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ABSTRACT

Significant damage to residential buildings can result from moisture trapped
within wall cavities. Most of the moisture entering wall cavities is due to air leakage
through cracks around baseboards or electrical fittings. The entering moisture
deposits on the exterior sheathing, and over time, rotting and the growth of micro-
organisms can occur.

Air flow through the wall cavity is modeled as two-dimensional flow through a
porous medium. The air flow transports moisture into the cavity which then diffuses
toward the exterior sheathing, where it deposits. The air-vapour flow is assumed to
have constant properties and behaves according Darcy’s Law for flow through porous
medium, while the diffusion of moisture within the cavity is governed by Fick’s Law.
The governing equations for heat and mass transfer are solved analytically with
imposed boundary conditions on each side of the cavity. The heat and mass equations
are independent, except for the boundary cordition for partial pressure of water
vapour at the condensing surface. One side of the cavity is isothermal and imper-
'meable to mass diffusion while the other side is isothermal and acts as a limited mois-
ture source/sink.

The resulting solutions for the heat and mass transfer equations were compared
to measurements in a test house. The thermal boundary layers from the warm inlet
air flow, become fully developed a short distance into the cavity. Conduction domi-
nates heat transfer beyond the thermally developing region. The walil temperature
predicted when convective heat transfer within the wall was neglected agreed closely
with the temperature predicted using the convective heat transfer model.

Deposition of moisture occurs at the insulation-sheathing interface. Most of
the moisture entering the wall cavity, either by exfiltration or infiltration, deposits
near the inlet. Infiltration was shown to be capable or either depositing or removing
moisture from the exterior sheathing. Accumulation of moisture within the porous
medium is negligible for typical indoor relative humidity and temperature conditions

found throughout Canada.



The moisture deposition model was able to follow the trends recorded in the
measured data and ;gave reasonable estimates for the measured deposition. A sensitiv-
ity analysis was conducted on the parameters that most affected the model: flow rate,
cavity dimensions, porous medium properties, and wall boundary conditions. The
range of inlet relative humidities and wall temperatures over which the moisture depo-

sition model was valid was determined and found to encompass the majority of condi-

tions experienced by Canadian housing.
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CHAPTER 1

INTRODUCTION

Since the mid 1970s it has been the aim of home designers and builders to
design and construct the most energy efficient homes possible. To do this, homes
have been built with thicker walls to hold more insulation, high-efficiency flue-less
furnaces, sealed windows, and tightly sealed walls and ceilings. To their credit, the
cost of heating (or cooling) the newer homes are considerably less than the homes
built in the 1950s and 1960s. However, what the modern designers failed to consider
was the effect a "tight” house would have on indoor temperature and humidity levels.
Present home designs are capable of maintaining a constant temperature but often fail
at maintaining relative humidity at a comfortable and healthy level. Sterling er al.
(1985) recommend an indoor relative humidity level of between 40 and 50% at 20°C.
During winter months, the indoor relative humidity rarely exceeds 30% at 20°C.

A typical method of maintaining a constant indoor temperature is to seal the
leakage sites that allow warm indoor air to exfiltrate, or cold outdoor air to infiltrate.
While this certainly helps to reduce energy costs, it fails to maintain a healthy indoor
environment; stale, humid indoor air remains trapped within the house and the rela-
tive humidity level rises as moisture is continually added to the indoor air. Some of
the sources of moisture in homes, and the amount they contribute, are cooking (=0.5
¢/meal), cleaning (=1 ¢/day), and showering (~0.3 ¢/shower), ASHRAE (1988).
The single largest source of moisture is from the respiration of the occupants: a typi-
cal human generates =4 {/day, ASHRAE (1988). For a family of four, the total
amount of moisture entering the indoor air, per day, would be over 15 ¢. This excess
moisture must be removed from the house before moisture related damage can begin
to occur.

Moisture can be removed from “tight" homes using a mechanical ventilation
system (typically exhaust fans). However, when indoor air is vented to the outdoors,

not only is the excess moisture removed, but so is the warm indoor air. This defeats
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the energy conservation aspect of the house design. Installing an air-to-air heat
exchanger on the outlet of the exhaust fan would recoup some of the heat energy lost.
However, since the majority of newer homes do not have a ventilation system dedi-
cated to removing moist indoor air, they rely solely on periodic use of stove-top
exhaust fans or open windows to remove built-up moisture. This type of ventilation
is often insufficient to prevent moisture related damage from occurring.

One moisture related problem associated with newer, unventilated homes and
older homes, is the build-up of moisture within wall cavities. The problem is more
acute during winter months when warm, humid air exfiltrates into the wall cavity and
deposits on the exterior sheathing. In spring, melting results in damage to the build-
ing materials in the wall.

Moist air can enter the wall cavity from the indoor environment through two
mechanisms: vapour diffusion and vapour convection. Vapour diffusion occurs due to
the difference in partial pressure of water vapour between the humid indoor environ-
ment and the dry outdoor environment. Convection occurs due to an indoor-outdoor
total pressure differential which drives air out of the home. Studies have shown that
vapour convection through walls carries 10 to 4000 times as much water vapour than
does vapour diffusion, TenWolde and Suleski (1984). House designers try to reduce
the amount of moisture entering walls by specifying the use of vapour retarders dur-
ing construction. Vapour retarders, usually made of a thin polyethylene sheet, resist
the diffusion of moisture and, if securely sealed to the wood frame of the house and
free of punctures, will act as an air barrier by eliminating air flow through the wall
cavity. The key point here is that the vapour retarder must be free of all leaks. Ifit
is not, air will flow through the barrier and into the wall, bringing moisture along
with it.

Ideally, if a home is built properly, there will be no breaks in the vapour
retarder, no air flow through the wall cavity, and moisture will be forced out of the
home using mechanical ventilation. However, in the real world, homes do not use
mechanical ventilation, vapour retarders are poorly installed, and air leaks through

wall cavities. Moisture can therefore accumulate in the wall cavity over the heating



season and then melt or evaporate in warmer outdoor temperatures. Any moisture
that does not evaporate will run down the inside of the wall and, over time, cause
damage to both the wooden studs framing the house and the insulation within the
wall. The damage to wood involves rotting, and in addition, if the wood remains
damp for extended periods, the possibility of mould growth exists. Insulation will
lose its thermal resistance, making it ineffective in saving energy for the home owner.
These consequences are tied directly to climatic conditions.

Moisture related problems are more common in areas where the outdoor win-
ter conditions are mild and the year-round outdoor relative humidities are high, as
opposed to areas which have severe winters and low year-round ambient relative
humidities. Coastal areas fall into the former category while the Prairies fall into the
latter category. During the winter months, the indoor relative humidity in coastal
areas is capable of reaching levels in excess of 50%. If the humid air enters the wall
cavity, large amounts of moisture will be deposited and absorbed by the wood frame
of the house and the exterior sheathing. In spring, the ambient temperature increases,
and because the ambient relative humidity is high, the ambient air is incapable of
desorbing moisture from the exterior sheathing. Thus, the wooden studs in the wall
cavity would have a tendency to retain any absorbed moisture, and wood rot may
result. In the dryer prairies, even in winter, it is extremely difficult to maintain high
indoor relative humidites. Typical relative humidites during winter are less than
30%, Kent er al. (1966), and therefore, less moisture enters the wall cavity. The
moisture that does accumulate over the winter months tends to evaporate rapidly as
the ambient temperatures increase during the dry suminer.

Historically, in older homes the accumulation of moisture within building
envelopes has been a serious and potentially dangerous situation. Imperfections in the
building envelope during construction make newer homes susceptible to this same
moisture damage. What the designer of new homes needs is a model to predict the
deposition of moisture within wall cavities in order to better understand the problem.



1.1  Historical Development and Literature Review

Several models have been devised to analyze and predict the moisture perform-
ance of walls. The most common model is the simple ASHRAE (1989) method for
vapour diffusing through a multi-layered wall. The ASHRAE model divides the wall
into a number of parallel elements, each of which has a resistance to moisture diffu-
sion. The elements are connected in series in order to calculate the total amount of
moisture able to diffuse through the wall. However, this model is extremely limited
in scope as it fails to include convective transport of moisture through the wall cavity
by air exfiltration and infiltration. Other models have been devised to overcome this
deficiency.

TenWolde (1985) presented a model which incorporated water vapour move-
ment in multi-layered walls by diffusion and convection. The analysis was based on a
one-dimensiona! analytical solution to the heat and mass diffusion equations.
TenWolde’s model was capable of tracking the progress of the condensation front as
it moved through the porous insulation. The forced flow part of TenWolde’s model
allowed for flow only in the direction of the moisture diffusion, i.e. perpendicular to
the cavity. However, in most wall structures the flow is not parallel to the diffusion
of moisture. Usually the leakage path induces air flow in the vertical direction, while
heat and moisture continue to migrate in the horizontal direction. When a leak exists
in a wall structure it becomes the dominant entrance or exit for moisture and the
effect of diffusion through walls often becomes negligible, TenWolde and Suleski
(1984). Ogniewicz and Tien (1981) conducted a one-dimensional numerical study of
condensation in vertical porous insulation, but again, only with horizontal flow.

Much research is being dedicated to developing a model for heat transfer
through a vertical cavity with combined natural and forced convection. Bejan (1984)
discusses analytical solutions for forced convection and natural convection in closed
cavities. Each type of convective heat transfer is dealt with independently and are not
combined in a single open vertical cavity. A full numerical approach was presented



by Burns ef al. (1977) and Burns and Tien (1978) for combined natural and forced
convection.

In their study, a wall structure filled with a porous material was analyzed with
various temperature boundary conditions and leakage configurations. A method was
presented to obtain a Nusselt number correlation for typical wall cavities. Burs and
Tien's correlation could be used to determine the heat transfer through the wall cavity
and hence the boundary conditions for the moisture deposition model under develop-
ment in this thesis. Unfortunately, their model predicts only the overall heat transfer
across the entire wall. It is not possible to separate the amount of heat entering the
cavity through forced air flow from the amount entering through conduction, and so it
is not possible to determine the internal cavity wall temperatures which are required
to set the moisture boundary condition.

A second numerical model which includes heat and mass transfer with convec-
tion and diffusion was discussed by Ojanen and Kohonen (1989). Ojanen and
Kohonen solved the complete Navier-Stokes equations in three-dimensions using a
finite difference grid. Because a finite difference grid method is used, the model is
capable of handling air flow aberrations such as turning flows, corners, partial bar-
riers, flow around electrical sockets, etc. However, a fairly detailed representation of
the wall cavity, which in most practical applications is difficult to obtain, is required
in order to give accurate results. The Kohonen model is being used by the Canadian
National Research Council (NRC) as their reference model.

The Canada Mortgage and Housing Corporation (CMHC) uses the computer
model WALLDRY as their reference model. WALLDRY was developed by Schuyler
et al. (1989) and can simulate heat, air, and moisture flow though a wall cavity. The
model is based on a finite difference method. The model includes the effects of latent
and sensible heat gain. The model geometry is for a standard wood framed wall
similar in nature to the one presented in this thesis with no flow through the insulation
filled cavity.



1.2

Features of the Heat and Mass Transfer Models

The heat and mass transfer models presented here are based on an analytical

solution of the goveming differential equations for flow through a porous medium
filled vertical cavity. The model uses approximate boundary conditions on the sides
of the cavity to simulate the actual variable boundary conditions present in real walls.

During exfiltration and infiltration, moisture can be either deposited on, or evaporated

from, the wall bounding the cavity.

The basic assumptions underlining the development of this model are: (the

appropriate chapter references are in brackets)

1.

The heat and mass transfer models are two-dimensional representations
of a three-dimensional problem.

An air-vapour flow enters through a crack on one side of the cavity,
travels vertically through the cavity, and exits through a crack on the
opposite side of the cavity. (Section 2.1.2)

The vertical cavity is filled with a homogeneous and air-vapour satu-
rated porous medium (glass fibre insulation). (Section 2.1.5)

The air-vapour flow through the insulation-filled cavity is laminar plug
flow with a uniform velocity profile and behaves according to Darcy’s
Law. (Section 2.1.6)

Heat is conducted across the insulation-filled cavity in the horizontal
direction and is convected along the cavity by air flowing in the vertical
direction. Natural convection is neglected. (Section 2.1.7)

The inlet temperature profile is linear (usually constant). The two sides
of the wall cavity are isothermal. (Section 2.2.1)

The effects of latent heat generation due to phase change on the moist-
air properties (temperature, viscosity) are insignificant. (Section 2.1.4)
The inlet partial pressure profile is uniform. The inner cavity wall is
impermeable to moisture, while the outer cavity wall is allowed to
absorb or desorb moisture as required. (Section 2.3.1)



9. Moisture within the cavity diffuses horizontally through the porous
medium according to Fick’s Law and is convected in the vertical direc-
tion. (Section 2.1.8)

10. Moisture can only deposit on the exterior sheathing. (Section 2.3)

11. Partial pressure at the exterior sheathing is related to wood moisture
content. This relation specifies the wall boundary condition. (Section
3.3.1)

Two models are developed in this thesis to improve the design of wall assem-
blies. The first model, presented in Section 2.2, deals with forced convection and
conduction heat transfer across the wall cavity. The second model, presented in
Section 2.3, is a moisture deposition model for flow through insulation-filled wall
cavities. The models are not coupled and may be used independently. Chapter 3
reviews the data used to verify the models and compares the model’s predicted results
to actual field test data. A parametric sensitivity study is conducted in Chapter 4,
comparing the moisture deposition model performance to variations in the input para-
meters.

The moisture deposition model was used to study the behaviour of walls
exposed to an air-vapour flow. In verifying the moisture deposition model, the air
flows entering the wall cavity were determined from tests on an actual wall cavity. In
real houses this data is not generally known, however, by linking the moisture model
to an air infiltration model, the air flows through the buildings walls can be estimated
and the moisture deposition calculated.



CHAPTER 2

DEVELOPMENT OF THE HEAT AND MASS TRANSFER MODELS FOR
FLOW THROUGH INSULATION FILLED CAVITIES

This section deals with developing steady-state models capable of predicting
heat transfer and moisture deposition in a vertical wall cavity filled with a porous
medium. The model accounts for vertical air flow through the cavity, while allowing
heat and mass to diffuse horizontally across the cavity. These horizontal fluxes are
driven by an indoor-outdoor temperature gradient and an indoor-outdoor vapour pres-
sure gradient.

The overall model consists of two separate parts: the heat transfer model and
the mass transfer model. The heat transfer model is used to predict the outer cavity
wall surface temperature which can then be used in specifying the outer cavity wall
partial pressure boundary condition in the mass transfer model. The effect of water
vapour diffusion on the overall heat transfer within the cavity is small and will not be
investigated. Although the heat and mass transfer models are not strictly independent,
they will be dealt with separately since the only imposed connection is through the
surface temperature of the outer cavity wall.

The development of the model will proceed initially by discussing the basic
assumptions and simplifications used for the wall cavity, including a consideration of
the effects of porous medium on heat and mass transfer. The heat transfer model will
then be discussed in detail, followed by the mass transfer model.

2.1 Basic Assumptions and Simplifications for the Models

The heat and mass transfer models are based on a porous medium filled verti-
cal wall cavity. The cavity is assumed to be sealed except for one leakage site in the
interior wall and one leakage site in the exterior wall. In order to use an analytical

approach to model the cavity certain assumptions and simplifications had to be made.
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The assumptions and simplifications that were made for the idealized wall cavity, and

the basis for them, are discussed in this section.

2.1.1 Construction of the real and idealized wall cavities

The vertical wall cavity can be of any general construction provided it is rec-
tangular with a large aspect ratio (height/depth » 1) and a fixed width. A typical
wall cavity, found in most wood-framed residential homes, would have a height of
2.4 m and a depth of 0.09 m, which corresponds to an aspect ratio of about 27. The
standard spacing between the vertical studs in a wood-framed wall would be 0.4 m.
Figure 2.1 compares a real multi-layered wall cavity with the idealized wall cavity
which the models are based on.

The real wall is broken down into a series of sub-walls as shown in Fig. 2.2.
The interior wall (subscript @) faces the warm and humid room and is in both thermal
and moisture equilibrium with the room. The interior wall is usually constructed out
of gypsum wallboard or wood panelling. The inner cavity wall (subscript b) is a
vapour barrier which faces the cavity and prevents the passage of moisture, but not
the passage of heat. The outer cavity wall (subscript c) consists of wood sheathing of
which one surface faces the cavity and the other surface faces the exterior wall (see
Fig. 2.1). The outer cavity wall is generally colder than the inner cavity wall. The
exterior wall (subscript d) is the exterior siding and faces the cold and dry outdoor
~environment. The exterior wall is directly exposed to solar radiation and is contact
with the prevailing winds. The interior wall and the inner cavity wall are referred to
jointly as wall I while the outer cavity wall and the exterior wall are referred to as
wall 71. It was shown by Burns and Tien (1978) that the top and bottom ends exert
only a minor effect on the overall cavity heat transfer and can be considered as insu-
lated boundaries. The wall has a finite width limited by the end studs. The effect of
these end studs are neglected in the heat transfer model.

The real wall cavity is modeled as two parallel plates shown in Fig. 2.1. Both
plates are maintained at constant temperatures, with the interior wall being warmer



10

than the exterior wall. The warm wall would be equivalent to the impermeable inner
cavity wall shown in Fig. 2.2 while the cold wall is the outer cavity wall shown in
Fig. 2.2. In the space between the walls is the porous medium.

Figure 2.2 shows the details of the wall cavity configuration used to create the
heat transfer model. A similar configuration, Fig. 2.3, was used to develop the mois-
ture diffusion model. For the moisture diffusion model, the cold wall (outer cavity
wall) has a fixed partial pressure for water vapour and the warm wall (inner cavity
wall) is impermeable to moisture so that there is no mass flux through the boundary.

2.1.2 Cavity air flow and entrance and exit effects

During the construction of typical wall assemblies leaks appear which allow air
flow to pass through the cavity. Air passing from the inside to the outside is called
exfiltration while the reverse action, air passing from outside to inside, is called infil-
tration. Leakage air flow through the cavity is caused by a combination of stack
effect and a wind induced internal-external pressure difference.

Figure 2.4, ASHRAE (1989), shows the pressure profile along a vertical wall
due to stack and wind action. In Fig. 2.4(a) is shown the pressure difference across a
vertical wall due only to stack action. Above the neutral pressure level exfiltration
occurs, and below the neutral pressure level infiltration occurs. No flow occurs at the
neutral pressure level. Wind action causes more exfiltration to occur on the leeward
side than the windward side, as shown in Fig. 2.4(b) and (c). A strong wind may
cause the neutral pressure level to occur at any height along the wall. When a typical
wall cavity is exposed to the combined stack and wind effects, a pressure difference
between the inside pressure at z = 0 (height of interior leakage site) and the outdoor
pressure at z = H (height of exterior leakage site) develops causing air to flow
through the cavity in the vertical direction.

Most leakage sites in the interior wall occur along the baseboard or around
electrical fittings. Exterior leaks are generally located where the exterior sheathing is
fastened to the frame of the house. The leaks can either be long slender cracks or
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larger jagged openings where the flow through the crack is proportional to the pres-
sure difference across the crack raised to an exponent between 0.5 and 1.0, Walker
(1991). The leakage sites in walls occur in the vertical plane which forces the air
flow to enter the cavity in the horizontal direction. Assuming that the vapour barrier
is punctured at the same spot as the interior crack, the air flow will enter the porous
medium. The jet of air entering the porous medium will begin to disperse and its
velocity will decrease. When the air flow impinges on the outer cavity wall, the flow
will turn toward the exit leakage site. The details of air stream behaviour in the en-
trance and exit region of the cavity is beyond the scope of this work. It will be
assumed that the air enters the cavity at the ends, as shown in Fig. 2.2, with a uni-
form velocity profile and proceeds in only the z direction. Forced convective flow in
the x or y direction is not permitted. A discussion regarding the behaviour of uniform

flow with porous medium can be found in Section 2.1.6.

2.1.3 Indoor and outdoor conditions

The indoor and outdoor conditions are assumed to be constant. The indoor
temperature T,,,, and the indoor relative humidity ¢,,,, fix the indoor partial pressure
of water vapour p,, .. and the saturated partial pressure p,; .. Similarly, the out-
door temperature T,,, and the outdoor relative humidity ¢, fix the outdoor partial
pressure of water vapour p, , and the saturated partial pressure p,, .. When the
flow through the cavity is exfiltration, the indoor conditions set the cavity inlet condi-
tions; during infiltration, the outdoor conditions set the inlet conditions. The inlet

conditions are represented by the subscript inlet.

2.1.4 Latent heat energy

When moisture vapour in the air condenses or freezes upon reaching a cold
surface, energy is released. This energy is referred to as latent heat and is capable of
increasing the local area temperature. An increased temperature would reduce the

driving force for deposition and therefore reduce the amount of moisture depositing.
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If the amount of latent energy released at the cold wall is small, then the temperature
of the cold wall will not be significantly altered and the amount of moisture being
deposited will not be affected. In Appendix D an estimate of the latent energy
released within the wall cavity due to a change of state was performed, indicating that
the amount of energy released was 3 orders of magnitude less than steady-state heat
conduction. This result is substantiated by TenWolde (1985) who discusses latent
energy release in his one-dimensional diffusion model and concludes that the effect of
latent heat release is negligible when the outer cavity wall is close to the outside
temperature (this is the case for most typical walls). For most typical applications,
neglecting the effects of latent heat gain is reasonable. Since the cavity does not
experience a significant temperature change, the properties of the air and porous
medium also do not change significantly due to latent heat gain.

2.1.5 The porous medium

Any porous medium can be used within the wall cavity provided it meets four

basic requirements (adapted from Bejan (1984)):

1. The porous medium is homogeneous. The solid material and the air per-
meating through the pores must be evenly distributed throughout the
porous medium.

2. The medium is isotropic. Permeability, K, thermal conductivity, k, and
mass diffusivity, D, must not depend on the orientation of the porous
medium.

3. At any point in the porous medium, the solid matrix is in thermal equilib-
rium with the fluid filling the pores.

4. The local Reynolds number based on average velocity and K'? does not
exceed O(1), i.e. the Darcy law applies in its original form. The Darcy
flow model will be discussed in Section 2.1.6.

It must also be assumed that the working fluid permeating the porous medium, an air-
vapour mixture, can be treated as an ideal gas.



13
2.1.6 Flow through porous medium — Darcy’s Law

Flow through a porous medium is not the same as flow through an open duct.
In open duct flow, the flow resistance is concentrated at the boundaries. As uniform
flow enters the cavity, a velocity boundary layer begins to form at the walls (non-slip
boundary condition). As the boundary layer grows, the velocity profile develops into
a parabola with the maximum velocity at the centre of the duct. Figure 2.5 shows the
development of the velocity boundary layer in an open cavity.

When a porous medium is added to the cavity, the flow development changes.
Due to the nature of porous medium, the flow resistance is spread evenly across the
entire cavity. As a uniform flow enters the cavity, it encounters equal resistance at
the centre and at the edges. The flow remains uniform and proceeds as laminar plug
flow. Figure 2.5 shows the constant velocity profile for flow through porous
medium. On a microscopic level there exists velocity boundary layers within the
pores of the medium. However, on a macroscopic level the effect is not noticeable
and the flow is uniform and constant. Bejan {(1984) shows that the boundary layer at
the walls cannot exist "beyond a few pore lengths.” The benefit of having a uniform
and constant flow rate through the cavity is that the solution of the general energy
equation, presented in Section 2.2.2, is far simpler than when a parabolic profile is
used.

The flow rate through a homogeneous porous medium is directly proportional
to the pressure gradient along the medium. Darcy, see Bejan (1984), in 1856 pro-
posed a law, based on experimental observations, which governs tiow in porous

medium. Darcy’s Law can be stated as
we K (-E) @.1)

where w is the velocity in the z direction, K is the permeability of the medium, u is
the dynamic viscosity of the fluid, and dP/dz is the pressure gradient driving the flow.
The permeability, X, is an empirical constant which must be determined for each
porous medium. When a porous medium with a low permeability, tightly packed
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with smail pore sizes, is used in a cavity, the flow rate for a given pressure gradient
will be smaller than when a high permeability material is used. The typical range of
permeability for glass fibre insulation is 1 X 10 to 100 X 10'° m?, Burns ef al.
(1978), which corresponds to glass fibre insulation densities from 240 to 2.5 kg-nr’,
respectively, Jackson and James (1986). Typical 10 kg-m™ glass fibre insulation
would have a permeability of 31 X 10" m’, Jackson and James (1986).

Darcy’s law, Eqn. (2.1), is used as the basis for the flow calculations in the
heat and mass transfer models. Darcy’s law can be used if the Reynolds number,
based on K as the length scale, is less than order 1. This is expressed as,

wk'® 2.2)
v

where v is the kinematic viscosity of the fluid. For typical glass fibre filled wall
cavities (K = 31 X 10° m* w < 0.0l m's’; » = 1.6 X 10 m?s?), the Reynolds
number would be 0.03.

2.1.7 Heat transfer through porous medium in wall cavities

Heat transfer within open cavities can occur by three methods: radiation, con-
duction, and convection. The introduction of a porous medium into the cavity alters
each of these forms of heat transfer.

For the purposes of this analysis, radiation heat transfer has not been explicitly
considered. Radiation heat transfer between the walls and within the porous medium
account for a significant fraction of the total heat transfer and is usually included in
an "effective” thermal conductivity, Bankvall (1972).

Conductive heat transfer from the warm wall to the cold wall is decreased by
the addition of a porous medium. Resistance to heat energy transfer is increased by
adding trapped air spaces (pores) through which the energy being conducted from the
warm wall to the cold wall must pass. As the porous medium approaches the permea-
bility of a solid (K becomes very small), the conductive heat transfer increases as heat
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is able to bypass the air spaces and travel by conduction through the contacting fibres;
for high permeabilities, conduction is mainly through the air pores. Glass fibre insu-
lation is a typical porous medium used in wall cavities in which almost all conduction
is through the air spaces.

Both forced and natural convection heat transfer are affected by the presence
of a porous medium within the cavity. In a closed but empty cavity the temperature
differential created by heating one wall and cooling the opposite wall sets up a natural
convective cell. Heat is transferred from the warm wall to the cold wall by this
action. Adding a porous medium to the wall cavity restricts the ability of the air to
move freely and hence natural convective cells require larger temperature differences
in order to form. Therefore the porous medium causes a reduction or elimination of
heat transfer by natural convection.

To determine if natural convection is a significant heat transfer mechanism in
closed porous medium filled cavities the Darcy-modified Rayleigh number is used.
The Darcy-modified Rayleigh number, Bejan (1980) is defined as

_ gBK(T,-T)d 23
av

Ra‘

where g is gravity, 8 = 1/T is the coefficient of thermal expansion of air, d is the
cavity depth, 7, and T, are the temperatures of the inner and outer cavity walls re-
spectively, and « is the thermal diffusivity of the fluid saturated porous medium. For
closed cavities filled with a porous medium, the point at which heat transfer begins to
be affected by natural convection is considered the critical value for the Rayleigh
number. In contrast with open cavities, the onset of natural convection is not sudden
and therefore the critical point is not distinct. For cavities with aspect ratios varying
from 10 to about 40, the critical Rayleigh number ranges from 10 to 17 typically
being about 15. For comparison, a square cavity (H/d = 1) would have a critical
Rayleigh number of about 7. Using a typical permeability of 31 X 10"° m?, corre-
sponding to a glass fibre deasity of 10 kg-m?, Jackson and James (1986), the Darcy-
modified Rayleigh number, for a temperature difference of 40 K, would be about 0.8,
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two orders of magnitude less than the critical value of 15. This indicates that natural

convection cannot occur in a typical closed wall cavity.
It can be inferred that because natural convective cells cannot form when there

is no flow through a cavity, a uniform flow imposed through the cavity should not
cause a convective cell to be created. However, buoyancy driven flow along each
side of the cavity, when superimposed on the forced cavity flow, may cause the vel-
ocity profile to be approximately linear and not uniform as assumed in the develop-
ment of this work.

When there is an imposed air flow through the wall cavity, the Rayleigh num-
ber can no longer be defined as Eqn. (2.3), which is for a closed cavity. The
Rayleigh number due to an imposed flow, Ra,, is defined as the ratio of buoyancy to

viscous forces in the permeable medium, expressed as,

s
Ra

Gk
where d is the cavity depth and L is the cavity width. The buoyancy force acts only
over half of the cavity depth since the mean temperature plane is located in the centre
of the cavity. The numerator of Eqn. (2.4) is the pressure difference driving the air
flow through the cavity due to internal buoyancy effects, while the denominator is the

imposed pressure difference from Darcy’s Law for flow through porous medium.

The imposed velocity w includes the stack-effect buoyancy driven flow from the room

249

to outdoors. Ra, accounts only for differences in buoyancy across the cavity and not

along it. Equation (2.4) can be rewritten as,

Ra, - 8BKAT 2.5)
2wy

which is of the same general form as the Rayleigh number for a closed cavity,
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(a) (2.6
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In the denominator of Eqn. (2.5) the velocity, w, is imposed on the cavity while for
the closed cavity the natural velocity scale, a/d, is for internal buoyancy driven flow.
Small values of Ra,, indicate that the buoyancy effect is small as compared to the
forced flow and the velocity profile across the cavity remains uniform as first pre-
dicted. Large values of Ra, indicate a large internal buoyancy force difference and
the probability that non-uniform flow may be present in the cavity. Table 2.1 com-
pares the Rayleigh numbers for open and closed cavities using different insulation
permeabilities.

For a closed cavity with very loose fill, K = 500 x 10"° m?, Ra" is less than
the critical value of 15, Bankvall (1972). This indicates that natural convective cells
cannot be set up by the temperature difference between the cold and warm walls. In
the same cavity with an imposed flow velocity of 0.01 m-s’, Ra,, is 0.25. This sig-
nifies that the buoyancy force in the cavity is as much as 25% of the flow induced
force. Under these conditions, the velocity profile may not be uniform across the
cavity. However, at this value of K, the insulation density is 1.0 kg-m?, which is
much less than typical values for wall insulation.

In more typical cases, K = 30 X 10"° m?, Ra" = 0.81, and R@,,0,.s = 0.016.
Natural convection in a closed cavity is not possible (Ra* < 15) and the internal
buoyancy force in a cavity with flow is only 1.6% of the imposed pressure force.
The internal buoyancy forces are negligible. The effect of natural convection on heat
transfer in typical porous medium filled cavities is not significant and is not included
in the development of the heat transfer model.

Forced convection due to the induced air flow passing through the cavity is
included in the model. The porous medium acts to reduce the flow rate of the air
passing through the cavity, compared to open cavities, by adding resistance to the

flow, and hindering the ability of the air flow to remove or add heat.
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2.1.8 Mass transfer and porous medium

In open cavities or rooms, moisture tends to spread rapidly from regions of
high vapour pressure to regions of lower vapour pressure by convective and diffusion.
This rapid transport occurs due to large air flows which are capable of carrying the
moisture from regions of high partial pressure to regions of low partial pressure.
When higher vapour pressure flow encounters a surface with a vapour pressure below
the saturation temperature, condensation will occur. An example of this is when
condensation forms on windows due to the vapour pressure on the cold window sur-
face being lower than the vapour pressure of the warm, humid room air.

Moisture can enter wall cavities by either diffusion through the inner cavity
wall or by being transported along with a leakage air flow. Since wall cavities are
constructed using a vapour retarder, which is impermeable to vapour diffusion, fas-
tened to the inner side of the cavity (Fig. 2.3) very little moisture can enter the cavity
by diffusion. The amount of moisture able to diffuse through a vapour retarder is
about 0.011 g-h* (Appendix C.2). Convective air flows are the largest source of
moisture in wall cavities, typically bringing in excess of 0.95 g-h™ (Appendix C.3).

In wall cavities filled with porous material, molecular diffusion is the promi-
nent mechanism for transporting free moisture in the horizontal direction. Molecular
diffusion is governed by Fick’s Law and is more fully discussed in Section 2.3.2.
The resistance to moisture diffusion is characterized by using a mass diffusivity coef-
ficient, D. A dense porous medium would have a small mass diffusivity, representing
an increased resistance to vapour diffusion, resulting in a smaller mass flux. Con-
versely, a loosely packed cavity would have a larger mass diffusivity, decreased flow
resistance, and increased mass transfer. For glass fibre insulation, the mass diffusivi-
ties range from 1.61 X 10° m*s for 165 kg-m™ glass fibre board, Tveit (1966), to
3.32 X 10° m*s* for 10 kg-m? glass fibre batts, ASHRAE (1989). There appears to
be a discrepancy in these measured values since the diffusivity of water vapour
through still air (2.5 X 10° m*s", Perry and Chilton (1983)) should be the upper
limit for the mass diffusivity term. This discrepancy warrants further investigation.
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The diffusivity of water vapour in air was chosen to be the base value for the mois-
ture diffusion model.

2.2 Development of the Heat Transfer Model

The heat transfer analysis is based on laminar plug flow between two infinite
walls filled with porous medium, as shown in Fig. 2.2. Heat transfer between infinite
walls in open ducts with flow is discussed by McCuen (1962), Reynolds er al. (1963),
and Lundberg et al. (1963). The solution method presented by McCuen (1962) was
adapted to solve analytically the governing differential equation for two-dimensional
heat transfer in the vertical wall with porous insulation and cavity flow in Section
2.2.2.

2.2.1 Boundary conditions specific to the heat transfer problem

As mentioned previously (Section 2.1.1), the idealized cavity is bound by two
isothermal surfaces shown in Fig. 2.2. The inner cavity wall is the warmer wall and
is located at x = 0. The temperature boundary condition is 7(0,z) = T, along the
entire height of the cavity. The outer cavity wall, located at x = d, is the colder
wall. The temperature boundary condition for the cold wall is 7(d,z) = T, along the
entire height of the cavity. Located at the entrance plane, z = 0, is the entering flow
which can have a linear temperature variation with x. The linear temperature profile

can be expressed as
T(x,0) = ~(I,-T)3 + T,

where x is the position across the cavity depth, 7; is the temperature at the inner
cavity wall position, T}, is the temperature at the outer cavity wall position, and d is
the depth of the cavity. 7 and T, do not necessarily correspond to the actual surface
temperatures T, or T, respectively. If they do, then the entering temperature profile
would be the profile corresponding to steady-state conduction.
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2.2.2 Deriving the temperature profile and temperature gradient expressions

Heat transfer is expressed mathematically in Fourier’s Law of heat conduction,

aT
q"(x,2) = ~k— Q.7
o |,

where ¢ is the heat flux per unit area, k is the thermal conductivity, and 47/dx is the
temperature gradient driving the heat flux. The heat flux can be determined if the
temperature profile across the cavity is known. It is possible to solve analytically for
the temperature profile across the wall cavity by utilizing the steady-state energy

equation, Or:
ar or ,  oT FT  &FT  FT) , .
o E D) AE T s
1 2 3 4 5 6 7

where p is the density of the fluid (air), C, is the specific heat for air at constant
pressure, u, v, w are the velocities in the x, y, 2 directions respectively, k is the ther-
mal conductivity of the medium, and ¢ accounts for any internal generation of heat
energy within the system. The most general form of the energy equation should
include terms representing the energy transferred by moisture movement within the
cavity, however, because these effects are neglected, Eqn. (2.8) is sufficient.

In the case of steady-state conduction and forced convection in a porous
medium filled cavity the steady-state energy equation can be reduced from its more
general three-dimensional form to a simpler two-dimensional form. In Eqn. (2.8),
terms 1 and 2 deal with convection heat transfer in the x and y directions, respective-
ly. The model assumes that there is no flow in the x or y directions (Section 2.1.1)
and hence terms 1 and 2 can be neglected. Term 3 accounts for the convective heat
transfer in the z direction which is not negligible and which will be retained. Terms
4, 5, and 6 in Eqn. (2.8) deal with conduction in the x, y, and z directions, respect-
ively. The conduction terms in the y and z directions, in the developing thermal
region, are considerably smaller than the conduction term in the x direction, and for
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this reason, terms 5 and 6 are considered negligible. Term 8, accounts for any inter-
nal heat generation within the wall cavity. Since the effects of latent heat are being
neglected (Section 2.1.4) this term can be set to zero.

Applying the restrictions listed above, the governing equation reduces to
2
waT o‘T 2.9)
where a is the thermal diffusivity for the fluid saturated porous medium (k/(oC)). In
order to solve Eqn. (2.9) boundary conditions must be specified for the warm wall,

cold wall, and inlet plane. These boundary conditions as a function of x and z were

explained in Section 2.2.1 and reprinted here for clarity,
T, z) =T, ; Td2=-T, ; T(x0) =~(T- T")-Z + T,  (2.10)

The solution to the governing Eqn. (2.9) is facilitated by non-dimensionalizing
the temperature and length scales,

T-T - -
e - ¢ ’ x - E ’ z - i (2.11)
T,-T, d H

where @ is the non-dimensional temperature difference, x is the non-dimensional
depth, and Z is the non-dimensional height term. The boundary conditions in Eqn.
(2.10) can be expressed as,

[-(T,-Tpx + T,)-T,
T,-T

(2.12)

6(0,z)-1; 6(,z)-0; 6(x0)-

4

The boundary conditions shown in Eqn. (2.12) present a problem because they
are not homogeneous. However, due to the linearity of the governing Egn. (2.9), it
is possible to perform a transformation on the dependent variable 6 such that the
boundary conditions become homogeneous. First, Eqn. (2.9) is rewritten in terms of

the non-dimensional variables,
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20 OT,
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H oz oz d? x:
which reduces to,
® _ aHFO 2.14)
2z  wd x?

since T, and T, are constants.

The next step is to use a transformation developed by Sparrow, et al. (1958)
and later employed by McCuen (1962). Sparrow initially developed the transform-
ation to solve a turbulent heat transfer problem in the entrance region of a pipe.
McCuen then adapted the method to solve for laminar heat transfer between parallel
plates with a constant wall temperature boundary condition. McCuen’s adapted trans-

formation was to let

9-06-0 2.15)

38

where 8 is the transformed non-dimensional temperature difference, 6 is the non-
dimensional temperature difference defined in Eqn. (2.11), and 6., is the steady-state
conduction temperature profile. McCuen’s transformation assumes that far down-
stream from the initial entrance plane, convection effects dissipate and the heat trans-
fer between the warm and cold walls is by steady-state conduction only. This can
occur since the two isothermal boundaries are held at different temperatures, with heat
energy entering the cavity through the inner cavity wall (warm boundary) and exiting
through the outer cavity wall (cold boundary).

The steady-state temperature profile is determined by the conduction equation,

%y 2.16)
ax?

which has the general solution 6, = 4 + Bx, where application of the boundary
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conditions 0,(0) = 1 atx = 0, and 8,(1) = 0 at x = 0, yields the specific solution,
0. -1-x 2.17)

s

Then by substituting Eqn. (2.15) into Eqn. (2.14), the following differential equation

with homogeneous boundary conditions is obtained,

|

which, since the partial derivative of 6,, with respect to z is zero and the second par-

+

8, _3_’25,_‘ (2.18)
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tial derivative of 6,, with respect to x is zero, Eqn. (2.18) reduces to

8 _ «H 2.19)
oz  wd?ax?

with the homogeneous boundary conditions,

CA-Tox - T-T 7 a0
Tb-Tc

8(0,Z) - 0; 8(1,z) - 0; 8(x0) -

Equation (2.19) can now be solved by using the method of separation of variables

where X is a function of only X and Z is a function of only z. By letting,

8(X7) - X(F) * Z(Z) 2.21)

Eqn. (2.19) is rewritten as two ordinary differential equations,

wdldZ _ .2 (2.22)
«HZdz
14X _ ;2 2.23)
X dx?

Equation (2.22) is dependant only on z and Eqn. (2.23) is dependent only on x. The

term -A? is the separation constant. The separation constant could take on values of



24

zero, positive, or negative, with each one yielding a possible solution to Eqn. (2.19).
However, the only physically realistic solution (which also satisfies the boundary con-
ditions) is when the separation constant is strictly negative. Refer to the Appendix E

for a discussion of the other solutions.
Integrating Eqn. (2.22), where A is a constant of integration, results in

2(Z) - A exp[-ﬁﬂzzz] (2.24)
wd?

Equation (2.23) is more difficult to solve; however, Eqn. (2.23) is a linear

homogeneous second order differential equation of the form,

d*x
22 +2%Xx =0 (225)
dx?

which is an eigenvalue problem, Powers (1979). The characteristic equation is of the
form,

m:+ A2 -0
for which the solution is,

X(%) = B sin(AX) + C cos(AX) (2.26)

Equations (2.24) and (2.26) can now be multiplied together, as expressed in Eqn.
(2.21), to arrive at the general solution for Eqn. (2. 19),

0(%, Z) - (B sin(Ax)+C cos(xf))exp[-—"‘-’l}}z] (2.27)
wd?

Applying the isothermal boundary condition 5(0,2) = ( at the inner cavity
wall to Eqn. (2.27) yields,

8(0,7) - 0 - (B0 + C-1)exp -L’-’-AZE] (2.28)

wd?

from which it is apparent that the constant C = 0. The second isothermal boundary
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condition on the outer cavity wall, 5(1,2) = 0, applied to Eqn. (2.27) together with

the known solution, C = 0, results in,

8(1,7) - 0 - B sink exp{-——’-l-lz_‘ (2.29)
wd?

Since B # 0 the term sin(\) must equal zero for all A\. This can only be accom-

plished for eigenvalues of A = nw, n =0, 1, 2, 3...

The general solution can now be written as,

8(x,z) - ZB sin(, X) exp{-—d‘—q—).2 ’] (2.30)
w

n=0
which satisfies the first two boundary conditions concerning the isothermal walls.
Application of the third boundary condition, the linear variation of the inlet tempera-

ture profile, results in the following equation,

~(T,-Tpx -T - |
[-( 1 T,,)x + Tl] € 1+5x- EBn sin(nnx) dx (2.31)
Tb—Tc n-0

which is a Fourier sine series; hence,

B, - 2f [ - T")x * 1T, 1+£] sin(nnx) dx (2.32)

Expanding the coefficients of B, yields

B,-0; B, -2 I Tycosoum) , IitTy 1 ,n=1,23. (233
Tb-Tc nn T,-T nn

Combining Egns. (2.30) and (2.33) and performing the reverse transformation from 6

to 6, the final non-dimensionalized temperature profile is obtained:

1.z, Tpcostan) , Ti-Tp 1) _eHmx?Z|  (2.34)
0(x,2) - 1-x ,.2-:12(7 T 7T sin(nnx) e 7

Since heat fluxes must also be calculated later, the non-dimensionalized temperature
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gradient is:
BGED |y, 22 "oos(mt) e T7Th) g (mns) ex -ﬂ'ﬂ‘ﬁ] (2.35)
ox n-1 b-Tc Wdz

The dimensional temperature profile is,

_ _x, Tg cos(nr) -1, 1|  nnx _a(mn)z|| (2.36)
T(x,2) - (T,- T)[l 22(1_ T 7T nm sin( Y )e = | T,

n-1 nxr

expressed in degrees Kelvin, and the dimensional temperature gradient is,

o) _ T [T =T nnx m(mt)2 (2.37)
o 7 L1 MEIZ(Tb_chos(nn) T, cos(

expressed in degrees Kelvin per metre.
The solutions for Eqns. (2.36) and (2.37) require using an infinite number of
terms in the summation. An approximate solution can be obtained by performing the

summation over a fixed number of terms from n = 1 to N, where n and N are inte-

gers.

2.2.3 Behaviour of the temperature profile solution

Before proceeding further, it is useful to take a closer look at the temperature
profiles and heat flux equations to determine how valid these solutions are in light of
the assumptions made. Equations (2.36) and (2.37) have not been validated by using
measured temperature or heat flux data since detailed data is not presently available.
Instead, it will be shown that the temperature profiles and heat fluxes behave in a
manner consistent with physical reasoning.

The examination was conducted using the test cavity shown in Fig. 2.2.
Table 2.2 lists the values used to test the temperature profile and heat flux equations,
including the physical dimensions of the cavity. Also listed is a typical range for the
physical parameters used. For these calculations, the inlet temperature profile was
assumed constant (T, = T, = 20°C) and equal to the inner cavity wall temperature,
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T,

For exfiltration the inlet plane is at the bottom of the cavity as shown in Fig.
2.2 and the inlet conditions are the room conditions. The air flows in the positive 2
direction. For infiltration the entrance plane is at the top of the cavity and the inlet
conditions correspond to the outdoor conditions. The air flows in the negative z
direction.

The results for wall cavities experiencing both exfiltration and infiltration will
be presented since the equations require a different inlet temperature profile. Figure
2.6 shows the developing temperature profile and corresponding heat flux for exfiltra-
tion, Fig. 2.7 shows the developing temperature profile and corresponding heat flux
for infiltration. Referring to Fig. 2.6(a), the temperature profiles are shown at points
1 cm, 2 cm, 3 cm, and 20 cm from the inlet opening. As the flow proceeds through
the cavity, the thermal boundary layer develops, extending from the cold outer sur-
face across the cavity to the warm inner wall. Initially, at Az = 1 cm, the profiles
extend horizontally from the warm wall until reaching the thermal boundary layer
extending from the cold outer cavity wall. The horizontal profile indicates that the
temperature is the same throughout the layer of porous material not contained within
the thermal boundary layer. Figure 2.6(b) shows that the heat flux at x = 0 equals
zero therefore no heat is being added to the layer next to the warm wall. Within the
boundary layer the temperature profile shown in Fig. 2.6(a) drops down slowly
towards the colder outer cavity wall. As Az increases, the flow becomes more devel-
oped and the layer of air next to the warm wall becomes increasingly smaller until at
Az = 20 cm the flow is thermally fully developed. At Az = 20 cm the temperature
profile across the cavity is the same as for steady-state conduction with no convection.

The same general trends are seen in the data for infiltration. In Fig. 2.7(a) the
temperature profile at Az = 1 cm extends horizontally from the cold outer cavity
wall, indicating a constant temperature, and then increases in temperature until reach-
ing the inner cavity wall. In both Figs. 2.6 and 2.7, the thermal boundary layers
grow rapidly, with the temperature profiles becoming fully developed approximately
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20 cm into the cavity. The distance into the cavity at which the temperature profile
secomes fully developed is not the same for all conditions. However, in many of the
cases tested the flow became thermally developed in less than 1/3 the height of the
cavity.

The heat fluxes shown in Figs. 2.6(b) and 2.7(b) were calculated using Eqn.
(2.7) with a thermal conductivity of 0.0425 W-m™K"!. Positive heat flux indicates
heat being transferred from left to right through the wall assembly. In Fig. 2.6(b),
the heat flux through the inner wall close to the entrance is very small since the ther-
mal boundary layer has not yet reached the inner wall. In a very short distance, less
than 20 cm, the flow becomes thermally developed and the heat flux through the inner
wall and out of the outer wall are equal.

For exfiltrating flow the heat flux on the left boundary starts at zero where the
temperature gradient between the boundary and the cavity is small and rises to the
thermally developed value when z = 20 cm. The heat flux on the right boundary is
initially high when the temperature gradient is large, and then drops to the pure con-
duction thermally developed value. The reverse is true for the infiltration case, where
the left boundary flux is initially high, indicating heat being transferred from the
warm wall into the colder, cavity while on the right surface the heat flux is low since
the temperature gradient between the inlet flow and the right boundary is small.

The addition of a forced flow through the wall cavity does not alter the fully
developed heat flux calculations. Once the plug flow becomes thermally fully devel-
oped the constant heat flux between the warm and cold walls is pure conduction. The
induced flow only tends to affect a small region, about 2d long, near the entrance to
the cavity which is small in comparison to the rest of the cavity. For the test case,

the developing region was about 1/4 of the total cavity height.

2.2.4 Determining the number of terms to retain in the temperature profile
equations

In order to solve accurately for the temperature profile, Eqns. (2.36) and

(2.37) must be solved using an infinite number of terms in the summation (the sum-



mation goes from n = 1 to o). Unfortunately, it would be impossible to retain an
infinite number of terms so a compromise must be reached. The solutions shown in
Figs. 2.6 and 2.7 were calculated using 20 terms in the summation (N = 20). An
interesting question arises as to how many terms must be retained for an approximate
solution of sufficient accuracy (5% of the exact solution). A small number of
retained terms would allow Eqns. (2.36) and (2.37) to be used with a hand calculator.

Figure 2.8 shows the exfiltration temperature profiles and the corresponding
error in temperature profiles when the number of retained terms is four or less. By
retaining only one term in addition to the zero order or steady-state term in Eqn.
(2.36), the temperature profile had a maximum absolute error of 2.4 X in comparison
to the base case solution which retained twenty terms. By retaining two terms the
temperature error was reduced to a maximum of 0.2 K. By keeping four terms the
maximum temperature error was less than 0.01 K.

Of greater interest is how rapidly the heat flux term converges. Figure 2.9(a)
shows the variation in horizontal heat flux for the same number of retained terms as
before (1, 2, and 4). Figure 2.9(b) shows the error expressed in watts per square
metre when compared to the base case of retaining twenty terms for exfiltrating flow.
By retaining only a single term, the error fluctuated between -8 and +6 W-m? (-42%
and +32%, respectively, of the steady-state conduction keat flux) with the greatest
error occurring at the boundaries and at the centre of the cavity. By retaining two
terms in the summation the error was reduced significantly to a maximum of
+1 W-m? (5% of the steady-state conduction heat flux). The error caused by retain-
ing four or more terms was less than the 10 resolution of the computer. The large
relative errors at the boundaries place a severe limitation on the number of terms that
have to be retained. Practical application of Eqn. (2.37) requires at least four terms
in the summation to be retained for this example. Retaining four terms is sufficient if
the flow velocity is less than 0.01 m-s* and if the point where the profile is deter-
mined in more than 1 cm from the entrance plane.

Both Eqns. (2.36) and (2.37) contain a summation of trigonometric terms mul-

tiplied by an exponential term. The exponential factor is a function of thermal
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diffusivity, elevation, flow velocity, and cavity depth. Since thermal diffusivity is a
constant for a particular porous medium, the effecr of changing thermal dirfusivity
was not investigated. As expected, the errors shown in Figs. 2.8 and 2.9 show a
sinusoidal variation about the exact solution, due to these trigonometric terms. As the
number of terms retained in the summations increase, the fluctuations are smoothed
out. The sinusoidal terms are only weakly dependent on cavity geometry and virtual-
ly independent of the physical properties of the porous medium.

The convergence of Eqns. (2.36) and (2.%7) depend on the height, flow veloc-
ity, and cavity depth. The height, z, and velocity, w, terms appear only in the
exponential part of the summation. As z increases and/or w decreases, the expo-
nential term goes to zero leaving only the thermally developed pure conduction sol-
ution. In the denominator of the exponential term, the depth is squared, indicating
that a small decrease in depth corresponds to a large decrease in the exponential ter:s.
This again leads to the pure conduction soluticn. The number of terms necessary to

retain in the summation decrease as the pure conduction solution is reached.

2.2.5 Changing the flow velocity through the wall cavity

Figure 2.10 shows the effect of changing the exfiltration velocity through the
wall cavity. All curves are evaluated at Az = 1 cm. For high velocity flow, w ==
0.004 m's? (corresponding to a pressure differential across the wall cavity of 20 Pa),
the thermal boundary layer grows more slowly than for low velocity flow, w =
0.0005 m-s”. Figure 2.10 shows that the temperature of the high velocity flow re-
mains constant until 6 cm across the ccvity indicating that the thermal boundary layer
extends 3 cm across the cavity from the outer cavity wall. When there is no flow
through the cavity, the thermally developed regime starts at the cavity entrance plane
and extends for the entire cavity height. This corresponds to a state of pure conduc-
tion. High velocity flow will force the onset of the thermally developed regime fur-

ther along the height of the cavity.
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2.2.6 Changing the inlet plane temperature profile

So far, the discussion has been for an exfiltration inlet temperature which was
the same as the warm wall (20°C) and an infiltration inlet temperature the same as the
cold wall (-20°C). In typical wall assemblies each layer shown in Fig. 2.1 would
have a different steady-state temperature. The interior wall would typically be 2°
colder than the room air and 1° or 2° warmer than the inner cavity wall. The largest
temperature drop occurs across the cavity occurs through the insulation. For a total
indoor-outdoor temperature difference of 40°C, typically the temperature drop across
the porous medium would be 34°C or 85% of the total. The outside wall and the
outer cavity wall are generally closer in temperature than the inner cavity wall and the
interior wall. Appendix C.1 lists the typical steady-state temperatures for a wall
cavity exposed to a 40°C temperature differential between indoors and outdoors.

Air entering real wall cavities, either through exfiltration or infiltration, will
not have the same temperature as the inner or outer cavity wall, as has been assumed
for this model. Figure 2.11 shows the temperature profile when the inlet temperature
for exfiltration (the indoor temperature) is 5.0°C above the inner cavity wall tempera-
ture of 20°C. The entire temperature profile, evaluated at Az = 1 cm, is shifted
upwards and to the right, As the warmer room air enters the cavity, two thermal
boundary layers develop, one on each side of the cavity. Because the thermal bound-
ary layers on each side of the cavity do not grow at the same rate, the maximum
temperature across the cavity does not occur in the centre of the cavity. The bound-
ary layer on the colder outer cavity wall grows more rapidly than the warm wall
boundary layer, resulting in a maximum cavity temperature being closer to the warm
wall. The inner cavity wall and the outer cavity wall remove heat from the flow until
the flow is fully thermally developed and the conduction temperature profile is
obtained.

Figure 2.12 shows temperature profiles across the test cavity when the infil-
trating inlet temperature is -30°C and the cold wall boundary temperature is -20°C.

When the inlet temperature is the same as the outer cavity wall temperature (-20°C),
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onl- one thermal boundary layer is present within the cavity. The boundary layer
grow. along the inner cavity wall and eventually reaches the outer cavity wall. As in
the previous case for exfiltration, two thermal boundary layers will develop within the
cavity when the inlet temperature is different than the outer cavity wall temperature.
The minimum flow temperature within the cavity when Ty, = -30°C and T, = -20°C
occurs closer to the outer cavity wall than the inner cavity wall as would be expected
since the inlet temperature is close to the outer cavity wall temperature. As shown by
the change in slope of the temperature profile curves in Fig. 2.12, the heat fluxes at

the boundaries have increased. Heat is being added to the flow from the warm inner

wall and being removed at the cold outer cavity wall.

2.2.7 Overall heat balance for an insulation-filled cavity

The temperature profile and temperature gradient equations presented in Sec-
tion 2.2.2 require prior knowledge of the surface temperatures in order to set the
boundary conditions. In most cases this information will not be known. It is there-
fore necessary to perform an overall heat halance on the cavity to determine the inner
and outer cavity wall temperatures, T, and T, respectively. The analysis developed in
this section parallels the solution method presented in the ASHRAE Fundamentals
Handbook (1989).

The wall cavity, shown in Fig. 2.2, is entirely filled with an homogeneous
fluid-saturated porous medium, glass fibre batt insulation. The side walls are iso-
thermal and the top and bottom of the cavity are insulated. The heat balance is con-
cerned with only forced convection and conduction heat transfer as outlined in Section
2.1.7. The amount of heat generated by the change of state of the moist air will not
be included (see Section 2.1.4).

Heat is transferred across the wall by conduction between the wall layers
shown in Fig. 2.2 and by forced convection between the inner and outer cavity walls.
The aialysis of the overall wall heat balance begins by characterizing the heat transfer

mechanisms through the interior wall and the exterior wall so as to arrive at a heat
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flux going through both the inner cavity wail and the outer cavity wall. In order for
the energy balance to be satisfied, the heat flux entering the cavity must equal the heat
flux leaving the cavity since no sources or sinks for heat energy are allowed within
the cavity.

Heat is transferred from the warm room to the inner cavity wall in three steps.
First, heat must pass from the room, which is held at a constant temperature T,,,n, t0

the interior wall, which is at temperature T,. This is represented by,

roomes = Al (Tooom = TJ) (2.38)

where §,,,,.-, is the heat energy (watts) being transferred from the room to the interior
wall, A4, is the vertical area through which the heat is transferred (H X L), and A, is
the convective heat transfer coefficient for the interior wall bounded by still air.

The heat at the interior wail migrates to the inner cavity wall by conduction,

AV
Qa-.b - -E (Ta - Tb) (2.39)
1

where q,., is the heat transferred from the interior wall to the inner cavity wall, R, is
the thermal resistance of wall I shown in Fig. 2.2, and T, is the temperature of the
inner cavity wall.

By combining Eqns. (2.38) and (2.39) one can write the overall equation for

heat transfer from the room to the inner cavity wall as,

Tb
L R, (2.40)
A

where ¢, is the heat being transferred from the room to the inner cavity wall.
Heat energy is transferred from the outer cavity wall to the exterior wall by

conduction,
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A
4.q - E’. (T. - T, (2.41)
0/

where ¢, is the heat transferred from the outer cavity wall to the exterior wall, R, is
the thermal resistance of wall 11 shown in Fig. 2.2, T, is the temperature of the outer
cavity wall, and 7, is the temperature of the exterior wall.

The heat balance for the exterior wall is complicated by two effects: a wind
sensitive surface heat transfer coefficient, A,, and solar radiation. ASHRAE (1968)
published a correlation linking wind speed with the exterior heat transfer coefficient.
The solar energy is handled by utilizing existing equations taken directly from the
ASHRAE Fundamentals Handbook (1989), Chapters 26 & 27. The wind speed corre-

lation for the exterior heat transfer coefficient is given by

h, - 5.68(-0.002V2 + 0315V + 1.45) (2.42)

where the wind speed, V, is given in miles per hour and the heat transfer coefficient
is given in W-m K. The typical range of k, for wind speeds from 0 to 10 m-s™ is
8.2 to 42.6 W-m2-K"! respectively.

The exterior wall may experience large amounts of short wave solar radiation
which affects the amount and direction of heat transfer through the wall. The total
short wave solar radiation incident on the exterior wall per square metre, expressed as

I, can be broken down into three components,
I - I, cos6; + I, + I (2.43)

where I,y is the direct normal radiation, /, is the diffuse sky radiation, I is the
reflected radiation, and , is the angle of incidence. South-facing walls will be
exposed to all three components of radiation while north-facing walls will only be
exposed to diffuse and reflected solar radiation. In order to account for absorbtion of
the wall surface for solar radiation, the solar absorbtivity, oy, of the material can be

introduced.
The overall heat transfer from the exterior wall to the outdoors including solar
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radiation affects can be expressed as,

Qoo = AR (Ts = Tou) = A, 0407 (2.44)

v

where h, is defined in Eqn. (2.42).
Combining Eqns. (2.41) and (2.44) results in the equation for heat transfer
through wall I/,

T -T. - 24p
¢ out h T
ay 2 d (2.45)
i
v Avhd

where gy is the heat being transferred from the outer cavity wall to the outdoors.

To complete the discussion of the overall heat balance across the cavity, it is
necessary to balance the heat entering the cavity with the heat leaving the cavity. The
heat flux passing through the inner cavity wall is given by Eqn. (2.40). The heat flux
for the inner cavity wall can also be determined by utilizing Fourier's law, Eqn.
(2.7), and integrating the temperature gradient along the cavity’s height, resulting in

the equality,

(2.46)

A similar balancing equation can be formulated for the outer cavity wall, where the
heat flux through the outer cavity wall must be equal to the heat flux leaving the
cavity (Eqn. (2.45)). The heat flux balance on the outer cavity wall is,
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o
T -T, - I H
" ke f?T_(xﬁ dz (2.47)
A'V R + _L 0 ax Ix-d
/4 hd

Equations (2.46) and (2.47) are coupled by the temperature terms 7, and T,
and the temperature gradient terms, d7/dx, which are also functions of T, and T..
The temperature gradient terms include the effects of convection heat transfer at the
surfaces of the cavity. It is necessary to solve Eqns. (2.46) and (2.47) by using a
Gauss-Seidel iterative procedure. The solution converges rapidly and only requires a
few iterations when indoor and outdoor air temperatures are used as initial estimates
for the boundary temperatures.

The results from performing the overall heat balance on a typical wall cavity is

presented in Section 3.2.

2.3  Development of the Mass Diffusion Model

The mass transfer model is based on an analytical solution of the differential
equations governing diffusion through porous media. The working fluid will be
assumed to be air, which can be treated as an ideal gas. The diffusing component
will be water vapour. The partial pressure gradient of water vapour will be used as
the driving force for mass diffusion instead of the more traditional mass concentration
gradient. The reason for using partial pressures will be discussed in Section 2.3.2.
As mentioned in Section 2.1 and shown in Fig. 2.3 the flow entering the cavity is
assumed to be laminar plug flow with a constant velocity profile. The inlet flow is
assumed to have a uniform partial pressure profile across the depth of the cavity.

The development of the mass diffusion model will proceed by initially discuss-
ing the specific boundary conditions for the model. A detailed derivation of the
governing mass diffusion equations determining the partial pressure profiles and gradi-

ents through a wall cavity filled with porous media will be discussed. The derived
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equations will be examined and discussed. Following, will be a further discussion on

the region of validity of the present solution method.

2.3.1 Boundary cenditions specific to the mass diffusion problem

The wall assembly being used to test the mass diffusion model is shown in
Fig. 2.3. This wall is identical to the wall used in Section 2.2 to develop the heat
transfer equations. The three boundary conditions needed to solve the governing
differential equations for mass transfer deal with partial pressures and not tempera-
tures. The partial pressure within the cavity is a function of its x and z positions,
expressed as p,(x,2).

The inner cavity wall, at x = 0, is actually a vapour barrier which is attached
to the interior wall as shown in Fig. 2.3. Since the vapour barrier is assumed to be
impermeable to moisture vapour, no moisture will diffuse into the cavity through the

interior wall. This boundary condition corresponds to a zero mass flux condition,

M -0 (2.48)
ox

By allowing no moisture to diffuse through the inner cavity wall, moisture may only
enter the cavity via the leaking air flow. Calculations in Appendix C.2 show that the
amount of moisture which may diffuse through a real vapour barrier is considerably
smaller than the amount of moisture which the leakage flow is capable of carrying
into the cavity. The effects of moisture diffusion and moisture convection are not
additive, TenWolde (1985), and when both forms of transport are present, convective
transport tends to dominate.

The second boundary condition is that the outer cavity wall, located at x = d
as shown in Fig. 2.3, has a set vapour pressure given by p,(d,2) = p,,.. The value of
D.,.. depends on the absorption and desorption characteristics of the wall. It will be
shown in Section 3.3.1.1 that the outer cavity wall boundary condition can be chosen

in such a way so as to limit the walls ability to add or remove moisture from the
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flow.
A third boundary condition concerns the partial pressure of the inlet flow. As

was discussed previously in Section 2.1, the flow entering the cavity is laminar plug
flow with a uniform velocity profile. The inlet temperature profile is assuined to be
linear (see Section 2.2.1) and therefore constant. Since the inlet temperature and
relative humidity are assumed to be constant (Section 2.1.3), the inlet partial pressure
must also be constant. Figure 2.3 shows a graphical representation of the constant
inlet partial pressure profile. The boundary condition can be expressed as p.x,0) =

Poinies WHETE D, ity 18 the inlet partial pressure.

2.3.2 Deriving the partial pressure profile and gradient expressions

The molecular diffusion of any material component through another material
was first described by Adolph Fick in 1855, see Bejan (1984). From his observations
he formulated a basic law analogous to Fourier’s law for heat transfer. The basic

Fick’s Law can be expressed as:

. _p 26 (2.49)
ox

where " is the mass flux, D is the mass diffusivity, and 3C,/dx is the horizontal
concentration gradient of the diffusing component A. C, is the mass concentration of
component A per unit volume. For the purposes of this analysis the diffusing compo-
nent, A, is water vapour.

With ideal gas mixtures, Fick’s Law can be rewritten using partial pressures
instead of concentrations. It is simpler to measure temperature and relative humidity,
in order to determine the partial pressure of water vapour, than it is to measure the

mass concentration of moist air. The ideal gas law for water vapour can be written as

v - m L (2.50)
M,

where p, is the partial pressure of water vapour, V is the volume, m,, is the mass of
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water vapour, R, is the universal gas constant, T is the temperature, and M,, is the
molecular mass of water. By rearranging Eqn. (2.50) an expression for mass con-

centration, in terms of partial pressure of water vapour, can be obtained,

c - M @.50)
where C, is the mass concentration of water vapour. By utilizing Eqn. (2.51), the
partial pressure version of Fick’s Law for water vapour diffusing through a porous

material can be stated as

M
ar o _p Me Pu (2.52)

R,T ox

where dp,/dx is the horizontal gradient of the partial pressure of water vapour.

The mass and heat flux equations, Eqns. (2.52) and (2.7) respectively, are of
the same form. The mass flux term is analogous to the heat flux term just as the
vapour pressure gradient is analogous to the temperature gradient. The heat flux
equation uses the thermal diffusivity as a proportionality constant while the mass flux
equation uses a similar mass diffusivity term. The similarity between the mass flux
and heat flux equations allows a similar analysis to be conducted on mass transfer as
was done on heat transfer in Section 2.2. The effects of a porous medium on mass
diffusion has already been discussed in Section 2.1.8.

The general steady-state differential equation governing diffusion of a gas
through a solid is also analogous to the governing differential equation for heat trans-

fer presented earlier in Section 2.2, and can be expressed as

LAY +

u
ox axz ayZ azz

2 2 2
x, &, % D[a c, ¥, acw] 2.53)

where u, v, w are the velocities in the x, y, z directions respectively. Equation (2.53)

can be rewritten using partial pressures,
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2 2 2
_vav_uf’&w?&w%]-p M, (& | O, FPu| @54
R, T\ ox dy 3z R,T\ ax?  &* &°

Using the same arguments as in Section 2.2.2, namely, the velocities in the x and y
directions are zero and allowing for mass diffusion in only the x direction (refer to

Fig. 2.3) results in the simplified steady-state moisture diffusion equation,

e r. (2.55)
o4 ox?

which will be solved analytically. The term M, (Ry T)" has been factored out from
both sides of the equation. The temperature term, T, is assumed not to be a function
of x but rather is the mean temperature between the room and the outer cavity wall.
If the temperature term is retained and is considered a function of x, the governing
equation becomes much more difficult to solve and would require a numerical sol-
ution. It was decided to stay with an analytical solution and base the solution on the
mean temperature within the cavity. Other fluid properties, such as density and vis-
cosity, were also evaluated at the mean temperature.

The partial pressure and length scales in Eqn. (2.55) can be non-dimension-
alized such that,

p.(x2) - P,

p,(%2) - ;X -
pw.inlct - pw,c

. 7-2% (2.56)
H

alx

It follows that the boundary conditions for the diffusion problem discussed in Section

2.3.1 and reprinted here for completeness,

op,(0,2)
ax

0; p(d2)=p,.s Pu(%0) = Py (2.57)

can be non-dimensionalized such that,
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P,(00) _

ox 0; p(LD)=-0; p(x0) -1 (2.58)

The stated boundary conditions: zero mass flux at the inner cavity wall, fixed partial
pressure at the outer cavity wall, and fixed partial pressure at the inlet plane are
homogeneous and therefore require no transformation on the dependent variable, as
was necessary in the heat transfer section.

The governing differential equation can be rewritten in terms of the non-di-

mensional parameters such that,

o
B _ DH %P, (%2) (2.59)
wd?  ox?

which can be solved by using the ssoaration of variables method where,
p,(x2) = X(X) - Z(z) (2.60)

X is a function of only X and Z is a function of only z. The separation constant, N,

is taken to be strictly negative such that,

wd? 1 dZ(7) Y (2.61)
DH 2(7) dz
and
LX) _ ;2 (2.62)
X(x) d&x?

Solving Eqns. (2.61) and (2.62) for Z(z) and X(x) respectively yields:

2(7) - Aexp|-2H 323 (2.63)
d*w

and,
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X(xX) - Ccos(Ax) + Esin(AX) (2.64)

where A, C, and E are constants of integration. The general solution for p,, can be
arrived at by substituting Eqns. (2.63) and (2.64) into Eqn. (2.60) to yield
5 (%Z %) + Esin(A% DH ;.- 2.65
P, (%,7) = (Ccos(Ax) + Esin(Ax))exp —;—2—-1 z (2.65)
w

Applying the boundary condition which states that the inner cavity wall is imperme-
abic to moisture, Eqn. (2.48), it can be shown that the constant E in Eqn. (2.65) must
equal zero. Applying the second boundary condition, p,(1,z) = 0, and since C # 0,

the resulting equation turns into an eigenvalue problem where cos(\) = 0 and

A, - 9-”——;-9£ . n=1,23,. (2.66)

Equation (2.65) can be rewritten as,

n-l ;

p,(x%z) = Y B,cos(A,x )exp[- DZH A,Z,E] (2.67)
d

where B, can be solved for by invoking the last boundary condition, p.x,0) =1,

with the resulting equation being a Fourier cosine series,

p,(%0) =1 =Y B,cos(,3) (2.68)
n-0
where B, = 0 and
1 _  2sinA,
- - 2.69
B -2 fo cos(A, x)dx z (2.69)

Combining Eqns. (2.67) and (2.69) yields the solution for the non-dimensional partial

pressure profile,
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- - =, 2sinA - -
p,(%2) ~ Y, % cos(A, X )exp _bH A,z,z (2.70)
n-1 A‘n dzw
The non-dimensional partial pressure gradient, with respect to x, is given by,
ap. (%2 = - -
PED | $ g, sin(h,7) exp|-2 42z @71
ox n-1 d2W

At any point within the flow field the partial pressure for water vapour can be

determined by using the non-dimensional parameter P, as shown below,

pw(x’z) = (pw,inle: - pw.c)iw(;’z) + pw’c (2'72)

Expanding Eqn. (2.72) results in the partial pressure profile solution,

= 2sind, (A,x Dhz| (.73
x,2) - inlet co exp|-—— .
pw( ) pw,c M (pw,mler pw,c)§ A,. S{ d ] Xp de
The partial pressure gradient can be expressed as,
dp,,(x,2) = -2sink_ [Ax] Dizl  (2.74)
- - s expl-—— '
ax (pw'[nlg‘ pw.c)n;l d d J p wd2

The solutions for Eqns. (2.73) and (2.74) require using an infinite number of
terms in the summation. An approximate solution can be obtained by performing the
summation over a fixed number of terms from n = 1 to N, where n and N are inte-

gErs.

2.3.3 The mass flux solution

As mentioned previously, the mass flux at any point within the flow field can
be determined by using Fick’s Law. Fick’s Law was given in Eqn. (2.52) and is

repeated here for completeness,
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o p My Py (2.75)

R,T &

The mass flux can be calculated since the partial pressure gradient term, given in

equation (2.74), is known. The total mass deposited on a surface can be determined

by integrating equation (2.75) along z such that,
o)
i = -D L~ f P g, 2.76)

where L is the cavity width. The integration of dp,/ox from z = i to j results in the

following equation:

- wd? Dxij’ DAt
exp|- 7 - exp|- 7

2.3.4 An examination of the partial pressure and mass flux equations

The behaviour of the partial pressure profile and partial pressure gradient
~rms derivad in Section 2.3.2 directly influence the amount of mass deposited on any
surface. It is tharefore necessary to understand the behaviour and limitations of the
derivations. The partial pressure profile and subsequesi mass flux will be discussed
as tiie profiles develop through the cavity.

Figure 2.3 shows a typical wall cavity which was used to test the partial pres-
sure equati+is. Table 2.3 lists the values used for the test as well as a typical range
of var-. . The values in Table 2.3 are equivalent to the values used in examining the
temperature profile equations presented in Section 2.2.2, wherever possible.

The mass diffusivity, D, used to examine the behaviour of the moisture diffu-

sion equations was that for water vapour diffusing through still air, 2.56 X 10*
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m2s", Perry (1963). Increasing or decreasing the diffusivity changes the rate at
which mass is deposited, but does not change the development of the profiles.

Figure 2.3 shows the flow entering the cavity at z = 0 with a constant inlet
partial pressure, p, .., and constant velocity, w. For exfiltration, the inlet conditions
would equal the room conditions. For infiltration, the inlet conditions would match
the outdoor conditions. As the flow proceeds vertically through the cavity, moisture
brought into the cavity with the flow is carried by convection along the cavity and
diffuses horizontally across the cavity. Upon reaching a cold interface, where the
vapour pressure of water is lower than that of the diffusing moisture, condensation or
sublimation will occur. In most practical cases the cold interface is the outer cavity
wall and condensation will accumulate on the surface of the wall. If the wall tem-
perature is less than 0°C then the condensing moisture would accumulate as ice. In
certain instances the wall vapour pressure may be larger than the inlet vapour pres-
sure and moisture will be desorbed from the wall surface. Desorption of water from

the outer cavity wall occurs more frequently during infiltration than exfiltration.

2.3.4.1 Partial pressure profiles and heat fluxes for exfiltration

Figure 2.13 shows the developing partial pressure profiles for exfiltrating flow
through a porous medium filled wall cavity (see Fig. 2.3) and the corresponding mass
flux based on the partial pressure gradient. The inlet temperature was 20°C and the
inlet relative humidity was 50%. The outer cavity wall conditions were -20°C and
100% relative humidity. For the chosen inlet conditions, 0.95 g of moisture enter the
cavity per hour.

At Az = 1 cm, the partial pressure profile in Fig. 2.13(a) shows a partial
pressurc at x = 0, the inner cavity wall, equal to the inlet partial pressure (1170 Pa).
The partial pressure gradient along the inner cavity wall is zero, which corresponds to
a zero mass flux, as shown in Fig. 2.13(b). Moving from the inner wall to the outer
wall, the partial pressure profile in Fig. 2.13(a) decreases in value until at the outer

cavity wall, x = 9 cm, the partial pressure is equal to the wall boundary pressure of
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103 Pa. Figure 2.13(b) indicates that the mass flux at the outer cavity wall, for an
elevation of 1 cm, is 0.0066 g:m?s'. As Az increases, the partial pressure profiies
in Fig. 2.13(a), drop indicating that moisture is being removed from the flow. At the
same time the mass fluxes decrease, indicating a slowing of the amount of mass being
deposited on the outer cavity wall. At an elevation of 1G cm the mass flux 1s 0.0026
g-m?-s', 40% of the mass flux wiich is experienced at Az = 1 cm. At Az = 40 cm
the mass flux is 6% of the mass flux whén Az = 1 cm. At the exit plane of the
cavity, Az = 75 tm, the partizl pressure profile across the cavity is nearly linear and
equal to the coid wali partial pressure. This indicates that most, but not all of the
moisture in the flow has been removed. The mass flux at Az = 74 cm is less than
0.0002 g-m2-s”, but still greater than zero meaning that moisture is leaving the cavity
with the air flow,

Figure 2.13(b) clearly shows that the largest mass fluxes occur within the
first few centimetres of the cavity, Az < 1G cm. Further up the cavity the mass
fluxes decrease rapidly. Timusk and Doshi (1985) report in their experimental inves-
tigation that most moisture accumulation in cavities occurs close to the entrance hole.
The results of this moisture deposition model are consistent with Timusk and Doshi’s
findings.

For the conditions chosen in Table 2.3, the exfiltrating flow deposited mois-
ture on the outer cavity wall. It is possible to have conditions in which moisture
could be removed from the outer cavity wall during exfiltration. However, in north-
ern climates, where indoor temperatures are typically higher than outdoor tempera-
tures, it would be extremely rare to have moisture being removed from the outer
cavity wall due to exfiltration. In the summer time when the outdoor temperature is
typically higher than the indcor temperature it is possible to have moisture removed

from the cavity during exfiltration.
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2.3.4.2 Partial pressure profiles and heat fluxes for infiltration

Figure 2.14 shows the developing partial pressure and mass flux profiles for
infiltrating flow through a porous medium filled wall cavity. The wall cavity used is
shown in Fig. 2.3 where the inlet conditions are the outdoor conditions and the flow
ente:» from the top, z = 75 cm, not tr. ~-«tom, z = 0, as drawn. Az is measured
from the entrance plane in the direction of the flow. The inlet temperature was -36°C
with a relative humidity of 80%. The outer cavity wall temperature was -20°C with a
relative humidity of 100%. In most cases the difference between the outer cavity wall
temperature and the outdoor temperature would be less than 10°. A large tempera-
ture difference was chosen for this analysis in order to make the effects of infiltration
mass deposition more noticeable. The specified inlet conditions allow for the inlet air
flow to carry 70 ug of water per hour into the cavity.

In Fig. 2.14(a) the partial pressure profiles are shown for increasing distances
from the entrance plane. At Az = 1 cm, the partial pressure at the inner cavity wall
is 30 Pa, the same as the inlet condition. There is no mass flux through the inner
cavity wall since the wall is impermeable to moisture. At the outer cavity wall the
partial pressure is 103 Pa, corresponding to the boundary conditions. It can be seen
that the slope of the partial pressure profile in Fig. 2.14(a) is positive, which indicates
that the mass flux (-D dp,/dx) will be negative. Moistus i35 being removed from the
outer cavity wall. Further along the cavity, Az > 1 cm, the partial pressure at the
inner cavity wall rises as more moisture is absorbed from the outer cavity wall by the
air flow. Eventually, the flow becomes saturated and the partial pressure profile
becomes horizontal (Az = 74 cm). In Fig. 2.14(b) the mass flux profiles are negative
at x = 9 cm, indicating that moisture is being removed from the wall. Atx = 0, the
mass flux is zero due to the boundary conditions imposed on the inner cavity wall.

In most typical winter situations the outer cavity wall temperature will be
slightly higher than the outdoor temperature and therefore the outer cavity wall partial
pressure will be higher than the outdoor partial pressure. This will lead to moisture

being removed from the outer cavity wall as shown in Fig. 2.14. However, it is not
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uncommon to have a situation where the outdoor partial pressure is higher than the
outer cavity wall partial pressure even though the outer cavity wall temperature is
higher than the outdoor temperature. In this type of situation, moisture will be

deposited on the cavity wall during infiltration.

2.3.5 Determining the number of terms to retain in the summation

The partial pressure profiles and mass flux terms defined in Eqns. (2.73) and
(2.74) were calculated using a summation term in the expression. For Figs. 2.15 and
2.16 the number of terms retained in the summation was twenty (N = 20), plus the
steady-state term. Retaining twenty terms would make hand calculations cumber-
some. It would be useful to reduce the number of retained terms to a manageable
number.

Figure 2.15 shows the effect on the partial pressure profiles for exfiltration of
reducing the number of terms retained in the summation from eight to one. The error
in retaining only one term is as large as 350 Pa or 30% of the inlet partial pressure
(1170 Pa). By retaining two terms the maximum error is reduced to 90 Pa or 7.7%
of the inlet partial pressure. Retaining four terms further reduces the n..ximum error
to less than 3 Pa or 0.3% of the inlet partial pressure. When eight terms .:~ retain-
ed, in addition to the steady-state term, the partial pressure solution is the same, to
six significant digits, as the solution for retaining 20 terms. For the typical range of
conditions outlined in Table 2.3, retaining four terms is sufficient to obtain less than
5% error in calculated partial pressures.

The same results hold for the mass flux as for the partial pressure profiles. In
Fig. 2.16 the effect on mass flux is shown as the number of retairicd terms increases
from one to eight. When only one term is retained in the summation, the maximum
error was 0.0034 g-m*“-s”! or 52% of the mass flux measured at x = 9 cm. By incre-
asing the retained terms to 2, the error dropped to 0.0013 g-m?'s" or 20%. Retain-
ing four terms dropped the error to 0.00007 g-m?s” or 1%. Retaining eight terms

yielded the same solution, to six significant digits, as retaining twenty terms. For the
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typical range of conditions outlined in Table 2.3, retaining four terms is sufficient to
obtain less than 2% error in calculated mass fluxes.

Figures 2.15 and 2.16 indicate that by retaining only four terms plus the
steady-state term in Eqns. (2.73) and (2.74) a suitable sclution can be determined.
However, other factors exist that may make it advantageous to retain more than the
minimum number of terms. Fluctuating flow rates, changing inlet conditions, and
different physical characteristics of the wall cavity will all affect the number of terms
that must be retained within the summation. Over the range of values tested and

listed in Table 2.3, it was found that retaining four terms was adequate.

2.3.6 Effect of flow rate on the humidity ratio profile

The humidity ratio, W, can be determined by knowing the partial pressure of
water vapour and the combined partial pressures of water and dry air. According to
ASHRAE (1989) the definition for humidity ratio is,

M P,

) ]
My Pum~Pu

x 1000 (2.78)

expressed in grams water per kilogram dry air, where M, and M, are the molecular
masses of water and air respectively, and p,,, is the total atmospheric pressure. By
knowing the partial pressure profile, the humidity ratio profile may be determined.
The area under the humidity profile is the amount of water present in the air flow.
Figure 2.17 shows how the humidity ratio profile, and hence the partial pres-
sure profile, behaves as the flow rate through the cavity is increased. A slow flow
rate allows the moisture in the flow more time to diffuse to the outer cavity wall and
therefere, reduces the area under the curve. A smaller area under the curve signifies
less moiztute in the flow. A faster flow rate reduces the amount of time the moisture
has to diffuse to the cuter cavity wall and hence increases the area under the curve.
An increased ilow rate will cause the moisture to be deposited further up the wall,

while a slow flow rate will allow more deposition to occur closer to the entrance

plane.
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2.3.7 Region of validity for the mass diffusion model

"nherent in the derivation of the partial pressure profile solution was the
assumption that the migration of moisture within the cavity was diffusion driven and
that moisture can only condense or freeze at the outer cavity wall. Therefore, the
model developed here is only strictly valid when mass transfer occurs by diffusion
and when no_moisture condenses within the porous medium. The mass diffusion
model is valid over a large range of inlet relative humidity and for widely varying
external temperatures. A plot showing the inlet relative humidity and wall tempera-

ture conditions for which the model is valid has been established and will be discussed

in this section.

2.3.7.1 Background development for determining the region of validity

A common assumption concerning mass deposition in wall cavities, which has
been substantiated in experimental studies, Timusk and Doshi ( 1985), is that the ma-
jority of moisture accumulates at the outer cavity wall. Since mass diffusion is driven
by a vapour pressure gradient, moisture will tend to migrate towards the area within
the cavity with the lowest vapour pressure. For winter zonditions, the outer wall
cavity has the lowest vapour pressure and temperature within the cavity. The outer
cavity wall also has a higher resistance to mass diffusion than the porous medium.

As moisture diffuses through thc: porous medium toward the cold wall, it meets an
increased resistance and deposits excess moisture on the surface (the model assumes
that this moisture is subsequently absorbed by the wall (see Section 3.3.1.1)) while
some moisture continues to migrate through the wall to the outdoors. It is possible,
however, that the moisture vapour within the cavity may begin to condense within the
porous medium before reaching the cold outer wall. If conditions exist such that
condensation occurs in the insulation then the method presented in Section 2.3.2 to
determine the partial pressure profiles becomes invalid. Another problem with con-
densation occurring within the poreus medium is that resistance to air flow increases

and the assumptions of uniform cavity resistance and air flow (Darcy’s Law, Section
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2.1.6) become invalid. Condensation will occur within the porous medium at the
location where the local partial pressure of water vapour meets or exceeds the local
partial pressure of water vapour at saturation for the same temperature.

The equation for determining the temperature profile for flow in a porous
medium was discussed in Section 2.2.2 and shown as Eqn. (2.36). What was not
mentioned in Section 2.2.2 was that, along with the developing temperature profile, a
second profile, the saturated partial pressure profile, was also developing. The satu-
rated partial pressure is defined as the maximum partial pressure for water vapour that
can exist in an air-water vapour mixture at a given temperature. As the temperature
drops, the maximum amount of moisture that can be retained in the air (at saturation)
drops. It was shown in Section 2.2.3 that the temperature profile reaches the steady-
stais profile a short distance into the cavity. The saturated partial pressure profile
would reach a steady-state profile as the temperature profile does. However, the
saturated partial pressure profile does not have the same shape as the temperature
profile.

In order for the diffusion model to be valid, the partial pressure profile must
not cross the saturated partial pressure profile and become super-saturated. Deter-
mining whether the partial pressure profile crosses the saturated pressure profile can
be accomplished in two ways. One method is to compare the gradient of the partial
pressure profile with the gradient of the saturated pressure profile at the outer wall
surface. If the saturated partial pressure gradient is larger than the partial pressure
gradient, then the two profiles must have crossed at some point within the cavity.

The gradient method is limited to the case where the outer wall cavity is maintained at
a saturated condition (¢, = 100%). In most practical cases the outer wall cavity will

not be saturated (see Section 3.3.1.1 for a more complete discussion) therefore a dif-
ferent method must be used.

The second method simply compares the saturated partial pressure to the actual
partial pressure at finite intervals across the cavity. If at any point the partial pres-
sur= exceeds the saturated partial pressure for the same temperature the model is con-

sidered invalid. The saturated partial pressure can be determined using the ASHRAE
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equations shown in Appendix C.4. This method is more cumbersome than the gradi-
ent method, which only requires calculations at the outer wall boundary and not
throughout the cavity. However, the finite interval method is more useful as it can

handle any outer cavity wall surface relative humidity (vapour pressure).

2.3.7.2 Calculating the region of validity

The region of validity for tht mass diffusion model was calculated using the
finite-interval method discussed in Section 2.3.7.1. The partial pressure profile and
the saturated partial pressure profile were calculated along the cavity height and then
compared to determine if super-saturated conditions existed. Shown in Fig. 2.18 are
the developing partial pressure profiles and the developing saturated partial pressure
profiles for three different inlet relative humidities. The inlet relative humidity was
30, 50, and 70% for Fig. 2.18(a), (b), and (c) respectively. The outer cavity wall
temperature was -10°C which corresponds to a saturated partial pressure of 260 Pa.
The surface relative humidity was set at 75% (@, = 195 Pa; p,,. = 260 Pa). All
profiles were evaluated at Az = 6 cm from the entrance plane for exfiltrating flow.
The evaluation point at 6 cm was selected so that the affects of changing the inlet
parameters could be easily recognized. The test cavity is shown in Fig. 2.3.

Figure 2.18(a) shows the partial pressure and saturated pressure profile for an
inlet relative humidity of 30%. It can be seen that the profiles do not cross. The
model is valid at this point (Az = 6 ¢cm). To determine if the model is valid for the
stated inlet conditions (¢, = 30%) it would be necessary to check the pressure
profiles along the entire wall height to see if the profiles crossed at any other elev-
ation. Figure 2.18(b) shows the two profiles at the same elevation but with the inlet
relative humidity increased to 50%. The partial pressure profile touches the saturated
profile at x = 8.5 cm from the inner cavity wall. This contact would indicate that
moisture deposition may occur within the porous medium as well as on the outer cav-
ity wall. The model would therefore be considered invalid for an inlet relative hu-

midity of 50%. Figure 2.18(c) shows the effect of increasing the inlet relative humid-
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ity to 70%. The model is clearly invalid since the two profiles cross at x = 6.5 cm.
Moisture would be expected to be deposited within the porous medium. Although it
is not possible with this model to predict where the moisture is likely to be deposited,
Timusk and Doshi (1985) have shown that when moisture is deposited within glass
fibre insulation it tends to gather next to the outer cavity wall.

The criteria used in determining the region of validity for this model is con-
sidered to be conservative. What was taken as a failure condition in Fig. 2.18(b)
could also have been considered as non-failure. The reason for taking the conserva-
tive approach is that once the developing partial pressure profile approaches or
crosses the saturated profile then the model becomes invalid. In the region next to
the wall condensation may be occurring within the insulation which is beyond the

scope of this model to handle.

2.3.7.3 Mapping of the region of validity

Simply knowing when the model is invalid is insufficient. It is far better 10
know when the model is valid and hence, when the model can be used with confi-
dence. Using the calculation method outlined previously (Section 2.3.7.2) a range of
inlet and wall conditions were evaluated for two different flow rates in order to deter-
mine the limits for the model. The model was run using an inlet relative humidity
varying from 5 to 100% at a fixed temperature of 20°C. The outer wall cavity tem-
perature varied froir -30 to +10°C.

Figure 2.19 shows the region of validity for the mass diffusion governed
model when the maximum flow velocity is 0.01 ms*. Shown in the figure are curves
for outer cavity wall relative humidities of 25, 50, 75, and 100%. The area beneath
and to the right of the solid line indicates the region where the model is completely
valid with an outer cavity wall relative humidity of 100%. For lower relative humid-
ities on the outer wall the region of validity increases. For example, with a wail
temperature of -10 °C and 100% relative humidity, the maximum permissible inlet

relative humidity is =36% at an indoor temperature of 20°C. If the outer wall rela-
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tive humidity is decreased to 25% then the maximum permissible indoor relative hu-
midity would increase to =60%. Another factor affecting the area of validity for the
model is the flow rate through the cavity. Figure 2.20 shows the region of validity
for the same conditions as in Fig. 2.19, except that the flow velocity through the
cavity is reduced by a factor of 100, to 0.0001 m-s*. Most porous medium filled
cavities do not experience flow velocities larger than 0.01 m-s*, which can be taken
as an extreme upper limit on flow velocities (measured flow velocities in wall cavities
are discussed in Section 3.1.5). At -10°C the permissible inlet relative humidity in
Figure 2.20 is =45% for a saturated wall condition and =83% for a wall at 25% of

saturation. By directly comparing Figs. 2. 19 and 2.20 it can be seen that the slower

flow velocity yields a larger region of validity.

2.3.7.4 Comparison of measured home relative humidities and the region of validity
for the moisture deposition model

Use of the moisture deposition model requires that the inlet relative humidity
and the outer cavity wall temperature fall into the region shown in Fig. 2.19, which
represents moisture deposition only on the outer cavity wall. Kent et al. (1966)
studied the humidity variations in a number of Canadian homes and determined a
range of relative humidities that typical homes would experience as a function of
outdoor temperature. Superposed on Fig. 2.19 and shown in Fig. 2.21 is the region
defined by Kent et al. indicating the typical indoor relative humidities experienced in
Canadian homes and the region f validity for the model. Figure 2.21 indicates that
the model can be relied on to give confident results when the outer wall cavity tem-
perature drops to as low as -18°C, depending on the inlet relative humidity. The
model's range could be extended to as low as -26°C, depending on the outer cavity
wall relative humidity and the inlet relative humidity.

The relative humidity on the outer cavity wall does not have to be at saturation
(100%). Most often the wall is not saturated and a boundary condition less than

100% relative humidity is more representative of the wall’s ability to absorb moisture.



In Section 3.3.1 the outer cavity wall boundary conditions are discussed in more

detail.
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Table 2.1  Typical Rayleigh numbers for closed and open wall cavities filled with
glass fibre insulation.
Density | Permeability | AT | Vertical velocity Ra’ Ra,
kg-m | (m? X 1079 | (K) (m-s”)
Wﬁ
1.0 500 40 0.010 13.122 0.25
2.5 100 40 0.010 2.624 0.05
S 50 40 0.010 1.312 0.025
10 31 40 0.010 0.814 0.016
15 10 40 0.010 0.262 0.006
50 5 40 0.010 0.131 0.002
240 1 40 0.010 0.026 0.001
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Table 2.2  Base case parameters and variables used to examine the exact solution
for temperature profiles and heat fluxes within a porous medium filled
cavity. The cavity is shown in Figure 2.2, The walls have no thermal

resistance.
Symbol  Description Value Typical Range II

H Height [m] 0.75 -

L Width [m] 0.34 -

d Depth [m] 0.09 -

H/d Aspect ratio 8.33 -

z Elevation of izlet (exfiltration) [m] 0 -

b4 Elevation of inlet (infiltration) [m] 0.75 -

« Thermat diffusivity [m*s") 3.49-10° 1.6 t0 4.9-10°
Thermal conductivity of insulation 0.0425 0.02 to 0.06
(W-m'K"]

T.. Indoor temperature [°C] 20 15 to 30

T, Outdoor temperature [°C] -20 40t0 0

T, Inner cavity wall temperature [°C] 20 15 to 30

T, Outer cavity wall temperature [°C] -20 40t 0

w Velocity [m-s™] 0.001 0 to 0.01

Ra"  Darcy-modified Rayleigh number 10.3 up to 10.3
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Table 2.3  Base case parameters and variables used to examine the exact solution
for partial pressure profiles and mass fluxes within a porous medium
filled cavity. The cavity is shown in Figure 2.3.

Symbol Description Value Typical Range
H Height [m] 0.75 -
L Width [m] 0.34 -
d Depth {m] 0.09 --
z Elevation of inlet (exfiltration) [m] 0 -
z Elevation of inlet (infiltration) [m] 0.75 -
D Mass diffusivity [m*s"] 2.56-10°  1.61-10° * to0 3.31-10%®
T... Indoor temperature [°C] 20 15 to 30
won  Indoor relative humidity { %) 50 10 to 60
Puren  Indoor partial pressure of water 1170 171 to 2548
vapour [Pa]
T, Outdoor temperature [°C] -30 40t00°
P Outdoor relative humidity { %] 80 20 to 100
Puoe  Outdoor partial pressure of water 30.4 3t0611
vapour {Pa]
T, Inner cavity wall temperature [°C] 20 15 to 30
T. Outer cavity wall temperature {°C] -20 40109
@, Outer cavity wall relative humidity 100 0to 100 ¢
[%]
Puc Outer cavity wall vapour pressure 103 Jwéll
[Pa]
w Velocity [m-s'] 0.001 0 t0 0.01
Tveit (1969 typical glass fibre.

Y ASHRAE Furdamentals {1989), page 22.13, typical mineral wool batt.
“Typical winter conditions in Edmonton.
dDependenl on material type and surface covering.



Typcal leckoge ute
D om aige ol ek e

Unform lechage over top
«-sochon of cowty

ule

o' .homd nmge

s it N

Unforn lechage over bottos /
x-vechon of comty -

Red Wal Cavity ldechzed Wal Covn

Figure 2.1 A comparison of a typical real wall cavity and the idealized parallel
plate wall cavity.



P |

Outer Cavity Wali 7]
Wall I

/ Exterior Wal

fnner Cavity Wall =
~~
We & -0

Interior wall =~

~

- Porous Medium
Teoom )
AR H
T b
ANZ TM
X | Vi
o )
T Linear Inlet

..,
......
.....
.....
......
v,

T Temperature
Protile

Figure 2.2  Description of the wall cavity used to develop the heat transfer model.
The inlet velocity is constant across the cavity depth and the tempera-
ture profile is linear.



61

P |

_:]Bé

lnner Cavity Wal ~__ / Outer Cavity Wal /

Wall | / Wal |
: # \i DOOOOOOOOOOOOCOHOOC I XD E ' N w “
Interior Wat ~ e / xterior Wa
::.: 00200 RARARX
J | Porous Medium
Vapour Barrier ~ H
(mpermeable) |
I} Zero siope Outdecor
T Conditions
S ——— ;’O"ld T
ROO;“ réasre pre oul
Conditions P ﬁ Peoa
AZ | X o]
T ¢ou1
PI’OOM
X
oom
¢v.r x 1 \
room /r\ i~ | 7
i TTL v
D
P wsiddet
B et
X

Figure 2.3  Description of wall cavity used to derive the moisture transport equa-
tions. The inlet velocity and partial pressure profiles are linear. The
left side boundary is impermeable to moisture.



62

"UOIIOB PUIM pUB YOB]S 0} anp [[2

P8 paoses)
© o UON2D I0IS PUD pus Pauquo) (9)

Q2088 1 )i(; ~ Wase.d

-.I. N
MO
{9aa")
amssasg _ \ __
PanaN

nprey

o8 paospua

D UO UONJD )7. |5 PuD pul pauuoy (9

8IS 1] aMssdId

N
MO

"
omsso.d pyneu yua uot)

ON0IR ) Ji] SMSSRIY

A FuIp[ing ® SS0i08 UONQLISIP AUNSSAld  p°T N3y

10 jordy

90 Hp0IS (0)




Open Cavity Flow

(l(’

/( |

>

SOOMSONONNNNNANN

N

AN

N

/
/
T

AN AN

Fully Developed
Velocity Profile

Velocity
Boundory
Layer

Inlet Vatacity
Profile

Porous Medium Flow

»

SOOI

DN DD NN

Figure 2.5 The velocity profile for flow in an open cavity and for flow through

porous medium.



257 — - —r
r EXFILTRATION
20: SR e
15 o
__ 1o
U b
~— :
5
fv -
et C
o) L .
-t N
o OF o
L F ~ .
[0} o N~ T
a _5’ ~ N " i
. . . .. 1
£t Distance from iniet RV
o - in flow direction NN :]
F= -0k Az Az/d o
e 1 ¢em o
-1k ---- 2em 022
I -=—= 3 cm 0.23
[ — 20 cm 2.22 (Thermally Develo.ed)
-20r
_:5' " 1 5 L N N i L N L N o, A1
0 1 . 2 3 4 S , 6 7 8
«. Distance Frum !rner Cavity Wall (cm)
60— — . e ———]
EXFILTRATION 1
S5¢ 1
F Distance fi- > lilet eeeed
ICE-\SO:— in Haw G oon Lt E
~usF Az Az/d E
= F ot 1 ¢en 01 1
Z f -=-=- 2 cm 5.22 - 1
40F - -~ 3 cm 0.33 3
g ' —— 20 cm 2.22 (Thermally Developed) s b
frel 35:- ’_,"‘ E
‘5305— ,/” R
Q) : ‘;.’I _ _ -
I 25: r."// -7 1
5 F 5
= 20F Rt
B =
N 15:__ _ - - ’,r p
[, r - P
@] E - -
Tiwog ___---7 P E
o S5E___.---" - .
Obasesacozcs r-"""'";---- 1 1 —— b s L ! . s 3
] 1 2 3

4 5 6 ? 8
x, Distance From Inner Cavity Wall (cm)

Figure 2.6  (a) Exact temperature profile for exfiltrating flow through a porous
medium filled wall cavity as the vertical distance from the inlet plane
increases. (b) Horizontal heat flux corresponding to the gradient of the
temperature profiles shown in (2). The flow becomes thermally devel-
oped approximately 20 cm frori: the inlet.



Figure 2.7

- T r —r —

INFILTRATION
Distance from inlet
n flow direction

bz Az/d
------- 1 em Q.11
-~ . - 2 cm lol

N ]
10 o (Thermally Developed) ]
= . :
S— ‘\
5
3]
| -
3
=
o) 0
o
D]
a .
£
Q
— _10
-15
-20
25 i I} 1 i . ! I " L L :
0 T2 3 s s 6 7 8 9
«, Distance From Inner Cavity Wal (cm)
60 — —— . . .
F INFILTRATION
55p--... Distonce from inlet
r in flow direction
‘:\505. fabd Az/d
E S 1 um 0.11
ask === 2 cm 022
;5; --- 3cm 033 ]
= 0: — 20 cm 2.22 (Thermally Developed)
a0k p
x FTTTesl
> a S
L-:35';" ..
L. . .
- o -~ S
o) 30t ~ o ~
o [ RN
T 2sf RN
5_F AN ]
Sk V- 3
c 2 . =~ B
8 o AR ]
15¢ oo~ ]
Masp <O~ ]
o t ol T ]
T 10F . T~o 1
o sk ~‘~.._~ - ]
E T T :
G“ 8 " L { S| 1 T yrecepieaad b
0 5

(a) Exact temperature profile for infiltrating flow through a porous
medium filled wall cavity as the vertical distance from the inlet plane

1 . 2 3 4 6 7 8
x, Distance From inner Cavity Wall (cm)

65

increases. (b) Horizontal heat flux corresponding to the gradient of the
temperature profiles shown in (a). The flow becomes thermally devel-
oped approximately 20 cm from the inlet.
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Figure 2.21 Typical relative humidities and temperature distributions for Canadian
homes, Kent et al. (1966), superimposed on the region of validity for

the moisture deposition model. (7, = 20°C; w = 0.01 m's™)



CHAPTER 3

EXPERIMENTAL METHODS AND MODEL EVALUATION

The heat transfer and moisture dzposition models developed in Chapter 2 will
be evaluated using measurements obtained at the Alberta Home Heating Research Fa-
cility (AHHRF) during the 1987/1988 heating season. The AHMHRF consists of six
unoccupied, single-zone houses located in a rural area south of Edmonton, Alberta.
The houses have been operated continuously by the Mechanical Engineering Depart-
ment of the University of Alberta since 1980.

Initially the method of testing and the pertinent data obtained from the testing
will be reviewed. Next, the temperature model will be compared to actual measured
temperature data. The moisture deposition model will then be compared to actual
measured moisture deposition data.

3.1 Review of Experimental Apparatus, Method, and Data Obtained

The heat and moisture models developed in Chapter 2 will be tested against
data obtained from AHHRF Test House 6. The single-story wood framed house is
depicted in Fig. 3.1, from Wilson and Dale (1985), indicating basic dimensions, loca-
tion of doors and windows, and house orientation. Table 3.1, adapted from Forest
(1989) and Walker (1991), lists the construction details, materials, and insulation
levels of the various components of House 6.

Testing was conducted during the 1987/88 heating season. Hourly averaged
data was obtained continuously for 550 hours extending from 1400h, 26 January to
1100h, 18 February 1988; this was a portion of more extensive data that had been
collected over a two year period. No data was recorded for a 26 hour period extend-
ing from 1200h on 28 January to 1400h on 29 January. Another single hour gap in
the data occurred at 0900h, 10 February. The data gaps are clearly shown in Fig.

80



81

3.10. The limited time period was chosen since it corresponded to a period of large
indoor-outdoor temperature difference (Section 3.1.3) and large exfiltration flows
(Section 3.1.5), both of which contribute to increased moisture deposition.

3.1.1 Description of the wall test panel

Two removable wall panels were constructed and installed in the north and
south walls of House 6, as shown in Fig. 3.2. The test panels measured 1170 mm X
2340 mm X 100 mm (46" X 92" X 4") and were dividid into three vertical sections.
Figure 3.3 shows a front view of the north test panel, indicating the general dimen-
sions, construction, and the three vertical sections. Each vertical section measured
340 mm X 2300 mm X 90 mm. Only the centre section of the north test panel was
used to test the models. The south panel was not used, except for comparing air flow
leakage data and outer cavity wall temperatures.

Figure 3.4 shows a side view of the centre section of the north test panel
which has been further divided into an upper wall section (or cavity) and a lower wall
section (or cavity). The upper wall section was 750 mm high and the lower wall sec-
tion was 1550 mm high. Each section was 90 mm deep. The aspect ratio (H/d) for
the upper cavity was 8.33 and for the lower cavity, 17.2. The overall aspect ratio for
the entire cavity was 25.6. Along the interior wall, inside the cavity, was a
polyethylene vapour barrier, shown in Fig. 3.4. All seams were sealed to prevent
moisture or air from leaking through the barrier. The cavity was completely filled
with glass fibre insulation.

At the point where the cavity was divided, 1550 mm from the base of the
wall, was 2 9.5 mm orifice plate flowmeter (see Fig. 3.4). The flowmeter was
located in the interior wall and acted as the interior leakage site for air flowing into or
out of the cavity. Opposite the flowmeter, as shown in Fig. 3.4, the vapour barrier
was cut to allow air flow to enter the insulation. The edges of the vapour barrier
were sealed to the interior wall to prevent air from flowing between the wall and the
vapour barrier. The pressure difference across the flowmeter was measured by an
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automated data acquisition system in order to determine the flow rate of air into and
out of the cavity.

Located on the exterior side of the cavity were two long, slender cracks. One
crack was located at the top of the upper wall cavity and the other was located at the
bottom of the lower wall cavity. During normal construction of wood framed houses,
it is not uncommon to find small cracks along the upper and lower edges where the
exterior sheathing meets the wooden house frame. If these cracks are not sealed, air
may be able to flow into or out of the cavity. The actual configuration of the cracks
present in the exterior of the test cavity were not accurately recorded. For the pur-
poses of this work it was assumed that the cracks extended the width of the cavity
(340 mm) and were 0.5 mm high. It was assumed that the cracks acted as orifices.

3.1.2 Measuring moisture deposition

Moisture collection plugs were installed in the exterior sheathing. These plugs
could be removed and weighed in order to determine the amount of moisture deposi-
tion on the outer cavity wail. By using removable plugs the measurement of moisture
accumulation could be accomplished without disrupting further testing. The place-
ment of the moisture plugs relative to the interior orifice is shown in Fig. 3.3, Forest
(1989). The wooden plugs were cut out of the exterior sheathing and were each
50 mm in diameter and 9.5 mm thick, the same thickness as the exterior sheathing.
Extending into the cavity from each moisture plug was 25 mm of glass fibre insula-
tion. On the exterior side of the plugs were attached small wooden handles to facili-
tate removal of the plugs from the wall. Around the circumference of each plug was
a neoprene seal which prevented air from leaking out around the plug. At the begin-
ning of the test period, the initial weight of each plug was determined. Each week
during the three week test period, the plugs were removed from the wall and
weighed. During the weighing process the moisture plugs were kept in a cold, insu-
lated box which prevented the accumulated moisture from thawing and migrating
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unnaturally, Forest (1989). The plugs were returned to their original positions after
weighing.

For the purpose of this analysis, the moisture plugs were numbered and
grouped into six zones of three plugs each, according to Fig. 3.5. Zones 1, 2, and 3,
containing moisture plugs 1 to 9, were located in the upper wall cavity, immediately
above the inlet orifice as shown in Fig. 3.5. The three zones beneath the inlet ori-
fice, zones 4, 5, and 6, containing moisture plugs 10 to 18, were in the lower wall
cavity as shown in Fig. 3.5. The lower wall cavity had three additional zones, 7, 8,
and 9, which were not used in this study.

Three plugs were used per zone in order to determine a more accurate mois-
ture accumulation for each zone. One moisture plug was located in the middle of
each zone and the other two were adjacent to the right and left edges of the centre
vertical section, shown in Fig. 3.5. The distance of each zone from the leakage sites
is shown in Fig. 3.5. Zone 1 was located 140 mm from the interior orifice plate and
610 mm from the upper wall leakage crack. Zone 2 was 420 mm from the orifice
and 330 mm from the upper leakage crack. Zone 3 was 700 mm from the orifice and
50 mm from the upper leakage crack. In the lower wall section, zone 4 was 140 mm
from the orifice plate and 1410 mm from the lower leakage crack. Zone 5 was
420 mm from the orifice plate and 1130 mm frorn the lower leakage crack. Zone 6
was 700 mm from the orifice plate and 850 mm from the lower leakage site.

At the start of testing the wood moisture content of plug 8, located in zone 1
directly above the orifice, and plug 11, located in zone 4 directly below the orifice,
were determined to be 7% by weight, Forest (1989). Appendix A, Tables A.1 to
A.3, lists the actual measured moisture depositions for the removable moisture plugs.
The mass deposited per square meter was calculated for the depositicn on each plug
and it is this value, multiplied by the surface area of the zone (50 mm X 340 mm) in
which each plug was located, that will be used in Section 3.3 to compare actual
results to the predicted results of the moisture deposition model.
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3.1.3 Measuring temperatures

Temperatures were measured using copper-constantan thermocouples con-
nected to an automated, computer controlled data acquisition system. The system
sampled eighty times each minute and then calculated and recorded the hourly average
as well as the standard deviations. The system allowed for continuous monitoring of
the indoor (7,,,,,), inner cavity wall (7,), outer cavity wall (7,), and outdoor (T,
temperatures for both the north and south wall test panels.

Shown in Fig. 3.6 is the daily averaged indoor-outdoor temperature difference
over the testing period. The indoor temperature was maintained at 20° + 1.5°C.
This 550 hour testing period was chosen since it corresponded to a time with large
indoor-outdoor temperature difference. A large temperature difference between
indoors and outdoors indicates a large thermal buoyancy driving force across the wall
cavity which may induce exfiltration through the wall cavity (see Section 3.1.5).
Exfiltration will be shown to be the major source of moisture entering a wall cavity.

The inner and outer cavity wall temperatures were measured at only one loca-
tion along the wall, directly opposite the inlet orifice. For the outer cavity wall, it
was assumed that the temperature measured opposite the inlet orifice was representa-
tive of the temperature along the height of the cavity. This assumption will be shown
to be realistic in Section 3.2. The south facing test panel was exposed to direct and
diffuse solar radiation while the north wall test panel was exposed to only diffuse
solar radiation. Solar radiation would act to increase the temperature within the

cavity.

3.1.4 Indoor and outdoor relative humidity and humidity ratios

The computer controlled data acquisition system used to measure temperature
data also measured the indoor and outdoor relative humidity continuously over the
testing period. The relative humidity was measured directly using relative humidity
probes. From the relative humidity and temperature data, the partial pressure of

water vapour can be determined from
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o -2 3.0
Pus

where ¢ is the relative humidity, p,, is the partial pressure of water vapour, and p,, is
the saturated partial pressure of water vapour at the same temperature. The humidity

ratio can be calculated according to

Py
pa. - pw

W - 0.622 x 1000 3.2)

which is the same as Eqn. (2.78). Shown in Fig. 3.7 are the indoor and outdoor
average daily humidity ratios for the test period. During the test, the indoor humidity
ratioc was nearly constant since the indoor relative humidity and temperature were
carefully controlled. The indoor relative humidity was maintained at 40% + 3% by
use of a rotating drum humidifier connected to a 250¢ reservoir, and the indoor tem-
perature was 20° + 1.5°C. The outdoor humidity ratios responded to changes in the
environment. The lowest humidity ratios occurred on days for which the indoor-out-
door temperature difference was at its highest.

A large difference between the indoor and outdoor humidity ratios indicates a
large potential for moisture deposition. During exfiltration, the warm, moist room air
will lose moisture through condensation and its humidity ratio will drop until equilib-
rium with the outdoor conditions is obtained. Not all of the moisture in the air-
vapour flow will necessarily deposit within the wall, some moisture may still be re-

tained in the flow as it leaves the cavity.

3.1.5 Flow through the wall cavities

Air flow through wall cavities is driven by a pressure differential between the
indoor and outdoor environments. The two main factors influencing the pressure
differential are indoor-outdoor temperature difference, and changing wind speed and
wind direction, Walker (1991). Generally, the stack effect, caused by indoor-outdoor
temperature differences, influences the air flow less than changing wind speed and
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wind direction. The pressure difference across the wall cavity can cause either exfil-
tration or infiltration through the wall. ‘

As mentioned in Section 3.1.1, the test panel wall cavity had one leakage site
on the interior side (the orifice plate flowmeter) and two leakage sites in the exterior
wall (two long, slender cracks at the top and botitim edges). The hourly average flow
rate through the orifice plate flowmeter was recorded by the same data acquisition
system used to record temperature and humidity data. Figure 3.8 shows the hourly
average flow rates through the north wall cavity from 1400h, 26 January until 1100h,
18 February. Figure 3.9 shows the hourly average flow rates through the south wall
test panel over the same time period.

The average infiltration rate for the north wall over the 550 hour testing period
was 0.11 m*h, which was over twice as large as its average exfiltration rate of 0.05
m*h?. The average infiltration rate for the south wall panel was 0.14 m*h', while
the average exfiltration rate was 0.02 m*h?'. By comparing Figs. 3.8 and 3.9, it can
be seen that during hours of high south wall infiltration, O to 40 hours and 330 to 380
hours, there was a corresponding increase in north wall exfiltration. Conversely,
when there was north wall infiltration there was south wall exfiltration.

These results indicate that the measured data follows the correct trends: a
south wind produces a positive pressure coefficient on the south wall, due to stagna-
tion flow, forcing air in the house through the south wall; a south wind produces a
negative pressure coefficient on the north wall, due to wake flow, driving air out
through the north wall. The two figures, 3.8 and 3.9, do not match precisely, indi-
cating that there were other leakage sites within the house since all of the flow enter-
ing through one wall did not leave directly through the other wall. For 228 of the
523 hours for which flow data exists, the north and south panels experienced both
infiltration and exfiltration. This phenomena can clearly be seen in Fig. 3.8 for hours
greater than 490.

Since the cavity was sealed, except for the interior and exterior cracks, all
flow passing through the flowmeter must have passed through the two exterior cracks.
Since the flow through each crack was not monitored, the exact flow distribution
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between the upper and lower sections of the wall cavity is not known. However,
based on the properties of the porous medium within the wall cavity and the assumed
sizes of the exterior cracks, it is possible to predict what the flow distribution should
be. According to Darcy’s Law (Eqn. (2.1)) flow in porous medium is proportional to
the pressure difference across the medium, and resistance to flow is proportional to
length. A flow analysis on the test wall was performed (see Appendix B) with results
showing that 2/3 of the total flow measured at the flowmeter passed through the upper
wall section and 1/3 of the total flow passed through the lower wall section. The
main resistance to the flow was duc to the porous medium, not the cracks. It was
assumed that the flow distribution did not change during the duration of the test.
Tables 3.2 and 3.3 summarize the flow data for the north and south panel for both the
upper and lower wall cavities assuming 2/3 of the total flow passed through the upper
wall cavities. The measured flow rates were recorded as hourly averages. The
model assumes that the flow entering the cavity for any particular hour was constant
for the entire hour.

A question may arise as to whether or not the north wall experienced infiltra-
tion or exfiltration during the missing 26 hours of testing. By referring to Figs. 3.8
and 3.9 one cannot infer whether the north wall panel experienced either strong infil-
tration or exfiltration. In an attempt to better clarify the missing data, other data sets
containing temperature and wind speed/direction data for the same time period were
analyzed. The results were inconclusive, therefore, it will be assumed that the flow
during the missing time periods was weak and the effect of the missing 26 hours will

be omitted.

3.2 Heat Transfer Model Testing

Testing of the heat transfer model developed in Section 2.2 will be carried out
in two parts. First, the actual measured temperatures for the outer cavity wall record-
ed at the AHHRF will be compared to two variations of the ASHRAE-based stecdy-
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state model, neither of which include forced convective heat transfer within the cav-
ity. Actual data and the ASHRAE models will then be compared to the heat transfer
model developed in Section 2.2 which does include forced convective heat transfer

within the cavity.

3.2.1 The ASHRAE-based steady-state heat transfer models

The ASHRAE-based steady-state heat transfer models were developed using
the methods presented in the ASHRAE Fundamentals Handbook (1989). Two
ASHRAE-based models were developed: a basic model and a modified model. The
basic model neglected the effects of solar radiation and used a constant heat transfer
coefficient for the exterior wall. The modified model used solar radiation data and an
algorithm based on wind speed to calculate the heat transfer coefficient for the
exterior wall. The reason for developing two ASHRAE-based models was that by
comparing the results of the models it could be determined if it was necessary to
include solar radiation effects and a wind speed dependent heat transfer coefficient in
order to accurately predict interior cavity temperatures. If the basic model, without
solar and wind effects, closely predicted the outer cavity wall temperature, then the
moisture deposition model could be applied to buildings even in the absence of solar
or wind data. Both the basic and the modified models solve for the overall heat flux
through the wall assembly. Since the same heat flux must pass through each constitu-
ent part of the wall, individual surface temperatures can be determined.

3.2.1.1 The basic ASHRAE heat transfer model

The basic ASHRAE steady-state heat transfer model was developed in a man-
ner analogous to that presented in Section 2.2.7 when developing the overall heat
balance for a cavity with convective flow was discussed. The overall heat transfer
equation for pure conduction through the multi-layered wall assembly shown in Fig.

3.4 is given by
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q// - Traau-Tm

1 d 1 (3.3
— + R + — + R” + —
h k h,

a

where g” is the heat flux for the entire wall and d/k is the thermal resistance of the
insulation filling the cavity. The convective heat transfer coefficient for the exterior
wall, h,, was considered to be constant. ASHRAE (1989) gives a heat transfer coeffi-
cient of 34.0 W-m2K"! for an exterior wall exposed to a winter wind of 24 km-h**,
Knowing the heat flux from Eqn. (3.3), the temperature of the outer cavity wall, T,

can be determined from

T - qﬂ(n,, . _1_] + T, (3.4)

3.2.1.2 The modified ASHRAE heat transfer model

The modified ASHRAE-based steady-state heat transfer model was also devel-
oped in a manner analogous to Section 2.2.7 and the basic ASHRAE model presented
in Section 3.2.1.1. However, unlike the basic ASHRAE model, the modified model
uses a wind speed dependent exterior heat .ansfer coefficient and the solar radiation
equations presented in Section 2.2.7. The overall steady-state heat transfer equation
for the modified ASHRAE model can be written as

&4
Tmn Tw-h_lf
q" - d 3.5)
1 + R, + d + R, + 1
ha k d

where h, is the wind speed dependent exterior heat transfer coefficient defined in Eqn.
(2.42) and «, is the absorptance coefficient for the exterior wall and I is the total



solar radiation incident on the exterior wall. The temperature of the outer cavity
wall, T,, can be determined from

T, - q”(R” N -hl_) + T+ 2L (3.6)
d

3.2.1.3 Comparing the basic and modified ASHRAE heat transfer models

The temperature of the outer cavity wall, T,, determined by the basic and
modified ASHRAE heat transfer models, is shown in Fig. 3.10 for the north test
panel and in Fig. 3.11 for the south test panel. The square symbols in both figures
represent the actual measured data recorded from a single thermocouple placed on the
outer cavity wall, directly across from the orifice plate flowmeter (see Section 3.1.3).
The temperature for the outer cavity wall is used for comparing the models, since the
outer cavity wall temperature affects the partial pressure of the wall, which in turn
affects the moisture depositing on the wall. The data in Figs. 3.10 and 3.11 show a
pattern in which the temperature has a local maximum every 24 hours. This corre-
sponds to periods of increased solar radiation or daylight hours.

The solid lines in Figs. 3.10 and 3.11 represent the predicted temperatures for
the outer cavity wall using the basic ASHRAE model. The temperatures predicted for
the north wall test panel, Fig. 3.10, closely match those that were measured, except
during daylight hours {10° was the maximum temperature difference between the
actual data and the basic model). The basic model, however, does not accurately
predict the outer cavity wall temperature for the south wall test panel, as shown in
Fig. 3.11. Large discrepancies in temperatures occurred every 24 hours, with the
largest difference being =55°. The basic model is unable to predict increases in the
temperature of the test cavity caused by solar radiation. Because the south panel was
exposed to direct solar radiation during the daytime and the north panel only experi-
enced diffuse solar radiation, higher temperatures were recorded for the south wall
than for the north wall test panel.
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During periods of no solar radiation, i.e. at night, the basic ASHRAE model
tracked the actual temperatures in the north and south walls reasonably well as can be
seen in Figs. 3.10 and 3.11. The solar radiation models developed here do not
include any losses due to night radiation. By including night radiation, the small
discrepancy in nighttime temperatures could probably be rectified.

The modified ASHRAE model, which does include solar radiation terms, was
able to track the variations in south outer cavity wall temperatures caused by
increased solar radiation, as shown by the dashed line in Fig. 3.11. The modified
ASHRAE model has a tendency to over-predict the measured temperatures, although
the maximum discrepancy was less than 14°, whereas the basic model under-predicted
the wall temperature by 55°. On the north wall, Fig. 3.10, the temperatures pre-
dicted by the modified model were higher during daylight hours than those that were
actually measured, particularly in the later hours of the test (375 to 550). The reason
for these errors is not readily apparent. A possible cause is that the real wall does
not immediately react to the increased solar radiation on the exterior wall. The heat
has to migrate inwards to the outer cavity wall before being recorded as an increased
temperature. The modified ASHRAE model assumes that the effect of increased radi-
ation on temperatures is immediate. This is because the AS.{RAE model is a steady
state calculation which does not include real transient effects.

Regardless of the slight discrepancies, the two models do predict the tempera-
ture of the outer cavity wall in the north test panel reasonably well. The use of solar
data should be considered whenever accurate surface temperatures are required. It
was determined that the wind speed dependent heat transfer coefficient did not con-
tribute significantly to the overall performance of the modified ASHRAE model.
Using the single ASHRAE value of 34.0 W-m2K! for the exterior heat transfer
coefficient would be adequate for most typical winter applications.
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3.2.2 Comparing the modified ASHRAE heat transfer model to the internal

forced convective heat transfer model

The heat transfer model developed and discussed in Section 2.2 is a steady-
state heat transfer model which allows for conduction and forced convective heat
transfer between the walls of a porous medium filled cavity. The model includes
solar and wind speed effects on the outer cavity wall. The convective aspect of the
model accounts for the variable heat flux occurring in the entry length of the wall. It
was shown in Section 2.2.3 that air flowing through a porous media filled wall cavity
increased the rate of heat transfer in the thermally developing region above that for
steady-state conduction. When the flow becomes thermally developed the heat trans-
fer is entirely steady-state conduction driven. The thermally developing region was
shown to be small in comparison with the overall cavity height. It will be shown that
the thermally developing region plays a minor part in the overall cavity heat balance.
In order to predict a single temperature for the outer cavity wall, heat flux through
the wall was integrated over the wall height as shown in Eqns. (2.46) and (2.47).
From this can be determined an average temperature for the outer cavity wall which
corresponds to the imposed boundary condition of isothermal side walls.

The internal forced convection heat transfer model was compared to the mod-
ified ASHRAE-based steady-state heat transfer model and to measured data for the
north wall panel. Figure 3.12 shows the actual measured temperatures on the outer
cavity wall (square symbols), the predictions by the modified ASHRAE model
(dashed line), and the predictions of the internal forced convection model developed
in Section 2.2 (solid line). The results for the modified ASHRAE model and the
forced convection model were nearly identical, indicating that the use of the simpler
modified ASHRAE model yields the same solution as the more complex forced con-
vection model. Both models tended to over-predict temperatures during daylight
hours, but tracked the nighttime temperatures reasonably well, as shown in Fig. 3.12.
The maximum daytime error in temperatures between the ASHRAE model and the in-
ternal forced convection model was 10° and occurred at 240 hours.
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The testing of the heat transfer model developed in Section 2.2 has not been
rigorous or complete. However, Fig. 3.12 does show that the effect of forced con-
vective heat transfer on the overall wall heat balance is minimal within the test wall
cavity filled with glass fibre insulation. Neglecting the effects of air flow-induced
heat transfer in wall cavities appears to be reasonable; therefore, it follows that the
thermally developing region plays a minor part in the overall cavity heat balance.
The assumption that a single temperature can characterise the entire wall is reason-
able. The single temperature can be determined from a steady-state heat transfer
analysis which includes the effects of solar radiation. Further studies are required to
better characterise the factors which have caused the heat transfer models to over-

predict daytime temperatures.

3.3  Testing the Moisture Deposition Model

The basis of the moisture deposition model is diffusion of water vapour, which
has been convected into the cavity, to a region of low vapour pressure. The deriva-
tion of the partial pressure gradient was discussed previously in Section 2.3.2 and
shown in Eqn. (2.74). Fick’s law for diffusion of water vapour through porous
medium was also discussed in Section 2.3.2 and expressed in Eqn. (2.52). From
these derivations a model was developed to calculate the deposition of moisture on the
outer cavity wall of the test panel (Fig. 3.4).

The moisture deposition model integrated the exact partial pressure gradient
over the height of each zone, as shown in Eqn. (2.76), to determine the mass of
moisture deposited in each zone per hour of flow. The predicted moisture deposition
was then compared to the actual measured deposition data obtained from the AHHRF
House 6 north wall test panel for each individual zone (1 to 6 in Fig. 3.5). The
method of obtaining the measured data was outlined in Section 3.1. This deposition
data is listed in Appendix A, Tables A.1 to A.3.
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3.3.1 The outer cavity wall boundary condition

When the partial pressure profile and mass flux equations were examined in
Section 2.3.4, the partial pressure boundary condition for the outer cavity wall, spec-
ified in Section 2.3.1, was chosen to correspond to saturation (Pwc = Pus)- In many
cases, however, the outer cavity wall would not be saturated and therefore, choosing
a saturated boundary condition would not accurately represent the deposition of mois-
ture on the wall. A method of assignin; a sub-saturated partial pressure boundary
condition to the wall would be to use the wall’s wood moisture content. The USDA
(1982) defines the moisture content of wood as "the weight of water in wood
expressed as a fraction, usually as a percentage, of the weight of oven dry wood."
Most woods are considered to be saturated when the wood moisture content exceeds
approximately 30% (also referred to as the point of fibre saturation). The wood
moisture content can be measured easily using resistance-type moisture meters. How-
ever, wood moisture content cannot be used directly as a boundary condition. The
concept of an internal moisture limit IML) will now be introduced in order to relate
the wood moisture content to wall relative humidity, which can then be related to a
partial pressure boundary condition.

3.3.1.1 The internal moisture limit concept

A novel feature of the present model is the internal moisture limit IML). The
IML is based on the concept that an "active layer” within the wall acts to regulate the
absorption and desorption of moisture. If wood moisture content (by percent weight,
MC,) was directly linked to wall relative humidity (¢,) then 30% wood moisture
content would correspond to 100% wall relative humidity. This boundary conditio:
may be appropriate if the entire wall (all sides simultaneously) were in direct contact
with the depositing moisture.

In real walls, however, moisture deposits on only one side and then migrates
towards the opposite side. A thin layer of the wall, next to the surface where deposi-
tion is occurring, represents the active layer. Moisture enters the active layer by
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diffusion from the air-vapour flow at a faster rate than it leaves. This results in a
higher wood moisture content in the active layer than in the rest of the wall. It is the
moisture conten of the active layer which regulates the boundary condition for the
wall. If the active layer were thicker than ~6 mm, the wood moisture content of the
layer could be determined using resistance-type moisture pins (the depth of standard
moisture pins is =6 mm). However, the active layer is extremely thin, and there-
fore, the use of moisture pins is impractical. It could be argued that the active layer
is only a few water molecules thick and the surface would always be at saturation
since moisture is condensing at the surface. This argument may oe correct at the
molecular level, but imposing a saturated condition on the surface of the wall may not
accurately represent the ability of the wall to absorb moisture. On the other hand,
using the overall wood moisture content of the wall overestimates the ability of the
wall to absorb moisture. The internal moisture limit concept was developed as a way
to convert measured wood moisture content into a boundary condition which incorpor-
ates the effects of the active layer.

The wood moisture content of a sample can be related to the relative humidity
of the surrounding air, however, the relationship is not linear. Tveit (1966) studied
the non-linear relationship and discovered that wood products typically behaved ac-
cording to the functional form (fitted by the author),

9%\ 3.
MC, (%) “(1oo-¢(%)) 3.7

where MC, is the wood moisture content (by percent volume), ¢ is the percent rela-
tive humidity of the ambient air, and @’ and b are empirical constants. Use of Eqn.
(3.7) requires the determination of separate coefficients (a’ and b) for each building
material studied. Unfortunately, Tveit did not conduct tests on many of the more
common North American building materials such as Douglas fir plywood or particle
board. Since most woods behaved in a similar fashion, as described by Eqn. (3.7), it
was decided to approximate Tveit’s non-linear curve with a linear ramp function. A
linear function, the internal moisture limit, would represent the connection between
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wood moisture content and relative humidity, while the slope of the internal moisture
limit function would model the behaviour of the active layer.

The internal moisture limit ramp function is of the form,

1
MC" <ML : ¢c - (E)MC“

MC,>IML: ¢ -1

(3.8)

where IML is the internal moisture limit, MC,, is the averaged wood moisture content
for the entire wall including the active layer, and ¢, is the outer cavity wall relative
humidity, all of which are expressed as decimal values rather than percentages. The
internal moisture limit fixes the point where wood moisture content reaches a satu-
rated condition, that is, for MC,, = IML, ¢, = 100%.

Figure 3.13 shows the linear ramp function expressed in Eqn. (3.8) which cor-
responds to an internal moisture limit of 20%. The term "internal moisture limit"
should not be confused with the definition of "wood moisture content.” The internal
moisture limit refers to a value which is used solely as a limit to fix the ramp function
shown in Fig. 3.13, so that the actual wood moisture content can be utilized to deter-
mine a surface relative humidity. The partial prassure boundary condition can be de-
termined by using the definition of relative humidity, which is,

Py
Py,

¢. - (3.9

CT"

By selecting different internal moisture limits, the effect on moisture deposi-
tion in the active layer can be altered. Small IMLs, less than 30%, corresponding to
wood fibre saturation, would result in steep ramp functions. For a steep ramp, a
small increase in wood moisture content corresponds to a large increase in relative
humidity. This would act to increase the partial pressure boundary condition and
therefore reduce further mass deposition by reducing the partial pressure gradient
driving moisture deposition. This corresponds to an active layer which has a high
moisture content and is unable to absorb more moisture. The active layer is por-
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trayed as if it is saturated, while in fact it may not be. By choosing a larger IML,
greater than 30%, a large amount of moisture depositing on the wall would corre-
spond to a small increase in relative humidity. Selecting a large IML gives the wall
the ability to absorb moisture beyond its fibre saturation point. This is similar to
having an active layer which is sub-saturated, although the rest of the wall may be
near saturation. It is suspected that one would rarely require the use an IML greater
than the fibre saturation point for modelling deposition in wooden walls. A compari-

son of various internal moisture limits and their effect on moisture deposition is dis-

cussed in Section 4.2.

3.3.1.2 Selecting an appropriate internal moisture limit and calculating moisture
deposition boundary conditions

The internal moisture limit selected to be used in testing the moisture
deposition model was 20%, a value less than the fibre saturation point of most com-
mon woods used in construction. The moisture deposition model requires that a
single partial pressure be assigned as the boundary condition on the outer cavity wall
for each hour of the test. The partial pressure for the wall can be determined from
ueing Eqns. (3.8) and (3.9) and the average wood moisture content for the wall.

The wood moisture content for each of the three zones in the upper wall sec-
tion was found to be initially 7% MC,,, Forest (1989), which, by using Eqn. (3.8)
and a 20% IML, resulted in an initial relative humidity for the wall of 35%. The
temperature of the wall, which must be known in order to convert relative humidity
into a partial pressure, was measured directly during the test. Therefore, the heat
transfer model developed in Section 2.3 was not used to determine cavity terapera-
tures in the moisture deposition model although it was shown that the heat transfer
model predicts sheathing temperatures quite well. Using the moisture deposition
model, the amount of moisture deposited in each zone was predicted. Each zone
contained three moisture plugs and was the height of a moisture plug (50 mm) and the
width of the wall cavity (340 mm). The mass of moisture which deposited on each
zone per hour was used to calculate a new average wood moisture content for the
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three zones. The average wood moisture content was used in Eqns. (3.8) and (3.9) to
determine the wall boundary condition for the next hour.

Figure 3.14 shows the outer cavity wall relative humidity and the wood mois-
ture content for the upper wall section as predicted from the moisture deposition
model using a 20% IML. Figure 3.15 shows the same information for the lower wall
section. The upper and lower wall sections do not use the same relative humidity
boundary condition curve since they are exposed to different air flows and deposition
rates. Figure 3.14 indicates that when a 20% IML was used to regulate the wall
boundary condition, the outer cavity wall reached a maximum of 75% relative humid-
ity and 15% MC,,. For the lower wall section, the maximum relative humidity was
less than 50% and less than 10% MC,,.

3.3.2 Moisture deposition in the upper wall zones

The actual mass of moisture deposited on each plug located in the upper wall
section was determined according to the method outlined in Section 3.1.2, with the
upper wall receiving two thirds of the total flow through the cavity, as discussed in
Section 3.1.5. The placement of zones 1, 2, and 3 was indicated in Fig. 3.5. The
moisture deposition model was run with 550 hours of data obtained from the north
wall test panel. The results for the three upper wall zones are shown in Figs. 3.16 to
3.18. Each zone was 50 mm high and 340 mm long and contained three moisture
plugs, each plug had a diameter of S0 mm. The model used an internal moisture
limit set at 20% in order to calculate the wall partial pressure boundary condition.
The model was compared to the measured data at three points, 169, 314, and 501
hours after testing began. A summary of the predicted and actual depositions is
presented in Table 3.4.

Figure 3.16 shows the mass of water deposited in zone 1 on a cumulative basis
during the 550 hour test period. The deposition in zone 1 increased from its initial
value of zero to a maximum of 9.0 g after 550 hours. The increase in deposition was
continuous and at no time was there any evaporation or sublimation of water from the
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wall. The symbols shown in Fig. 3.16 indicate the moisture deposited in each zone
(50 mm X 340 mm) based on the assumption that the mass measured in each plug, in
the zone, was representative of the moisture deposited in the entire zone. For
example, if 0.07 g of moisture was deposited on one plug (35.7 g-m?), then for the
entire zone, the moisture deposited would be 0.61 g (see Section 3.1.2 and Appendix
A). At the first evaiuation point, 169 hours, the model predicted a mass deposition of
2.0 g, 26% less than the actual average deposition of 2.7 g. After 314 hours, the
predicted mass increased to 5.0 g, 25% less than the measured value of 6.7 g. Near
the end of the test, at 501 hours, the predicted mass depositicn was 9.0 g, 20% less
than the actual value of 11.3 g. Although the errors appear to be large, the deposi-
tions predicted from the model follow the upward trend of the measured data. It
appears from Fig. 3.16 that if the missing data from hours 45 to 70 were present, the
predicted depositions would be closer to the measured data.

Plotted above the zone 1 moisture deposition curve, Fig. 3.16, are the total
flow rates through the north wall, 2/3 of which flowed through the upper wall sec-
tion. As expected, during exfiltration, the moisture deposition increased, as shown
during the period from 340 to 370 hours. Deposition increased during exfiltration
since warm, moist air was entering the cavity and was depositing on the outer cavity
wall as the air-vapour flow proceeded through the cavity. Large periods of infiltra-
tion, such as those from 30 to 100 hours, showed no moisture deposition or evapor-
ation. This adds support to the claim that exfiltration is the main source of moisture
entering wall cavities. Infiltrating flow did not deposit or remove any moisture in
zone 1 since the infiltrating flow partial pressure had already reached equilibrium with
the wall partial pressure before reaching zone 1.

Figure 3.17 shows the moisture deposition in zone 2 for the 550 hour test
period and the corresponding flow rates through the north wall panel. The deposition
curve produced from the model shows a general increase in mass deposition until, at
the 430 hour mark, a small, rapid amount of evaporation occurred. This evaporation
corresponded to a sudden increase in infiltration. During earlier hours of infiltration,
250 to 300, no evaporation occurred since the infiltrating air had a partial pressure
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greater than the wall, thus the corresponding mass flux was positive. At 430 hours
and later, the infiltrating air had a lower partial pressure than the wall, the mass flux
became negative, and moisture was removed from the wall. From 480 to 550 hours,
there was a small, gradual amount of evaporation since the infiltrating air had a
vapour pressure lower than the wall vapour pressure. The measured data followed
the same trend as predicted by the model: initial deposition followed by evaporation
during the later hours. The model under-predicted the deposition at 169 hours by
0.4 g (57%). At 314 hours, the model also under-predictsd deposition by 0.4 g
(40%). However, at 501 hours, the model over-predicted mass deposition by 0.2 g
(20%). A sudden increase in mass deposition occurred during a 50 hour period of
high exfiltration starting at 330 hours. The final amount of moisture in zone 2 after
550 hours was 1.2 g or 7.5 times less than the amount that had deposited in zone 1.

The measured data recorded from each moisture plug in zone 2 is more con-
sistent than in zone 1. At 501 hours in zone 1, Fig. 3.16, the measured mass deposi-
tions of the three plugs varied from 8.3 g to 15.4 g, a difference of 7.1 g. However,
in zone 2, Fig. 3.17, the deposition varied from 0.9 g to 1.0 g, a difference of only
0.1 g. These differences may be contributed to the flow through the cavity heing
more evenly distributed when further away from the leakage site. Zone 2 was
420 mm from the exfiltration orifice whereas zone 1 was only 140 mm away. The
measured depositions across each zone in the cavity were closer in magnitude during
the early hours, as shown for zone 1 in Fig. 3.16, with the range of differences in
depositions being 0.8 g and 2.7 g for hours 169 and 314, respectively. The high
exfiltration rate recorded between 330 and 380 hours may have accounted for the
wide difference in mass depositions at the 591 hour mark (7.1 g). The high influx of
air would have distributed itself across the cavity width before reaching zone 2 and 3
and therefore the measured range of depositions were much narrower in these zones
than in zone 1. Appendix A, Tables A.1 to A.3., list the complete deposition data
for all the zones.

In zone 3, Fig. 3.18, the model consistently over-predicted the moisture depo-
sition at each evaluation point, although the model continued to follow the general
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trend in the measured data, including evaporation in the later hours. Table 3.4 lists
the predicted mass deposition and the actual mass deposition at the three evaluation
points shown in Fig. 3.18. The moisture deposition curve for zone 3, Fig. 3.18,
shows different deposition features than either zone 1 or 2. In zone 1, Fig. 3.16,
during the first 20 hours of the test, deposition increased from 0 to 0.8 g due to exfil-
trating flow. Zone 2, Fig. 3.17, indicated a considerably smaller increase during the
first 20 hours from O to less than 0.1 g. However, zone 3, Fig. 3.18, showed no
increase in moisture deposition during the first 20 hours but showed a large increase
at 40 hours, an increase not realized in zone 1. This indicates that the deposition in
zone 1 is not controlled by the same flow regime as in zone 3.

Moisture deposition in zone 1 was shown to be dominated by exfiltration only, |
infiltration had no affect on the deposition curve shown in Fig. 3.16. Figure 3.18
shows that, during periods of infiltration, the moisture deposition either increased or
decreased but during hours of exfiltration there was little to no increase in moisture
deposition. This leads to the conclusion that in zone 3 the deposition or evaporation
of moisture was dominated by infiltration. Figure 3.19 shows the contribution to the
total moisture deposition in zone 3 by exfiltration and infiltration. Up until 350
hours, the deposition of moisture was entirely by infiltration. At 350 hours, zone 3
experienced a slight increase in moisture deposition, due to a large increase in exfil-
tration. After 350 hours, infiltration began to desorb moisture from the wall, thus the
downward slope in the infiltration and total deposition curves in Fig. 3.19. Evap-
oration from the wall occurs when the wall partial pressure is greater than the infil-
trating partial pressure and only occurs in the later hours of the test period. The
close proximity of zone 3 to the exterior crack (50 mm away) makes zone 3 highly
susceptible to infiltration deposition and insensitive to exfiltration deposition which
enters the cavity 700 mm away from zone 3. During periods of exfiltration, the
warm, moist room air would deposit most of its moisture near the inlet, leaving little

moisture to be deposited in the rest of the wall, including zone 3.
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3.3.3 Moisture deposition in the lower wall zones

The lower wall zones, zones 4, 5, and 6, exhibited moisture deposition charac-
teristics quite different from the upper wall zones. The results from running the
model on the three lower zones are shown in Figs. 3.20 to 3.22. The flow rate
through the lower zones was 1/3 of the total flow rate through the wall (Section
3.1.5). The internal moisture limit was set at 20%. The model was compared to the
measured data at three points, 169, 314, and 501 hours after testing began.

In each of the lower zones, the model under-predicted moisture deposition as
compared to the measured values. Table 3.5, which summarises the predicted and
actual moisture deposition in zones 4, 5, and 6, shows that the predicted deposition in
zone 4 at 501 hours was 2.9 g compared to the actual average deposition of 12.4 g, a
9.5 g difference. The differences between the predicted and actual values were
smaller in zones S and 6 (1.45 g and 0.66 g, respectively) only because the overall
magnitude of the deposition decreased. Although the moisture predictions were in
error, the predicted moisture deposition curve in all three zones (Figs. 3.20, 3.21,
and 3.22), followed the general trend in the measured data. As time progressed, the
amount of deposition increased in each zone. Only zone 6, Figure 3.22, indicated
any moisture evaporation, however, the amount was small and it was hard to deter-
mine whether or not it was true evaporation or experimental error.

Since the model did follow the trend of the data and only the magnitude of the
depositions were incorrect, it was possible that the model may have had incorrect
initial parameters. A smaller flow rate was assumed for the lower cavity than the
upper cavity which led directly to less moisture being available to deposit in the lower
wall section. A sensitivity analysis was conducted in Chapter 4 which evaluates the
changes in moisture deposition due to changing the flow distribution between the
upper and lower sections. A sensitivity study is also conducted in Chapter 4 on the
effects of changing the internal moisture limit on moisture deposition.
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3.3.4 Effect of the moisture deposition model’s region of validity on the test
results

Discussed previously, in Section 2.3.7, was the concept of a region where the
moisture deposition model was valid and a region where the model was invalid due to
potential deposition in the insulation rather than on the wall. The region depended on
three items: inlet relative humidity, outer cavity wall temperature, and outer cavity
wall relative humidity. When the criteria (the wall relative humidity and temperature
relationship) outlined earlier based on the theoretical wall (Section 2.3.7) was applied
to the test data, interesting results occurred. Of the 523 hours for which data was
collected, the model failed 27% of the time (142 hours) when using the maximum
airflow velocity (w = 0.01 m's?) plot (Fig. 2.19). By switching to the slower air-
flow velocity (w = 0.0001 m-s?) plot (Fig. 2.20), when possible, the model failed
24% of the time (126 hours).

But did the model actually fail? Reviewing the actual data and the predicted
depositions (Figs. 3.16 to 3.22), it can be seen that in the upper zones the model
closely predicted the deposition in the cavity even though the model was strictly
invalid for 142 hours. This indicates that the model "failure” is gradual and that the
errors produced are small. Another possible explanation is that the ice accumulation
within the insulation, which affects the flow distribution through the cavity, may not
be as significant a factor as first assumed. More investigations are required in this
area to better determine the reason why the model was able to predict reasonable

results when the model was strictly invalid.

3.3.5 Summary of the moisture deposition model testing

Some interesting observations from testing the moisture deposition model
were:
e The air-vapour flow entering the cavity, whether by exfiltration or infil-
tration, will tend to deposit the majority of its moisture near the point
of entry. The exfiltration flow will typically carry more moisture into
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the cavity than the infiltrating flow since the exfiltrating flow has a
higher moisture content.

The moisture deposition model is capable of handling either deposition
or evaporation of moisture due to either exfiltrating or infiltrating flow.
Using an internal moisture limit to set the partial pressure boundary
conditions for the outer wall did enabie the model to follow the trends
shown in the measured data.

The moisture deposition model is valid for dry air up to the point
where humidity in the air causes moisture to deposit in the insulation
rather than on the wall. Figure 2.21 shows the range of relative hu-
midities for which the model is valid for increasing wall temperatures.
The model predicted actual moisture depositions with reasonable accu-
racy and was able to follow the various trends in the data, even though
the model was strictly invalid for 27% of the test period.
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Table 3.1  Construction details of Alberta Home Heating Research Facility test
House 6.°

Floor Area: 6250 x 6860 mm — 42.88 m®
Wall Height: 2440 mm
Basement Height: 2440 mm, 1830 mm below grade

Walls: 9.5 mm pre-stained Rough Tex Plywood
90 mm glass fibre batt insulation, RSI 1.7
50 x 100 mm nominal studs, 400 mm centres
0.102 mm polyethylene vapour barrier
13 mm painted gypsum wallboard

Wall area / Floor area: 1.39

Windows: North: 990 x 1950 mm double glazed sealed

South: none
East: 1000 x 1950 mm double glazed opening
West: 1000 x 1950 mm double glazed opening

Window area / Floor area: 11.9%

Ceiling: 9.5 mm plywood sheathing
RSI 2.1 glass fibre batt insulation
0.102 mm polyethylene vapour barrier
13 mm painted gypsum wallboard

Roof: CMHC approved trusses with 760 mm stub
210# asphalt shingles
9.5 mm plywood Ext. GD sheathing
Basement: 13 mm preservative treated plywood to 600 mm below grade
50 mm rigid insulation, RSI 1.7, to 600 mm below grade
200 mm concrete wall
100 mm concrete stab on 0.152 mm polyethylene vapour barrier
Door: 910 x 2030 mm insulated metal
Electric furnace capacity: 7.5 kW

Humidifier: Rotating drum connected to reservoir

*Table adapted from Forest (1989) and Walker (1991).



Table 3.2  Summary of velocity flow data and calculated flow velocities in the
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north wall test cavity. The upper wall cavity had 2/3 of the total flow.

Infiltration Exfiltration

Average flow rate through orifice meter® [m® h'] 0.1104 0.0458
Number of flow hours [h] 383 363
Average flow rate (reduced hour average)® [m’ h"'} 0.1510 0.0650
Maximum flow rate through orifice meter [m® h'] 0.9426 0.3725
Average cavity velocity®, w [m s”) upper cavity 0.0009 0.0004

lower cavity €.0005 0.0002
Maximum cavity velocity, w [m s']  upper cavity 0.0057 0.0023

lower cavity 0.0029 0.0011
Superficial crack velocity’, 4, [m s] 0.9863 0.4245

*Average flow rate through the wall including bours where there was no flow.
*Reduced hour average does not include any hours in which there was zero flow.

“Superficial crack velocity is defined as 4, = Q/(0.6 X orifice area).
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Table 3.3  Summary of velocity flow data and calculated flow velocities in the
south wall test cavity. The upper wall cavity had 2/3 of the total flow.

., _ Infiltration Exfiltration

Average flow rate through orifice meter* [m® h'] 0.1350 0.0220
Number of flow hours [h] 460 355
Average flow rate (reduced hour average)® [m’ b} 0.1540 0.0320
Maximum flow rate through orifice meter [m® h''] 1.1864 0.1538
Average cavity velocity®, w [m s”) upper cavity 0.0009 0.0002

lower cavity 0.0005 0.0001
Maximum cavity velocity, w [m s']  upper cavity 0.0072 0.0009

lower cavity 0.0036 0.0005
Superficial crack velocity®, 4, [m 5] 1.0058 0.2090

*Average flow rate through the wall including hours where there was no flow.
*Reduced hour average does not include any hours in which there was zero flow.
“Superficial crack velocity is defined as u, = Q/(0.6 X orifice area).
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Table 3.4  Comparison of the measured moisture deposition in each zone of the
upper wall section and the predictions of tiie moisture deposition
model.

Hour of | Predicted Mass | Measured Mass | Percent

Zone | Evaluation Deposition Deposition Error | Error
(2) (8) (%) (8)

1 169 2.0 2.7 -26 -0.7
314 5.0 6.7 -25 -1.7

501 9.0 11.3 -20 2.3

2 169 0.3 0.7 -57 0.4
314 0.6 1.0 -40 0.4

501 1.2 1.0 +20 0.2

3 169 1.0 0.6 +67 0.4
314 1.2 0.9 +33 0.3

501 1.1 0.3 +267 0.8
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Table 3.5 Comparison of the measured moisture deposition in each zone of the
lower wall section and the predictions of the moisture deposition
model.

Hour of | Predicted Mass | Measured Mass | Percent
Zone | Evaluation Deposition Deposition Error | Error
(8) (8) (%) (8)

4 169 0.4 1.4 -71 -1.0
314 1.1 4.5 -76 34

501 2.9 12.4 =77 9.5

5 169 0.00 0.5 -- 0.5
314 0.01 0.7 -99 -0.69

501 0.15 1.6 -90 -1.45

6 169 0.00 0.5 -- -0.5
314 0.16 0.7 =77 -0.54

501 0.04 0.7 -94 -0.66
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Figure 3.1  Alberta Home Heating Research Facility House 6 used in experimen-
tally validating the moisture deposition model.
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Figure 3.2  Plan view of House 6 at the Alberta Home Heating Research Facility
showing the location of the wall test panels in the north and south

walls.
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site.
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into zones. Each zone consists of three horizontal plugs. Zones 1 to 3
constitute the upper wall section while zones 4 to 6 constitute the lower

wall section.
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A comparison of the actual measured temperatures on the outer cavity

wall for the north test panel with the ASHRAE-based models. The
basic model used no solar data while the modified model used solar

data.
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section of the north wall test panel.
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Figure 3.22 Cumulative moisture deposition on the north test panel outer cavity wall
in zone 6 when using a 20% internal moisture limit. The solid line

indicates the model predicted depositions. Shown also is the corre-
sponding total flow rate through the north test panel.



CHAPTER 4

PARAMETRIC STUDIES OF THE SENSITIVITY OF THE MOISTURE
DEPOSITION MODEL TO VARIATIONS IN INPUT PARAMETERS

In order to quantify the effects of the input variables on moisture deposition, a
sensitivity study was undertaken. Five parameters were investigated: internal mois-
ture limit (IML), flow rate, mass diffusivity, cavity height, and cavity width. The
internal moisture limit is nser-specified, and is related to the nature of the exterior
sheathing. The flow rate is dependent on enviroamental conditions and may change
considerably during actual testing. The last three parameters: mass diffusivity of the
porous medium, cavity height, and cavity width, are physical characteristics of the
wall assembly. Each of the five parameters will be varied independently of the
others.

Zones 1 and 3 located in the outer cavity wall of the upper section of the north
wall test panel, Fig. 3.5, will be used for comparing the effects of changing the input
variables. The behaviour in zone 2 was found in all cases to be similar to zone 1 and
will not be discussed separately. The lower section of the north wall test panel was
not used for the sensitivity studies except for comparisons using the internal moisture
limit. Varying the input parameters affected the lower wall section in the same man-
ner as the upper wall section; however, the magnitude of the change was smaller and
therefore aifficult to notice. It was decided to show and discuss only the more pro-
nounced responses in the upper wall section. The lower wall section will be dis-
cussed only when its behaviour differed from the upper section.

4.1 Initiai Parameters for the Sensitivity Study

The wall assembly used to conduct the parametric studies was the north wall
test panel from AHHRF House 6, shown previously in Figs. 3.3, 3.4, and 3.5.
Table 4.1 lists the base-case parameters used in the sensitivity study. The height,
width, and depth correspond to the actual dimensions of the upper section of the test
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panel. The flow rate was divided between the upper and lower wall sections accord-
ing to an analysis of the pressure losses occurring in porous insulation and through
cracks. The results of the analysis (presented in Appendix B) estimated that the upper
wall section received 2/3 of the total flow passing through the wall cavity.

The mass diffusivity chosen as the initial value corresponds to the value for
water vapour diffusing through air (2.6 X 10° m*s'). The choice of this mass diffu-
sivity value was discussed in Section 2.1.8. The initial wood moisture content by
weight, MC,,, of the wall was determined earlier to be 7%, Forest (1989), which,
when using an internal moisture saturation limit of 20%, shown in Fig. 4.1, yielded
an initial wall relative humidity of 35%. All temperature, relative humidity, and flow
data used in the sensitivity analysis was the actual data recorded at the test house from
26 January to 18 February 1988. The predicted total moisture deposition in each
zone (shown in Fig. 3.5) after 550 hours was calculated using the base values listed in

Table 4.1 and results are shown in Table 4.2.

4.2 The Effect of Varying the Internal Moisture Limit on Moisture Deposition

The intemnal moisture limit (IML) was defined in Section 3.3.1.1 as a novel
way to define a linear ramp function that specifies the relationship between wood
moisture content and relative humidity. The internal moisture limit corresponds to the
maximum wood moisture content allowed in the sheathing; however, the IML may or
may not correspond to the actual wood fibre saturation point for the sheathing
material. The IML’s main purpose is to allow for the selection of a partial pressure
for water vapour depositing on the sheathing surface. This reflects the fact that the
overall average sheathing moisture content might not be the same as the active layer
next to the porous medium. As long as the wood moisture content is below the
internal moisture limit, then the boundary condition for the sheathing is below satur.-
tion. For wood moisture contents above the IML, then the boundary condition for the
sheathing is saturation. For example, if the actual wood moisture content was 22%
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and the IML was 20%, then the boundary condition for the wall would be held at

saturation even though the wood moisture content is less than the fibre saturation
point (=30% MC,).

Moisture deposition is dependent on the partial pressure difference (Ap,)
between the air-vapour flow and the outer cavity wall where deposition takes place.
By selecting different IMLs, the partial pressure specified at the outer cavity wall can
be altered. This has a direct effect on the amount of moisture absorbed or desorbed
from the wall. Assigning a high internal moisture limit to a wall results in more
moisture being absorbed by the material than if a low IML is used. A material such
as fibreboard sheathing, which readily absorbs moisture, would have a large IML.
Materials such as polystyrene sheathing, which does not absorb moisture, would have
a low IML, indicating that the material reaches a saturated state very rapidly. In
order to study a wide range of possible building materials, four IMLs ranging from
15 to 60% were chosen for comparison. The characteristics of the chosen IML ramp

functions are shown in Fig. 4.1. A 20% IML was taken as the base value against
which the other IMLs were compared. Reducing the IML to 15% resulted in smaller
moisture deposition than for the base 20% IML; increasing the IML to 30% and 60%
yielded higher moisture depositions.

4.2.1 The effect of internal moisture limits on wall relative humidity

Figure 4.2 shows how the outer wall cavity relative humidity boundary condi-
tion was changed by using different IML ramp functions. At the beginning of the test
period, the wall had a wood moisture content of 7%. Using a 20% IML, a wood
moisture content of 7% corresponded to an initial wall relative humidity of 35%. Re-
ducing the IML to 15% increased the initial wall relative humidity to 47%. Increas-
ing the IML to 60% reduced the initial wall relative humidity to 12%.

As the test proceeded, moisture began to deposit on the outer cavity wall and
be absorbed into the sheathing, which resulted in an increase in the average wood
moisture content for the sheathing. An increase in wood moisture content leads di-
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rectly to an increase in wall relative humidity, as shown by the relationship in Fig.
4.1. An increase in wall relative humidity decreases the driving force for moisture
deposition (Ap,, gets smaller) during exfiltration, and increases the driving force for
moisture desorption from the wall during infiltration. This occurs since the wall
partial pressure could be greater than the inlet air-vapour partial pressure.

Selecting a small IML (15%) reduces the amount of moisture depositing on the
outer cavity wall since the partial pressure difference between the air-vapour flow and
the wall is small. The slope of the 15% IML function (shown in Fig. 4.1) is steep
indicating that only a small amount of moisture is required to drive the boundary
condition to saturation which further reduces the amount of deposition. Moisture is
more likely to desorb from the exterior sheathing when a small IML is chosen
because the wall partial pressure is more likely to be higher than the inlet partial
pressure.

Selecting a large IML (60%), as expected, would have opposite effects to
selecting a small IML. A large IML increases the amount of moisture that is able to
deposit and subsequently be absorbed into the wall. The increase in wood moisture
content is large, but due to the shallow nature of the selected IML function (shown in
Fig. 4.1) the progress up the ramp is slow. The wall relative humidity boundary
condition changes slowly thereby leaving a large partial pressure difference between
the wall and the air-flow.

Figure 4.2 shows how rapidly the wall relative humidity increases for an IML
of 15% compared to the gradual increase in relative humidity for 60% IML. Figure
4.2 also shows that for none of the internal moisture limits tested does the outer wall
reach saturation (100% relative humidity). Over this period of time, one would not
expect to see any visible moisture (either liquid water or frost) at the sheathing/insula-

tion interface.
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4.2.2 Choosing an internal moisture limit below the base case 20% IML

One internal moisture limit below the base case IML was used in this sensitiv-
ity analysis. Choosing a 15% IML resulted in a ramp function with a steeper slope
than the base case, which led to less moisture deposition than for the base case.
Progress up the steep 15% IML ramp function, shown in Fig. 4.1, towards higher
wall relative humidities, was rapid, as shown in Fig. 4.2.

Figures 4.3 to 4.8, representing zones 1 to 6 respectively, all show a lower
moisture deposition for the 15% IML than for the base case 20% IML. In zone 1, at
550 hours, the 15% IML curve predicted a moisture deposition of 8.3 g, which was
0.7 g less than the 20% IML curve. In zone 2 the difference between the two IML
predictions decreased to 0.6 g, but in zone 3 the difference increased to 2.7 g. In
zone 4 the difference in predicted depositions between the 15% and 20% IMLs after
550 hours was 0.1 g. In zone 5 and 6 the difference was 0.01 g and 0.02 g, respect-
ively. The effect of decreasing the IML in the lower zones (4, 5, and 6) was similar
in nature to zone 1, except that the magnitude of the change was smaller due to the
smaller flow rates in the lower wall section.

An interesting consequence of choosing a small IML was that when flow infil-
trated through the cavity, the partial pressure of the exterior sheathing became higher
than the inlet air-vapour partial pressure. This led to moisture being desorbed from
the sheathing. The effects of infiltration-dominated moisture desorption are shown
most prominently in zones 2 and 3 on Figs. 4.4 and 4.5 respectively, since these
zones were located closer to the exterior crack, which for infiltration was the inlet
crack, than zone 1. Zone 1 was completely dominated by exfiltration and showed
only a small amount of moisture desorption in the later hours. The reduction in accu-
mulated moisture in zone 2 began at 420 hours although there was a slight reduction
in moisture at 310 hours. Up until 420 hours, the moisture deposition in zone 2 was
caused by both exfiltration and infiltration, but as the partial pressure of the exterior
sheathing rose, the desorption of moisture by the infiltrating air flow began to domi-
nate. In zone 3, almost all of the moisture deposition and desorption was infiltration
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dominated, as was discussed in Section 3.3.2, and shown in Fig. 3.19, Because infil-
tration dominated in zone 3, up until 250 hours infiltration caused deposition but after
250 hours, infiltration caused the desorption of moisture as shown in Fig. 4.5. At the
end of the test, 550 hours, the sheathing was drier than at the beginning of the test.
The drying of the sheathing was the reason why the moisture deposition predicted by
the 15% IML in zone 3 after 550 hours was 2.7 g less than the predicted deposition
using the 20% IML (refer to Fig. 4.5).

4.2.3 Choosing an internal moisture content above the base case 20% IML

Choosing an internal moisture limit higher than the standard case meant that
the slope of the ramp function became more shallow. Figure 4.1 shows the slopes for
the 30% and 60% IMLs as compared to the base case 20% IML. For shallow slopes,
a large increase in wood moisture content would be required for a small increase in
wall relative humidity. This kept the partial pressure on the wall at a low level, as
shown in Fig. 4.2, where the 30% and 60% IML curves increased slowly over time,
allowing the driving force for moisture deposition to remain large. The wall relative
humidity never reached the point where the corresponding partial pressure was high
enough for desorption to occur with infiltrating flow.

In all of the zones, Figs. 4.3 to 4.8, moisture deposition increased when the
internal moisture limit was larger than 20%. In zone 1, Fig. 4.3, the increased depo-
sition over the base 20% IML at 550 hours was 0.6 g for the 30% IML and 1.5 g for
the 60% IML. In zone 2, Fig. 4.4, the depositions were 0.6 g and 1.3 g greater than
the base 20% IML, using 30% and 60% IMLs, respectively. Zone 3 behaved in a
different manner than either zone 1 or 2. As discussed in Section 3.3.2, moisture
deposition in zone 3 was dominated by infiltration rather than by exfiltration. Figure
4.5 shows that in zone 3 the deposition of moisture when using a 30% or 60% IML
was far greater than for the base case 20% IML. At 420 hours, the amount of water
deposited decreased in zone 3 and the 20% IML curve began to show desorption.
The 30% and 60% IML curves showed moisture deposition for the duration of the
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test period with no moisture desorption due to infiltration. This was because the
wood moisture content never became high enough to impose a partial pressure on the
wall which was higher than the infiltrating partial pressure. Therefore, a driving
force for moisture deposition onto the wall always existed, even during infiltration.
The moisture deposited in zone 3 after 550 hours for the 30% IML was 3.5 g, which
was 2.8 g more than for the 20% IML. For the 60% IML, the maximum amount of
moisture deposited was 6.5 g, which was 5.8 g more than for the 20% IML. In
zones 2 and 3 the measured moisture f=nositions were best predicted using the 20%

IML, while in zone 1, the 30% 1 tter predicted the measured results.
The meisture deposition in » . «nd 6, Figs. 4.6, 4.7, and 4.8 respect-
ively, were not greatly affectes: =y ...~ _..g the IML. The maximum difference

between the 20% IML curve and the 65% IML curve in zone 4 was less than 0.2 g.
In zone 5 the difference in deposition between the 20% IML and the 60% IML was
less than 0.02 g. In zone 6, the 60% IML curve predicted a deposition of 0.08 g
while the base 20% IML predicted a deposition of 0.04 g. Although the percentage
difference in zone 6 appeared to be large (100%), the actual difference was only
0.04 g, a value which is difficult to measure in real walls. The effect of increasing
the IML in the lower zones (4, 5, and 6) was similar in nature to zone 1, discussed
previously, except that the magnitude of the change was smaller due to the lower flow
rates in the lower wall section.

In summary, the internal moisture limit (IML) is the physical link between
wood moisture content and relative humidity. The selection of an appropriate IML is
dependent on the properties of the material to be modeled. The characteristic behav-
iour of the IML curves depend greatly on flow rate and flow direction as well as the
climatic conditions being modeled. In warm climates infiltration will predominantly
remove moisture from the wall cavity while in colder climates moisture deposition is

4 more common occurrence.
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4.3  Dependence of Moisture Deposition on Changes in Distribution of Flow

The amount of moisture depositing in the wall cavity can be influenced by
changing the flow distribution through the cavity. For the wall cavity tested in Chap-
ter 3, the flow was initially split such that 2/3 of the total flow passed through the
upper wall section and 1/3 passed through the lower wall section. This flow distribu-
tion was based on the relationship between flow resistance in porous medium and the
height of each wall section. Since it has been shown that air-vapour exfiltration and
infiltration rates greatly affect the prediction of moisture deposition, it was decided to
vary the original Zlow distribution in order to quantify the changes. Changing the
flow distribution corresponded to fixing the internal-external pressure difference and
varying the height of the interior leakage site. The total flow rate through the wall
cavity was held constant while the upper wall section had its share of the distribution
increased by 10% which resulted in a decrease in flow in the lower wall cavity of
20%. An decrease in flow distribution in the upper cavity of 10% resulted in an
increase in flow in the lower cavity of 20%.

Figure 4.9 shows the effect of increasing and decreasing the flow rate in zones
1 and 3. By increasing the flow rate in zone 1 by 10%, Fig. 4.9(a), moisture depo-
sition increased from 9.0 g to 10.1 g at 550 hours, an increase of 12%. Furthermore,
the moisture deposition was always larger than the base case over the entire 550 hour
test period. A decrease in flow rate in zone 1 caused a decrease in moisture deposi-
tion for the entire S50 hour test period. At 550 hours, the amount of moisture
deposited dropped from 9.0 g to 7.9 g, a decrease of 12%. In zone 1, which was
located 140 mm above the interior orifice, moisture deposition was governed by
exfiltration, so that as more moist air exfiltrated, more deposition occurred. In zone
3, the effect of increasing flow rate followed a similar trend as that shown in zone 1:
increased flow rate led to increased moisture deposition from 0 to 420 hours. How-
ever, since zone 3 was located close to the exterior leakage site (50 mm away), the
deposition of moisture was dominated by infiltration rather than by exfiltration. In
Fig. 4.9(b), until 300 hours, a 10% increase in flow rate corresponded to an increase
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in moisture deposition. After 300 hours, the wall partial pressure became larger than
the infiltrating partial pressure and moisture began to be removed from the wall.
Accordingly, increased infiltration led to higher rates of desorption, as shown in Fig.
4.9(b), after 420 hours. At 550 hours, the increased flow rate through zone 3 had
deposited 0.3 g of water on the outer cavity wall, as opposed to the base case flow
rate which deposited 0.7 g.

Decreasing the flow rate through the upper wall section by decreasing the flow
distribution by 10% caused a reduction in moisture deposition. In zone 1 the amount
of moisture deposited after 550 hours dropped from 9.0 g for the base case to 7.9 g
due to the reduced flow rate. In zone 2 the base case deposition after 550 hours was
1.20 g compared to the reduced flow rate deposition of 1.0 g. Zone 3 experienced an
increase in moisture deposition at 550 hours because, as mentioned previously, flow
in zone 3 was infiltration dominated. The infiltrating flow was removing moisture
from the flow in the later hours, as can be seen in Fig. 4.9(b), at a slower rate for the
decreased flow rate than for the base flow rate. This left a greater amount of mois-
ture in the sheathing at the end of the test period.

The critical point at which infiltration began to dominate, ..e. desorption
became prominent, began sooner for large flow rates than for small flow rates. The
reason for this was that with large flow rates more moisture was initially deposited in
each zone, thus increasing the wood moisture content. Increased wood moisture
content led to higher wall partial pressures which reduced the driving force for mois-
ture deposition during exfiltration but increased the driving force for desorption dur-
ing infiitration. If large amounts of moisture are deposited early on, then the partial
pressure will rise rapidly and infiltration will remove moisture from the wall. If only
small amounts of moisture are deposited Juring periods of exfiltration, then the partial
pressure on the wall will not rise above the infiltrating partial pressure and deposition
will occur during infiltration.

As mentioned in the opening paragraph, by changing the flow distribution
through the wall, the flow rates in both the upper and lower wall sections change.
Figure 4.10 shows the change in deposition in zones 4 and 6 caused by increasing and
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decreasing the flow distribution in the upper wall section by 10%. The effect on the
lower zones, was that the flow rate was effectively reduced by 20%. For zone 4,
Fig. 4.10(a), an increase in flow rate corresponded to an increase in moisture deposi-
tion and a decrease in flow rate corresponded to a decrease in moisture deposition.
For zone 6, Fig. 4.10(b), the same results hold as for zone 4, except, that the change
in deposition is difficult to resolve. Generally, since the lower zones had a smaller

overall flow rate than the upper zones, the effects of changes in flow distribution were

less pronounced.

4.4 Effect of Changing Mass Diffusivity on Moisture Deposition

The mass diffusivity term, D, is an empirical constant that must be determined
for each particular building material. Changing the mass diffusivity can greatly affect
the mass flux since mass flux equals the mass diffusivity multiplied by the concen-
tration gradient, as expressed in Fick’s Law, Egn. (2.52). The relationship between
the mass diffusivity and the partial pressure gradient is non-linear, as can be seen in
Eqn. (2.74), where the mass diffusivity appears in the exponential term of the partial
pressure gradient expression. Generally when mass diffusivity is reduced, moisture
deposition decreases as less moisture diffuses to the outer wall. When the diffusivity
is increased, more moisture will diffuse towards the outer wall and measured deposi-
tion should increase. Shown in Fig. 4.11 is the effect of changing mass diffusiviiy on
moisture depsition in zones 1 and 3. The range of diffusivities tested was from one-
ha!f to twice the base value of 2.56 x 10 m*s™,

In zone !, Fig. 4.11(a), decreasing the tase mass diffusivity term by one-half
caused the amouut of moisture deposited to increase by 0.6 g (6%) at 550 hours. By
doubling t-z base mass diffusivity the amount of moisture deposited on the outer
cavity wall decrease” 57 3.3 g (36%) at 550 hours. These results appear to directly
contradict the previous statements that indicated that decreased diffusivity should lead
to decreased mass flux and hence less moisture deposition. However, this contradic-
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tion can be easily explained. Using a smaller mass diffusivity than the base case did
decrease the amount of moisture depositing on the outer cavity wall, but only in the
area between the inlet orifice and zone 1 (see Fig. 3.5). Since less moisture had
deposited, more moisture remained in the air flow as it entered zone 1. The partial
pressure of water vapour in the air flow entering zone 1 was higher than the base
case, which made the driving force for moisture deposition (3p,/dx) in zone 1 large.
The amount of moisture depositing in zone 1 increased since the net effect of multi-
plying the smaller mass diffusivity value by the lasger partial pressure gradient, as
expressed in Eqn. (2.52), was a larger mass flux than for the base case diffusivity.
The reverse argument is true when increasing the mass diffusivity. Increased
diffusivity led to more moisture depositing in the area between the inlet and zone 1.
The air flow entering zone 1 had less moisture than the base flow and the mass flux
term was smaller in overall magnitude although the mass diffusivity term was larger.
It can be seen in zone 1, Fig. 4.11(a), that the increase in mass diffusivity had a
larger effect on moisture deposition than did the decrease in mass diffusivity because
the mass flux—mass diffusivity relationship is non-linear.

Moisture deposition in zone 3 behaved differently than in zone 1. While mois-
ture deposition in zone 1 was exfiltration dominated, in zone 3 moisture deposition
and desorption was infiltration dominated because of zone 3’s close proximity to the
exterior crack. As can be seen by comparing the depositions in zone 1 and zone 3 in
Fig. 4.11, the sharp increases in moisture deposition in zone 1 did not correspond to
increases in moisture deposition in zone 3. For example, at hours 30 and 430 zone 3
experienced an increase in the amount of moisture deposited due to infiltration, while
zone 1 experienced no change.

At first glance, the moisture deposition curves shown for zone 3, Fig. 4.11(b),
do not appear to behave in a manner consistent with the arguments presented for
dzposition iis zone 1. A large diffusivity in zone 3 showed a higher moisture deposi-
tion than the base case but in zone 1, a large diffusivity resulted in decreased deposi-
tion. A similar difference is noted for smaller diffusivities where in zone 1 the depo-

sition: was greater than the base case but in zone 3 deposition was less than the base
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case. These apparent differences from the behaviour in zone 1 can be contributed to
the location of zone 3 with respect to the exfiltration and infiltration inlets. Zone 3
was located 700 mm from the interior orifice and 50 mm from the exterior crack
(refer to Fig. 3.5). During periods of exfiltration, moisture was able to deposit on
700 mm of wall before reaching zone 3, leaving little moisture in the air-vapour flow
to deposit in zone 3. However, during periods of infiltration, moisture can only
deposit over 50 mm before rezching zone 3. Therefore, the deposition of moisture in
wne 3 due to infiltration can be large. Figure 3.19 shows the contributions to the
total deposition from exfiltration and ‘nfiitration for the base case muss diffusivity.
When the mass diffasivity w>< reduced to one-half the base value, less moisture was
deposited during exfiltraticn throughout the wall cavity, which left more moisture in
the air-vapour flow as it entered zone 3. As shown in Fig. 4.12(a), the deposition in
zone 3, although not doisinated by exfiltration, became more influenced by exfiltra-
tion as compared o the base case diffusivity (Fig. 3.19). After 380 hours, the total
accumulated moisture began to drop. This was due to the infiltrating air-vapour flow
removing moisture from the outer cavity wall.

When the mass diffusivity was increased to twice the base value, the moisture
accumulation curve in zone 3 became solely infiltration dominated. This is apparent
in Fig. 4.12(b), which shows the contributions of exfiltration and infiltration on the
total moisture deposition in zone 3. High mass diffusivity drew more moisture onto
the lower part of the wall during exfiltration thus leaving little to no excess moisture
in the flow to deposit in zone 3. For the same reason, during infiltration, moisture
was drawn to the outer cavity wall, and since zone 3 was located close to the infil-
tration inlet, large amounts of moisture deposited. Althcugh there were certain times
when moisture desorbed from the outer cavity wall (310, 430, 500, and 530 hours),
the generul trend during the test period was for increased deposition. Large amourits
of desorption of moisture from zore 3 did not occur for high diffusivities because the
partial pressure on the outer cavity wall did not cxceed the inlet partial pressure for

any great length of time.
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As discussed in Section 3.3.1.2, the outer cavity wall partial pressure bound-
ary condition was calculated based on the average moisture deposited in each of the
upper zones. By changing the diffusivity, the vertical distribution of the deposited
moisture changed. It was shown that for high diffusivities the moisture deposited
increased in the regions next to the inlet or outlet cracks. Since zone 1 was located
140 mm f 'm the inlet orifice, the deposition ir -one 1 decreased from the base
value. In zone 2, which was not discussed earlier, the moisture deposited also
decreased since zone 2 was more influenced by exfiltration than infiltration. Zone 3
was shown to have increased deposition due to infiltration. By averaging the deposi-
tions in each zone to determine the overall wall boundary condition, the effect of
increased deposition in zone 3 is over shadowed by decreased deposition in zones !
and 2. This effectively keeps the wood moisture content from raising, by way of the
IML function, the wall relative humidity condition. The wall partial pressure is kept
below the inlet partial pressures for both exfiltration and infiltration, which leads to
deposition being dominant as on;-osed to desorption.

In summary, increasing the mass diffusivity results in increased mass deposi-
tion in the region near to the inlet opening and a reduction in mass deposition
throughout the rest of the cavity. For decreased mass diffusivity, less moisture will
deposit in the region near to the inlet and more will deposit throughout the rest of the
cavity. The effects are the same for exfiltration and infiltration.

4.5 The Effect of Changing Wall Height on Moisture Deposition

Since the height of the wall cavity is measured from the interior wall leakage
site to the exterior wall leakage site, tall cavities will have the inlet and outlet leakage
sites farther apart than shorter cavities. In order to study the effect of increasing the
wall cavity height, it was decided to increase the height of only the upper wall sec-
tion. By doing so, the flow distribution should be modified to account for the
increase in flow resistance added to the upper wall section. However, changing the
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flow distribution also affects moisture deposition (Section 4.3). In order not to have
any conflicting effects, it was decided to fix the flow distribution so that the upper
wall section continued to have 2/3 of the total flow. This type of analysis corre-
sponds to allowing the internal-external pressure difference across the cavity to
change in order to maintain the base flow distribution.

When comparing the effect of moisture deposition by changing wall heights, it
is important to realize the differences contributed by the location of the measurement
zone. Moisture deposition in zones which are located close to inlet or outlet openings
will be more influenced by the direction of the flow than zones located a far distance
from either opening. For the purpose of this comparison, the zones in the upper wall
section were fixed relative to the interior wall orifice as shown in Fig. 3.5. Zone 1
was located 140 mm above the interior wall orifice plate and 610 mm from the upper
exterior wall crack located at the top of the upper wall section. Zone 3 was Jocated
700 mm from the interior wall orifice plate and only 50 mm from the exterior wall
crack. In order to test the effect of increasing wall height, the exterior wall crack
was moved progressively further away from the interior orifice. Initially, the upper
wall section was 750 mm high. Its height was then increased by 10% to 830 mm and
by 20% to 900 mm. This meant the distance between the exterior wall crac: and
zones 1 and 3 increased by 80 mm and 150 mm, respectively.

Figure 4.13 shows the effect of increasing the height of the upper wall section
by 10% and 20%. In zone 1, Fig. 4.13(a), the change in moisture deposition for the
increased wall height was less than 0.1 g cr 1% of the total deposition recorded.
Because zone 1 was located far from the exterior wall crack, moisture deposition was
not strongly affected by increasing the wall height, as the deposition in zone 1 was
exfiltration dominated. In zone 3, Fig. 4.13(b), the change in wall height, and there-
fore the location of the exterior crack, did affect moisture deposition because infiltra-
tion dominates in this zone. As the exit crack in the upper section was moved further
away from zone 3, a decrease in moisture deposition in zone 3 resulted. For the base
case wall height of 750 mm, the total predicted deposition after 550 hours was
0.70 g. When the wall height was increased to 830 mm, the predicted depositicn
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decreased to 0.51 g, a decrease of 0.19 g or 27%. A further increase in wall height
to 900 mm reduced the predicted deposition to 0.46, a total decrease of 0.24 g or
34%. As the wall height is increased further, the moisture deposition in zone 3
becomes progressively less affected by infiltration and the moisture deposition profile
settles down to a minimum.

The reason for the decrease in the amount of moisture depositing in zone 3
was that as the wall section becomes taller, zone 3 was located progressively further
away from the exterior crack. When the flow begins to infiltrate, the exterior crack
becomes the inlet crack. During infiltration, moisture which previously deposited on
the outer cavity wall 50 mm from the inlet, would st.ii depusit SO mm into the cavity;
however, zone 3 is no longer located SO mm into the cavity. Zone 3 is still the same
distance from the interior orifice but zone 3 is now further away from the top of the
cavity, Therefore, less moisture was present in the infiltrating air-vapour flow when
it reached zone 3. Exfiltrating flow would continue to deposit the same amount of
moisture in zone 3 regardless of cavity height since the position of zone 3 relative to
the interior orifice did not change. As the wall height is increased further, the mois-
ture deposition in zone 3 becomes progressively less affected by infiltration and the
moisture deposition prodile settles down to a minimum dominated by exfiltration.

The model is only sensitive to changes in the wall height for measurement

positions close to the inlet or outlet cracks.

4.6 The Effect of Changing Cavity Width on Moisture Deposition

Changing the width of the cavity also affects the amount of moisture deposit-
ing within the wall cavity. A change in cavity width affects flow velocity and the
method which is used to calculate the wood moisture content which is then used in
determining the outer cavity wall boundary condition.

As a wall cavity is made narrower, the flow velocity increases for the same

given pressure differential across the wall. This occurs because the same amount of
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flow must now pass through a smaller cross-sectional area. By increasing the flow
velocity, moisture is pushed further along the cavity before diffusing to the outer
cavity wall. In Fig. 4.14 the mass depositions in zones 1 and 3 are shown as the wall
width is reduced from 340 mm by one-half cavity depth to 295 mm and then one full
cavity depth to 250 mm.

In zone 1, Fig. 4.14(a), the net effect of decreasing the wall cavity width was
negligible. The maximum difference in moisture deposition between the 340 mm
cavity (full width) and the 250 mm cavity was less than 0.5 g. Since the maximum
amount of moisture deposited in zone 1 was 9.0 g, the difference in moisture deposi-
tion was less than 5%. In zone 3, Fig. 4.14(b), a decrease in cavity width corre-
sponds to a decrease in moisture deposition. This was again due to deposition in zone
3 being dominated by infiltration and the cavity wall boundary condition being such
that infiltration led to moisture desorption. Increased velocity through the upper wall
section added to the increase in moisture deposition shown in zone 1, Fig. 4.14(a),
and the increase in moisture desorption shown in zone 3, Fig. 4.14(b).

A change in wall width also changes the mass of wall used in determining the
wood moisture content. Wood moisture content is the weight of water contained in a
sample of initially dry wood. If the volume of wood used in <:i2rmining the wood
moisture content decreases then a small amount of water added to the wood sample
would correspond to a large increase in wood moisture content. Increasing the wood
moisture content affects the wall relative humidity and hence the wall’s partial vapour
pressure boundary conditior. This reduces the partial pressure gradient driving depo-
sition during exfiltration and increases the desorption during infiltration.

The analysis shows that the model is weakly dependent on cavity width. Thus
cavity widths need only be determined to less than 1/2 cavity depth to ensure a rea-

sonably realistic solution.
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Summary of Sensitivity Study

The results of the sensitivity study indicate four main items:

Moisture deposition is highly sensitive to the proper selection of an
internal moisture limit. The ideal range for IML appears to be between
20 and 30%. Internal moisture limits above 30% should not be used
since they are unable to reasonably model moisture deposition.
Changing the distribution of flow between the upper and lower wall
sections affects the amount of deposition occurring. Flow rates must be
accurately known in order to ascertain reasonable moisture deposition
predictions.

Mass diffusivity affects moisture deposition throughout the entire cav-
ity. Iwucreasing the diffusivity increases moisture deposition near the
inlets and reduces deposition further along the cavity.

Varying the physical cavity properties, height and width, did not great-
ly affect the deposition of moisture. Altering the cavity height only
affected mnisture deposition during infiltration in the zone closest to the
exterior crack. Narrow cavities show increased moisture deposition
although the effect of reducing the cavity width by one cavity depth

was not significant.
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Table 4.1  Base case parameters used in the sensitivity analysis for the north wall
test panel, upper and lower sections.

Symbol Upper Wall Lower Wall
Cavity Cavity
H Height 0.75 m 1.55 m
P Width 0.34 m 0.3 m
d Depth 0.09 m 0.09m
Division of Flow Rate 67 33
(percentage of total flow)
IML Internal Moisture Limit 20%
D Mass Diffusivity 2.56 x 10° m*s?!
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Table 4.2  Mass accumulation predicted on the outer cavity wall after 550 hours
using the base case parameters.

Zone Number Predicted Mass Deposition
()

9.02
1.20
0.67
2.90
0.15

0.04

AN HE W I |-
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Figure 4.1 The internal moisture limit ramp functions used for comparing the
sensitivity of the moisture deposition model to changes in the outer
cavity wall boundary conditions.
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Cumulative moisture deposition in zone 2 as the internal moisture limit
is increased from 15% to 60%. The upper cavity had 2/3 of the total
flow shown in the upper graph.
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creasing and decreasing the tetal flow rate by 10%. An increased flow
rate in the upper wall section increases moisture deposition and mois-
ture evaporation. (IML = 20%)
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Figure 4.11 Cumulative moisture deposition in (a) zone 1 and (b) zone 3 for doubl-
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tion. (IML = 20%)
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Figure 4.12 Cumulative moisture deposition in zone 3 for (a) one-half and (b) twice
the standard mass diffusivity. Each graph shows the contribution to the
total moisture deposition by exfiltration and infiltration. For low dif-

fusivities exfiltration is prominent. For high diffusivities moisture

deposition by infiltration dominates.
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Figure 4.13 Cumulative moisture deposition in (a) zone 1 and (b) zone 3 for in-
creasing wall height. Increasing the wall height moves zone 3 further
from the upper leakage site and therefore reduces the effect of infiltra-
tion on moisture deposition. Zone 1 is unaffected by changing the
wall height. (IML = 20%)
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creasing cavity width. A narrower cavity increases the mass flux caus-
ing increased deposition in the lower zone and inc:eased evaporation in

the upper zore. (IML. = 20%)



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

A model capable of predicting the heat transfer and moisture deposition in a
porous medium filled vertical wall cavity with forced air flow was developed. It has
been shown that a reasonable prediction of moisture deposition can be obtained by
using an analytical solution to the governing differential equations coupled with ap-
proximate boundary conditions.

The tes: data used to verify the model was initially part of a larger study of the
effects of high indoor humidity in cold climates. The wall test data was not recorded
with the intention of producing a moisture deposition model and thus some key
aspects were missing (exact location of exit cracks and amount of flow through each
exit crack). However, although the data was not "ideal”, the model was able to track
the moisture deposition trends inherent in the measured data and closely predict the
actual depositions. The model is capable of compar::g the relative **fferences in
moisture deposition within wall cavities subjected ic vs ying externs! and internal
conditions.

Some observations and conclusions arising from the study are:

Heat Transfer Model .

1. Walls subjected to a forced internal flow have a different temperature
profile in the therma! devi:loping region than that predicted by steady-
state theory. After th: flow has become fully developed, conductic:i is
the only means of hear transfer from one side of the cavity to the other
and the resulting temperature profile is linear. For the wall cavity
studied, which typically had an internal flow velocity less than 0.04
m-s’, the flow became thermallv developed in less than 1/3 of the
cavity height, and therefore, ste:ny-state theory can be used.
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. The sxiution o the analytical equation for the temperature profile (Eqn.

(2.36)) and the temperature profile gradient (Eqn. (2.37)) in a porous
medium required a minimum of 4 terms in the summation (in addition
to the steady-state term) in order to yield results within 5% of the exact
solution, calculated using 20 terms. Physical cavity geometry, flow
rate, and properties of the porous medium greatly influenced the num-
be. of terms required for convergence.

. The modified ASHRAE-based steady-state temperature model, which
included the effects of solar radiation but not internal flow, predicted
internal wall cavity surface temperatures as effectively as the present
heat transfer model which includes the effects of internal forced con-

vection as well as solar radiation.

Moisture Deposition Model

. 'The infinite series solution for the partial rvessure profile of w2 or
vapour (Eqn. (2.73)) and the partial pressure gradient (Eqn. (2.743> '
a porous medium filled vertical cavity required a minimum of 4 terms
in the summation. The error in partial pressure was less than 2% when
using four terms, «s compared to the base solution which used 20
terms.

. The assumption that moisture will tend to deposit on the exteriz:
sheathing, at the insulation/sheathing interface, has been shown to be
correct for most weather conditions. The vertical distribution of mois-
ture on the wall indicates that the majority of moisture is deposited,
either by exfiltration or infiltration, close to the point of entry of the
air-vapour flow,

. The deposition of moisture has been shown to be very sensitive $0
variations in flow rate. The flow rate through the cavity must be accu-

rately known in order to produce reasonable results.
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7. The new concept of using an internal moisture limit, which links the
overall average wood moisture content of the exterior sheathing to a
relative humidity boundary condition, appears to be capable of
modelling the performance of a real wall subjected to increasing and
decreasing moisture content.

8. The mass deposition model has been shown to be valid over a wide
range of inlet relative humidities and wall surface temperatures.
Although the model was verified with data that suggested that deposi-
tion could occur within the insulation for a quarter of all measured
hours, the model was able to predict reasonable moisture depositions in
the upper wall section. This leads to the conclusion that the model is
more flexible than would appear from its boundary condition limiis and
is able to function under conditions more severe than indicate:i. The
moisture deposition model can be used in the wide range of environ-

menial conditions found in Canada.

Recommendations

1. A method of selecting the correct internal moisture limit for various
types of sheathing has not been formulated. More studies are required
in this area.

2. An experiment should be conducted in which the wall cavity design
more closely resembles the assumptions used in developing the model
(i.e. two isothermal sides, one side impermeable, air flow entering
cavity with an uniform profile). This would allow for a more rigorous
verification of the heat and mass transfer models.

3. The moisture deposition model is well suited for parametric studies of
differing wall assemblies. Comparisons can be made between a "stan-
dard” wall configuration and altered wali configurations in order to
determine the amount of change in moisture deposition each alteration

causes.
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4. The moisture deposition model depends heavily on knowing the air-
vapour flow rate through the wall cavity. For most applications, the
exact flow data is not known, simply because field testing to obtain
flow data is not practical. However, by utilizing an air infiltration
model which can predict air flows through walls, the usefulness of the
moisture deposition model can be enhanced. An air infiitration model
particularly well suited for this application is being developed by
Walker (1991). Walker's single zone air infiltration model calculates
the pressure differential across each eleme¢ . of the building envelope
(ie. cpen doors, ojxn windows, flues, ceiling, floor, and walls). The
mass flow of air through each pari of the building envelope can then be
calculated from the pressure differential.
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APPENDIX A

Results of the Moisture Deposition Measurements

The average moisture accumulated over the cavity width is used to compare
the output of the moisture deposition model to the actual measured data. The

measured data consists of three discrete samples of moisture deposited on five centi-

metre diameter removable plugs. The mass deposited on each plug was determined

by weighing the plug and subtracting the initial dry weight of the plug, Forest (1989).
Tables A.1 to A.3 list the moisture data for the individual plugs and the aver-

age moisture deposition values over the cavity width. The columns in the tables were

generated as follows (example is for Table A.1, row 1):

Column 3:

Column 4:

Column §:

Column 6:

Column 7:

Actual measured moisture accumulated on each individual plug (g)

Mass of moisture deposited on plug surface area (g/m?)

col. 4 - Mass deposited per plug
' area of plug
0.07
2
u 0.05
4

- 3565 -&
m2

Average of column 4 (g/m?)

Moisture that would have deposited in the entire zone if the amount of
moisture depositing on the plug was representative of the entire zone

(®)

col. 6 = (mass deposited per plug area) - (zone area)
= 35.65 - (0.05 - 0.34)
- 061g

Average of column 6 (g)
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Table A.1  Moisture accumulated at the moisture plugs in the north wall 169 hours

(seven days) after testing began.
Moisture Mass Mass Average Mass spread Average
Zone plug deposited deposited mass over wall mass over
number number on plug on plug deposited width wall width
(®) (g/m’) (g/m’) ® ®
1 0.07 35.65 0.61
3 2 0.07 35.65 35.65 0.61 0.61
3 0.07 35.65 0.61
4 0.08 40.74 0.69
2 5 0.08 40.74 39.05 0.69 0.66
6 0.07 35.65 0.61
7 0.27 137.51 2.34
1 8 037 188.44 156.18 3.20 2.66
9 0.28 142.60 2.42
10 0.15 76.39 1.30
4 11 0.20 101.86 84.88 1.73 1.44
12 0.15 76.39 1.30
13 0.07 35.65 0.61
5 14 0.06 30.56 30.56 0.52 0.52
15 0.05 25.46 . 0.43
16 0.06 30.56 0.52
6 17 0.05 25.46 28.86 0.43 0.49
18 0.06 30.56 0.52
19 0.05 25.46 0.43
20 0.06 30.56 28.86 0.52 0.49
21 0.06 30.56 6.52
22 0.05 25.46 0.43
23 0.06 30.56 30.56 0.52 0.52
24 0.07 35.65 0.61
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Table A.2 Moisture accumulated at the moisture plugs in the north wall 314 hours
(thirteen days) after testing began.

Moisture Mass Mass Average Mass spread Average
Zone plug deposited deposited mass over wall mass over
number number on plug on plug deposited width wall width

@) (g/m’) (g/m’) (® (8)
i 0.10 50.93 0.87

3 2 0.11 56.02 52.63 0.95 0.89
3 0.10 50.93 0.87
4 0.13 66.21 1.13

2 5 0.12 61.12 59.42 1.04 1.01
6 0.10 50.93 0.87
7 0.64 32595 5.54

1 8 0.95 483.83 393.86 8.23 6.70
9 0.73 371.79 6.32
10 0.47 239.37 4.07

4 11 0.68 346.32 263.14 5.89 4.47
12 0.40 203.72 346
13 0.09 45.34 0.78

5 14 0.09 45.84 42.44 0.78 0.72
15 0.07 35.65 0.61
16 0.08 40.74 0.69

6 17 0.07 35.65 40.74 0.61 0.69
18 0.09 45.84 0.78
19 0.05 25.46 0.43

20 0.06 30.56 28.86 0.52 0.49
21 0.06 30.56 0.52
22 0.05 25.46 0.43

23 0.06 30.56 30.56 0.52 0.52
24 0.07 35.65 0.61




176

Table A.3  Moisture accumulated at the moisture plugs in the north wall 501 hours
(twenty-one days) after testing began.
Moisture Mass Mass Avenage Mass spread Avenage
Zone plug deposited deposited mass over wall mass over
number number on plug on plug deposited width wall width
i ) (g/m’) (’) (8 (8
1 0.05 25.46 0.43
3 2 0.03 15.28 18.67 0.26 0.32
3 0.03 15.28 0.26
4 0.12 61.12 1.04
2 5 0.12 61.12 51.72 1.04 0.98
6 0.10 50.93 0.87
7 0.96 488.92 8.31
1 8 1.78 906.55 663.78 15.41 11.28
9 1.17 595.88 10.13
10 0.73 3n.m 6.32
4 11 2.28 1161.19 731.69 19.74 12.44
12 1.30 662.08 11.26
13 0.13 66.21 1.13
5 14 0.18 91.67 91.67 1.56 1.56
15 0.23 117.14 1.99
16 0.08 40.74 0.69
6 17 0.09 45.84 42.44 0.78 0.72
18 0.08 40.74 0.69
19 0.05 25.46 0.43
20 0.08 40.74 32.26 0.69 0.55
21 0.06 30.56 0.52
2 0.05 25.46 0.43
~23 0.19 96.77 52.63 1.65 0.89
24 0.07 35.65 0.61
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APPENDIX B

Determining the Flow Division Between the Upper and Lower Wall Sections.

The total amount of flow going through the wall test panels was measured
during testing, however, the flow division or split between the upper section and the
lower section of the wall cavity was not known. The wall assemblies were initially
designed to reflect the current construction practises found in regular residential walls.
As such, the exact leakage sites on the exterior surface were not accurately character-
ized. It is possible, however, to make certain assumptions regarding flow through
cracks and porous medium such that a reasonable flow split can be determined.

The leaks at the top and bottom of the wall assembly were assumed to be long
slender cracks running the entire width of the wall cavity (0.34 m) located where the
exterior sheathing met the frame of the house. Both the top and bottom leaks were
assumed to be identical. Flow through the crack was treated as orifice type flow with
a flow coefficient of n = 1/2. The indoor-outdoor pressure differential driving the
flow through the cavity was not measured during the experiment. This analysis will
use 1, 4, and 10 Pa as a reasonable range of driving forces.

The resistances to air flow through the cavity can be modelled as a parallel
and series flow arrangement as schematically shown in Figure B.1. For the insula-
tion, assuming laminar Darcy Flow yields the following equation for the pressure

drop:

AP - Wuh (B.1)
= K

where AP, is the pressure drop across the porous media [Pa], w is the velocity
through the porous media {m-s], x is the dynamic viscosity [kg:m™'s'], h is the
height of the insulation [m], and X is the permeability of the porous media [m?-s!].

Since the velocity is unknown but the cross sectional area is known, and the desired

quantity is the flow rate, by letting w = Q/A,, one arrives with the desired equation:
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&>

M

£ 3.2
X (8.2)

AP

-9
» A.
where Q is the flow rate through the insulation [m® s']. and A4,, is the cross sectional
area of the insulation, perpendicular to the flow [m?]. Equation (B.2) will take the

same form for the upper insulation and the lower insulation except for the changing

height term.

As mentioned previously, the long slender crack may be treated as flow

through a round orifice which has the following characteristic pressure drop equation:

Q - CAP! (B.3)
where n is the flow coefficient (%4 for turbulent flow), AP, is the pressure drop across
the crack [Pa], and C is the orifice coefficient [m® Pa® s™']

The orifice coefficient can be described by

c- AC(E)% (B.9)
p

where A, is the area of the crack [m?]. The pressure drop across the crack now

equals,

Y

AP, - [—2_
A5
p

When the total pressure drop from inside to outside is prescribed, it is possible

(B.5)

to calculate the amount of flow passing through each leg in Figure B.1. By calculat-

ing the pressure drop across the orifices and comparing it to the pressure drop across
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the porous insulation one can determine which has the greatest resistance to flow.
This allows for an assessment of the flow distribution. The resistance due to the
installed flow meter orifice was neglected since it has no effect on the distribution of
flow but only effects the magnitude of the flow. The values shown in Table B.1 were
used to calculate the flow distribution.

For a 10 Pa indoor-outdoor pressure drop, the equation representing the series

pressure drop in the upper path, shown in Figure B.1, was,

AP,y = AP, iuon + AP,y (B.6)

substituting from Table B.1,

_ Q(1.8x10%)(0.75) Q n
wal - (B.7)
(0.0306)(31x10719) (170x10°¢ 2 )‘ﬂ
1.21
hence,
10 - 142.3x10°Q + 67.6,/Q (B.8)

therefore Q = 6.56 X 10° m*s® (0.24 m>-h™) in the upper wall section. The calcu-

lations for the lower wall section are the same except for the height term, therefore,

10 - 294.1x10°Q + 67.6,/Q (B.9)
and 0 = 3.26 x 10° m*s? (0.12 m*h™). It can be seen that, under a 10 Pa driving
force, the flow through the upper wall cavity was 2/3 of the total flow and the flow
through the lower wall cavity was 1/3 of the total.

The pressure drop across the upper and lower wall sections’ porous insulation
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was, using the results from the previous equations, were 9.3 and 9.6 Pa, respectively.
The main restriction to flow is the insulation not the cracks. The results of the analy-

sis for the other driving forces is presented in Table B.2.
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Upper Upper
Insulation Crack

Inside _W_/W\___
Orifice

Outdoors
— >

Lower Lower
Insulation Crack

Figure B.1  Schematic of an analogous resistance diagram for flow through the wall
cavity.
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Table B.1  Physical properties used in evaluating the flow division through the

wall cavity.
Symbol Description Value
K Permeability 31 x 10" m?-s!
® Dynamic viscosity 1.8 x 10 kg m'-s?
H Height: Upper 0.75m
Lower 1.55m
A, Crack area 170 x 10%-m?
(0.5 mm X 340 mm)
A, Cross sectional area of the 0.0306 m?
insulation
n Flow coefficient for turbu- 0.5
lent orifice flow

Table B.2  Summary of flow distributions with various driving pressures and crack

sizes.
Driving Pressure Crack Size Flow Through the
[Pa] [mm x mm] Upper Path
1 0.5 x 340 66.5 %
4 0.5 x 340 67.0 %
10 0.5 x 340 66.8 %
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APPENDIX C

ASHRAE-Based Calculations

C.1  Steady-State Heat Transfer

Presented in Section 2.2.7 was the method of dewcimining a heat balance on a
wall cavity using the heat flux terms derived in Section 2.2.2 when forced convection
exists within the wall cavity. Presented here are the steady-state calculations based on
ASHRAE methods for determining the temperatures within a wall cavity while ne-
glecting both solar effects and convective heat transport.

The basic equations will not be derived hetre but the author refers the reader to
the ASHRAE Fundamentals Handbook (1989), Chapters 3 & 22, for a full explana-
tion. Shown below is the overall heat flux equation through a multi-layered wall
section typically found in Canadian housing. The indoor and outdoor temperatures
are prescribed as are al! the thermal resistances of the layers. The overall heat flux is

given by,

"3 d 1 (C.1)

where by substituting the appropriate values from Table C.1 the heat flux can be
calculated to be,

q" - 16.64 —W;

Using this heat flux and by breaking the main heat flux equation into its con-
stitutive parts and remembering that the heat flux through each layer must be the same
as the heat flux through the entire wall, it is possible to determine the temperatures at
each interface. These results are presented in Table C.2. The results clearly indicate

that the largest temperature drop occurs across the insulation.
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Table C.1  Parameters used for the example ASHRAE steady state conduction

temperature calculations.

Symbol Description Value  Units

h, Indoor wall convective heat transfer coefficient for a non-re- 8.29 W m?K!
flective surface, still air, vertical surface

h, Outdoor wall convective heat transfer coefficient for a winter 3408 Wm2K!
air velocity of 6.7 m s

R, Interior wall: thermal resistance for 12.70 mm gypsum 0.079 m’KW!
wallboard

Ry Exterior wall: thermal resistance for 9.53 mm plywood 0.083 m’KW!

k Thermal conductivity of glass fibre insulation 00425 Wm'K!

d Wall cavity depth 0.09 m

Table C.2  Calculated temperatures and temperature drops between the layers of a

typical multi-layered wall.
Position Temperature Temperature Difference
(K] K]
Room 293.15
2.01
Inside Wall 291.14
1.32
Inner Cavity Wall 289.82
34.81
Outer Cavity Wall 255.01
1.38
Outside Wall 253.63
0.48
Outdoors 253.15
W
Total temperature drop from indoor to outdoor 40.00
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C.2 Steady-State Moisture Diffusion

Moisture can travel through a medium either by convective transport or by
diffusion. This thesis presents a method to handle the convective transport while
'ASHRAE presents in their Fundamentals Handbook (1989) a method to calculate the
steady-state diffusion of moisture across a wall cavity. A sample calculation using the
ASHRAE methods will now be presented.

The ASHRAE method is based on the equation,

m = MAAp, (C.3)

where r is the total mass of vapour transmitted, M is the permeance coefficient
[ng-s'-m-Pa’ or perms], and 4, is the area of cross section of the flow path [m’].

The wall being analyzed is of the same construction as that presented in the
thesis. Table C.3 shows the temperature, relative humidity, and partial pressures for
the surfaces making up a typical wall. The temperatures were calculated using the
steady-state temperature analysis previously described in Appendix C.

Before applying Eqn. (C.3), the pressure drops must be calculated between the
room, the outer cavity wall, and the outdoors. From Table C.3 the drop in partial
pressure between the room and the outer cavity wall was determined to be 1044.5 Pa.
The pressure drop from the outer cavity wall to the outdoors was 42.26 Pa.

From the ASHRAE Fundamentals Handbook, Chapter 22, Table 7, the vapour
resistance between the room and the outer cavity wall was determined to be 0.218
perms (gypsum drywall, vapour retarder, insulation). The vapour resistance from the
outer cavity wall to the outdoors was calculated to be 0.025 perms (plywood).

The difference between the vapour diffusing to the outer cavity wall and the
vapour diffusing away from the outer cavity wall, is the amount of moisture that
accumulates at the wall. By applying Eqn. (C.3) one can calculate the vapour diffus-
ing through the wall. These values are shown in Table C.4. The net result is the
accumulation of moisture at the outer cavity wall at the rate of 2.1-10° kg-m?-s",
which corresponds to about 0.011 g-h for a typical 2.4 m X 0.4 m wall.
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Table C.3  Temperature, relative humidity, and partial pressures on the surfaces of

a typical wall cavity.
Relative
Position Temperature Humidity Partial Pressure
(K] (%] {Pa]
Room 293.15 50 1169.4
Indoor Wall 291.14
Inner Cavity 289.82
Wall
Outer cavity wall 255.01 100 124.9
Outdoor Wall 253.63
Outdoors 253.15 80 82.64

Table C.4  Calculated vapour diffusion through the wall cavity using the ASHRAE
steady state method.

Vapour flow [kg-m*-s"]
M
Moisture diffusing to the outer cavity wall 4.8 x 10°

Moisture diffusing away from the outer cavity wall 1.7 x 10?

Moisture accumulating at the outer cavity wall 3.1 x 10?
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C.3 Determining the Mass of Water Entering the Cavity by Convection

The mass of water entering the cavity can be deiermined by performing a
simple psychometric analysis of the inlet air stream. The incoming air is assumed to
have both a constant and uniform temperature, 7, and relative humidity, ¢.

The first step is to determine the humidity ratio defined as,

W - 0.62198—22 - v (C.4)
Pom = Pw mg,

and expressed in units of kilograms of water per kilogram of dry air. p, can be

determined from the relative humidity since,
- P (C.5

and p,, can be determined from the equations presented in Appendix C.4 or from
psychometric tables. The mass of dry air can be determined from,

_Q (C.6)

m
ar -y
where Q is the volume flow rate of air and » is the specific volume of the air. The

specific volume of moist air can be calculated from,

v o Rl (€7
Pouw = Pw
By combining Eqns. (C.4), (C.5), and (C.7), the mass of water entering the cavity

can be determined by solving,

i, - 062198222 (C.8)
derr

where m,, is the mass of water expressed in kg or kg/time if flow rate is used instead

of volume.
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EXAMPLE:

The inlet conditions are:
T, = 293.15K (20°C)
¢ = 50%
Q =0.11m’h!
R, = 287.055J kg' K"

One can determine the saturated pressure at 293.15 K from psychometric tables.
Using this information one can determine that:

¢ 50
- ———— 2 3 o F T - l '4
Py = Py 338.9 : 169.4 Pa

From Egn. (C.8):
p,Q

air 4 air

11694-0.1102 _ 00005 X8
287.055293.15 h

m, = 0.62198 - 0.62198

The amount of moisture entering the cavity by convection is almost 100 times

greater than the amount of moisture entering the cavity by diffusion.
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C.4 Determining the Saturated Partial Pressure
The saturated partial pressure can be determined by using two equations from
ASHRAE Fundamentals Handbook (1989), Chapter 6. One equation is for tempera-

tures below freezing and the other equation is for temperatures above freezing.

The saturated partial pressure for water vapour in air over ice is given by,
“ I? + C,T + C,T* €9
In(p,,) - - * C, + GT + C,T* + C;T° + C,T* + C,In(T) .

for the range 173.15 K < T < 273.15 K. The saturated partial pressure for water

vapour in air over liquid water is given by,
Gy 2 3 (C.10)
In(p,,) - - + Cy + CyT + C;T* + C\,T° + Cp,In(T) .

for the range 273.15 K < T < 473.15 K. The coefficients C, to C,; are defined in

Table C.5.
The partial pressure at any point within the cavity is given by,

P60 = -2sind,  (Ax
o P p‘“),,;: d ‘"‘(d)exp

lez

wd?

(C.11)

which was developed in Section 2.3.
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Values of the coefficients used to determine the water vapour saturation

pressure and gradient.

Coefficient Value

C, -5674.5359
C, 6.3925247

C, -0.9677843-10°
Cs 0.62215701-10¢
Cs 0.20747825-10°
Cs 0.9484024-10"2
C, 4.1635019

Cs -5800.2206
Cy 1.3914993
Cuo -0.04860239
Cy 0.41764768-10*
Ci -0.14452093-107

6.5459673
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APPENDIX D

Estimating the Amount of Energy Released by Condensation

In Section 2.1.4 it was stated that the effect of latent heat due to condensation
and subsequent freezing of water vapour was to be neglected in the development of
the moisture diffusion model. In order to substantiate this claim, an estimate of the
amount of energy released by the change in state of the depositing moisture will be
calculated and compared to steady-state conduction (Appendix C. 1)

In zone 1 the maximum measured moisture deposition was 15.4 g after 501
hours of testing. This corresponded to ¢ average deposition rate of 31 X 10 kg-h",
If this deposition rate occurred over the entire wall 0.75m x 0.34 m = 0.255 m?),
the deposition flux would be 3.4 x 10 kg-m?s,

The average heat of fusion for water is 2500 kJ-kg.

The energy released is the mass flux multiplied by the heat of fusion which
equals 0.085 W-m?2, The steady-state heat conduction is = 17 W-:m?, These two
terms differ by 3 orders of magnitude. Therefore, the assumption that the latent heat
generated by the condensation and freezing of the water vapour is insignificant, can
be considered reasonabie.
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Alternate Solutions to the Governing Differential Equation for Heat Transfer

In order to solve the governing differential equation for heat transfer (Eqn.

(2.19)) in Section 2.2.”, the method of separation of variables, Powers (1979), was
introduced. The separation constant, 2, was chosen to be strictly negative and the

resulting solution for the governing differential equation was presented. However,

two other possible solutions also exist. The separation constant could have been

chosen to be either zero or a positive real number instead of a negative real number.

It will now be shown that only using a negative real separation constant will result in

a physically realistic solution.
The governing differential equation was given in Eqn. (2.19) and is,
B _ «HFD

oz wd'oax?
with the homogeneous boundary conditions given as (Eqn. (2.17)),

8(0,2) - 0; 6(1,2) -0; 6(x0) - T,-T,

Using the method of separation of variables results in

0(%27) - X(¥) 2(2)

[-(T,-TP% + T)-T, .

(Eo l)

(E.J)

so that Eqn. (E.1) becomes two ordinary differential equations in Z and X, expressed

as,

wd*1dZ

we 22 .\

cHZdz

1dX
X &2

12

(E4)

(E.5)
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Soln. 1: Separation constant, \* = 0
If the separation constant is chosen to be zero then, Eqn. (E.4) becomes

2
wd’1dZ _ (E.6)

which results in Z(z) = constant and Eqn. (E.S) becomes

14X 0 (E.7
X dx?

which results in X(x) = Cx + C, where C, and C, are constants. Therefore, by

multiplying the two solutions together as shown in Eqn. (E.3), the resulting solution

to Eqn. (E.1) is
8(x7) - Fz) + G (E.8)

where F and G are constants. Applying the first boundary condition in Egn. (E.2)
results in G = 0. The second boundary condition results in F = 1. The last bound-
ary condition results in x = 0 for all x which is not a possible solution. Therefore,

choosing the separation constant, A2, to be zero is not a realistic solution.

Soln. 2: Separation constant, A > 0
If the separation constant is chosen to be strictly positive, then the solution to
Eqn. (E.4) becomes,

2(z) - C, exp[-a—lzf] (E.9)
w
where C, is a constant; the solution tc Eqn. (E.5) becomes
X(x) = C, exp[AX] + C; exp[-4x] (E.10)

where C, and C; are constants. By multiplying the solutions for X and Z together, as
shown in Eqn. (E.3), the result is another possible solution to Eqn. (E.1),



8(x.2) - exp[%lzfl (Acosh[).f] + Bsinh[-).f])

where A and B are constants.
Applying the three boundary conditions:
1. 602 =0

0 - exp[-"-‘xzz] A
w

which leads to A = 0.
2.0(17) =0

1- exp[%}.zf] B sinh(1)

0 - B sinh[AX]

which leads to A = 0 since the constant B is arbitrary.
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(E.11)

(E.12)

(E.13)

(E.14)

Boundary condition #2 and #3 are in conflict. If A = 0, which it must be,
then boundary condition #2 cannot equal 1, which it must. Therefore, choosing the

separation vonstant, A%, to be strictly positive is not a realistic solution.



