass flow are moisture deposition while negative values are moisture
removal
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Table 4-2 Total numher of hours showing only the top 10 and bottom 10 zones when
the moisture content was greater than 20% (by weight) and the
temperature of the inner surface of the exterior sheathing (Tc) was greater
than 10 °C. These are potential periods for bacterial growth for the
standard wall configuration for the 5 base case cities.
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o IEpL 21011

Hours of Infiltration 2908 2868 2908 -

0 (m*/hour) 0.0215 0.0245 0.0215 | 0.0213 -
Q..  (m’hour) 0.466 0.523 0.466 0.550 -
M. (grams/hour) 0.1034 0.1174 | 0.1034 | 0.1016 -
i,  (grams/hour) 0.0052 0.0069 | 0.0030 | 0.0030 -
, ... (grams/hour) -0.313 -0.358 -9.281 -0.370 -

, ... (grams/hour) 0.402 0.448 0.3U5 0.414

rit.,, (grams/hour) 0.0944 0.1063 0.0967 | 0.0950 -
Hours of Exfiltration 5852 5892 5852 5148 8760
0 (m*/hour) 0.0244 0.0271 0.0244 | 0.0312 0.0244
Q.. (m*hour) 0.278 0.311 0.278 0.324 0.0244
M, (grams/hour) 0.1694 0.1866 | 0.1816 | 0.2172 0.1132

m, (grams/hour) 0.0344 0.0389 0.0157 0.0433 0.0241
m, .. (grams/hour) -0.641 -0.742 -0.596 -0.774 -0.635
m, ... (grams/hour) 0.861 0.965 0.615 0.976 0.361

ﬁ..d (grams/hour) 0.1331 0.1458 0.1639 0.1713 0.0962

where Q is the volumetric flow rate (m’*/hour)
M, is the mass of water vapor entering the leakage site (grams/hour)
r, is the cavity mass deposit rate (grams/hour)
m, .., is the rate of water vapor exiting the leakage site (grams/hour)

Table 4-3 Summary of the hourly average and maximum flow rates, mass of water
vapor, cavity mass deposit rates, and mass of water vapor exiting the
cavity for St.Jehns corparing the various wall cavity assemblies over a 1
year period.

* positive values of flow rate are infiltration while negative values are exfiltration

* positive values of mass flow are moisture deposition while negative values are moisture
removal
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CONCLUSIONS AND RECOMMENDATIONS

The simple yet comprehensive Wall Moisture Simulation Model was developed to
predict moisture deposition in a wall cavity. This is the first model of its kind which
determines the leakage flow rate as a function of the pressure difference across the leakage
path and then determines the moisture deposition taking into account the building
geometry and leakage configuration and weather data. A number of models were coupled
together to achieve this task including Walker’s (1993) ventilation model, Nikel’s (1991)
moisture deposition model, and a cavity flow model. When the ventilation and cavity flow
models were coupled together they were capable of predicting the pressure difference and
subsequent flow rate across the wall cavity. Once the flow rate was predicted the
deposition rate along the wall cavity was determined by incorporating the moisture
deposition model developed by Nikel (1991) for forced flow through a porous medium.

The results including the flow rate, vapor pressure difference, (B, .. — P..c)>

deposition rate, moisture content profile, surface moisture deposition, and potential for
biological activity were analyzed for 5 different climatic regions across Canada The WMS
model was used on a number of wall assemblies and the results for the moisture content
profiles and surface moisture accumulation were compared to the base case simulations.

These variations included 2 140 mm (5.5”) cavity depth, exterior retrofit consisting of 25
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mm (1”) of rigid insulation, height reduction of the leakage path and constant exfiltration

flow rate.

5.1 Base Case Resuits

A The greatest moisture deposition and potential for biological activity occurred in
St.Johns. St.Yohns representing the Eastern coastal region had sirong winds and
moderately high indoor-outdoor temperature differences, resulting in the greatest surface
moisture accumulation and potential for biclogical activity.

© B. Vancouver, on the other band, representing the Western coastal region had zero
surface moisture accumulation but the second greatest potential for bacterial growth. Low
pressure differences and subsequent low flow rates across the leakage path were the result
of low wind speeds and moderately warm outdoor temperatures.

C. Winnipeg and Montreal representing respectively the Prairie, and Central regions
of Canada were comparatively similar in their surface moisture accumulation and low
potential for biological activity.

D. Surprisingly, Whitehorse representing the Northern region of Canada with its very
cold outdoor temperatures had a lower surface moisture accumulation than both Winnipeg
and Montreal.

E. The moisture accumulated within zone 1 which was just adjacent the leakage site
for all of the simulations ran except St.Johns which accumulated moisture within zones 1

and 2.
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5.2  Parametric Changes to the Wall Cavity

A A slightly lower surface moisture accumulation for the 140 mm (5.5”) cavity depth
resulted from a decrease in the velocity of air across the wall cavity.

B. Addition of 25 mm (1”) of rigid insulation to retrofit the exterior of the house
decreased the amount of surface moisture accumulation but only transferred the moisture
accumulation problem from the wall cavity to the ar~ . surrounding the leakage sites.

C. Reducing the leakage path height increased the «....ount of moisture deposition by
increasing the pressure difference and air flow rates across the wall cavity. However, with
the reduction in moisture accumulation comes a greater number of zones having the
potential for biological activity along the height of the leakage path height.

D. Utilizing a constant exfiltration flow rate to predict the moisture deposition was a

viable alternative only if the value is sufficiently close to the actual or true value

5.3 Recommendations

1. Experimental verification should be performed to quantify the pressure drop and
flow characteristics for low Reynolds aumber for flow through slit openings such as those
found in leakage paths found in residential building.

2. Experimental verification should be set up to verify first the pressure difference
and flow rates across the wall cavity and then the moisture content profiles and surface

moisture accumulation values.
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3. There is a need to measure the moisture content of wood as a function of

temperature and relative humidity. This has bcen done for temperatures above ¢ C but
rot below 0° C.

5. The WMS model has verified the requirement to build all new residential
structures with a 2” x 6” studs showing that it reduces the possibility of moisture
accumulation.

6. Buildings located along the coast such as Vancouver and St.Johns should take
extra precautions against biological activity along the interface between the insulation and
exterior sheathing. This may entail precoating the surface with some sort of anti-fungal

preservative.
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148

Appenaix B
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Physical Constants used in WMS Model
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Description Value
Acceleration due to gravity 9.81 m/s’

Mass diffusivity of the insulation 2.56 x 107 m%s
Pie 3.141593
Universal gas constant 8314.41 J/kmol K
Molecular weight of water 18.01528 Kg/kmol

Reference dynamic viscosity of air
Reference density of air

Permeability of insulation
Thermal resistance of drywall

Thermal resistance of insulation

Thermal resistance of exterior sheathing

1.98 x 10° N s/m’
1.10 Kg/m®

3.1x 10° m’
0.079 m’ K/W
2.11 m* K/W

0.083 m> K/'W

Convective heat transfer coefficient (inside) 8.29 W/m®K

Convective heat transfer coefficient (outside) 28.40 W/m* K

Stefan-Boltzman constant

5.669 x 10 W/m? K*

Long wave emissivity for exterior sheathing 0.9

Solar absorptivity for exterior sheathing

Discharge coefficient

0.8

0.6



