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ABSTRACT

MODELLING OF INDOOR AIR HUMIDITY TRANSIENT BEHAVIOUR:
EFFECT ON EXTERIOR WALL MOISTURE PERFCRMANCE

Ismail M. Budaiwi

Indoor air humidity is an influential parameter in determining the quality of the indoor
environment, building energy consumption as well as the performance of the exterior
building envelope. The main objectives of this study are to predict indoor humidity
transient behaviour within buildings and to investigate its effect on exterior wall moisture
performance. To achieve these objectives, the study incorporates four main developments.
First, evaluation of moisture absorption and desorption by interior materials. Second,
prediction of air humidity behaviour in single-zone and multi-zone enclosures. Third,
theoretical description of multi-layer walls moisture response under transient boundary
conditions, and their interaction with the indoor environment. Fourth, development of
simulation tools and case studies for theoretical evaluation and analysis. Moisture
absorption and desorption processes within buildings can have considerable impact on air
humidity. A theoretical model for evaluating moisture absorption and desorption by
interior materials is proposed. The model has been incorporated into single-zone and
multi-zone indoor humidity evaluation models. Based on these models, computer
programs were developed to theoretically study indoor humidity response to the various
moisture transport processes in different enclosures. The study has revealed the
importance of the involved processes and the wide variation of their influence in
determining indoor humidity behaviour. In addition, results have indicated the uniqueness
of individual zones air humidity behaviour and its dependence on their relative location

along the building air flow path.

Wall moisture response has been modelled by a system of governing equations describing

the transient simultaneous heat and moisture transfer through the wall system components.



The governing equations were numerically formulated using the implicit finite-difference
scheme, and the resulting heat and mass balance equations were simultaneously solved.
Based on these mathematical developments, a computer model was developed and used
in conjunction with the indoor air humidity prediction model to evaluate the impact of
indoor humidity behaviour on wall moisture performance. Moisture behaviour of non-
cavity and cavity wall systems has been theoretically evaluated under different indoor air
humidity variational pattems. Results indicate that modifications in indoor humidity
behaviour imposed by the air leakage and the indoor moisture generation processes were
found to be the most influential. The impact of the other moisture transport processes was
found to be relatively less appreciable. The indirect relationships between the seasonal
moisture accumulation and the space physical characteristics were studied through a
parametric evaluation approach. The relationship between the level of moisture
accumulation in the wall components and the air leakage coefficient of the exterior walls
was found to be a negative decaying relationship, while it is a positive decaying
relationship with the indoor moisture generation rate. Depending on the type of wall and
its interaction with the indoor environment, moisture behaviour of the exterior wall can
be greatly altered in response to changes in indoor air humidity. Hence, its transient
behaviour has to be considered for more accurate and realistic evaluation of wail moisture
performance. In addition, modifying indoor humidity behaviour can be seen as a potential

measure for improving short term as well as long term moisture performance of exterior
walls.
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CHAPTER 1

INTRODUCTION

1.1 Background

Indoor air humidity has been recognized as an important environmental parameter
affecting building performance in many aspects. It can affect building functional,
aesthetical, moisture, thermal comfort and energy performance. For functional reasons,
indoor air humidity in some buildings Is required to be maintained at a relatively high level.
Although air humidity in some humidified buildings is not always maintained at the
intended humidity level, there are an increasing number of buildings, such as hospitals,
libraries and museums, in which the maintenance of air humidity level is highly desirable
at all times and is considered as one of the required functions of the building [1]. The
need to maintain afr humidity at a relatively high level arises elther from comfort and
health requirements of the occupants, or from the fact that some interior materials and
valuable items are moisture-sensitive and may be subjected to damage when exposed to
low air humidity levels. When indoor humidity is not mechanically maintained, it
experiences considerable fiuctuations determined by the building’s functional and physical
characteristics as well as the outdoor climatic conditions. In bulldings where air ventilation
is reduced to achieve a more airtight enclosure, air humidity is expected to be very high

when considerable moisture is produced within the space.

In cold climates, internal surface condensation is a likely product of high indoor humidity.

Internal surface condensation ocecurs on cold exterior walls, cold bridges and windows.



Window construction often represents the poorest component of the building enclosure in
a thermal sense, even when a double glazed window is used. Hence a glazed window is
expected to have the lowest inside surface temperature. The window, therefore,
determines the potential for surface condensation and the practical limit of indoor humidity
if condensation is to be avoided. Condensation on interior suriaces is a source of many
problems in buildings ranging from minor visual discomfort by obstructing the link between
the indoor and outdoor environments, to damaging decorative finishes as well as wood
and metal sashes. In addition, mould growth is a well known problem associated with the
presence of condensation. Moulds are usually most severe in room corners of external
uninsulated walls. This Is mainly attributed to insufficient ventilation which creates pockets
of stagnant air in such corers [2). Furthermore, in winter, corners and edges tend to be

the coldest surfaces of the room which raises the risk of condensation at these locations.

A far more serious product of high indoor humidity is the Interstitial condensation because
it is invisible and can not be realized until great damage occurs. In multi-layer wall
constructions interstitial condensation normally occurs in the layer that presents an
effective resistance to heat flow but permits easy movement of water vapour because with
the sharp drop in temperature, the dew point can be reached causing condensation to
occur. The wall cavity represents an example of such high risk locations within the wall,
the consequences of this type of condensation become more serious and more frequent
in a wall cavity filled with an Insulating material. Interstitial condensation can result in
problems of material deterioration, staining, odours and rotting of structural components.
In order to reduce the risk of surface and interstitial condensation and their related

problems, moisture may have to be mech: nically removed from the indoor air.



Although indoor humidity is one of several environmental parameters affecting the exterior
wall system moisture performance, it remains the most influential parameter. This
Influence can be clearly recognized through the surface condensation phenomenon on
cold exterior surface, and the interstitial condensation within the exterior wall components.
In cold climates, moisture performance of the exterior wall system is an important factor
in determining the overall building envelope performance, and hence in determining the
performance of the building as a whole. The building exterior envelope's main function is
to separate the indoor environment from the outdoor environment by protecting it from
direct exposure to undesirable external environmental conditions either through prevention
or modification. It cannot, however, act as an absolute separator. instead it restricts to
some degree the transfer of a number of environmental constituents from one environment
to another. These functions could vary from one type of climatic conditions to another, and
from time to time even for the same climatic conditions. For example, in cold climates, the
exterior envelope is required to allow in solar radiation while preventing indoor heat energy
loss whether in the conductive, radiative or convective forms. Meanwhile, in hot climates,
it is necessary to prevent any form of external heat from passing to the indoor
environment while allowing indoor generated heat to escape by increasing the ventilation
rate at the appropriate time. In all types of climates, the exterior building envelope is
required to keep outdoor pollutants and precipitation out while maintaining a good link with
the outdoor environment through windows which serve a number of functions that are

intimately tied to the quality of the indoor environment. -

In recent years, the desire for reduced energy consumption in buildings has resulted in
a greater degree of separation between the indoor and the outdoor environments by

reducing air leakage through the building envelope and increasing its thermal resistance.



In spite of the considerable savings in energy achieved by this action, it has prompted
many new problems related to durability and maintenance as well as the quality of the
indoor air. By separating two different environments, the building exterior envelope
endures considerable thermal and moisture stresses across it, resulting from large
differences in temperature and vapour pressure between the indoor and the outdoor
environments. As the exterior envelope thermal resistance increases and the airflow
across it is reduced, these stresses will consequently increase the prospects for premature
deterioration of the envelope components, as well as excessive maintenance costs. In
order to avoid such problems, it is essential to design the building envelope as a part of
inter-dependent systems comprising the building in view of its particular indoor

environment that it is intended to preserve.

The level of Indoor humidity at any time is determined by the balance between moisture
gains and losses within the space. Depending on the building type and its functional
characteristics, moisture sources in buildings could include occupants and their moisture
generating activities, air infiltration, mechanical ventilation, evaporation from damp
materials or free water surfaces, some heating systems (l.g. kerosene heaters), and
molsture desorption by interior materials. On the other hand, moisture can be lost from the
space by air exfitration, surface condensation, mechanical exhaust, and moisture
absorption by interior hygroscopic materials, Moisture can also be transierred in relatively
negligible amounts by diffusions through the building envelope components. Most of the
moisture transport processes involved are time-dependent, therefore when indoor hu midity
is not mechanically controlled, it Is expected to behave dynamically with its level being
determined by the resulting interaction between the different moisture transport processes.

In addition of being a time-dependent parameter, indoor humidity Is space-dependent. In
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a multi-zone space, the behaviour of air humidity in each zone could be different. The
diversity of zonal air humidity behaviour depends on the characteristics of the zones as
well as their inter-zonal moisture interaction. Such diversity could result in a diverse zonal

moisture and energy performance.

1.2 Importance of Research Toplc

1.2.1 Prediction of indoor alr humlidity behaviour: Indoor air humidity has considerable
infiuence on the quality of the indoor environment and the building energy consumption.
It can influence the state of occupants comfort as well as their health. High humidity could
affect the quality of the indoor environment due to mould and mildew growth. In addition,
it can increase the contamination level and reduce the quality of the indoor air since air
borne bacteria and some other indoor contaminants such as formaldehyde have been
found to be more active at higher indoor humidity levels [8). On the other hand, at very
low indoor humidity levels, excessive dryness could lead to difficulty in breathing, eye and

nose irritation as well as skin irritation and other related problems.

Moisture performance of interior fumishings und building construction components is
greatly influenced by the leve! of indoor humidity. At low humidity levels, cracking and
flaking of moisture sensitive materials could occur. In cold climates, high indoor humidity
could result in objectionable surface condensation on windows, and damaging interstitial
condensation within the building envelope components. In many situations, either for
functional or operational reasons, indoor humidity Is required to be maintained at a certain
constant level. In order to achieve this goal, indoor air has to be continuously humidified

or dehumidified resulting in energy consumption. Air humidification can be performed



either by directly adding moisture to the space or by supplying the space with
appropriately humidified air through the HVAC system. Similarly, air dehumidification can
be performed locally within the space, or by supplying properly dried air into the space.
However, mare energy is needed to perform the dehumidification process. Depending on
the level of indoor humidity and its variational behaviour areund the required level, air
humidification and dehumidification processes could be performed in an alternating
manner. For better assessment of the quality of the building indoor environment and more

accurate prediction of energy consumption in buildings, the dynamic nature of indoor air

humidity must be considered.

1.2.2 Effect of Indoor alr humidity behaviour on exterlor wall moisture performance:
The exterior wall system constitutes an essential compenent of the building envelope
which determines the building overall performance. Besides its functional importance, the
exterior wall couid form the larger portion of the building envelope area. Consequently,
exterior wall performance will have serious economical as well as functional implications.
In cold and hot-humid climates, moisture performance of exterior walls Is an essential

factor in determining their overall performance.

Moisture performance of the wall system can be defined as its ability to prevent the
occurrence of moisture related problems and sustain the intendec! functional performance
even in the presence of unavoidable moisture accumulation. Moisture problems can only
arise in the presence of water in its liquid form. Since water vapour exists everywhere
within the wall system, the occurrence of condensation, which transfers the water vapour
from its harmless form to its problem-causing liquid form, is the first indication of the rising

potential of moisture problems. For condensation to occur at any pointin the wall system,
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the local vapour partial pressure must exceed the saturation vapour pressure
comresponding to the temperature at that point. Such conditions can only exist when the
wall system separates two environments; one of high vapour pressure, and the other of
low air temperature. This could occur either in cold climates when indoor humidity |s
relatively high, or in hot-humid climates when Indoor temperature is kept relatively low.
However, the most serious malsture problems are normally encountered in cold climates.
The increasing trend towards producing energy efficient buildings have resulted in higher
indoor humidity and excessive use of wall insulation. These combined together have

increased the prospect of interstitial and surface condensation.

Moisture performance of the exterior wall system is dependent on many factors related
to its thermal and moisture characteristics and to a great extent on the prevailing
environmental conditions. All outdoor environmental parameters as well as indoor humidity
are variable with time. Therefore, for a realistic and more accurate modelling of wall
moisture behaviour, the variability of these parameters must be considered. Since
variations of outdoor air conditions are mainly seasonal, while indoor humidity could
experience considerable fluctuation within a short period of me, therefore, variability of
indoor humidity is more crucial. The effect of indoor humidity variations on wall moisture
behaviour is determined by the type of molsture transfer mechanisms betwsen the wall
system and the indoor environment. Molsture can be transferred into the wall system by
vapour diffusion and by convection due to air movement across the wall system, Moisture
transfer by convection, which apresents the fastest transfer mode, is normally the
prevailing moisture transfer mechanism. In this case, wall moisture conditions will quickly
respond to any changes in the indoor air humidity. For example a sudden rise in indoor ‘

hurnidity, even for a short period of time, may result in condensation within the wall,
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Therefore, with the dynamic behaviour of indoor humidity, a continuous altemation of the
wetting and drying processes within the wall system may occur. Such behaviour will result
In a unique molsture performance {i.e. moisture accumulation patterns, occurrence of

condensation, etc.} over a period of time which would not be recognized by assuming

constant indoor humidity level.

There have been considerable effort documented in literature to model wall moisture
performance. Available steady state models can be used only to grade the wall
performance by checking the potential of interstitial condensation. However, they can
neither be used to evaluate the suitability of a certain wall system for a particular
environment nor to assess the long-term performance. In certain situations, steady state
analysis would indicate that condensation oceurs, while transient analysis would indicate
that the total moisture level would remain acceptable [3]. The dynamic moisture behaviour
of the wall system has been the subject of many studies. Mathematical models for
predicting transient simultaneous heat and moisture transfer through multi-layer
constructions have been evolving with different degrees of sophistication and practicality.
However, the transient nature of the boundary conditions were either neglected or given
little attention. In some cases, considerations were given to the variabllity of the outdoor
environmental parameters [3]. Although the dynamic nature of indoor air humidity was

neglected, its influence on the wall moisture performance «as shown to be significant [3].

1.3 Objectives of Research
The main objectives of the present research can be summarized as following:
)] To theoretically predict air humidity transient behaviour wiinin single-zone and

multi-zone enclosures, taking into account the dynamic nature and interaction of



i)

i)

the moisture transport processes in buildings, as well as, the variability of outdoor

environmental parameters,

To study the relative influence of some of the indoor humidity determining factors

such as, building physical and functional characteristics.

To study the effect of the different moisture transport processes on indoor air
humidity behaviour and consequently on bullding molsture performance pertaining
to surface condensation potential as well as humidification and dehumidification

requirements.

To evaluate the effect of indoor humidity behaviour, determined by the boundary
conditions and the building characteristics, on the moisture performance of the
exterior wall system. This will be done by evaluating the moisture content
variations and distribution in the materials comprising the wall system both in the

presence and absence of convective moisture transfer.

Toinvestigate the indirect relationship between the building physical and functional
characteristics and the exterior wall moisture behaviour through their effect on

indoor humidity.

1.4 Research Approach and Methodology

Evaluation of indoor air humidity behaviour and its effect on exterior wall system moisture

performance may be carried out either experimentally or through theoretical modelling.

Indoor humidity, however, is a function of many interrelated moisture transport processes
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which are dependent on building physical and functional characteristics. Experimental
simulation of such processes and their interaction will be extremely difficult a'.d impractical
to implement. Although the interaction between indoor humidity and the wall system can
be experimentally simulated, it is a relatively slow process in determining the effect of
indeor humidity behaviour on wall moisture performance. Consequently theoretical
modeliing seems to be the only feasible alternative for evaluating indoor humidity
behaviour and its influence on wall moisture behaviour. Mathematical modslling of such
complicated problems will be a more useful tool for understanding the physical processes
involved and their interactions. [n addition, mathematical modelling is more comprehensive
since It is independent of laboratory conditions and limitations of experimental results.
Once it is developed, less effort and time are needed to perform the simulation at different
conditions. In this study, indoor humidity behaviour and its interaction with the exterior wall
system will be mathematically modelled. The results of the proposed theoretical modelling
approaches will be compared with relevant experimental results available in literature. The
main components that could or will be included in the mathematical model are shown in
Fig. 1.1. The highlighted boxes indicate that further development or modifications of the

current knowledge is needed in order to achieve the objectives of this study.

In order to achieve the research objectives, it is necessary to carry out the foliowing tasks:
i) Development of a mathematical model to describe indoor air humidity behaviour
and distribution. Such a model should include all relevant moisture transport
processes within the space. In addition, the interaction of these molsture transport
processes and the behaviour of the corresponding environmental parameters must

be considered.
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)

iif}

iv)

vi)

Mathematical modelling of transient simultaneous heat and moisture transfer
through exterior wall systems. This mode! should include a procedure for checking

interstitial condensation and evaluating the molsture accumulation within the wall

component.

Mathematical description of the moisture interaction between the indoor

environment and the different exterior wall systems.

Development of computer programs to simulate indoor air humidity behaviour and

wall moisture performance over a period of time under transient boundary

conditions.

Development of case studies for investigating the inter-dependence among the
different molsture transport processes in buildings and their influence on indoor air

humidity behaviour within single-zone and multi-zone enclosures.

Development of a case study together with a parametric analysis for evaluating the
impact of indoor air humidity behaviour on exterior walls under different modes of

moisture transfer mechanisms.
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CHAPTER 2

LITERATURE REVIEW

2.1 The Impact and Behaviour of Alr Humidity In Bulldings: An Overview

2.1.1 Etfect on bullding Indoor environment: The role of indoor humidity as an
environmental parameter affecting the occupants thermal comfort and heatth as well as
the quality of the indoor environment has been discussed [4-8]. The level of indoor
humidity has been found to be a main factor in the growth of certain types of biological
organisms [6]. Such an environment will negatively influence occupants heaith causing
respiratory illnesses and allergles and consequently may affect the productivity of
occupants [6-7]. For functional reasons, indoor humidity in many situations is required to
be maintained at a relatively higher level [1,9]. In cold climates, with the increased air
tightness to conserve energy and the increased indoor moisture generating activities, high
indoor air humidity level and associated problems are inevitable unless certain measures
are implemented [10,11]. Moisture problems associated with high indoor humidity have
been the subject of many studies [2,12-17]. Winter moisture condensation whether it
appears as surface condensation or as concealed condensation within the building
construction is seen as the most common moisture-related problems that affect houses
[12]. Problams associated with surface condensation can range from merely obstructing
the view throug® ".. window to severe damages to the windows framing system and the
creation of nwols nf water that encourages the growth of moulds and fungi [2]. Surface
condensatn on hygroscopic materials and factors affecting it have also been studied

[18]. The mechanism of surface condensation and possible measures to eliminate it or
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reduce its effect have been discussed [2,14,16,19]. Concealed condensation, however,
has been recognized as the most damaging form of condensation in buildings causing
material deterioration and lowering the performance of the building construction
components [2,14]. This phenomenon has been extensively investigated and possible
remedies have been recommended [2,13-14]). Models for predicting and evaluating
interstitial condensation have been available with varying approaches and degrees of
analysis [20-22], however, the basic concept behind these models remains the same. In
addition to its effect on occupants and the building construction and fumnishing

components, indoor humidity can influence the building energy consurhption.

2.1.2 Effecton building energy consumptlon: In order to maintain indoor air humidity
at a constant level all year round, both humidification and dehumidification processes
would be needed. The potential increase in energy consumption due to these processes
has been emphasized in literature {8,23]. The effect of moisture transport processes in
buildings on energy consumption through their influence on indoor humidity has been the
subject of several studies [24-27]. The effect of moisture absorption and desorption by
building materials on heating loads of houses has been discussed [28]. It has been found
that the hygroscopic effect in building materials often amount to tens of percents of the
heating load of well insulated houses. In order to account for the variations in latent heat
loads due to different moisture transport processes, indoor humidity has been estimated
by applying the concept of moisture mass balance [24). The effect of hygroscopic moisture
storage capacity has been modelled by an exponential decay behaviour, with the
characterizing constants of this behaviour determined experimentally. A detailed three-
dimensional finite element mode! for evaluating moisture absorption and desorption rates

in buildings has been incorporated with a bullding energy analysis program [26]. Analysis
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of residential cooling loads in humid climates by the integrated program shows that
moisture absorption and desorption can have a significant impact on the cooling load and
in indoor humidity conditions. The effect of the cyclical molsture absorption/ desorption by
building construction and fumishing materials on space latent heat load has been
investigated experimentally [25]. Depending on the material moisture capacity, moisture
absorption/ desorption alone could represent a significant component of the total latent
heat load that would have to be mechanically added or removed from the space. A simple
calculation of the dynamic latent heat load represented by the materials in a typical office
shows that the latent heat load of the materials can be as much as ten times the latent
heat load of the space alone [25]. The sffect of walls moisture storage capacity on indoor
air humidity behaviour and consequently on energy consumption has been studied by
Isetti et. al. [27]. In this study, a time-dependent model has been suggested for predicting
the indoor vapour content and its corresponding latent heat within the space. It has been
found that the moisture storage capacity of the wall generally exerts a significant damping
on the water vapour content of a room and hence could influence its energy requirement.
In addition, when air humidity need not to be controlled considerable benefits to cooling
equipment sizing and operating costs can be achieved when moisture storage capacity
of the walls is considered in the space latent loads calculations. The impact of moisture
absorption due to night ventilation on cooling load has been theoretically investigated [29].
it was found that for a typical residence, molisture absorption during the first few hours
after resuming operation of the air conditioning system can account for significant increase
in the latent cooling load if a large surface area of unpainted hygroscopic materal is
exposed. On the other hand, the evaporation cooling resulting from maisture desorption

at the material surface was found to reduce the sensible heat by aimost the same amount.
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2.1.3 Behavlour of alr humldity In bulldings: A study of humidity in Canadian houses
{30] has indicated that indoor humidity is subjected to considerable seasonal variations,
while indoor air temperature remains almost constant. It mainly follows the trend of the
outdoor humidity, especlally in summer because of increased ventilation, but also is
influenced by seasonal ventilation habits of the occupants and the moisture storage of
hygroscopic materials in the house. In winter, the difference between indoor and outdoor
humidity reaches a maximum due to the increase in indoor moisture-generating activities
and reduced ventilation. Relationship between indoor humidity, air leakage and ventilation
has been modelled {31,32], to determine the effect of air exchange rate on indoor humidity
level and to examine the effect of other parameters such as occupancy, building
characteristics and weather parameters. It has been found that most of these parameters
can have a significant impact on indoor humidity behaviour, especially at low air leakage
rates. Indoor air humidity evaluation involves several topics which are directly or indirectly
related to the determination of air humidity behaviour in buildings. These topics include;
air leakage across the building envelope, inter-space airflow in multi-zone buildings,

surface condensation and moisture absorption and desorption by building materials.

As the role of indoor air humidity in determining the moisture performance of the building
indoor environment and the durability of the construction materials is appreciated, the
need for managing it becomes more obvious. Moisture management in buildings through
the contro! of indoor air moisture content has been discussed [23,33-34]. In order to
achieve proper molsture control in buildings, the actual moisture behaviour of indoor air
humidity must be known. In addition, bstter understanding and appreciation of molisture

requirements as well as its impact on the building construction components are required.
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2.2 Lliterature Related to Indoor Alr Humidity Evaluation

2.2.1 Alr leakage and Inter-space alr movement: Air flow across the building enclosure
elements can have a great influence on the indoor humidity level and its distribution
pattemn within the space. Evaluation of air leakage through the building envelope has been
the subject of many experimental and theoretical studies [35-41]. Air pressurization and
the tracer gas techniques are widely used in evaluating the air leakage characteristics of
houses {42]. Although the measured values can accurately describe the leakage
characteristics of the tested house, they are of limited use for other houses, since each
has its unique air leakage characteristics. Theoretical models {20,38-41] for predicting air
leakage are more stable and practical to be implemented. There are various theoretical
models with different degrees of complexity ranging from simplified theoretical technique

to multi-zone air infiltration and ventilation network [43-44].

Two conventional methods of estimating the rate of air infiltration have besn described by
ASHRAE [20]. In one method, known as the air leakage method, the estimate of air
infiltration is based on an assumed number of air changes per hour for each room
depending on the number of windows and doors. in the second method, known as the
crack method, alr infiltration is estimated based on the leakage characteristics of the
exterior building envelope and the pressure difference across it. The crack method Is
generally considered more accurate when leakage characteristics and the pressure
difference can be properly evaluated. However, the accuracy of both these methods are
restricted by the limited data on air leakage characteristics of building components and
by the difficulty of predicting pressure difference due to variable wind conditions and stack

effect. As an alternative to the crack method, leakage characteristics can be expressed

17



in terms of an equivalent sharp-edge orifice area which will yield the same rate of flow at
a particular pressure difference as the element in question [42]. Based on laboratory tests,
air leakage values for various wall components are given by ASHRAE [20). Evaluation of
wind and stack pressures have also been discussed by ASHRAE [20], and more detailed
evaiuation of wind pressures has been discussed in terms of the pressure coefficients

[45}).

Inter-space air flow normally occurs through large openings connecting different zones
with the possibility of opposite flow across it in the presence of a temperature difference
between the connected zones. Natural air flow through rectangular openings in vertical
and horizontal partitions has been experimentally and theoretically investigated [46,47].
A comprehensive review of previous research work on inter-zone convective heat transfer
was carried out [48]. Most researchers have attempted to describe the natural convective
heat flow through large openings by a dimensionless correlation using Nusselt's number,
Prandtl's number and Grashof's number. Using the orifice equation, it has been shown
that heat transfer and the corresponding mass flow predicted by a correlation equation for
the two-way fiow through a doorway can be expressed through the power law elements
[49]. A multi-room air flow model (50) has been developed as part of a model to compute
air infiltration and air flow between rooms. The mode! has been incorporated into a
comprehensive loads-predicting computer program. Later the same model has been
discussed but with the implementation of an infiltration predicting technique {49).
Simultaneous solution of the air mass balance equations in all rooms is accomplished by
a slightly modified Newton's iteration method. A more comprehensive model is suggested
[51], by including the HVAC systams. Numerical aspects of an air flow network methods

that would provide a verified approach to building air flow calculations have been
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discussed. Detailed simulation of indoor air movement has been presented by using the
turbulence model [52]. A larger scale air movement prediction model has been developed
to simulate air movement in a multi-story building [53]. By applying the mass balance
equation for each floor space and shaft, and then solving the resulting set of nonlinear
equations simultaneously using the method of successive linear approximation, air
movement between different zones as a result of a combination of wind effect, stack effect

and operation of air-handling systems has been predicted.

2.2.2 Surface condensation and molsture absorption and desorption by bullding
materlals: Condensation on cold interior surfaces and moisture absorption and desorption
can greatly affect indoor humidity behaviour . in winter, the internal surface of windows
could act as a dehumidifier removing a lot of moisture from the space [2). Prediction of the
rate of surface condensation on windows has been discussed [22,54]). A procedure for
estimating superficial mass condensation rate at steady state conditions has been
suggested [22]. Calculation of the rate condensation is based on both the heat balance
and mass transfer equations. By introducing the latent heat term in the heat balance
equation, and solving the resulting equation with the mass transfer equation a relation
between the glass temperature and the difference between saturation pressure at the
window's temperature and the bulk partial vapour pressure can be obtained. Using this
relationship and the relationship between saturated vapour pressure and the window's
temperature, two curves can be obtained. The intersection point between thesz curves is
then used to estimate condensation rate. Mathematical formulation of the above procedure
has been utllized as part of a numerical solution of the transient heat transfer through
windows due to surface condensation [55]. In this formulation, the need for a graphical

solution is eliminated with the implementation of the numerical solution. An altemative
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approach using the basic concept of the film condensation theory has been suggested
[56]. In this approach, Nusselt's theory of film condensation has been modified to account

for the presence of a large percentage of a hon-condensable gas (i.e. air) to be applicable

for atmospheric vapour condensation.

Motsture interaction with materials in genera! and the building materials in particular has
received considerable attention in literature [20,57-63]. Most materials interacts with
ambient moisture through absorption and desomtion at the material exterior surfaces. One
possible explanation of this phenomenon is that there is an imbalance of forces at the
material surface giving rise to surface free energy which decreases as more moisture is
absorbed [57]. In general, it can be said that the absorption process results from the
interaction between a gas and a solid surface which continues until a thermodynamic
equilibrium is achieved between the gaseous phase and the adsorbed layer [58]. Inside
the material, modes of molsture interaction are determined by the material internal pore
structure and the state of the moisture [57-59]. When no more moisture transfer occurs
between the material and its surroundings, the material moisture content is called the
equilibrium moisture content corresponding to those particular ambient conditions. The
equilibrium molsture content for any material is determined by the ambient temperature
and the partial vapour pressure. However, for practical reasons, the material equilibrium
moisture content is normally expressed in terms of relative humidity [20]). The curves
which relate the equilibrium moisture content to the ambient relative humidity are known
as isotherms. In addition to the ambient conditions, the equilibrium moisture content is
dependent on the material initial molsture conditions. Although with varying degrees, the
equilibrium moisture content obtained by absorption when the material is initially dry is

aiways less than that obtained by desorption at the same ambient conditions when the
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material is initially wet, except at 0% and 100% relative humidity [57,60]. This
phenomenon, which Is known as moisture hysteresis, has been the subject of different
interpretation. A possible reason for such behaviour is the different conditions at capillary
condensation [61,62], which result in different levels of moisture gain by the material.
Another explanation for this phenomenon is that in sorption, water vapnur can find its v 3y
to all pores where it may condense. The desorption, however, is supposed to be a
process of displacement by a non-wetting phase (i.e. air), consequently, a pore may not
be able to desorb its water content. This phenomenon is called the "ink-bottle” effect [58).
Equilibrium moisture contents at different relative and absolute humidity levels have been
evaluated for some commonly used fibres [60]. Moreover, the moisture absorption curves,
and in some cases the desorption curves, for many building materials have been

evaluated [61-63].

Recently, some theoretical and experimental studies have dealt with modelling moisture
absorption and desorption processes in buildings. As part of an indoor humidity calculation
model, Kusuda [64), suggested a method to calculate the amount of moisture absorption
by the room surfaces, in which he speculates that moisture absorption is limited to a thin
film of matertal which attains instantaneous moisture equilibrium. in this model two
parameters; the surface mass transfer coefficlent and the reom surface average moisture
content must be determined experimentally to fit the measured indoor humidity in a
particular enclosure so as to be used in indoor humidity calculations. Therefore, these
values may not be universally applicable for other situations. However, it has been
suggested by Kusuda [64], that the mass transfer coefficient is not as sensitive to room
characteristics as the other parameter. Therefors, approximate theoretical relationship,

such as Lewis relationship, can be used to evaluate it. Evaluating moisture conditions and
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transfer dynamics at the room surfaces is the main part of an absorption /desorption
model. Kusuda and Miki [65], have conducted an experimental program for evaluating
surface moisture conditions of some building materials at certain ambient conditions using
the infrared reflectance technique called "Quadra-Beam" method. These surface moisture
conditions results can be implemented in the molsture absorption model described by
Kusuda [64], and hence, the amount of moisture absorbed or desorbed by building
materials can be calculated without resorting to the unknown values of the average
surface moisture content. However, this requires an extensive experimental effort since
th~ moisture conditions of each material must be evaluated at different ambient humidity
levels. A mathematical model based on heat and mass transfer equations has been
suggested for predicting moisture sorption rates at the interior building surfaces [29}. The
model takes into account the temperature gradient across the material and the effect of
the latent heat generated by the moisture absorption process.The resulting heat and mass
transfer equations were solved numerically by the Implicit finite-difference method.
Although the model predictions were found to be in good agreement with the experimental
results, the node spacing and the time step have to be progressively decreased until
model prediction stabilizes. Theoretical results have indicated that the effect of the

temperature gradient and the enthalpy on the moisture transfer process is minimal.

Moisture absorption and desorption within heated or cooled spaces are increasingly
becoming an important part of the energy analysis models. A theorstical approach has
been suggested by Franssen and Koppen [28] in which the unsteady state, one
dimensional diffusion equation was solved by assuming instant equilibrium and that the
slab is semi-infinite. Although these assumptions were experimentally found to be

acceptable for some materials, this may not hold true for other materials at differant
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conditions and times of exposure. Moreover, the alternation of the absorption and
desorption processes, due to fluctuation in indoor humidity, has not been addressed. As
part of an energy consumption model, Miller [24] has suggested the use of a simple
resistor-capacitor electrical circuit to describe the dynamic moisture behaviour of materials.
In this study, two constants, similar to what Kusuda has suggested, had to be determined
experimentally. An extensive experimental study was conducted by Martin and Verschoor
[25] to investigate the cyclical molsture absorption and desorptioh of fifteen matenals in
order to evaluate their latent heat storage effect on cooling energy consumption. The
moisture response of most materials has been shown to follow an exponential decay
behaviour. However, experimental evaluation of moisture absorption and desorption rates

at all possible initial and boundary conditions is an extremely difficult anc *npractical task.

A detailed three dimensional finite element model has been developed to evaluate
moisture absorption and desorption rates in building materials [26). Assuming that the
surface material comes into instant equilibrium with the environment, then by solving a
system of differential equations describing heat and mass transfer, the amount of
absorbed or desorbed moisture can be determined. However, solving these equations
requires the knowledge of several transfer coefficients that are available for a few
materials and are difficult to evaluate. Moreover, assuming instantaneous moisture
equilibrium can only be justified for some materials at certain conditions. A more simplified
moisture absorption and desorption evaluating procedure based on the concept of
effective penetration depth has been suggested [66,67). The objective of this procedure
Is to match the experimental or detailed theoretical moisture absorption and desormption
rate to a simple theoretical model, whici is based on lumped analysls, by varying the

material dry weight. An effective moisture penetration thickness with uniform moisture
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content can then be established to be used in the dynamic modelling of moisture
absorption and desorption processes. This approach s not practical in terms of the effort
needed to establish the effective molsture penetration thickness, which in itself may not
be a reliable parameter in modelling molsture absorption and desorption dynamics in
buildings. A major limitation of the effactive thickness approach is that the cyclic integral
of the total moisture absorption and desorption over a relatively short period of time must
be zro because of the limited moisture capacity of the material layer. Consequently, this
approach is not applicable for long term moisture storage modelling. In an effort to
simulate the dynamic behaviour of indoor air humidity and temperature [68], moisture
absorption by interior surfaces and fumishings was modelled by identifying a mass change
time constant for each material. The rate change in the moisture content of the material
in response to step changes in room humidity is assumed to follow an exponential decay.
Although this exponential behaviour has been proven by various studies [24-25], for some
interior surfaces a time constant is meaningless because of material and geometrical
characteristics. Moreover, when it is impossible to theoretically determine the time
constant, considerable effort is needed to evaluate it for one particular material
configuration either experimentally or through detailed theoretical analysis. As part of an
analytical model for assessing the wall cavity long term moisture behaviour, Cunningham
[69-71] assumed that moisture absorption and desorption by the hygroscopic materials
within the wall cavity follows an exponential decay. Moisture transfer between the material
and the ambient air has been evaluated under periodic boundary conditions using the
effective penetration depth concept [72]. In this approach, an effective material thickness
which is assumed to represent the moisture transfer resistance Is theoretically evaluated.
It was found that the effective depth for one-side exposure to be a function of the angular

frequency of the driving molsture content as well as the material diffusion coefficient. On
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the other hand, the effective depth for the two-side exposure was found to be equai to

one-sixth of the material thickness.

22,3 Evaluation of Indoor alr humldity behaviour: There has been an appreciable
interest In literature to study molsture behaviour within building enclosures [54,73-75).
Water vapour loss by ventilation, condensation and diftusion through the fabric of the
building envelope has been modelied by a vapour flow circuit [54]. Later, a similar
procedure in which the flow of moisture by the same mechanisms were expressed in
terms of their latent heat flow, and their generating vapour pressures in terms of dew-point
temperatures, so as to be implemented in terms of a thermal circuit reprasentation [73].
The influence of moisture absorption by wood on indoor alr humidity transient behaviour
has been theoretically and experimentally studied [74]. In that study, it was indicated that
the dynamic behaviour of moisture sorption by sorptive building materials such as wood
plays an important role on the dynamics of the room air humidity. In another study dealing
with moisture loads of kitchen and the influence of building materials moisture absomption,
it was found that materials having low hygroscopic moisture capacity will have limited
impact on indoor alr humidity [75). A ime-dependent model based on sinusoidal boundary
conditions for predicting indoor vapour content in a room and its corresponding latent heat
has been described [27]. The model takes into account the moisture storage capacity of
the wall:, which has been shown to have a significant effect on the behaviour of indoor
humidity variation. In most cases, however, a steady sinusoidal behaviour can not be
justified, since many interrelated factors would normally contribute to the indoor
environment behaviour. In addition, identifying such boundary conditions across partitions
within the space or these separating two different zones may prove to be impossible,

especially if inter-zone airflow is taking place. A computer model based on similar
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mathematical formulations has been developed to evaluate the exterior wall moisture
capacity and its impact on indoor air humidity dynamics [76]. The program can simulate
simultaneous heat and moisture transfer through walls and slabs of a room and its effect
onindoor temperature and humidity. Simulation results has indicated that moisture storage
at building wall and slabs Is significant, and if its effect is not taken into account in
predicting indoor conditions and evaluating the air-conditioning performance, erroneous
results will be obtained. In an effort to investigate the performiance of different types of
ventilators in maintaining acceptable indoor humidity, a computer program has been
developed to predict the variations of air temperature and humidity in Euildings [68]. The
computer program was based on a mathematical model that incorporate the different

moisture transport processes in buildings.

Moisture content of the indoor air is also influenced by the amount and conditions of the
HVAC supply air. Using the appropriate mechanical system control, indoor humidity can
be maintained within a desirable limit throughout the year. Central humidification and
dehumidification by the air-handling system are normally done for commercial and
industrial buildings [23]. In residential buildings, indoor humidity is normally controlled by
directly adding moaisture into the space. In many cases, for economical and practical
considerations, only indoor temperature is controlled while air humidity is allowed to
fluctuate. When air is supplied to the space for cooling in summer or ventilation in winter,
indoor moisture content is automatically regulated according to the supply air conditions.
Depending on the system response to varying space loads, considerable fluctuations in
indoor humidity may occur [77-79). When the temperature or flow rate of the supply airis
changed in response to changes in space loads, the moisture removing potential of the

supply air is changed and consequently affecting the moisture content of the indoor air.
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Models for indoor humidity calculations have been developed [64,68,80], however a
detailed humidity calculation model has not been available with the same degree of
sophistication as that for the heat transfer processes [64). All avallable models are based
on the mass balance between gained and lost moisture. The simplest model [80), predicts
indoor humidity as a function of oceupancy and ventilation rate with a simple treatment
of the effect of moisture storage In hygroscopic materials. Other models [64,68], have
considered more time-dependent mechanisms of moisture transport in an enclosure. In
addition, moisture absorption has been treated in more details. However, for these models
to be used, material properties which are generally not available or difficult to determine
must be known. In related studies, the dynamic iong term behaviour of moisture conditions
in building cavities has been modelled both without condensation [68], and with
condensation [70]. The effect of hygroscopic materials in the cavity under non-steady
conditions is considered in both cases. The result is a pair of linear coupled differential
equations which can be solved easily to predict long term cavity moisture performance
based on two primary time constants. The model was then modified [71] to include the

presence of evaporating surfaces within the wall cavity.
2.3 Literature Related to Molsture Performance and Transfer Through Exterior Walls

2.3.1 Heat and molsture transfer through porous bullding materlals and
construction components: Molsture In one or more of its forms (i.e., vapour,liquid and
solid) can exist in the building porous materials. Knowledge of the moisture transport
mechanisms through building materials is the first step towards understanding its impact
and Interaction with its porous media. Water vapour diffusion being the most common
mechanism of moisture transfer in bulldings, has received particular attention in literature

[20,45]. Mechanisms of water vapour movement in porous materials have been described
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and their relevance to practical problems in buildings and other structures have been
discussed [81]. in a more comprehensive study [82], both experimental and theoretical
approaches were utilized to investigate moisture transport (mainly vapour diffusion) in
different building materials. In some building components, especially those exposed
directly to the outdoor environment, moisture transport in the liquid form becomes an
important mechanism. A series of studies have dealt with water movement and absorption
in building materials [83-90]. In practice, full saturation of building materials rarely occurs
in building components, hence water flow at lower moisture content is of greater
importance. Darcy’s equation has been modified to account for unsaturated water flow in
buillding materials by using a moisture content dependent hydraulic conductivity [83].
Water absorption by some building materials has been experimentally and theoretically
studied [84,85,89-90]. In addition, evaporation and drying in some building materials and
their effect on water movement in the material have been investigated {86,88]. In a more
practical and relevant study, the absorption and shedding of rain by exterior building

surfaces have been investigated based on the unsaturated flow theory [87].

The practicality of the moisture transport theories is very much dependent on the
availabllity of the corresponding flow coefficients. Bullding materials properties pertaining
to water transport is generally lacking [83], although methods for evaluating these
coefficients are available [82,91). This is partly because such coefficients are highly
variable with the moisture content and are difficult to evaluate. The main reason probably
is due to the fact that the majority of building components are kept at iow moisture content
levels at which liquid transport is not important. Furthermore, even for those parts of the
building subjected to higher moisture content, these levels will not be retained for long

periods of time [92). For buildings, water vapour theories are more practical because of
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their applicability and the relative ease to evaluate the correspanding moisture transport
coefficients. Evaluation of vapour diffusion cosfficients has been the subject of many
studies [82,93-97). A widely accepted method for evaluating material vapour diffusion
coefficient is the cup methoed which Is adopted by ASHRAE [20). Depending on the
boundary conditions and the way the material specimen is exposed to, the cup method
is called either dry cup, wet cup or inverted cup test. Apart from the vapour diffusion
coefficients, the material equilibrium moisture comesponding to a certain ambient
conditions is an important parameter for evaluating transient moisture transfer by vapour
diffusion. The curves of the material equilibrium moisture content plotted against ambient
relative humidity are known as isotherms. For many bullding materials, these curves can

be found in literature [61-63,98).

Moisture and heat transfer in porous building materials are interdependent and can greatly
influence each other. In bulldings with the presence of large temperature and vapour
pressure gradients across the exterior envelope, accurate assessment of the moisture
transport and accumulation requires the consideration of both heat and molsture transfer.
Theories for heat and mass transfer in porous materials serve as the fundamental base
towards developing a theoretical model for evaluating moisture performance of composite
construction systems. Considerable advancements have been achieved in the
development of such theories [82,99,100-106). Detailed theorstical analysis of molsture
transfer in its different forms through porous bodies under different driving potentials has
been carried out by Luikov [100)]. In spite of such advancement, a comprehensive and
satisfactory theory is still lacking, and considering the wide range of porous media and

their applications, it is even doubtful whether a universal theory can be developed [103].
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Heat and mass transfer through some building materials have received special attention
[107,108]. Fibrous thermal insulation is an important part of the exterior building enveiope,
and because of its moisture and thermal characteristics, the interdependence of heat and
moisture transfer becomes more pronounced and important for accurate evaluation of the
moisture transport process. Analysis of simultaneous heat and molsture transfer in fibrous
insulating materials has been the subject of many studies [108-116). A mathematical
model based on empirical expressions for heat and moisture fluxes has been presented
to describe simultaneous heat and moisture transport through glass fibre insulation [110).
The same empirical formulation is then used to investigate the effect of hygroscopicity of
some insulation materials on moisture and heat transfer [111]. The influence of the
moisture transport on the thermal performance of the glass fibre insulation has been
experimentally studied [112]. Results hava indicated that moisture absorption from air with
relative humidity up to 3% in the form of water vapour does not significantly affect the
thermal performance of insulation. A more detailed analysis of heat and moisture transfer
in porous insulation has been carried out [113]. A steady cne-dimensional solution has
been presented for the problem of condensation within the insulating material. The
analysis includes both the convective and the diffusive transport machanisms along with
phase change. The same problem has been analytically investigated in which the
behaviour of condensate and its distribution pattern with time within the material were
Investigated [115]. Hygroscopic mass transfer through a fibrous media under thermal
gradient has been experimentally and theoratically investigated [116]. Results indicated
that temperature and relative humidity gradients were approximately linear In the

hygroscopic range.

2.3.2 Evaluation of construction components molsture performance: Great attention
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has been given in literature to the evaluation of moisture performance of composite
bullding constructions. Both experimental and theoretical techniques have been widely
used to assess moisture nerformance of the exterior building wall components. In some
experimental studies a specimen with certain molsture characteristics Is placed between
two controlled environments for a period of time through which the specimen thermal and
moisture behaviour Is monitored [117-118], and occasionally theoretical predictions of a
specific model are compared with experimental results [52,119]. In other experimental
studies, one side of the test specimen is exposed to the outdoor environment while the
other side is maintained at constant conditions repfesenting the indoor environment [120-
124]. This makes it possible to assess actual moisture behaviour of various components
of the building envelope over the course of seasonal weather patterns. Results from such
experiments will have a limited value for validating most theoretical models, since some
environmental factors, such as precipitation and wind, behave in a random fashion.
Moreover, these experimental studies are likely to be limited to a few test conditions
because of the effort and time Involved in conducting them. The natural altemative to
experimental evaluation of wall moisture performance is theoretical modelling.
Simultaneous heat and mass transfer through walls has been theoretically described with
different levels of details [100,104,125]. Unfortunately, most of these theories are not
practically useful, because for their implementation, moisture transfer coefficients of all
materials comprising the wall system, which are not available for practical use, must be
known. In spite of the tangible progress in evaluating these coafficients for building

materials, much more is needed to be done for many building materials.

Wall moisture performance as a whole is normally determined by the moisture conditions

of the air cavity and the thermal Insulation, because of their thermal and moisture

31



characteristics, As mentioned In the previous section, many theoretical and experimental
studies have been devoted to the analysis of heat and moisture transfer in fibrous thermal
insulation. Moreover, therma! insulation has always been part of the wail system being
investigated either experimantally or theoreticaily [104,1 17,120,125]. Long term moisture
behaviour of building cavities has i)een mode’ed both in the sbsence ~f cor “Jensation
[69), and in the presence of condensation [70). Air infiltration, vapour diffusion and material
hygroscopicity under non-steady state conditions have been considered. In modelling
moisture interaction between the material and the surrounding air, an approximate lumped
model is used in which moisture transfer from and to the material is modelled oy using a
fictitious moisture transfer coefficient representing the surface and diffusive transfer of
moisture. This coefficient is a function of material moisture and geometrical characteristics,
as well as, the surface mass transfer coefficient and maierial surface molisture conditions.
Some of these determining factors and consequently the moisture transfer coefficient are
time-dependent. However, for the purpose of simplifying his mode! Cunningham [69] has
assumed a mean fixed value fcr the molsture transfer coefficient. Such an assumption can
probably be justified when modelling long term molsture behaviour of materials under
certain boundary conditions, but it can not be justified in modelling short term moisture
transfer problems (..g. moisture absorption/desorption as part of an indoor air humidity
evaluation model). Important moisture performance parameters have been identified to
evaluate the long term moisture performance of cavities. Later, the model was extended
to allow for evaporating surfaces within the cavity {71]. Comparison with field results

shows good agreement with model predictions.

Accurate assessment of wall moisture performance requires that all wall components be

included in the model, and their thermal and moisture interaction must be modellied.
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Several moisture transport models have been developed with a wide range of complexity
and applications. The simplest of these uses one dimensional steady stote heat
conduction and water vapour diffusion to predict water vapour partial pressure and
temperature at any location across the wall. The moisture profile method described by
ASHRAE [20] and the Kieper method [126] are examples of such models. Potential
condensation is determined by comparing the local vapour pressure and saturation vapour
pressure which comesponds to the local temperature. The major advantage of these
methods is their relative eas:: in determining the most likely location of condensation
within the wall, and roughly comparing the moisture performance of different walls at
different conditions. However, steady state models can not be used to determine the
suitability of a certain wall system for a particular environment. in certain situations, steady
state analysis would indicate that condensation occurs while transient analysis would
indicate that the total moisture level would remain acceptable [3). Moreover, such methods
do not take into account the effact of air leakage, material hygroscopicity, and the
transient nature of wall moisture behaviour and the environmental parameters which are
critical for evaluating long term moisture performance of the wall. Slight modification of the
Kieper method is introduced by Incorporating the effect of latent heat released by
condensed water on the wall thermal behaviour [126). Introducing the effect of air leakage
[127] has enhanced the model but not necessarlly increased its accuracy, because a

uniform and steady state air flow through a multi-layer wall will hardly occur.

A simple method for predicting moisture performance of exterior walls in cold climates has
been developed [128]. Analysis of concealed condensation was based on average
conditions rather than extreme conditions, and seasonal variations were considered when

assessing moisture accumulation. Another simple mode! was proposed to predict annual
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moisture cycling behaviour of wall cavities in response to varying weather conditions [3}.
Calculations are made from a steady state model and integrated using hourly time steps.
This mode) does not account for the storage capacity of hygroscopic materials and the
effect of phase change or heat capacity. Moisture deposition is assumed to occiir in the
warm side of the cavity (i.e. sheathing), and the effect of air-borne convection on moisture
transport has been estimated only for wind induced situatioas. Similar studies have been
canied out to predict moisture behaviour of wood frame walls [129,130). In these studies,
computer models have been developed to predict the moisture behaviour of the outer
portions of wood frame walls. The computer program WALLDRY has been developed to
respond to external weather conditions including temperature, relative humidity, wind
direction and speed, and solar radiation [130]. However, it lacks a detailed mode! of air
flow in the Insulating cavity. In addition material moisture storage capacity is ignored and
wall interaction with the surroundings was simplified by assuming instantanecus
equiiibrium with varying environmental parameters. So far, in all of the above mentioned

models, indoor humidity Is assumed constant.

For accurate modelling of wall moisture behaviour, the dynamic nature of heat and mass
flow through composite constructions must be formulated as part of a moisture
performance prediction model. Detalled analytical model has been developed [125] to
describe transient heat and mass transfer through mutti-layer constructions. Constitutive
equations for simultaneous heat and mass transfer in porous materials are derived from
the integrated mass, momentum and energy balance equations using the volume
averaging technique. The boundary layer and the Interfacial balance equations are also
derived. In spite of its detailed analytica! approach, this model requires a formidable

experimental program in order to evaluate the transport coefficients needed to solve the
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equations for a composite wall. Moreover, the effect of alr flow within the wall system has
not been modelled. In a more practical model, the problem of coupled heat and moisture
transfer through single and multi-layer slabs has been analytically solved [131 ]. Although
the resulting solution can be useful in predicting transient heat and molsture transfer
through walls, it can not be used for evaluating wall moisture performance since it is
based on the response factor method. In other practical models [132-134], transient
moisture and heat transfer were formulated based on conservation of species mass and
energy. The resulting equations were solved numerically by the finite-difference technique.
The effect of moisture storage capacity has been considered by utilizing the absorption
isotherm of the material. Nevertheless, both these studies neither accounted for moisture
transport by convection nor for the effect of the variability of environmental parameters.
A more general time-dependent finite-difference nodal model for heat and moisture
transfer in building structures is described [92]. Non-linear processes such as
condensation, radiation and convection are described in terms of an effective conductance
at each time step. Moisture p«.formance of a framed structure containing a hygroscopic
framing material and a cavity filled with air or insulation has been mathematically modelled
[135). Parameters that characterize the long term moisture performance of the structure
have been identified. However, the effect of the model assumptions and approximations
on the solution even for long term moisture assessment can be appreciable. Since this
medel Is based on lumped parameter analysis, it can not predict the short term molsture
behaviour of the structure which is essential for accurate assessment of its performance
especially in cold climates. In a more specific application, moisture diffusion due to
temperature and moisture gradient in a homogeneous slab has been analytically solved
for pericdic boundary conditions [136]. Comparison with numerical solutions have

indicated acceptabie accuracy.
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2.4 Summary

The following findings can be drawn from the literature review:

f)

il

iii)

vi)

indoor humidity is a significant environmental factor that affecting the bullding
aesthetical, functional and moisture performance. In addiiion, it can significantly
influence the building energy consumption through the latent heat associated with

the humidification and the dehumidification pracesses.

Accurate indoor air humidity prediction can only be achieved by considering
several interrelated time-dependent moisture transport processes. This Is

particularly true when air humidity in the space is not controlled.

Moisture absorption and desemption by interior building materials can greatly affect
indoor humidity conditions and building energy consumptions. However, a practical
and a reasonably accurate theoretical model that takes into account the atternating

nature of these processes has not been found in literature.

There is a nead for a comprehensive mode! that would predict indoor humidity
behaviour and distiibution in buildings and takes into account the different moisture

transport processes and acrount for space-envelope interaction.

Aliouth the effect of indoor humidity on wall moisture performance has been
found to be significant, its variational behaviour has been neglected by assuming

constant indoor humidity conditions.

The indirect relationship between building physical and functional characteristics,
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such as the air leakage characteristics of the exterior walls and the indoor molsture

generation rate, and the moisture performance of the exterior wall system has not

been studied.

The above findings drawn from the literature revisw consolidated the importance and the
potential of the present study and will formulate its objectives. One of the main objectives
of this study is to mathematically modei the transient behaviour of indoor air hurmidity
which will be the subject of a later chapter. in buildings where no humidity control is
implemented, indoor humidity behaviouris determined by several time-dependent molsture
transport processes. Moisture absorption and desorption by interior materials can have
a considerable impact on indoor air humidity, however, a practical theoretical model has
not been available. In the next chapter, eoretical modelling of moisture absorption and

desorption by bullding materials, in the hygroscopic range, is discussed.
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CHAPTER 3

MODELLING OF MOISTURE ABSORPTION AND DESORPTION IN
BUILDINGS

3.1 introduction

Moisture absorption and desorption by interior materials can play an important role in
determining indoor air humidity behaviour in buildings. Until recently, most indoor humidity
evaluation models were strictly based on the mass balance between humidity generation
rate and humidity dilution by air ieakage, ignoring moisture absorption and desorption by
interior surfaces. This could lead to considerable inaccuracy in the predicted humidity level
since as much as one third of the moisture generated in a room could be absorbed by its
surfaces [64]). Moisture absorption and desorption taking place in most residential and
commercial buildings are dynamic and alternating processes depending on the level and
the variational behaviour of indoor humidity. Therefore, a time-dependent model is

required to predict the effect of moisture absorption and desorption on indoor humidity.

Avalilable theoretical models that deal with moisture absorption/ desorption processes in
buildings are either too impractical to be implemented or incapable of modelling the actual
dynamic moisture behaviour of such processes. For some models to be implemented,
certain parameters, which can only be evaluated through an extensive experimental
program or detailed theoretical analysls, are required. When the lumped approzch is used
in modelling both the material moisture conditions and the moisture transfer processes
from and to the material, material dynamic moisture behaviour, especially short term

behaviour, can not be accurately modelled. In addition, difficuity will arise when evaluating
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the model lumped parameters. The main objective of this chapter Is to develop a practical
theoretical model for evaluating moisture absorption and desorption by interior building
materials. In order to evaluate the amount of moisture absorption and desorption by a
given material, its surface moisture conditions must be known. The dynamic behaviour of
surface moisture conditions (i.e., variations in surface vapour pressure) differs from one
material to another depending on its moisture and geometrical characteristics. Therefore,
for accurate modelling of moisture absorption/desorption processes inside buildings, where
many different materials may exist, the diversity of material moisture behaviour, and
hence; the diversity in the modelling approach must be considered. Since material
moisture behaviour is mainly determined by its molsture and geometrical characteristics,
the Biot number, given in equation 3.1, is used in this study to determine the molsture
behaviour of the material by relating its moisture diffusion coefficient D, to its moisture
interaction thickness L,. Based on the value of the Biot number, the modelling approach
is determined. Within the building indoor environment a very low value of Biot number
would indicate that moisture conditions across the material thickness is constant and
hence the lumped parameter approach can be used. On the other hand, a very high value
of the Biot number would reveal that instant moisture equilibrium is reached between the
material surface and the ambient air. In the building indoor environment, where the value
of the surface mass transfer coefficient H,, is confined to a narrow range, a high value of
Biot number will be associated with a very low moisture diffusion coefficient for the
material in question. Consequently, its contribution to the moisture absorption/ desorption
processes in buildings can be neglected. Most interior materials, however, remain in a
state of continuous moisture exchange with the indoor ambient air. These materials, which
correspond to moderate values of Biot number, are the most difficult to model! since their

surface moisture conditions are dependent on the non-linear molsture distribution across
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the material thickness. Surface moisture condition of such materials Is determined by
solving the governing differential equation with the corresponding boundary and non-finear
initial conditions using an approximate analytic method called the Moment Method.
Comparison with experimental results and numerical solutions has revealed good

agreement with the solutions of the proposed model.

3.2 The Underlylng Model

Moisture absorption and desomption by interior materials in buildings are continuous and
randomly alternating processes. Generally, for materials with large surface area to volume
ratio, or materials having a very small equilibrium moisture capacity, the equilibrium
moisture content corresponding to the ambient humidity change can immediately be
aftained. In this case, evaluation of the amount of moisture absorbed or desorbed requires
only the knowledge of material weight and its moisture sorption isotherm, However, in
most cases moisture absorption and desorption are time-dependent processes. The
mathematical modelling approach of these processes is dependent on the moisture
behaviour of the material (i.e. behaviour of moisture distribution across the material
thickness) which is determined by the boundary conditions and the physical and
geometrical characteristics of the material. Material moisture conditions in the building
indoor environment are normally kept within the hygroscopic moisture range, hence, it is
unlikely that a continuous liquid phase can exist within interior materials. In this case,
moisture transport within the material can be described by the vapour diffusion coefficient
D, The one dimensionless parameter that can relate these factors is the Biot number &/,

as given by equation 3.1.

The Biot number can be viewed as the ratio between the material resistance to moisture
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transfer, (V,/A,)/D,, to the convective mass transfer resistance, 1/H,, The value of Bi has
a significant physical meaning in relating where the greater resistance to moisture transfer
occurs. In this paper, the Biot number is used to categorize the moisture behaviour of the
different materials that would normally be available within buildings. Depending on the
value of the Biot number, the modelling approach for moisture absorption/desorption
processes will be determined. The surface mass transfer coefficient, H,, in equation 3.1
can be expressed in terms of the convective heat transfer coefficient, h, using Lewis

relationship given in equation 3.2.

e hc M
H, = ‘RT.
Pa cp k

(3.2)

In the building indoor environment, the value of the surface convective transfer coefficient,
h. is either determined by the natural convective process or the airflow regime within the
space. According to Kusuda [64], an average surface convective transfer coefficient of
about 0.85 W/m’-C can be used In evaluating the surface mass transfer coefficient within
the indoor environment. Although this value is relatively small compared to the design
values suggested by ASHRAE [20], it must be noted that this value is an average value
representing convective transfer over all in. 2rior surfaces rather than the interior surfaces
of the exterior walls or roofs. In a natural convective environment, h,, will deperd on the
temperature difference between the material surface and the ambient air. On the other
hand, in the presence of air movement within the space, h,, for a particular surface will
be dependent on the air speed and the flow pattern over that surface. For both the natural

and forced convection processes, an approximate average value of the surface convective

41



transfer coefficlent within a space can be determined using the appropriate model
available in ASHRAE [20]. More accurate evaluation of the surface convactive transfer
coefficient can be obtained by utilizing the available detailed air movement simulation
modeis. Once the surface convective transfer coefficient h, is known, the surface mass

transfer coefficient H,, can be evaluated by equation 3.2.

The transient moisture behaviour of building materials can be related to the value of Bi

through the following three cases:

l) Bullding Materlals at High Biot Number (Bl— oo)

A large value of Bj indicates that the diffusive resistance controls the moisture transfer
process, which means that there is more capacity for moisture transfer by convection than
by diffusion through material. When the Biot number approaches infinity ( Biae), the
material surface immediately attains moisture equilibrium with the ambient conditions
(Prs=P.). In the bullding indoor environment, a very high value of Biot number can only
be attributed to the moisture characteristics of the material in question. The contribution
of such materials to moisture absorption and desorption processes is nil or very small
such that it can be disregarded since a negligible amount of moisture is transported to or
from the material due to its high moisture resistance. For most bullding materials, moisture
equilibrium can not be attained immediately. Hence, surface moisture conditions, which

determines the rate of absorption or desorption, are usually different from the ambient

conditions.

}) Bullding Materials at Low Blot Number (Bl— 0)

A small valus of Bi represents the case where intemal resistance to moisture transfer is
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negligibly small and there is more capacity for moisture transfer by diffusion than there is
by convection. As B/ approaches zero {in practice <= 0.1), the moisture content gradient
within the medium gets extremely small, and hence a lumped-parameter analysis can be
performed. Assuming a constant temperature and ignoring the effect of hysteresis, the

dynamics of the vapour pressure within the material can be described by equation 3.3.

-H A
P = - mm {3.3)
O = P, 4 (B, P*"""p(cm 5 r]
where,
C, = EP"" (kg/m®.Pa)

W

The amount of moisture absorbed or desorbed during a period of time can be determined
by equation 3.4, using the change in the pressure evaluated from equation 3.3 and the

moisture isotherms of the material.

M, =V, C,AP, (3.4)

Il) Bullding Materlals at Moderate Blot Number (0cBl«)

In most cases, moisture interaction between the ambient air and the materials within the
space occurs through a thin layer at the material surface. The amount of moisture
transfer is mainly determined by the surface molsture conditions, which depends on the
thickness and the moisture conditions of the molisture interacuon layer as well as the

surface mass transfer coefficient.

The dynamic moisture transfer process in the material can be described by equation 3.5,

based on the following assumptions:
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- vapour pressure is the only driving force, and the process is one-dimensional.

- the problem is isothermal (i.e. heat generated by moisture sorption at the surface is
assumed negligible).

- hysteresis effect is negligible; the absomtion isotherm Is used to model materia!

moisture capacity, since the moisture capacity of interest is within the hygroscopic rangs.

- the moisture diffusion coefficient is constant.

-a_-U - a .Qz-g (3-5)
ot " ax?
where,
Dv 2
am=-c—m (m IS)

However, equation 3.5 can not describe the moisture interaction between the material
surface and the surroundings, because of the discontinuity of the moisture content as a
driving force at the boundaries. Instead, moisture transfer through the material may be

expressed in terms of air humidity ratio or vapour pressure as given in equation 3.6.

OP,(x0) . &P, (x.1) (3.6)
ax " el

In order to solve for vapour pressure at the material surface P.{0.}), it is essential to
identify the boundary conditions, the initial conditions and the interactive thickness of the
material. In the present modelling, the ratio of the material volume, V. toits exposed area,

A, is identified as the moisture interaction thickness, L, as given by equation 3.7.

v
L =

-
m Am

(3.7)



The material volume, V,, which determines the moisture capacity of a particular material,
is dependent on the ambient air humidity behaviour, as well as, the moisture
characteristics of the material. In the building indoor environment where air humidity
nommaily fluctuates around a dally average value, a periodic air humidity behaviour can
be assumed when evaluating the material moisture interaction thickness. For a given
material, equation 3.6 can be solved numerically for the assumed indoor ajr humidity
behaviour to determine the material interaction depth L,. At L_, the material is assumed
to be impermeable to vapour flow while convective molsture transfer is taking place at the

material surface as illustrated in Fig. 3.1.

Moisture Interaction Thickness Lm \l‘ é
AREENE R S
; Impermeable
Indoor Vapour Pressure Pyr ; Surface

e —
/r L

"% Pmo
- \I S

Fig. 3.1 Dynamic moisture interaction between the hygroscopic
materials and the ambient air.

Since moisture absorption and desorption in buildings are altemating processes, and
because of the relatively large moisture interaction thickness involved in modelling these
processes, equation 3.6 must be solved for a nonuniform initial conditions. The governing
boundary and initial conditions are given by equations 3.8a-3.8¢c. The exact solution of the

above non-homogeneous mathematical problem can be obtained by splitting it up into a
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oP,

-ax— = a x = Lm (3.8a)

-D, z’- =H_ (PW-P,‘(U,I)) at x=0 (3.8h)
ax

P, = F(x) at t=0 (3.80)

set of simpler problems that can be solved by the separation of variables method outlined

in [137]. Utilizing this procedure, the variation of vapour pressure at the material surface

can be expressed by:

P0)=P,+ 2":1 exp(-a, B2 1). N(L.,)

.cosP, L, .

. (3.9

[ F=-P,).cosp, (L, ~x")dx!
0

where,

1 2 2 2 g2
—_=2 +H L +HY+H
MEB) (Br+HOILL, (B, Y+H]

H=H_[D,

and B, are the roots of the following equation:

Bntanp, L =H

The above exact solution involves an infinite series which requires the knowledge of the
corresponding eigenvalues in order to evaluz : These eigenvalues are the roots of a
transcendental equation which must be solved numerically. Moreover, equation 3.9

involves an integral that requires the knowledge of the initial function F{(x) which in itse!f
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will involve an infinite series and a similar integrat if the solution is to handle a
continuously changing boundary conditions. Such a procedure Is too impractical and time
consuming to be implemented as a part of an indoor moistu.re absc;rpt!onldesorption model
considering the dynamic and alternating nature l;f the problem and the number of
materials that could be involved. Furthermore, with such a solution, the problem of
molsture coupling between the indoor air and the material surface will be difficult to mode!
as will be discussed In the next chapter. An aiternative approach for solving equation 3.6
is the numerical analysis, however, by using such an approach, the moisture interaction
between the material and the ambient air can not be accurately modelled, especially in
a dynamic environment such as the building indoor environment, Moreover, considering
the number of materials and the nature of the moisture transfer probiem a large amount
of computations would be needed. For example, when the finite-difference technique is
used, hundreds of nodes could be required to formulate the moisture transfer process
through the material. Consequently, hundreds of equations may have to be solved

simultaneously at each time interval.

When the exact analytical solutions are difficult to obtain or when the numerical solution
can not be justified, approximate analytic solutions are preferable. Considering the
assumptions and the uncertainties involved in modelling moisture absorption and
desorption in buildings, the use of the approximate analytic methods can be justified. The
approximate analytic method that will be used to solve equation 3.6 s cailed the Moment
Method [137]. This method is based on taking various moments of the differential equation
of the molsture transfer with respect to a suitable weight function over the finite region of
the problem. The mathematical formulation of the present problem can be put in terms of

dimensionless variables; T and 1 as:
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P, () &P n,1)

(3.10)
ot an?
P 0 t 1 >0 (3.10a)
—_— = » T .
& “n
oP,,
—Dv?n— =H,,LM(PW-PM(0,':)) atn=0, >0 (3.106)
P (n,0)=F(n) at 1=0 {3.10¢)

The dimensionless quantities are defined as:

X m
= —_— and T =
N L

To solve this problem by the Moment Method, the pressure distribution Pum,t) Is

expressed by a polynomial in the form given in equation 3.11.

P, (1) = Y ayx) ot D<n<l (3.11)
o]

In order to determine (n+1) coefficients (a,(1), k=0,1,...n), (n+1) relations are required. Two
relations can be obtained by utilizing the two boundary conditions (3.10a) and (3.1 0b). The
remaining (n-1) relations may be obtained by taking (n-7) moments of the differential
equation 3.10. By operating the weight functions W), i= /,2,...(n-1), on both sides of
equation 3.10 and substituting in equation 3.11 we obtain the following equation [1 37]:

datir)

k=2 dr (3.12)

> (kb et 2dn]aye= 35 ([ wicomban
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Equation 3.12 provides a system of (n-7) ordinary differential equations that could be
solved to determine the remaining (n-1) coefficients, Solving these equations, however,
requires (n-7) initial conditions. These initlal conditions can be determined by equation
3.13[137).

<IN P8 1
> [ wieunt dn |a,@ = [ wm)Fmdn 513

i=1,2,....(n-1)

3.3 Mathematical Formulations

For the present problem a fourth degree polynomial given by equation 3.11 is assumed.

P(n,5) = ay(1) + &y(tIn + ay(1)n? + ay(r)n® + a (o) (3.24)
Moisture absorption and desorption in buildings are dynamic and randomly alternating
processes, consequently they can not be modelled by the analytic solution of equation
3.10. Instead, a nuinerical technique in conjunction with the analytic solution of equation
3.10 which describes these processes separately is the only feasible alternative. Through
this approach, equation 3.9 with the commesponding boundary and initial conditions has to
be solved at each time interval. Hence, the boundary and initial conditions have to be

updated continuously.

Molsture absorption and desorption in buildings are long term processes, hence any
pressure distribution across the moisture interaction thickness can be assumed as an
initial condition for the first time interval of the modslling process. A uniform pressure
distribution, as given by equation 3.15a, is assumed to represent the initial moisture status

of the material. To insure continuity of the solution, the end conditions of a particu!ar
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interval, given by equation 3.15b, is taken as the initial conditions for the subsequent

interval,
P,(n0) =P, (3.15a)
P, (n0) = ay,+am +a..,'r'|2 -0-(13713 +a4'q‘ (3.15b)

In order to solve for the pressure distribution by equation 3.14, the surface pressure as
a function of time P,(0,7) must be known. Unfortunately, this function cannot be
determined directly because of the integral operations involved in the coefficient gy(t) in
equation 3.14, However, since a numerical technique with relatively short time intervals
is needed to model the absorption/desorption processes, It c2i be safely assumed that

the surface vapour pressure P,(0,7) is linea:»" related with time during that time interval,

t1.

P,(0,1)=P, (0,0)+p T (3.16)

where,

_P,(0,1)-P,(00)

Py

a1l

HE 2
Lm

Utilizing the Initial conditions given by equations 3.15a-b, and the surface vapour pressure
function given by equation 3.16, the time dependent coefficients in equation 3.14 can be

determined by the Moment Method as:

a(t)=-Bi[P,-B,1] (3.17)
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a,(t) = [168 1 - 100852 + 100853 ~ l—s“mpd -5 BiB, Jexp(-52%) -

1519 217
21751 -1302b2 + 130253 - P,-
[ +130263 - = ~BiP, -~ Bi B, lexp(-421) +

13... B
[S551-32052+31553 - = BiP,~ =B, Jexp(-107) +

Bi, . Bi . Bi Bi
bl +—3-P,+Ep,+mpdz-?' [sprz-?p,«:

ay(t)= [~ 10081 +6048 52 -6048b3+%BiP o+ %Bi B, Jexp(~52¢) +

[12181 - 730852 + 730853 -%Bn’,- %%Bi B, Jexp(-42r) -

(33051 - 192052 +185063 - 1—23-BiPd - -’:-‘ B,Jexp(-101) -

1. Bi
Y

By |

P, >

1., 32
a,(t)= EB'BP+"5'" [1 -exp(-101)].
[-105b1 +630b2 - 63053 +%BiPd+ % B, lexp(~421) +

[22051 - 128052 + 12603 - %Bip, - % B, lexp(-101)

a(t)=[ -105h1 +63052 - 63053 + %BiPd + —g Bplexp(~427)
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where,

P,;=P, -P, (0,0)
b1, b2, b3 are expressed for the Initial interval as:

P P
bl=P,, , b2=—22 , p3="te (3.22a)

and for the intermediate intervals as:

bl=ay(t))+ 01;"1) . a,(1,) . (1)) . a,(t)

3 4 5
b2= ao('rl) . al(-rl) + az(‘:l) + 33(11) + 04(11) (3.22b)
2 3 4 5 6

b3= ao(rl) . a[('rl) v 02(‘51) + 03(1-'1) - 04(11)
3 4 5 6 7

When the moment method is used to solve equation 3.10, difficutty may be experienced
in satisfying the initial conditions. Consequently, solutions by this method may not be
accurate for short times. The accuracy of the solution depend on the initial conditions, the
type of boundary conditions and the degree of polynomial representation used. For
uniform or linear Initial pressure distribution, a third degree polynomial representation is
sufficient to obtain a reasonably accurate solution provided that no convective transfer
occurs at the brundaries, Higher polynomial representation is needed to solve for
problems with more complicated initial conditions. However, with convective transfer at the
boundaries, the accuracy of the solution becomes dependent on the ambient conditions,
material surface conditions and the surface mass transfer coefficient. In this case, higher
order polynomial representation will not enhance the accuracy in a decisive manner

because of the variability of the ambient conditions, instead, solution oscillation may occur
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for short time Intervals. Although, the soiution normally stabilizes with time, this behaviour
is not acceptable when modelling short term molsture absorption and desorption problems
(Le., the material surface is suddenly exposed to higher or lower ambient vapour
pressure). In order to avoid short term deviation in the solution, the initial conditions may
have to be relaxed whenever there is a considerable sudden change in the ambient
conditions. The relaxation process is performed by using the coefficients given by
equations 3.17-3.21 to modify the values of b1, b2 and b3. These coefficients are
recalculated by setting the coefficient &, and the surface vapour pressure P,(0,1,) equals
to the surface vapour pressure at the end of the previous interval, while the ambient
conditions, P, are set to its new value. New values of b1,b2 and b3 are then evaluated
using equation 3.22b. These values will constitute the inltial condition of the new moisture

absorption or desorption problem.
The vapour pressure on the material surface at the end of each time interval t1 can be
given by:

P (0,7)= (3.23)

o

where

1519 . 217 .. P00
A=[~217b1 +130252-1302b3 + 30 B:Pd—zszoﬁz = Jexp(-42t1) +

1

; P00
[168b1-100352+1003b3~15‘1 ipd+,% (0,0)

Jexp(-527))+

! (3.24)

13 .. Bi P,00)
~32052 +315b3 - —BiP,+ —
[55b1 -320b2 +315 T § d+24 .

‘ Bi Bi Bi. Bi P00
BiPyt, + —z--Pm(0,0) T, + -E.pm(o’o) + ?Pd' - mtl .

Jexp(-101,) +

bl

and
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(3.25)
_Bi
157,

Bi

exp(-sz‘rl) + 24.:[

exp(-10t,)

For constant ambient conditions, the amount of moisture absorption or desorption during

a time interval, t1 can be approximately given by equation 3.26.

P,(0,x1)+P_(0,0)
2]

ay

M, =H A (Pw~ ].11 (3.26)

The total moisture lost or gained within a room is given by equation 3.27.

. P, (01)+P, (00
M,.,=H..¢§A.,;[Pw‘ m @7 ); mi( )).:1 (3.27)

where,

H,+~= average surface mass transfer coefficient, kg/nf Pas

n= number of relevant materials in the room

The average surface mass transfer coefficient H... can be evaluated by Lewis relationship

given In equation 3.2 using the average surface convective transfer coefficient.

3.4 Comparlsons and Discussions

The proposed theoretical model for evaluating the surface moisture conditions of the
material is compared with Kusuda's and Miki's experimental results of an absorption test
on a 3 mm thick balsa wood specimen [65]. The specimen was exposed to constant
ambient conditions of 24 deg-C and 70% relative humidity from both sides, thus half the

specimen thickness (1.5 mm) is theoretically modelled. The material properties used
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include; material density, moisture diffusivity, and the moisture equilibrium curve. For balsa
wood, a density of 160 kg/n7’, and a moisture diffusivity of 1 10" n#/s are used. Since the
experiment is conducted within the moisture hygroscopic range of the material, the
moisture sorption isotherm for wood, shown in Fig. 3.2, was used in modelling material
moisture capacity. Although It is an impartant parameter in the modeliing process, the
value of surface mass transfer coefficient, H,, during the experiment is not known and can
not be evaluated using Lewis relationship. However, the most likely value of the surface
mass transfer coefficient in that particular environment (i.e. environmental chamber) can
be determined. According to Kusuda [64), the average mass transfer coefficient in a room
is estimated to be 5 10° kg/Pa'n’'s. However, in a test environmental chamber, the
surface mass transfer coefficient will be dependent on the airflow regime within the space
and the degree of exposure of the test specimen. The airflow regime within the test
chamber is mainly determined by the method used for maintaining the air temperature and
humidity. In an experimental validation program, Thomas and Burch [29], have evaluated
the surface mass transfer coefficlant within an environmental chamber using the cup
method. A value of about 5 10° kg/m*-Pa-s was found to represent the mass transfer
coefficient at the specimen surface. Since this value corresponds to an ambient
environment similar to Kusuda's test environment, it can be used in modelling the moisture
behaviour of the balsa wood specimen. Fig. 3.3 compares the experimental results and
the theoretical evaluation of the transient behaviour of the surface moisture conditions of
the balsa wood specimen. It can be seen that there is a good agresment between the
experimental and the theoretical results. However, a better agreement can be obtained
when smaller surface mass transfer coefficient is used, since the theoretical curve will be

shifted downward.
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The solution of the proposed model is also compared with the experimental results of a
desorption test on a 13 mm thick gypsum board specimen [29). In this experimental work,
material moisture and physical characteristics, Iinitial conditions, as well as, the surface
mass transfer coefficient are clearly defined. The material moisture capacity is evaluated
from its absorption isotherm given in Fig. 3.4. The density of the gypsum board is 670
kg/m’, and its moisture diffusivity is about 1.8 10 m7#/s. For this particular desorption test,
a surface mass transfer coefficient of 0.0044 m/s, which corresponds to a value of 3.2 10°®
kg/mf-Pas, is used. The test specimen has an Initial moisture content of .0079 kg/kg,
which comesponds to about 74% relative humidity as can be found from Fig. 3.4. By
exposing one side of the specimen (0.18 m In diameter), to a new ambient relative
humidity of about 26% and regularly weighing the specimen, the desorption rates were
determined. Experimental and theoretical evaluations of moisture desorption rates of the
gypsum board specimen are shown in Fig. 3.5. It can be seen that the theoretical solution
is in satisfactory agreement overall except at the beginning of the process. This can be
attributed to measurement uncertainties at the beginning of the experiment and the

sensitivity of the mass balance scale used [29].

The proposed mode! can accurately describe material surface molsture response to
varying amblent conditions. Hence, it can be implemented to predict moisture absorption
and desorption in buildings. In order to demonstrate the capabilities of the proposed
model, its prediction of material surface moisture behaviour is compared with the
numerical solutions using the finlte-difference impficit formulations under different boundary
conditions as illustrated by Fig. 3.6 through Fig. 3.9. The two materials used (i.e., gypsum
and wood) represent two common building materials with completely different moisture

characteristics. Fig. 3.6 shows the variation of the vapour pressure at the surface of a 2
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Fig. 3.7 Predicted surface vapour pressure of a wood
board using proposed and numerical techniques when
periodic ambient conditions are applied.
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Fig. 3.8 Predicted surface vapour pressure of a gypsum
board using proposed and numericai techniques when
ambient condition is suddenly changed.
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mm thick board when the ambient relative humidity is suddenly changed from 50% to
60%. It can be seen that aimost perfect agreement is obtained between the numerical
solution and the model prediction when the initial condition is relaxed while poor
agreement is obtained at the beginning of the solution when no relaxation is implemented.
Similar conclusions can be drawn from Fig. 3.7 when the material is exposed to a daily
periodic amblent conditions (P, =0.5 P, P,=0.1 Pvs, T=24 hrs). The non-relaxed
solution does not show considerable deviation from the numerical solution as compared
to the case when sudden change in amblent conditions occurs. When similar comparisons
are carried out for a 10 mm gypsum board, the same kind of responses are obtained for

both sudden and periodical variations of ambient conditions as shown in Figures 3.8-3.9,

The moisture interaction thickness, L, of a particular material depends on its moisture
characteristics as well as the type and behaviour of ambient conditions. For materials
having high hygroscopic moisture capacity or low moisture diffusivity such as wood,
moisture interaction between the material and the ambient air will be limited to a very thin
layer at the material surface. On the other hand, moisture penetrates deeper in materials
having a relatively high moisture diffusivity such as gypsum which result in larger moisture
interaction thickness. The material thickness as used for wood and gypsum in the above
discussion are practically reasonable to represent the dynamic moisture interaction
between the material and the ambient indoor environment in most buiidings. However, for
the model to be generally applicable, it must be able to accommodate larger dynamic
moisture capacity for different materials. By incre 1sing the moisture interaction thickness
of woed to 5 mm, the prediction of the proposed model deviates considerably from the
numerical solution with and without the implementation of the relaxation strategy as

illustrated in Fig. 3.10. However, by reducing the time step, DT from 3600 s to 300 s, the
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solutions when a time step of 3600 seconds is used.
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Fig. 3.11 Comparison between numerical and proposed
solutions when a time step of 300 seconds is used.
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non-relaxed solution is almost identical to the numericat solution while the relaxed solution
is still deviating although noticeable improvement is achieved as shown in Fig. 3.11. The
non-relaxed solution remains in good agreement with the numerical solution even at much
higher moisture interaction thicknesses for both wood and gypsum as shown in Figs. 3.12-
3.13 when L =20 mm for wood and L,=30 mm for gypsum. The accuracy of the solution
is improved when a smaller lime step is used since smaller corresponding change in
ambient conditions is considered for the solution. This means that larger time step can be
used, provided no considerable fluctuation occurs during this period. Consequently, the
choice of the time step will depend on the expected behaviour of the ambient conditions.
In most buildings, short term fluctuations in indoor air humidity are not expected to be
substantial, hence the use of a larger time step (i.e., one hour) can be justified. However,
it can be generally said that when modelling moisture absorption and desorption in

buildings, a smaller time step will always resutt in better agreement with the numerical

solutions.

For the above theoretical modelling of material moisture behaviour, constant values are
used to describe material moisture capacity C,, and material moisture diffusivity a.. In
reality, both vary with the moisture content. The material moisture capacity (which is
equivalent to the specific heat in thermal analysis) varies with equilibrium relative humidity
according to the slope of the molsture sorption isotherm. In practice, when the relative
humidity range In interest is relatively small, or when the siope of the sorption isotherm
does not exhibit considerable variations within the range of interest, then a constant
moisture capacity can be used in modelling dynamic moisture behaviour of materials.
Similarly, when the material moisture content varies within a limited range, such as

materials within the buiiding indoor environment, a constant moisture diffusion coefficient
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solutions for a relatively larger moisture interaction
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Fig. 8.13 Predicted surface vapour pressure of a gypsum
board using proposed and numerical techniques when
larger moisture interaction thickness is used.
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can bs used to describe moisture transfer through the material. However, for more
accurate dynamic moisture modelling, the variability of the material moisture capacity and

its moisture diffusion coefficient has to be considered whenever it is practically possible.

In order to implement the proposed mode! for predicting moisture absorption and
desorption in buildings, the moisture interaction thickness, L, must be identified for each
interior material. Its value can either be determined by the physical and geometrical
characteristics of the material or by the type of behaviour of boundary conditions. In the
bullding indoor environment, however, air humidity normally fluctuates around a daily
average in a periodical manner. Such behaviour will limit the penetration of moisture within
the material to a certain depth beyond which no significant amount of molsture is stored.
Fig. 3.14 shows the variations of the molsture interaction thickness with material moisture
characteristics and the mass surface transfer coefficient for a daily periodic boundary
condition. It can be seen that the moisture interaction thickness is directly promotional to
the material moisture diffusivity and the surface transfer coefficient. For a gypsum board
with a moisture diffusivity of 1.8 10® n/s, and a surface transfer coefficient of 3 10°
kg/m’ -Pa-s, the maisture interaction thickness can be found from Fig. 3.9 to be 0.026 m.
This thickness will determine the moisture storage capacity of the gypsum board, and
hence the moisture interaction between the material and the indoor environment. Fig. 3.15
shows the response of the surface vapour pressure of a gypsum board for different
moisture interaction thicknesses, L, under daily periodic boundary conditions with a
maximum relative humidity periodic fluctuation of 20%. It can be seen that there is a
relatively noticeable difference in the material surface moisture behaviour when a molsture
interaction thickness of 0.02 m is used instead of 0.026 m. On the other hand, for a

moisture interaction thickness larger than 0.026 m, the surface moisture responses are
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Fig. 3.15 Variation of vapour pressure at material surface
due to periodic boundary conditions for different moisture
interaction thicknesses.

Vapour pressure, Pa

1800 Lme026 m — Lm=032m

1700 Pp{max)= 0.3<Pvs

1500
1300
1100

900 P, =P, +P,sin(2%.t /T)

700

500 1 L i H
o 20 40 60 80 100

Time, hrs (x 4)

Fig. 8.16 Variation of vapour pressure at material surface

under periodic boundary conditions when the peak value
is increased by 50%.
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in phase and with minor deviation experienced between them. This means that increasing
the moisture interaction thickness beyond a certain value, which is evaluated from Fig.
3.14, will not increass the dynamic moisture capacity of the material and will not affect its
moisture behavicur at the surface. For periodic boundary conditions, the moisture
interaction thickness is not greatly influenced by the magnitude of the periodic fluctuation,
but rather by the frequency of fluctuation. By increasing the maximum relative humidity
periodic fiuctuation to 30%, the moisture interaction thickness of 0.026 will stil! be able to
characterize the material moisture behaviour as shown in Fig. 3.16, where it can be seen
that increasing L, by 0.006 m will have almost no effect on moisture behaviour at the
material surface. However, it must be noted that higher frequency of fluctuation will result
in smaller moisture interaction thickness, while lower frequency will result in a larger

moisture interaction thickness.

3.5 Summary

Moisture absorption and desorption by interior materials is the most difficult time-
dependent moisture transport process to model because of the moisture coupling which
exists between the indoor air and the interior materials surfaces, in addition to the wide
range of materials that could be available in the space. Interior materials with different
moisture and physical characteristics interact differently with the indoor air, and will have
different moisture responses when exposed to dynamic ambient conditions. Some
materials attain instant moisture equilibrium with the surroundings, others will not respond
at all. The Biot number, Bi, was used to classify materials according to their moisture and
geometrical properties. Hence, the material moisture behaviour can be identified and
appropriately modelled. As B approaches zero, a lumped- parameter analysis can be

used to model material moisture behaviour, in this case a resistor-capacitor analogy can

68



be used. When Bijis very large, the material can be assumed passive since a negligible
amount of moisture is transported to or from the material. In most cases, however,
moisture interaction with the materal occurs near the surface (O<Biae), resulting in a
nonuniform moisture content distribution across the material moisture interaction thickness,
L. In this case, determining the material surface moisture conditions is the main task in
modelling moisture absorption and desorption processes. In this study, a practical and an
efficient analytic-numeric technique for evaluating the material surface moisture conditions
is proposed and validated against experimental results. The required parameters in the
proposed model are mainly the material moisture properties which are normally available
in literature for all common building materials, giving it an advantage over many existing
models which require either extensive experimental work or unavailable material moisture
properties. In addition, the proposed model has some advantages over numerical
techniques by requiring less computations and being able to more accurately describe the

moisture interaction between the ambient conditions and the material surface.

As part of a numerical formulation, this analytic-numeric method can be used to model
moisture absorption and desorption by construction and furnishing materials in building.
Both the dynamic and the altemnating nature of these processes can be modelled.
Although the proposed method cannot accurately model material response to sudden
changes in ambient conditions for short times, it has been modified to tolerate such
dynamic behaviour by relaxing the initial moisture conditions of the material. The solution
resulting from such a procedure has been shown to be more accurate than the direct
solution (i.e., no relaxation of initial conditions) for typical moisture interaction thicknesses
of different materials. However, in order to model larger dynamic moisture capacity of the

material, the non-relaxed solution was found to be mare accurate when a relatively smaller
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time step is used. Comparison with experimental results and numerical technique solutions
shows good agreement with the proposed medel. Using this model in conjunction with a
numerical formulation, the dynamic effect of moisture absorption and desorption by interior

materials on indoor air humidity can be modelied.
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CHAPTER 4

MODELLING OF INDOOR AIR HUMIDITY: THE DYNAMIC BEHAVIOUR WITHIN AN
ENCLOSURE

4.1 Introduction

Ingoor air humidity is a major factor in determining the quality of the indoor environment
as well as the building moisture and energy performance. Very high or very low humidity
levels can lead to undesirable consequences ranging from occupants thermal discomfort
to major heatth related problems [138]. In cold climates, high indoor humidity is normally
assoctated with objectionable surface condensation on windows, and damaging interstitial
condensation within the building envelope components. Furthermore, when indoor
humidity is to be maintained at a constant level, either humidification or dehumidification
is required resulting in additional energy consumption in both cases. In buildings where
there is no humidity control, air humidity leve! depends on the natural balance batween
moisture gains and losses resulting from many time-dependent moisture transport
processes. Indoor moisture generation and surface condensation are examples of these
processes. Moisture generation in the space depends on many factors related to the type
of activities performed in the space as well as the occupants life style and habits. in a
residential bullding, an average of one gallon of water per occupant may be added dally
to the indoor air by occupants and household related activities [22]. Surface condensation,
on the other hand, is mainly dependent on the thermal characteristics of the condensation
surface. In winter, the interior surface of a window could act as a dehumidifier removing

a lot of water vapour from the space.
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The relative impact of the different moisture transport procesces is mainly determined by
the outdoor climatic conditions as well as the building physical and functional
characteristics. In cold climates, where infiltration rates are significantly reduced, the
condensation and the absorption processes are expected to be the main natural moisture
sinks within the building. In moderate climates, where alr ventilation is put to maximum,
indoor air humidity will follow the trend of the outdoor alr conditions. Moisture absorption
and desorption by interior materials as well as air infiltration are the main influencing
processes in hol-humid climates although they may not be simultaneously active. At night
when outdoor temperature is lower, more outdoor air is normally allowed indoors. During
this process a lot of moisture Is absorbed from the outdoor air and stored in the various
materials within the space. At higher outdoor temperatures, when the air ventilation is
reduced, the desorption process becomes active by releasing the stored moisture into the

indoor air,

Models for indoor humidity calculations have been developed [64,68,80], however, a
comprehensive theoretical model which accommodates ali relevant moisture transport
processes has not been available. The main objectives to be achieved in this chapter are
to develop a mathematical model for predicting air humidity transient behaviour within
single-zone enclosures, and to theoretically study air humidity response to the different
moisture transport processes. Air humidity behaviour within an enclosure is described by
a linear differential equation which includes; moisture absorption/desorption processes,
air movement, surface condensation, indoor evaporation, moisture generation, and
dehumidification processes. All the processes involved are nonlinear in behaviour, and
hence the differential equation was solved as part of a numerical formulation by using a

discrete time step during which linear behaviour can be assumed for all processes.
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Numerical solution of the differential equation is performed by the Runge-Kutta method.

4.2 Model Logic and Development

4.2.1 Conceptual approach: Moisture content of the air inside occupied buildings is
typically in a dynamic state. Many time-dependent processes such as, surface
condensation, ventilation and absorption by interior materials, will determine the moisture

content of indoor air and contribute to its dynamic behaviour as illustrated by the

schematic shown in Fig. 4.1.

L
= ﬂ > ventilation ( L—\?} Air Qutlet —'-E—)-

Apsorplion Cescrotion

e===%=""> Infitration Ml
Extfiltrotion el
. Incoer Moisture
‘ “Condensation 5 > {
ki RN

Genergtion

@ Evaporclion

Fig. 4.1 A Schematic for Moisture Transport Processes within
a Building Enclosure.

When indoor humidity is not mechanically controlied, its level is determined by the natural
balance between moisture gains and losses within the space. Based on the moisture

mass balance concept, the transient response of air moisture content inside a room can
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be generally modelled via the following linear differential equation;

¢ 4.1)
whers,
dW/dt= rate of change in indoor air molsture content, kg/kgs
dms/dt= rate of moisture absorption or desorption by interior materials, kg/s
dma/dl= rate of moisture added or removed due to air movemen: across room
boundaries, kg/s
dme/dt= rate of moisture removed by condensation, kg/s
dme/dt= rate of molsture added by evaporation, kg/s
mg= rate of moisture generation from indoor sources {i.g. people, indoor

operations, etc.), kg/s

dmm/di= rate of moisture removed by coil dehumidification, kg/s

For Equation 4.1 to be solved, several time-dependent parameters, which are needed to

model the processes involved, must be expressed in terms of time. However, because of

the transient nature of boundary conditions and the complexity of some processes, the

variations of corresponding parameters cannot be expressed in terms of time in a

continuous function. Moreover, Equation 4.1 involves many transient nonlinear moisture

transport processes which are interrelated in a complicated manner. Therefore, Equation

4.1 can only be solved as an integral part of a comprehensive numerical technique

through which the Interrelation between the processes involved can be modelled.

Depending on the room physical and functional characteristics, its air moisture content

behaviour can be determined by one or more of the processes described by Equation 4.1,
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In a real situation a combination of these processes will normally determine the state of

the indoor air moisture content.

4.2.z The time-dependent processes affecting Indoor alr humidity

I) Molsture absorption and desorption
When moisture absorption and desorption by interior materials are the only determining
processes, the room air humidity response can be given by:

dw, A h
.l W (4.2)
dt P,,V ( »n l)

The material moisture conditions, W,, and reom air conditions, W, in Equation 4.2 are
interdependent parameters. For materials where lumped-parameter analysis can be used
(Le. Bi< 0.1), to describe their dynamic moisture interaction, the surface air moisture

content, W,, can be given by Equation 4.3:

W
aw,, _ ( Ap by YW, -W) (4.3)
d 'RpVCT "

vEa mTmTm

Equations 4.2 and 4.3 represent a pair of coupled differential equations that describe the
dy.amic moisture interaction between room air humidity and a given material within the

space. Utilizing Laplace transformation, this system of differentiai equations can be solved

to give:
CW_+BW
W, = W exp[-(B+C)1]+ (-—'"é:}-a—ﬂ)[l—exp(—(ﬁa—cm] (4.4)
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where,

A_h

ﬂRvpaV C.T,

m m'm

Equation 4.4 describes the air humidity response to moisture absorption/desorption by one
single material which can be modelled by the lumped-parameter analysis. For each
material within the space a separate differential equation must be written. To determine
the air humidity response, the resulting differential equations must be solved
simultaneously with Equation 4.2, As the number of differential equations increases,
analytical solution becomes more complicated and more difficult to obtain. For most
interior materials a lumped-parameter analysis is not possible, hence their moisture
behaviour can not be directly modelled as in Equation 4.3. In addition, other moisture
transport processes within the space, which can not be accounted for analytically, are

indirectly affecting material's moisture conditions.

When Equation 4.2 Is used as a part of a numerical formulations, it can be directly solved
by assuming that W, is constant during the time step used in the modelling. However, for
most building materials, in order to assume a constant surface moisture condltions, the
time step must be téken so small that the solution becomes impractical and the
accumulative error becomes unacceptable for large modelling periods. When a practically
large time step is used, the variability of W,, during the time step must be modelled.
Assuming constant W, during the time step, then for material where lumped-parameter
analysis can be used, the material surface air moisture content can be given by:

Substituting Equation 4.5 into 4.2 and solving the resulting equation yields:
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4.5)
W, (&) =W,-(W,-W_)exp(-Bi)

W)=W,,+(W,, - Wm)exp[—%(l —exp(-B1))] 4.6)

Equation 4.6 describes the dynamic behaviour of indoor air humidity during the time step
used in the numerical formulation. For a 600 m® enclosure, the exact air humidity
response to moisture absorption by interior building materials given by equation 4.4 is
compared with the solution of equation 4.6 when used as part of a numerical formulation.
Fig. 4.2 shows very good agreement between the two equations when a time step of one
hour is used. Full agreement is obtained when the time step is reduced to six minutes as
shown in Fig. 4.3. For practical consideration, however, a time step of one hour is
considered more appropriate. Both the material moisture conditien, W,, and the indoor air
humidity condition, W, in equation 4.6 have to be updated at the end of each time
interval. Equation 4.5 is used to evaluate material moisture conditions at the end of each

time interval by using the time step average air moisture content, W.,.

When moisture interaction occurs at the material surface (i.e. Bi»0), a lumped-parameter
analysis cannot be used because of the non-uniformity of moisture conditions across the
material thickness. Instead, moisture interaction between the material and the ambient air
can be expressed in {urms of the air humidity ratio by Equations 4.7 through 4.7c. These
equations describe the transient moisture transfer problem through the material and the
corresponding boundary and initial conditions. Solution of the above mathematical problem

in terms of vapour pressure has been discussed in Chapter 3.
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Fig. 4.2 Response of indoor air humidity to moisture absorption
by interior materials using exact and proposed solutions for a
time step of 1 hour

Alr molsture content, kg/kg

0.014

—*— Equation {4.4)
= Equation {4.8)

c.013

0.012

0.011¢

.01 . L 1 :
Time, hrs

Fig. 4.3 Response of indoor air humidity to moisture absorption
by interior materials using exact and proposed solutions for a
time step of 1/10 hour.
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L L 4.7)
ot " 8l
aw
= =0 ar x=L_ 4.7a)
ox
aw_
-Dv—ax-— =h, (W,-W) at  x=0 (4.7b)
W,_=F(x) at =0 4.7¢c)

The approximate analytic solution was obtained as part of a numerical solution using a
discrete time step t. The surface air moisture content at the end of the time step can be

determined by equation 4.8.

1
RT

vy"m¥a

W) =( ).P, (0,7} (4.8)

where, P,.(0,x } is the vapour pressure at the material surface as defined by Equation 3.23

in Chapter 3.

Indoor air moisture content can be expressed by combining Equations 4.2 and 4.8

yielding:

dw(ty Ak
r ="mTm - (4.9)
7 oV [W()-W,]

Equation 4.9 can be solved numerically to evaluate room air humidity response tc
moisture absorption and desorption. In reality, many materials with different molsture
characteristics could exist inside a space within a building. The combined moisture
interaction of these materials with indeor air humidity will determine its dynamic behaviour

as given by:
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dW nst ne2
* = LC(W,, - W,)exp(-B,1) + ZC,(W, (1)~ W,) (4.10)
dr r I r

il) Alr movement across enclosure boundarles

Moisture transport associated with air movement is the fastest, and thus is the most
important mode of moisture transport in buildings. Depending on the flow rate and the
humidity conditions of the outdoor air, indoor air humidity could instantly and dramatically
respond to air movement across enclosure boundaries. The response of indoor air
humidity to air movement across enclosure boundaries (i.g. infiltration) can be expressed
by equation 4.11.

dWr(r)_ Q,
d Vv P

[W,-W,(0)] (4.12)

For constant external conditions, Equation 4.11 can be solved to give:

W) =W, +(W,-W,)exp(- VQ; £ (4.12)

In practice, air flow across enclosure boundaries could oceur through several different flow
paths under different driving forces at the same time. For a given space within a building,
air flow could occur through its exterior boundaries as well as through inter-space flow
paths connecting it with other spaces (l.g. a door way). Air flow across exterior boundaries
may occur due to a natural driving force through an arbitrary flow path (i.e. infiltration /
exfiltration ), or due to a controlled driving force (i.e. ventilation). Each air flow process
across the enclosure boundaries will have a unique effect on the behaviour of air humidity

inside the enclosure. For a combination of air flow processes, the dynamic behaviour of

80



indoor air moisture content can be given by:

w3 2y 5 Cally oy (8 Ga

- (4.13)
" re, " Ee, MV

ll) Surtace condensation

Water vapour in an enclosure will condense on interior surfaces having a temperature less
than the saturation temperature of the surrounding air. A cold surface, such as a window,
could act as a major maisture sink removing a lot of moisture from the indoor air. The

dynamic response of indoor air moisture content to surface condensation is given by:

dwis) h_A
AR AMA. oY s A (4.14)

a
As condensed water is deposited on the cold surfaces, the released latent heat will raise
its temperature, and consequently, the saturation moisture content, W, which is a function
of the surface temperature will increase. In order to solve Equation 4.14, variations of W,,
with time must be known. It is difficult to express the surface temperature as a function
of time because of the thermal characteristics of windows ( the most likely condensation
surface in buildings) and the type of boundary conditions which are transient in nature.
However, for short periods of time or when used as a part of a numerical formulation,

Equation 4.14 can be solved by assuming constant saturation moisture content during the

time interval to give:

P

W()=W_+(W,, -W_)exp(- - t) (4.15)

a

In practice, itis likely to have several condensation surfaces in the building enclosure. The

condensation behaviour of these surfaces could be different either due to different thermal
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characteristics or different exterior environmental conditions. For a number of

condensation surfaces in an enclosure, indoor air humidity response can be modelled by

Equation 4.16.
A AR “oOAh mhncAd
Win) =Y e W W,y -3 o W) exp(-X oV " (4.16)
YA R, T LAk, ’

i1 i=]

Iv) Indoor evaporation

Water vapour can be added to indoor air by the evaporation process. Evaporating
surfaces could be a free water surface or the surface of a wet material or soil. The
dynamic response of indoor air humidity to surface evaporation can be expressed as:

W) =W +(W -W,) exp(-f"“_‘:: ) (4.17)
P

a

For a number of evaporation surfaces, nv, the dynamic response is given by:

™Ak moOAK
W,(:):)_“{ e Wm*["’m*g — "W,
S TALk “ TA R
oy 4 ™ (4.18)

mh A
exp(-X "t 1)
=1 P,V

v) Indoor molsture generation

Indoor moisture gensration processes differ from the indoor evaporation processes by
being independent of indoor humidity conditions. Substantial amounts of moisture could
be released indoor from occupants and moisture generating operations. The amount and

the variational behaviour of indoor moisture generation are dependent on many factors
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related to the type of indoor operations, the number of occupant, and their activities and
habits. Practically, it is difficult to express the rate of indoor moisture generation in terms
of time by a continuous function. Instead, a discrete variational profile can be used to

describe its variations for each indoor operation and activity.

Assuming that perfect and instantaneous mixing occurs, then for a short period of time,
where the moisture generation rate Mg can be assumed constant, the response of indcor
humidity to moisture generation is given as:

Mg
PV

wm=w_+ &, (4.19)

For a number of moisture generation operations, the response of indoor air humidity will

follow Equation 4.20,

Ms,, (4.20)

ng
W0=W,y+3)
=l

Pa

vl) Cooling coll dehumidification process

In summer when the cooling process is needed, the cooling coil will act as a dehumidifier.
Alr dehumidification occurs when the inlet air moisture content {i.e. space air moisture
content} is higher than the saturation moisture content corresponding to the coil

temperature. The rate of moisture lost by coil dehumidification can be given by:

The response of indoor humidity to the dehumidification process can be expressed by:
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dw() @
—L - - 4.22
E ¥ [W,-W,(0] 4.22)

The supply air moisture content W, depends on the coll characteristics and the space
humidity response. The effect of coll characteristics can be modelied by relating the coil
inlet and outiet conditions through the so-called coil bypass factor. For some HVAC
systems, such as constant volume reheat system, the bypass factor and the coil
temperature 1, can be assumed constant. Moreover, when no outdoor mixing is
implemented, the coil outlet temperature can also be assumed constant. The supply air

moisture content can be given by:

W =Wyt st (W,-W,)-Wt]/(t,-1,) (4.23)

By substituting equation 4.23, equation 4.22 becomes:

dpz;(t) =FQ?£—,[(t,-tm)l(tr-td) Wy={1-(2,, -1 )] (¢, -t W] (4.29)

4.3 Alr Humidity Dynamic Response Inside a Room
In practice, different combinations of moisture sources and sinks could contribute to air
humidity behaviour inside a building enclosure as described by Equation 4.1. Two possible

general cases will be discussed below.

I) No absorption or desarption by Interior surfaces
When moisture absorption and desorption by interior materials can be neglected, Equation

4.1 can be written as:



dW ma ac v
P V== EQ W, -WI+ LAk, (W, -W)+ZAh, (W, -W)+
dt  a t=1 O™
(4.25)
EMg’ +Q (W, -W,)
=1

The time dependent parameters describing the moisture transport process in Equation
4.21 (ie. W, W,, W,,) experience negligible changes during a relatively small time
interval. Therefore, these parameters can be assumed constant during the time interval
used in the numerical solution. Equation 4.21 can be solved to give:
W) =a +(W,, - x)exp(- t—‘) (4.26)
R

where,

ha ne

= % (EQ"’ W, +‘21Adhm W +121Adhm W, +:§ElMg‘ +Qp W)
and

na ne n
B=XQ,+XA h_+XA h, +Q,,
= i1

Equation 4.26 describes the air humidity response to different moisture gain and loss
processes within an enclosure. The parameter, t,, is defined as the room air humidity
response time. Physically, it describes the rate of response of air humidity to moisture
transport by condensation, evaporation, and air flow processes. Each processes has a
time constant associated with it that defines t, according:

4

1,111 (4.27)
tR ra t: tl tn

In terms of the influencing parameters of each process, t; can be written as:
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1
4.2
- paV[g..E:Q“+EAh +EA Be + Qg1 (4.28)

I) With absorption and desorption by interlor surfaces

In most cases, moisture absorption and desorption processes within buildings substantially
contribute to the behaviour of indoor air humidity. Considering the two types of material-
moisture interaction (i.e. Bi< 0.1 and Bf» 0.1), Equation 4.1 can be rewritten as Equation

4.29,

dw,

-B,t)+ C (W, () -W)]

(4.29)

Wr) +Acihm(w.rd - Wr)
f-l

+Ah, (W, -W)+Mg,+ QJF,(Wsp -W)l
Solution of Equation 4.29 can be found through numerical techniques. One accurate and
practical technique for solving first order differential equations is the Runge-Kutta method
[139]. Since Equation 4.29 involves several time-dependent parameters, it can be solved
only as a part of a numerical formulation through which the variabllity of these parameters

can be modelled.

4.4 Evaluation of Molsture Transport Processes Par>meters

Some moisture transport processes modelled by Equation 4.29 are determined by time-
dependent parameters resulting either from variable outdoor boundary conditions (i.e., air
flow rate} or variable indoor conditions (i.e., material surface moisture conditions).
Therefore for equation 4.29 to be implemented for predicting indoor humidity behaviour

due to the different moisture transport processes, the variations of the corresponding time-
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dependent parameters have to be modelled. These parameters include; the air flow rate
across the enclosure exterior boundary, saturation humidity ratio at the window's

condensation surface, and the material surface moisture conditions.

4.4.1 Alr leakage through exterlor walls: The exterior wall is a complicated air flow
element containing openings of different sizes which permit the movement of air through
whenever there is pressure difference across it. Most air flow models are based on
empirical relationship between the determining parameters which include the flow
characteristics of the element, and the pressure difference across it. Airflow rate dQ

across an incremental area dA of the exterior wall is generally expressed by [42):

dQ=C,p (AP)dA {4.30)
where,
C,~ flow coefficient, m*/m?s-Pa"
n= flow exponent
AP= pressure difference, Pa

and for a uniform pressure difference over the surface, equation 4.30 can be written as:

Q=C A, p,(AP) (4.31)

The value of n in equation 4.31 can vary from 0.5 corresponding to orifice flow, to as
much as 1 which coresponds to laminar or capillary flow. In real surfaces, a combination
of capillary flow (l.e., n=1) and an orifice flow (i.e., n=0.5) was found to take place {42).

A value of n=0.65 is found to represent many cases of wall and window leakage.

Air leakage characteristics can be expressed in terms of an equivalent orifice area which

will yield the same air flow at a particular pressure difference as the element in question.
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The orifice flow equation can be expressed as:

(4.32)

oeva pa

where,
C= discharge coefficient
A= equivalent orifice area, m®
From equations 4.31 and 4.32, the equivalent orifice area for a flow exponent different

from 0.5 can be given by:

C A
A =" Pn-Dj
= (4.33)
C|=
P,

From equation 4.33, it can be seen that for a flow exponent different from 0.5, the
equivalent orifice area will be dependent on the pressure difference across the flow

element. For n=0.5, equation 4.33 reduces to:

o (4.34)

When modelling air flow across building elements, the orific: equation can only be used
in cases where a flow exponent of 0.5 can reasonably represent the relationship beiween

the air flow rate and the pressure difference across the element.

Pressure difference across the exterior building envelope arises from wind and thermal
forces. Wind induced pressure on the building exterior walls are highly fluctuating and

dependent on wind speed and direction as well as the building geometrical configuration.
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In calculating air leakage rates due to wind, average pressure values are normally used.
In this study, average wind pressuras on the building exterior surfaces are evaluated
based on the empirical formulation suggested by Swami and Chandra [45). For low rise
buildings, their formulation predicts the wind pressure in terms of wind angle of attack and
the building side ratio. Evaluation of the air infiltration using the predicted pressure
coefficients showed that using average pressure coefficients for predicting airis adequate

for low rise buildings [45]. The wind pressure relative to the barometric pressure can be

exprassed by:

7 1 2
Pw-cp.-z-paV (4-35)

where,

V= average wind speed, m/s

p.= air density, kg/m®
Thermal induced pressures vary in magnitude and direction along the wall height
depending on the location in terms of the neutral plane. By assuming uniform distribution
of openings, the neutral plane can be taken at mid-height of the wall. At distance h from

the neutral plane, the thermal induced pressure can be given by:

P,=gh(p,,-pg) (4.36)
where,
g= gravitational constant, m/s?
In reality, more than one driving potential normally exist across the exterior walls at the
same time. The total air flow can not be calculated by simply adding the air flows resuiting

from the different driving potentials since the air flow rate is non-linearly related to the
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pressure. Instead, the total air flow is evaluated by integrating equation 4.30 over the wall
height. Another alternative is to determine the effective uniform pressure over the wall
surface that will result in the same airflow caused by the stack effect. By adding this
pressure to the presumably uniform wind pressure, an effective total pressure over the

exterior wall can be obtained:

Pk! = Pw + P: ) (4.37)
where,

P,= wind pressure, Pa

P’ =effective stack pressure, Pa

The effective stack pressure can be expressed by:

Pi=[2(n+1)""]" g.H.(p,-p.) (4.38)

Depending on the wind direction and the location in terms of the neutral plane, different
driving forces could act either in the same direction or try to cancel each other. To account
for opposite flows, the exterior wali can be Jivided into two halves with an upper and a
lower fiow elements having the same leakage area. The effective combined pressure and
the corresponding airflow rates can be calculated with sufficient accuracy for the upper
and the lower halves of the wall without changing the level of the neutral plane. The

pressure difference at any point in the upper half can be given by:

AP=P -PS-P, (4.39)

and for the lower half;
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AP,=P +Pf-P, (4.40)
where,

Pq= room reference pressure, Pa

4.4.2 interlor condensation surface temperature: Condensation on an interior surface
occurs whenever the saturation pressure evaluated at its temperature is lower than the
ambient vapour pressure. In buildings, surface condensation mainly occurs on cold
elements within the exterior envelope. Windows due to their thermal characteristics tend
to be the coldest interior surfaces, and hence they determine the level of indeor humidity
at which water vapour can be lost by surface condensation. Therefore, in order to
determine the condensation potential of a particular surface and the amount of
condensate, its temperature must be known. The surface temperature is determined by
the windows thermal characteristics as well as the time-dependent boundary conditions.
In the presence of surface condensation, associated latent heat will be released on the
window's surface causing a rise in its temperature. Variations of window's internal surface
ternperature can be evaluated by solving the corresponding transient heat transfer
problem with the appropriate boundary conditions. For formulating the present heat
transfer problem, the following assumptions are made:
i) Heat transfer through windows is a uni-dimensional problem.
iM) In the presence of condensation, the water film on the window surface either in the
form of liquid or solid has no effect on the heat transfer process.
iii) Absorbed solar radiation (only clear sky conditions are considered) and is
uniformly distributed across the window thickness.

The transient heat conduction problem for a homogeneous slab can be described by:
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T _ . 8T
p'c"-a- =K§ + q‘[L’ (4.41)
the second term on the right hand side of equation 4.41 represent the absorbed solar
radiation which is treated as an internal source of energy. The comresponding boundary

conditions can be written as:

ar :
K=k (T=T) +hym,

for interior surface, and

ar
K =hy(T,~T,)

at the extericr surface.

For a single glazed window, equation 4.41 with the corresponding boundary conditions
can be solved numerically to determine the window’s internal surface temperature. For
double glazed windows, however, an effective thermal resistance for the air space must
be evaluated to be included in the numerical formulation. Heat transfer modes through the
air space can be identified by checking the Rayleigh's number, Ra corresponding to the
air space thickness. For an ordinary glazed window separating normal outdoor and indoor
conditions, the Rayleigh's number Ra=Gr.Pr, can be found to be less than 1.10°, indicating
that no convective heat transfer is taking place. Therefore, conductive and radiative heat
transfer will be assumed to take place within the air space. The air space overall heat
transfer coefficient can be given by:

h=h_ + K (4.42)

2

where,
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K,= air thermal conductivity, W/m-C

8,= alr space thickness, m

the radiative heat transfer coefficient can be given by:

},n=(4o';r?/(l:ﬂ oL +1;’2) (4.43)
1 12

where,
o= Boltzmann constant, W/m?*
&,,&,= surface emittance

F,= configuration factor

—

T, = mean air space temperature, K

For glass, the surface emittance is equal to 0.82, and since F,=1 for vertical parallel

surfaces, equation 3.43 can be reduced to:

=2.80T7 (4.49)

By assuming constant saturation air moisture content, W,, at the window's surface
temperature during the time step used in the numerical solution, then by utilizing the
average indoor air humidity during the same time step, the mass condensation rate m,

deposited on the window’s interior surface can be evaluated by:

my=h_ (W, -W,) (4.45)

The surface mass transfer coefficient h,,. can be evaluated from the surface heat transfer

coefficlent h_ based on lewis relationship:
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(4.46)

o
[}
‘un Ina.

The rate of solar radiation absorbed by the window is determined by its physical
characteristics, the amount and type of radiation incident on the surface as well as the
angle of incidence. The rate of solar radiation absorbed by the window can be expressed

by

g, =(L=) I, +(1-tHI, + (1-c0) (4.47)
Where 1, refers to the windows solar transmittance when only solar absorption losses are
considered, and the superscripts b, d, r refer to the direct, diffused and retlected
components of radiation. The solar transmittance 1, is dependent on the glass

characteristics and the angle of incidence 6,, and can be given by [140]:

T, -exp(-K’Lxlcosez)

and

8, =sin™! [sin(0, )/ 1.526]

where,

K'= extinction coefficient, m”

L~ glass thickness, m

8,= refraction angle, deg.
For the direct radiation, the incident angle varies with time depending on the sun location
refative to the surface. Its value can be determined by the relevant equations described
by Duffie and Beckman [140). On the other hand, for the diffusive and reflective
components over a vertical surface, an effective incidence angle of 60° is used based on

the assumption that isotropic conditions prevail. The different solar radiation components
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in equation 4.47 are also evaluated based on the formulas provided by Duffie and

Beckman [140].

In this study, equation 4.41 is solved numerically by using the implicit finite-difference
formulations. For each pane three equally spaced nodes are used. By performing energy
balance at each node, a set of algebraic equations are obtained. For an interior node n,

the energy balance equation can be written as:

(1+2F0+2C)Ty" -2Fo Ty =T; +2C,T,+C,_m. +S, (4.48)

For an intermediate node n,

-Fo T:_'II +(1 +2F0)T:“ - Fo T‘.‘;l =T: +28, (4.49)

For an exterior node n,

-2FoT, | +(1+2F0+2C,)T;" =T} +2C,T,+$, (4.50)

and for the air space boundary node min the case of a double glazed window, the energy

balance equation can be written as:

~2FoT 1 +(1+2F0+2C, )Ty -2C, Thii =T5 +5, (4.51)

ar - m+l

where,

C,=At htlpsc:,:z Ax
C,=Athf PeCig Ax
Cac=2At hofp,c, Ax

and
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S.=q,At/p,c Ax
Fo=K At/p c, Ax*

Cm=Athmlpsc._!Ax

To determine the temperature distribution across the window at any given time, the nodal
energy balance equations have to be solved simultaneously. In this study, the tri-dlagonal

matrix algorithm is used for solving this particular problem.

4.4.3 Molsture conditions at the Interlor materlals surfaces: Surface moisture
condition of a particular material at the end of each time step will be evaluated by using

the time step average indoor air humidity W, where,

(W, + W)
Wm=__2'-_

Depending on the type of material moisture behaviour which is determined by the
corresponding Biot number, the material surface moisture conditions can be determined
by equation 4.5 in case of a lumped-parameter modelling, otherwise equation 4.8 will be
used to evaluate the change of material surface moisture conditions. Once the surface
moisture conditions are known, the moisture distribution across the material moisture
interaction thickness L,, can be modified by updating the parameters b7, b2 and b3 using
equation 3.22b, which in tum requires the evaluation of the time-dependent coefficients

afr), i=0,1,...., 4. These coefficients can be evaluated by utilizing equations 3.17-3.21.

4.5 Applications and Discussion
Based on the mathematical formulation discussed previously in this chapter, a computer

program called "SHVPM" has been developed to simulate air humidity behaviour within
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a single zone space. Air humidity behaviour within an enclosure Is determined by several
interrelated time-dependent moisture transport processes. The degree of influence of a
particular process, or even whether it is a participating factor or not, depends on the type
and relative impact of the other moisture transport processes. In order to demonstrate the
applicabliity and importance of the above mathematical development, a case study is
presented through which the relative effects and the determining parameters of the
different moisture transport processes on air humidity behaviour are investigated. In
addition, the impact of some moisture transport processes on surface condensation

potential as well as humidification and dehumidification requirement of the space are

examined.

4.5.1 Influence of moisture transport processes an space alr humidity response:
In buildings, air humidity behaviour is normally determined by a combination of moisture
transport processes. Some of these processes such as air leakage and surface
condensation are dependent on the outdoor environmental conditions (e.g., air
temperature, wind speed), while others are mainly determined by the building physical and
functional characteristics (e.g., indoor moisture generation and moisture absomption by
interfor materials). In order to study the influence and interaction of these different
processes, air humidity behaviour with a 600 m® building enclosure maintained at 21 deg.
C. Is studlied under typical winter and summer outdoor conditions for different
combinations of moisture transport processes. The modelled building geometrical
configurations are shown in Fig. 4.4. Hourly outdoor air temperature and moisture content
of the modelled winter and summer days are shown in Figs. 4.5-4.6, and hourly wind
speed and direction are shown in Figs. 4.7-4.8. The daily indoor moisture generation

profile used in the modelling is shown in Fig. 4.9. It is based on moisture prediction within
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a typical residential building with four occupant.

+- s A
Y
«ﬁ:' —>
l

Space Volume= 600 Cu. m —

Fig. 4.4 Geometrical configuration for the modelled single
zone enclosure,

Indoor air humidity behaviour Is greatly influenced by air leakage through exterior walls.
The rate of air leakage depends on the air leakage characteristics of the walls as well as
the wind speed and direction. Space air humidity response in a winter day at different wall
air leakage characteristics is shown in Fig. 4.10. By referring to Fig. 4.5, it can be seen
that the space air humidity behaviour generally follows the same variational pattern of the
outdoor air in all cases. However, space air humidity response to fiuctuations in outdoor
air moisture conditions are greatly influenced by the air leakage characteristics of the
exterior walls. As the air leakage coefficient increases (i.e., air flow increases) space air
humidity response follows more closely the variations of the outdoor air both in pattern
and magnitude. In addition to the air flow rate across the exterior walls, the instantaneous

response of space humidity to any change in outdoor conditions is dependent on the
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difference in absolute humidity betwsen the outdoor air and the space alr. For example,
examination of Fig. 4.5 and Fig. 4.10 reveals that although outdoor humidity starts to rise
at hour 12, space humidity continues to fall or remain unchanged for some hours until it
begins to respond to rising outdoor humidity at different imes. From Fig. 4.10 it can also
be seen that increasing the air leakage coefficient by a certain magnitude does not mean
an equal increase in the space humidity response since the air flow rate does not only
depend on the air leakage coefficient, but aiso on the corresponding pressure difference

which is non-linearly related to the air flow rate.

In many cases, no air flow occurs across certain walls in the building either due to special
treatment or as a result of being physically attached to other adjacent buildings. Blocking
alr leakage through a certain wall will result in a unique space humidity response resulting
from the alternation of the air flow pattern which is mainly determined by the wind speed
and direction. Fig. 4.11 compares the humidity response of a space with all its exterior
walls at equal air leakage coefficients to a similar space with no air flow across its west
wall. It can be seen that space humidity response is significantly reduced. This can be
explained by the reduced positive air flow rate (i.e., air infiltration) through the west wall
which is subjected to positive wind pressure as can be found from Fig. 4.7 where the wind
direction fluctuates between the west and south west directions. By eliminating the
possibility of air flow through the north and south walls, air humidity response is further
reduced as can be seen from Fig. 4.12. Such behaviour is caused by the considerable
reduction in the total air leakage area through which both exfitrating and infiltrating air can
pass. Moreover, the south wall is critical to the determination of the positive air flow since
it Is subjected to positive wind pressure throughout most of the modelling period. On the

other hand,when the air flow through the east wall is eliminated, it has almost no effect
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on the air humidity behaviour as can be seen from Fig. 4.13. This can be mainly attributed
to the location of the east wall relative to the wind direction which makes it an exfiltrating
wall, therefore, it has insignificant impact on the total air flow and hence on the space air

humidity behaviour,

The effect of moisture absorption and desorption by interior materials on air humidity
behaviour is illustrated by Fig. 4.14 through Fig. 4.16. Fig. 4.14 shows the effect of
moisture absorption/desorption by a painted gypsum board (i.e., latex paint) at different
material surface areas. It can be seen that in spite of the relatively high surface moisture
transfer resistance, the presence of 100 m? of the gypsum surface has dampened the
negative response of the space air humidity throughout the day. By increasing the material
surface area to 400 m?, the resulting modification in space air humidity behaviour is almost
proportional to this increase. This modification of air humidity behaviour is due to the
desorption of molisture previously stored within the material. At the beginning, the materal
was at equilibrium with its ambient air which was originally at an air moisture content of
about 510 kg/kg. As the space air humidity starts to be decreased by the air leakage
process, an equilibrium status is created between the material surface and the ambient
air resulting in moisture being drawn out of the material by the desorption process. The
response of the material to changes in ambient conditions is greatly determined by the
surface moisture transfer coefficient. Fig. 4.15 shows the change in air humidity response
when the surface moisture transfer coefficient is changed from 510 (representing two
coats of latex paint) to 8.4:10 kg/m?s (representing unpainted surface). By examining
the two responses, it can be noticed that the moisture desorption process when space air
humidity was decreasing due to air leakage, has moderated such behaviour by releasing

molsture into the space. On the other hand, the moisture absorption process has
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constrained the rise in air humidity after the 21* hour in the simulation period. In addition
to the surface coefficient, the "~pact of moisture absorption and desorption processes is
determined by the moisture characteristics of the interior materials. Variations in air
humidity behaviour due to moisture absorption/desorption by different interior building
materials is shown in Fig. 4.16. Wood due to its high hygroscopic moisture capacity

exercises the greatest influence on air humidity behaviour while brick offers the least

influence.

Depending on the moisture generation scheme and the degree of participation of other
moisture transport processes, indoor moisture generation can greatly influence the indoor
air humidity behaviour. Fig. 4.17 shows the impact of indoor moisture generation in the
presence of air leakage when the dally profile shown in Fig. 4.9 is used. It can be seen
that the pattern of variations of air humidity follows the moisture generation profile with no
sign of influence of the air leakage process, although it has contributed to the modification
cf the level of air humidity. In this case, the indoor moisture generation process is
considered the controlling moisture transport process. The effect of moisture generation
scheme is shown in Fig. 4.18 where moisture generation profile and constant moisture
production rates have been compared. Clearly, air humidity behaviour within the space is
determined by the pattern of indoor moisture generation. A constant moisture production
rate within the space will result in a steady increase in its humidity with little fluctuations
resulting from variations of the air leakage rates. When the moisture generation rate is
higher than the rate of air humidity dilution by air leakage, saturation will be reached
forcing moisture to be deposited on interior surfaces. In practice, however, other moisture
transport processes, such as surface condensation, will be active, preventing indoor air

humidity from reaching its saturation leve!.

104



*RI|IN15100IBYD |SWIGY] GIB|ING UO[BSUSPUOD LUDIQ}IP IO]
Jnoraeyeq A)PILNY 11§ U0 UCHESULPUDD @IVHINE JO 19913 O ¥ NI

£y ‘auwy)
9z oz o o 2 o
T T ¥ T 0
412000
11048 diep-uDn
fies Loy Jo §OZ0v 1#00'0
-1900°0

B \\\ {8000
\\ 100

———— moputm sibuje .
AOpUIA #jqnOp .

z10°0

Oy/0% ‘Jusjuos ainpe(ow Jjy

"e0WNES] 1)@ Jo eoussesd oyl vy JnoIABYEq A}pluny
1|¥ U0 vojieIeuel sinejow JOOPU) JO 13943 a1y DI

oy ey
14 oz St o 9 0

15000

{100

15100

L E DO TE1

/8N 1007 HOM -- /07 9Z000HDI —  ®II0Id L sPeHON — {200

Oy/BY “JUMUOD BINJEOW )y

"uolIviaual aInisiow Joopwl jo aouesaud ayl ul Jnolasyaq

A)|pjuiny 1@ UC UOIESUIPUOD IVBJINE Jo 10843 ELY 014

000

*o0’0

L0070

g00°0

100

100

r1i00

gL0°0

100°0

2000

€000

ro0'0

$00°0

[FITRC T Y

sz oz -1} [+ 9 o

al

sljord Lep-pon

$qnopemopum jo add) T

S001=DY rmm
L L1 B L —

1iem yyi0u

Y1 g0 absjueaed Q0¥ .. |

0V £}
iy "JURUDD BN RjOW Ny

“SUOIIPUDD JOOPING JIILIM

' 20exEs) 118 j0 eouasId QU U JNolABYIq AjIppuny

e U0 uoipiouald ginjsiow Joopw jo 129133 21 B4

"y ‘awy)
9z oz s oL 1+ 0
o
alijeid Ljepdom )
1 AP 9-Ti-1NIYR JIv) B3
1
e~ __ |
/
I
~ /

/l\ eBTYARE| R + D] —

elrxee A .

Oy /0 "JusjUod minju[ow Iy

900'0

105



The response of air humidity to moisture loss by surface condensation in the absence of
air leakage is shown in Figs. 4.19-4.20. The impact of surface condensation on double
glazed windows at different condensation surface areas is shown in Fig. 4.19, where it can
be seen that condensation for all cases starts to occur at the same time when the space
air humidity ratio is higher than the saturation air humidity ratio at the condensation
surface. The instantaneous air humidity response in this case is determined by the net
moisture gain which is the difference between the indoor moisture generation rate and the
rate of surface condensation. Although the rate of surface condensation is directly
proportional to the condensation surface area, the change in humidity response will not
be proportional to the increase in surface area. This can be clearly recognized from
Fig.4.19 where considerable reduction in air humidity is experienced by Iintroducing a
condensation surface area of 12 m? (i.e., 20% of the north wall), while a relatively less
reduction is obtained when it is increased by four folds (i.e., 100% of the north wall). The
pattern of air humidity variation in the presence of condensation depends on the moisture
generation profile as well as the variational behaviour of the condensation surface
temperature since it is an impontant factor in determining the driving potential of the
condensation process. When moisture production within the space is a function cf the
space air humidity (e.g., evaporation process), then in the presence of condensation, *he
air humidity will reach to a certain level at which moisture loss by condensation will be
equal to molsture gain by indoor moisture production. This equilibrium level will always be
lower than the space saturation condition, but higher than the saturation condition at the
condensation surface. The saturation air moisture content at the condensation surface is
an important parameter n-! only in determining whether condensation occurs or not, but
also in determining the rate of condensation. Therefore, for the same outdoor air

temperature, air humidity response due to surface condensation on a single glazed
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window is expected to be completely different from that due to condensation oh a double
glazed window. Fig. 4.20 compares space air humidity responses to surface condensation
on single and double glazed windows. It can be seen that in the case of the single glazed
window, condensation starts to occur much earfier with a considerable reduction in the air
humidity level. in winter, the interior surface of a single glazed window is always at a lower
temperature than that of a double glazed window, hence the assoclated space air humidity

will always be less than or equal to that corresponding to a double glazed window.

Space air humidity behaviour due to different combinations of moisture transport
processes is shown in Figs. 4.21-4.23, The impact of molsture absorption and desorption
processes on air humidity behaviour in the presence of air leakage and indoor molsture
generation Is shown in Fig, 4.21. Athough air leakage is the controlling moisture transport
process, the effect of moisture absorption by the gypsum board on air humidity response
is still appreciable even though the surface moisture transfer coefficient is relatively high.
In this case, both the air leakage and the moisture absorption/desorption processes are
acting as dampening processes reducing the leve! of air humidity at any particular point,
while the indoor moisture generation process is acting as a shaping process determining
the varational behaviour of the air humidity over time. The influence of some moisture
transport processes can be limited or even eliminated in the presence of other controliing
moisture transport processes. Fig. 4.22 shows that the process of surface condensation
has no effect on space air humidity behaviour since the air leakage process has reduced
it to a point below the saturation conditions at the condensation surface. However, at a
certain reduced air leakage rate, the surface condensation process can be an influencing
factor. The impact of air leakage of a moderately untight enclosure on air humidity

behaviour in the presence of indoor moisture generation and surface condensation is
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shown in Flg. 4.23, Clearly, the air leakage process has a significant and a controlling
Impact on modifying air humidity within the space while the influence of the aother

processes is either eliminated or minimized.

Depending on the outdoor environmental conditions, moisture transport processes can
have a completely different impact on space air humidity behaviour since they may act
and interact in a different manner. The influence of moisture absorption by different
materials on air humidity behaviour under summer outdoor conditions is shown in Fig.
4.24. Because of its high moisture capacity, wood can absorb considerable amounts of
moisture from ambient air causing a significant slow down in the rising trend of air
humidity. On the other hand, the brick material exhibits the lowest impact causing a
relatively minor modification. Comparison between Fig. 4.24 and Fig. 4.16 shows that the
materials relative influence both in the desorbing and the absorbing processes is mainly
the same. This means that whether in the absorption or the desomption processes, material

impact on air humidity behaviour is determined by its hygroscopicity.

The impact of air leakage on air humidity behaviour in a summer day is shown in Fig.
4.25. In this case, the ¢'- leakage process has a limited impact on space air humidity
since the outside humid air has very little moisture removing potential as can be found out
from Fig. 4.6. The absence of moisture sink processes, such as dehumidification, has
caused air to reach its saturation level in a relatively very short period of time. In reality,
however, space air humidity is likely to be below the saturation level due to the presence
of other moisture transport processes that will act as moisture sinks. These moisture
transport processes (e.g., surface condensation), are nommally activated at very high

humidity level even though they are normally passive during the summer. Although it may
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remain below the saturation level, indoor air humidity will normally be at an unacceptable
high level, therefore, mechanical dehumidification may be required. The infiuence of the
dehumidification process on indoor air humidity depends on the dehumidification capacity
of the delivered air as well as the strategy of implementation. The air dehumidification
capacity is determined by the delivery rate and its molsture conditions. The
dehumidification system modsiled in this study consists of a dehumidification coil which
is kept at a constant temperature of 8 deg. C. The supplied air is a recirculated spacse air
with no outdoor air introduced. In this case, the coll outlet temperature will be constant,
but the air humidity conditions will vary depending on the space air moisture conditions.
Fig. 4.26 shows the effect of continuous implementation of the dehumidification process
at different air supply rates. It can be seen that by introducing the supply rate at 0.25 ka/s
the space air humidity remains almost unchanged at a level around the coil dew-paint
conditions. By doubling the air supply rate, no significant change in air humidity behaviour
is observed. The impact of the dehumidification process is dependent on the
implementation strategy of the process. Figs.27-4.28 illustrate the two different behaviours
of air humidity when dehumidification is implemented for certain periods during the day.
Each strategy has resulted in a unique daily indoor air humidity variational pattern. In the
presence of indoor moisture generation, the Influence of the dehumidification process
becomes more pronounced as shown in Fig. 4.29. Although its variational behaviour still
follows the moisture generation profile, its fluctuations have been considerably
constrained. The impact of the dehumidification process in the presence and absence of
the air leakage process is shown in Flg. 4.30. The degree of influence of the air leakage
process is dependent on the difference in moisture contant between the indoor air and the
outdoor air. When they are equal or close, the Influence of the air leakage process is none

or insignificant. When the dehumidification process is implemented, the influence of air
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leakage as a moisture source Is noticeable as can be seen from Fig. 4.30. In this case,

the outdoor air humidity is always higher than the space humidity resulting in a positive

impact of the air leakage process.

4.5.2 Assessment of surface condensation potentlal: In winter, surface condensation
on interior surfaces of windows is a frequent phenomenon that could cause short term and
long term problems. These problems could be as minor as obstructing the view through
the window to as serious as damaging the windows framing system and creating pools
of stagnant water which may resuit in mould and mildew growth. Therefore, it is important
to assess the surface condensation potential comresponding to a particular environmental
condition and space physical characteristics. Surface condensation oceurs whenever the
space air moisture content is higher that the saturation air moisture content corresponding
to the interior window's surface. In order to assess surface condensation potential over
a particular period of time, space air humidity behaviour as well as the behaviour of the
interior surface temperature which is mainly a function of the outdoor air temperature.
Surface condensation potential within a 600 m® space shown in Fig. 4.4 during a winter
month in Montreal will be studied in order to assess the influence of the different
parameters involved. The outdoor environmental parameters for the modelied month are
shown in Figs. 4.31-4.33. These data are recorded at Dorval weather station in Montreal
for 1985. Surface condensation potential over a double glazed window for a relatively ught
enclosure is shown in Fig. 4.34. It can be seen that for most of the simulation period, the
air humidity is higher than the saturation humidity conditions at the window’s interior
surface. This means that for the modslled physical and functional characteristics of the
space, there is high potential for surface condensation. The difference between the space

air humidity and the saturation air humidity ratio at the surface temperature will determine
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Fig. 4.31 Hourly outdoor alr temperature during a winter month In Montreal,
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Flg. 4.32 Hourly alr molstura content during a winter month in Montreal,
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Flg. 4.33 Hourly wind speed during a winter month In Montreal.
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the amount of condensed water at any particular time. However since air humidity
behaviour in Fig. 4.34 is obtained without considering the condensation process, the
difference between the curves will give an idea about the likely tota! moisture that wil! be
deposited on the surface over a certain periad rather than the actual instantaneous mass
condensation rate. Examination of Fig. 4.34 shows that the pattemn of variations of
saturation humidity ratio at the condensation surface follow almost instantly the variation
pattern of the outdoor air temperature shown in Fig. 4.31. Such response is an indication
of the small thermal inertia exerted by the window system. Referring Fig. 4.34 to the
variations in wind speed shown in Fig. 4.33 indicates the strong dependence between air
humidity behaviour and the wind speed pattem of variation. From Fig. 4.34, it can be seen
that towards the end of the simulation period, air humidity is kept at a relatively high level
indicating reduced air leakage rate during this perioa. =xamination of Fig. 4.33 indicated
that during the same period, wind speed is maintained at a relatively lower level which

confirms the previous explanation of the reduced air leakage rate as the main reason for

the high humidity level.

Reducing the thermat resistance of the condensation element would undoubtedly resuilt
in higher surface condensation potential due to reduced interior surface temperature. Fig.
4.35 shows the condensation potential over a single glazed window for a relatively tight
enclosure. Comparison with Fig. 4.34 shows the substantial increase In the surface
condensation potential when a single glazed window is used Instead of the double glazed
system. The larger difference between the air humidity curve and the saturation curve
indicates that greater amounts of water will be removed from the space by the

condensation process.
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Surface condensation potential can be greatly minimized by increasing the rate of air
infitratior. Increasing the air leakage coefficient of the exterior walls from 0.5-10* to
1-10* m¥/m?-Pa*s has considerably reduced the potential for surface condensation by
pushing most of the air humidity curve below the saturatior: curve as shown in Fig. 4.36.
By increasing the air leakage rate furtiser, surface condensation can be completely
eliminated. However, in most cases, other more important considerations will probably
decide the air leakage level that can be tolerated. In this situation other moisture transport

processes could have an important role in modifying air humidity behaviour to reduce

surface condensation potential.

Moisture absorption and desorption by interior materials can play an important role in
determining the air humidity behaviour within the space. Their influence depends on the
material moisture and physical characteristics as well as the surface moisture transfer
coefficient. Moisture absorption/desorption pracess has been a participating factor in
determining the air humidity behaviour shown in Fig. 4.34. In that case, 400 m? of painted
gypsum board surface have been available In the space. Although the gypsum material
has a relatively low hygroscopicity level, it seems to have an appreciable impact on air
humidity behaviour as can be observed by comparing Fig. 4.34 with Fig. 4.37 where no
absorbing material is used. The absence of the absorbing material has caused broader
fiuctuations in the air humidity response since no moisture is absorbed to suppress its rise
and no moisture is desorbed to moderate its fall. Examination of Fig. 4.34 and Fig. 4,37
reveals that in the absence of the hygroscopic material, air humidity has been below the
saturation curve for a longer period of time. However, its presence can be generally
judged as positive in terms of reducing surface condensation potential. This can be easily

recognized by visually comparing the area bounded by the two curves for both cases. By
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increasing the surface moisture transfer coetficlent (i.e., no surface paint), the peaks in
the space air humidity response have been reduced, but at the same time, the drops have
been considerably raised as shown in Fig. 4.38. Hence in this particular case, the net
effect of increasing the surface moisture transfer coefficient can be judged as negative in
reducing the surface condensation potential. A more important parameter in determining
the degree of influence of the molsture absorption/desorption process on air humidity
behaviour is the moisture characteristics of the interior materials. When wood is used
instead of the gypsum material, the potential of surface concensatior: is almost eliminated
as can be seen from Fig. 4.39. At the veginning of the simulation pariod, space humidity
is kept below the saturation curve, such behaviour is attributed to the high initial
absorption capacity of rial which was initially almost dry. In practice, interior materials are
almost in moisture equilibrium with the ambient air, therefore the influence of the
absomtion/desorption process on air humidity bebaviour is unlikely to be as the initial
impact shown in Fig. 4.39. Instead, it is likely to follow the pattern of influence shown at

the end of the sirnulation period.

4.5.3 Assessment of humidification and dehumidification requirements: For many
situations, indoor air needs either to be humidified or dehumidified in order to keep the
indoor environment a suitable place to perform its intended functions. in cold climates, air
humidification is normally needed to keep the indoor air at a certain desirable level, since
the natural balance of moisture gains and losses is likely to produce very low indoor air
humidity. Air humidification requirement for a 600 m® space during a winter month will be
studied in the presence of different moisture transport processes. Fig. 4.40 shows the air
humidification requirement for an enclosure with an average air tightness level when no

indoor moisture generation oceurs. It can be seen that there is a considerable difference
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between the required humidity level and its actual behaviour. To achieve the required
level, moisture has to be added into the space. The effect of any added amount of
moisture towards achieving this goal, is dependent on other moisture tr:nsport processes
that could be active during the humidification pericd. Fig. 4.41 shows that the space air
humidity is fluctuating around the required leve! when the moisture Is continuously added
to the space with a rate of 2.10 kg/s. When the molsture generation rate is reduced by
50% for the same space physical characteristics, air humidity will be mainly fluctuating
below the required humidity level as can be seen from Fig. 4.42. However, for this
reduced moisture generation rate, air humidity behaviour relative to the required level
remains almost unchanged when the air leakage coefficient of the enclosure exterior walls

is reduced by 50% as can be observed by comparing Fig. 4.43 with Fig. 4.41.

When indoor air humidity is required to be maintained at a relatively high leve! during
winter, surface condensation is probably an unavoidable consequence. Such process will
put a limit on the level of air humidity that can be mainta:ned within the space. Therefore,
either the required humidity is reduced or other measures have to be taken to prevent
surface condensation at the required humidity !avel. Surface condensation over a double
glazed window has been a factor in determining air humidity behaviour shown in Fig. 4.41.
In this case, its influence against achieving the required humidity level can be judged as
minimal since air humidity has dropped below the required leve! for a relatively short
period of time. On the other hand, when a single glazed window is used, alr humidity is
always maintained below the required level when all other moisture transport processes
are kept the same as shown in Fig. 4.44. The required humidity could be achieved either
by increasing the moisture generation rate or by decreasing the air leakage rate. Such

measure will probably increase the level of indoor humidity, but at the same time will
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increase the amount of moisture removed by surface condensation. An approprate
measure towards achieving the required humidity level is either to use a double glazed

window system or to substantially reduce the window's surface area If single glazed has

to be used.

In contrast with the surface condensation process, where moisture is always lost from the
space, moisture absorption/desorption by intericr matenials can be viewed as a regulatory
process, absorbing moisture when ambient humidity is high, but releasing molsture when
it is relatively low. Fig. 4.45 shows the impact of moisture absorption/desorption process
when wood is used as an interior material. Comparison with Fig. 4.41 shows that wood
as an absorbing material has almost the same impact on air humidity behaviour when the
surface moisture transfer coefficient h,, is relatively high. At high surface transfer
coefficient, the wood material with a moisture interaction thickness of 2.5 mm seems to
have considerable impact on moderating air humidity fluctuations around the required level
as can be seen from Fig. 4.46. Increasing the moisture capacity of the interior material
either by adding more hygroscopic materials or by Increasing its moisture interaction
thickness will undoubtedly result in less air humidity fluctuations around the required level.
Such behaviour can be compared with the impact of the interior thermal mass on indoor
air temperature fluctuations. However, moisture capacity of interior materials could greatly
vary from one material to another while variations of their thermal capacity stays within a
relatively narrow range. From the above discussion it can be said that air humidification
requirements in buildings can be greatly affected by the type and the degree of influence
of the prevailing moisture transport processes. Moreover, air humidity fluctuations around
a desirable level can be significantly reduced by modifying the contribution of the right

combinations of the moisture transport processes. However, when the resulting air
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humidity fluctuations cannot be tolerated, a more sophisticated control strategy would have
to be implemented. For example, instead of being constant, the rate of moisture
generation within the space can be regulated so as to be reduced or increased at the

appropriate time according to the space requirement.

In summer, air dehumidification is likely to be required to maintain indoor humidity‘ ata
desirable level. When the outdoor air is the main source of maisture it will not be possible
‘o naturally reduce the level of space air humidity. For a relatively tight enclosure, Fig.
4.47 illustrates the indoor air humidity behaviour corresponding to the outdoor air summer
conditions shown in Figs. 4.48-4.49 which were recorded during August 1985 at Dorval
weather station in Montreal. It can be seen that even in the absence of Indoor moisture
generation, moisture needs to be removed from the space. The presence of the moisture
absorbing materials will generally have negative impact even though it seems to have
reduced the peaks of the air humidity response as can be observed from Figs. 4.50-4.51.
Comparison between Fig. 4.47 and Figs. 4.50-4.51 shows that air humidity is maintained
ata higher level at times when outdoor humidity is relatively very low. This means that the
moisture absorbed earlier at higher air humidity level will be released later at lower
ambient humidity. Therefore, by introducing a highly hygroscopic materials to the space,
more moisture is needed to be removed to achieve the required level. The influence of
decreased and increased air leakage rates on the dehumidification requirements is shown
in Figs. 4.52-4.53. In this case, since the outdoor air is the source of molsture addition to
the space, decreasing or increasing the air leakage rate will have a limited impact on the
moisture removal potential. Comparison between Fig. 4.42 and Fig. 4.53 shows that by
increasing the air leakage rate, the space was fast to respond to any drop in outdoor

humidity, but it also responded quickly to rising outdoor air humidity. Such behaviour is
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not only determined by variations in outdoor air humidity, but also by variations in wind
speed which is the main driving potential for air leakage during summer. The influence of
the air leakage process on the dehumidification process will become more pronounced
when substantial amount of moisture is generated with the space. This will likely result in
a relatively higher indoor humidity giving «he drier outdoor air a potential for removing

moisture from the space.

4.6 Summary

Air humidity response within a single-zone enclosure has been theoretically modelled via
a linear differential equation which takes into account all relevant molsture transport
processes. The resulting equation was solved in conjunction with a comprehensive
numerical formulation through which non-linear processes were linearized by using a
discrete time step. A theoretical study of air humidity behaviour in a single-zone space has
revealed that indoor air humidity behaviour, in response to the air leakage process,
generally follows the same variational pattern as that of the outdoor air with different time
lags determined by the air leakage rate. The relative influence of a particular moisture
transport process depends on its time constant, continuity and its interaction with other
processes. Some processes, such as surface condensation can have a considerable
immediate impact on indoor air humidity, however when combined with air infittration, it
could become inactive in a short period of time. Molsture absorption and desorption by
interior materials, on the other hand, offer continuous moisture sources and sinks which
remain active as long as fluctuations in indoor humidity occurs. A more pronounced impact
is experienced due to the indoor moisture generation process with resulting modifications
determined by the rate and the pattern of moisture generation. At high moisture generation

rates, surface condensation becomes a determining factor with or without air infiltration.
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Indoor air humidity behaviour determines the surface condensation potential over interior
cold surfaces. In addition, it determines the humidification (in winter) and the
dehumidification (in summer) requirements of the space. Knowledge of the degree and
type of influence of the different moisture transport process over indoor air humidity
behaviour would be essential if certain measures ought to be taken to modify its behaviour
in a certain way. Modifying indoor air humidity behaviour can be mainly achieved by
changing one or more of the space functional or physical parameters. For example,
reducing the risk of surface condensation can be achieved either by increasing the
window's thermal resistance or by increasing the air leakage rate through the exterior
walls or by implementing both measures. On the other hand, when indoor humidity is to
be maintained at a relatively high level, air leakage rate may have to be reduced and
moisture may be needed to be added to the space air. The impact of any or a
combination of measures can only be appreciated when the moisture interaction between

the various moisture transport processes is modelled and the resulting air humidity

behaviour is predicted.

127



CHAPTER 5

MODE" " ING OF AIR HUMIDITY TRANSIENT BEHAVIOUR IN A MULTI-
ZONE SPACE

5.1 Introduction

interior space in most buildings can be divided into several zones which are physically
separated but connected through doorways or farge openings. Each zone usually has its
own interaction with the exterior environment, as well as, its own functional and physical
characteristics, hence air humidity dynamics in each zone is expected to be different.
However, inter-zonal air movement, which is associated with convective moisture transfer,
could greatly enhance the interdspendence of zonal air humidity behaviour, especially,
when the zones are connected by large openings and there is enough driving force across
them. Inter-zonal air movement occurs due to difference in barometric pressure or in air
temperature between interconnected zones. In the absence of inter-zonal alr movement,
moisture transfer between zones could occur by vapour diffusion. However, in the
presence of inter-zone air flow, this moisture transfer mechanism will have a negligible

effact on inter-zonal moisture transfer.

Moisture transfsr by convection either across exterior boundaries or across an inter-zonal
flow path, could have a significant impact on the level and the variational behaviour of
zonal air humidity. In order to evaluate the rate of air flow across a given flow path, its
flow characteristics, as well as, the pressure differential across it must be known. The
pressure difference across a particular flow path is dependent on the boundary conditions,

such as wind pressure, and the flow characteristics of other flow paths. Therefore, a
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multi-cell air flow model that describes the interactions between all flow paths must be
used. In such a model, each zone and boundary condition is represented by a singie
node. By performing a mass balance at each zonal node, a set of nonlinear algebraic
equations are obtained. These equations then have to be solved simultaneously in order
to evaluate the pressure at each node. In this study, Newton's iterative technique is

utilized to solve the resulting nonlinear equations.

In order to construct the mass balance equations, air flow across each flow path must be
expressed in terms of the unknown nodal pressure. A review of related literature caried
out in Chapter 2 has revealed that available theoretical models which relates the air flow
rate to the pressure difference across the air flow element vary in terms of their
sophistication and applicability. Basic models non-linearly relate the air flow rate to the
pressure difference through a coefficient which represents the air leakage characteristics
of the element. Air leakage values for various wall components are given by ASHRAE
{20]. These values are based on laboratory tests. Evaluation of wind and stack pressures
has been discussed in [20], and more detailed evaluation of wind pressure has been

discussed in tarms of pressure coefficients [45].

Inter-zonal flow paths are normally large openings {i.g. doorways) which tend to be more
complex with the possibility of opposite flows across it in the presence of temperature
difference between the connected zones. Most available models have described the
natural convective process through large openings via a dimensionless correlation using
Nusselt number, Prandt! number and Grashof number, However, by utilizing the orifice
equation, it has been shown that when using the appropriate flow coefficient heat transfer

and the corresponding mass flow predicted by a correlation equation for the two-way flow
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through a doorway can also be expressed by the power law elemunts [49]. The orifice
equation can also be used to evaluate air flow across large openings when prassure

distribution is uniformly distributed over the height of the opening.

‘The main objective of this chapter is to mathematically model the transient behaviour of
air humidity within multi-zone spaces. This has been achieved by incorporating a multi-ce!l
air flow model with the room air humidity respons. model described earlier in Chapter 4.
The model consists of a system of interrelated differential equations which describe the
moisture mass balance in each zone as well as the moisture lntera&lon between the
different zones. Instantaneous zonal air humidity conditions have been evaluated by
simultareously solving the resulting differential equations using the Gill's modified Runge-
Kutta method. In order to appreciate the relative influence of the different moisture
transport processes involved on zonal air huinidity behaviour and distribution, a study case
is presented. The influence of the zonal physical and functional characteristics is
investigated. Moreover, the impact of zonal arrangement and the combined effect of air
leakage through the building envelope and the inter-space air movement on zonal air

humidity behaviour is studied.

5.2 The Mathematical Model

Alr humidity dynamics within a particular zone in a multi-zone space is dependent on its
interaction with the exterior environment, its inter-zonal connections and its functional and
physical characteristics. Zones which are physically separated or have small connections
(.e. flow paths) with other zones are likely to behave independently. In this case, local
moisture transport process such as, surface condensation and moisture absorption will

determine the dynamic behaviour of air humidity within the zone. Assuming that moisture
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added or removed from the space through any moisture transport process will uniformly
affect its air moisture condition, then by utilizing the moisture mass balance approach, air
humidity dynamics within the space can be inodelled. Air humidity behaviour in an

independent zone with nn inter-zonal connections can be given by Equation 5.1.

a1 At g dt = dt (5.1)
X dmm

p

o g

where,

dW/dt = rate of change in indoor air moisture content, kg/kg's.

dms/dt = rate of moisture absorption and desorption by interior materials,
kg/s.

dma/dt = rate of moisture added or removed due to air flow across room
boundaries, kg/s.

dme/dt = rate of moisture removed by condensation, kg/s.
dme/dt = rate of moisture added by evaporation, kg/s.

mg = rate of moisture generation from indoor sources (i.e. people, indoor
operations, etc.}, kg/s.

dmim/dit= rate of moisture removed by the dehumidification process, kg/s

In reality, different zones in buildings are usually connected by flow paths through which
moisture can be exchanged either by convective currents or by vapour diffusion.
Consequently, alr humidity behaviours in connected zones become interdependent. The
degree of interaction between different zones depends on the effective area of the
connecting opening as well as the pressure differential across it. Moisture transfer by

convection occurs between exterior and interior zones since a pressure difference
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normally exists across the connecting openings. A pressure difference could result either
from the mass balance due to air leakage, or the stack effect caused by a temperature
difference between the connected zones. Although inter-zonal diffusive moisture transfer
is relatively small, however, considerable amount of moisture could be transported via this

moisture transfer mechanism when large openings connect the zones.

Air humidity dynamic behaviour in a multi-zene space can be modelied by a system of
linear differential equations. Each equations describes air humidity response in a particular
zone. Based on the above assumption, the dynamic response of air humidity in a given

zone can be generally given by Equation 5.2,

W, .1 (xdns ydma ydnf odmc s dme,

dad p,Vymd jadt jd jd jad

(5.2)

The second term on the right <ide of Equation 5.2 represents moisture transfer due to air
leakage through exterior walls, as well as moisture transfer due to inter-zonal air
movement. The third tenn represents moisture transfer by diffusion through large
opsnings. Moisture transfer by diffusion is only considered when there is no air movement
across the opening. This nomally occurs between interior zones with the same air
temperature. Substituting for the moisture transport processes, Equation 5.2 can be written
for the k-th xone as given by Equation 5.3. In order to determine zonal air humidity
behaviour in @ multi-zone space of n zues, n differential equations, similar to Equation

5.3, have to be written and solved simuftaneously through numerical techniques.
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daw, (k) _"i’ C [W W(k)]exp(—B 1) +2 G v, (r) W, (k)] +

dt
M[EQ‘,‘W W(k)EQb)+M'§A (W ()~W, (k) +
MIEA, b, AW, W)+ A b, (W, W(k>}+§mg,
J=1 ] } j=1 /
Qp (W, -W (k)
where

Am hm
B=
RV pa " Cm Tm

C=Aﬂ'l hm

PV
M=

p, (k)
M = D.,

Y ALV

However, for better understanding and appreciation of the influence of inter-zone moisture
interaction on zonal air humidity behaviour, the analytical solution of a simple two-zone
system will be discussed first. The two zones are assumed to be maintained at different
air temperatures and are initially at different air humidity conditions. In order to simplify the
problem, it is assumed that the only moisture transport process available is the inter-zone
airflow through which moisture is exchanged between the two zones under the stack effect

action. For this case, zonal air humidity response can be described by the following

coupled differential equations:

aw®

— Q" IW(n A0)
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dw, :
ZD 2w (5:4b)
a  pyY
Where Q, represents the airflow from zone j to zone /, and Q, represents the opposite
flow. By solving this system of differential equations, air humidity response for zone /can

be given by:

W) =W, (Dexp(-a,r) + B,[1-exp(-a,5)] (5.5)

where

(% Wm("f”]/a,

B
1 ng

From Equation 5.5 it can be seen that air humidity behaviour in zone / is dependent on
the air moisture conditions in zone j. Similarly, air humidity behaviour in zone j is
dependent on zone i. This interdependence between the zones is a result of the two-way
inter-zone airfiow and is represented by a system characteristic time a,, which incorporate
the responses of the two zones. In this cass, each zone acts as a moisture source and
a moisture sink at the same time relative to the other. On the other hand, in a one-way
inter-zone air flow, a given zone will either represent a molsture source or a moisture sink.
Alr humidity behaviour in the source zone will depend on air moisture conditions of an
external source such as the outdoor environment in case of a two-zone system or possibly
ancther connected zone in case of a multi-zone systam. The airflow rates along the flow
paths connecting the differant zones are the main factors determining the system overall

air humidity response and the degree of interaction between the different zones. Therefore
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for solving the resulting system of differential equations which describes air humidity

behaviour in a multi-zone spacs, the airfiow rate along each flow path must be known.

5.3 Air Flow Through Bullding Enclosure Elements

In buildings, air flow occurs through different paths, ranging from a crack in the exterior
envelope to a doorway connecting two zones. Knowledge of their leakage characteristics
and the pressure difference across them is essential for evaluating the amount of air flow

through each fiow element.

5.3.1 Alr flow through exterlor building envelope: Air flow modelling through exterior
building envelope due to different driving potentials have been discussad previously in
Chapter 4. The same formulations can be used to evaluate the rate of air flow across the
exterior walls of any particular zone. In this chapter discussion will be limited to the

problem of air flow across inter-space openings which include large openings and closed

doorways.

5.3.2 Inter-zonal Alr Flow: An inter-zonal flow path could be a closed door or a large
opening (i.g. doorway). Air flow through large openings tend to be more complex with the
possibility of opposite flows due to temperature difference between the connected zones.
In the absence of temperature difference {i.e. pressure distribution is uniform), air flow

through both types of flow paths can be given by the orifice equation. For large openings

air flow can be given by:
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2AP (5.6)

a

QM=CA0 Pa

where,
A,= apparent area of opening

and for a closed door,

2AP (5.7

a

QM=C A, P,

where,

A,,= equivalent orifice area

The equivalent orifice area may be evaluated from the available leakage data of the door
in question. Air flow through a closed door due to stack effect can also be modelled by
the orifice area. However, to account for opposite flows, two fiow elements are assigned.
Assuming uniform distribution of leakage areas, the equivalent orifice area can be divided
into an upper and a lower area, each representing the leakage paths in half of the door.

The rate of air flow can be given by:

A, - |2AP
=C (== — (5.8)
Cues™C I | =

the pressure due to stack effect can be evaluated by:

AP,=(2/9) g Hy(p, ;- p,) (5.9)

where,
H,= door height, m

and / and Jrefer to the connected zones.
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In all of the above cases, a discharge coefficient of 0.6 can be used in the orifice
equation, because in these cases either the opening is small or the pressure distribution
does not vary with the opening height (H). However, for a large opening with the stack
effect as the driving force, the problem cannot be modelied by the orifice equation using
a discharge coefficient of 0.6. With the possibility of a positive pressure at the top and a
negative pressure at the bottom or vice versa, the problem becomes more complicated.
A review of previous research work on inter-zone convective heat transfer was carried out
by Barakat [48). Most researchers have attempted to describe the natural convective heat

flow through large openings by developing a dimensionless correlation which takes the

following general form [48]:

Nu=h HIK, Pr=c,pu/K, Gr=gPpATHV?

The value of b is approximately 0.5 and C,, lies between 0.22 and 0.33 depending on the
temperature difference used for the correlation. For two full scale tests, some researchers
tried to use their results to determine the coefficlent C, and the exponent b at different
temperature differences, A7. Taki.g AT as the difference between the average
temperature of the top and bottom halves of the doorway, C, was found to be 0.26 and
b equals to 0.5. For a temperature difference between a volume-weight average
temperature calculated from vertically spaced thermocouples near the partition wall, C,
was found to have a value of 0.3 and b equals to 0.5. Based on the temperature

measurement in the doorway, Equation 5.10 can then be written as:
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N up,
—_ .1
=026 /G, (5.11a)

and based on the average room temperature it can be written as:

—D.03 Grp (5.11b)

Although the above equations can model air flow through large openings, a more suitable
expression can be used by applying the orifice equation and appropriate flow coefficients.
By dividing the opening into two equal halves, which is practically acceptable [141], and

integrating over half of the opening, the flow rate is obtained by Equation 5.12 [141].

=Hf2
Qs fdQ:E W \g_fpg HR (5.12)
=0 3 pa

Substituting the expressions of Nusselt number, Prandt! number and Grashof number, it
can be shown that Equation 5.12 is the same as Equation 5.10 with C,= ¢/3 and b= 0.5
[49]). Comparison of equation 5.10 with Equations 5.11a and 5.11b requires the flow
coefficient, C, to have a value of 0.78 or 0.9. According to Walton [49], a value of 0.2
seem unreasonably high when compared with cther related studies, Therefore, a flow

coefficient of 0.78 will be used in Equation 5.12.

5.4 Alr Flow Network Modelling

In order to evaluate air flow through exterior building envelope or through inter-zone flow
paths, air pressure In each zone must be known. Through an air flow network, or a mufti-
cell model as it is often called, a set of nodes are used to represent zones and ambient
conditions. These nodes are connected by air flow elements which correspond to different

air flow paths such as doorways and construction cracks. For evaluating the nodal
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pressure, a mass balance is performed at each zonal node /,

¥ Q=0 (5.13)

These mass balances will result in a set of nonlinear algebraic equations which have to

be solved simultaneously by an iterative technique untill a certain convergence criterion

is satisfied.

5.5 Diffusive Molsture Transfer

In the absence of air flow along inter-zone openings, vapour diffusion becomes the
predominant moisture transfer mechanism. Although it is relatively a slow process, inter-
zone vapour diffusion process could have a tangible effect on space air moisture
distribution when large openings connect the zones. Vapour diffusion in air under
isothermal conditions can be expressed by Fick’s first law [20]):

dp,
dx

g,=D, (=) (5.14)

At non-isothermal conditions thermo-diffusion takes place when water vapour molecules
diffuse towards higher temperatures. However, thermo-diffusion is often considered to be
negligible [82]. The amount of vapour diffusion between tv,o zones connected by a large

opening and separated by a wall of thickness, AL can be expressed by Equation 5.15.

A
gv.lnz=D\n ELL Pa AFVr (5.15)

The vapour diffusion coefficient, D,, is dependent on the temperature and the pressure.

An empirical equation for water vapour diffusivity in air is given by Equation 5.16 [20],

where D,, is in mm%s, Pin kPa and T, in Kelvin,
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23

- T (5.16)
D, =(0.926/P)] RTEL

5.6 Solutlons of Model Equations

5.6.1 A system of differential equations: The dynamic behavicur of air humidity in a
multi-zone space can be determined by simultaneously solving a set of linear differential
equations, generally given by Equation 5.3. Each equation includes several time-
dependent parameters associated with different moisture transport processes. Because
of the relationship between the boundary conditions and some of these parameters, their
variations can not be expressed in terms of time via a continuous function. Instead, a
discrete time interval, At, during which these parameters can be assumed constant, will
be used. At each time interval a system of linear differential equations must be solved
simuttaneously. In addition, the values of all time-dependent parameters must be updated
using appropriate mathematical models at the end of each time interval. The system of
differential equations has been soived numerically using Gill's modified Runge-Kutta
method [142]. This method handles the round-off emors in such a way that the highest
attainable accuracy is obtained. In addition, it requires minimum storage capacity and a

small number of computer instructions to implement [142,.

5.6.2 A system of nonlinear algebralc equations: Evaluating the rates of air flow
across exterior building envelope and inter-zone flow paths requires the solution of a set
of n nonlinear algebraic equations which describe the mass balance at each zone. A
widely utilized technique is the Newton's method. Although this method is not atways

convergent, itis the most commonly used method for the solution of a system of nonlinear
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algebraic equations, because of its better convergence properties relative to other

methods. The basis for the Newton's iteration method is a Taylor expansion of each of the

nodal equations, For the i-th node,

Si®y+ AP P +AP ) =[PP ) + AP,

AP,

n

&,

! (5.17)

a—aﬁ— + Higher -OrderTerms

When the AR, comrections in the nodal pressures values bring the function £ to the root,

the left hand side of Equation 5.17 can be put equal to zero. By dropping the higher-order

terms, the problem is reduced to that of finding the corrections AP, that achieve the goal

by solving a linear system of equations given in the following matrix form:

A

aPl...

A
oP

-APl.

--fl-

(5.18)

For the i-' node, the value of the element in the right side column vector is given by:

£ EJEQ”

(5.19)

The derivative matrix and the vector on the right side can be easily evaluated at any nodal

pressure values. Once AP, values are known, a new astimate of the vector of all nodes

pressures [F]*', can be computed from the current estimate of pressures [P by:
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[P]ktl - [P]k + [A P] (5.20)

The above process is repeated, till the absolute values of the functions f are less or equal

a specified tolerance value .
il se  j=12,..n (5.21)

The current pressure values are then taken as the solution on the nonlinear system of

equations.

Utilizing Newton's method, a computer program has been developed to solve for the
pressure distribution in a multi-zone space. The solutions obtained by the program for a
single zone space and a two-zone space connected by a large opening (i.e. 2 m® are the
same as the results obtained by the computer algorithm, AIRNET, developed by Walton
[51] when a tolerance of 1E-5 is used. In both these cases, the wind pressure and the

stack effect were considered.

S.7 Application and Discussions

The various mathematical formulations discussed previously in this chapter have been
implemented for developing a multi-zone air humidity evaluation computer program called
"MHVPM". The program can simulate zonal air humidity transient behaviour at different
boundary conditions and zonal characteristics. In order to demonstrate the applicability of
the proposed model, and to study the impact of zonal characteristics as well as the inter-
zonal connectivity on zonal air humidity behaviour, a case study will be caried out and
discussed by utilizing the developed computer program. Air humidity behaviour within a
five-zone space with its zonal arrangement shown in Fig. 5.1 is investigated at different

conditions. Each zone has a volume of 150 m®, and is maintained at 21° C. The zZones are
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Fig. 5.1 A schematic for the first zonal arrangements for the
modelled multi-zone building,
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Fig. 5.2 Daily indoor molature generation prefile for
the muiti-zone spacs.
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either connected by large openings (i.e., 2 m?) or by closed door with an effective leakage
area of 0.00385 m® depending on the modelled case. Tables 5.1-a and 5.1-b illustrate the

zonal characteristics of the different cases considered.

The outdoor hourly environmental conditions used in the simulation are the same as those
used in chapter 4 both for winter and summer conditions. The effect of wind speed and
direction on wind pressure distribution is evaiuated according to Swami and Chandra [45].
The moisture profile shown in Fig. 5.2 will be used to simulate the indoor moisture

generation process.

5.7.1 Impact of exterlor walls characteristics: Zonal air humidity behaviour due to air
leakage during a winter day for different exterior wall air leakage characteristics is shown
in Figs. 5.3-5.5. In all these cases, zone 5 is connected with all other zones by large
openings. it can be seen that zonal response due to air leakage depends on the zone
location In term of the flow path between the infiltrating and the exfiltrating air. In this
particular case, positive wind pressure prevails over the west and south walls as can be
predicted from the hourly wind azimuth shown in Fig. 4.7. This positiva pressure causes
outdoor air to directly infiltrate into zones 1, 4 and 5, and exfiltrate from zones 2, 3 and
4. From Fig. 5.3 it can be seen that «ne 1 is the most responsive to the outdaor air
humidity variations. This can be mainly =ttributec o its large extarior wall area and its
location relative to the wind direction where most of its ex:erior walls is subjected to
nositive pressure. Furthermore, the presence of a large connecting area between zone 1
and zone 5 through which air can exfiltrate would result in a higher air change rate for
zone 1. At the same time it would result in a greater degree of interdependence between

zone 1 and zone 5,
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Although the exterior wall of zone 5 Is much smaller, it experiences relatively major air
humidity changes similar to zone 1. This can be explained by the presence of the large
connecting opening between the two zones through which most of the infitrating air into
zone 1 will flow into zone 5. Air humidity responses of zones 2 and 3 are identical since
both of them are connected to the same zone with the same opening area. Both these
zones are dependent zones where their air humidity behaviour is determined by the air
moisture conditions in zone 5, hence they are expected to be less responsive than zone
5 as can be seen from Fig. 5.3. This behaviour is due to the fact that exfiltrating air from
zone 5 will be split into these two zones in addition to zone 4. Air humidity response of
zone 5 Is almost the same as that in zone 2 and zone 3, however, because air can
infiltrate through its south wall, its response is slightly different. By increasing the air
leakage coefficient of the exterior walls, Zonal air humidity tends to be more responsive
to variations in outdoor air humidity, but not proportional to changes in the air leakage
coefficient. In addition, differences in zonal air humidity responses tend to diminish with

increasing the air leakage rate although the relative zonal responses remain essentially

unchanged.

Zonal air humidity behaviour can be considerably attered when the air leakage
characteristics of the exterior walls are modified. Fig. 5.6 illustrates the impact of blocking
air infiltration through the west wall. Comparison with Fig. 5.4 shows that air humidity
responses in all zones have been considerably reduced except for zone 4 where it
remains essentially unchanged. The reduced air infiltration into zone 1 has locally affected
its air humidity behaviour as well as the air humidity behaviour of directly dependent zones
such as zone 5, and the indirec:ly dependent zones such as zone 2. Zone 4 is less

affected by the reduced response of zone 5 since its air humidity behaviour is mainly
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determined by the alr infitration process across its exterior wall. When no air movement
occurs through the south and the north walls, air will only flow through the short path
connecting zones 1, 5 and 4. In this case, air humidity in zone 2 and zone 3 will
experience a slight change, as shown in Fig. 5.7, resulting from the diffusion process
across the large openings connecting them to zone 5. Comparison with Fig. 5.4, would
indicate that the absence of air movement through the north and the south wall has limited
impact on air humidity response of the other three zones. This would indicate that for the
zonal arrangement shown in Fig. 5.1, air movement through the north wall is a
determining process for zone 2 and zone 3, which means that thé absence of air
movement across that particular wall will eliminate the impact of the air flow process on
air humidity behaviour on a particular zone. On the other hand, air humidity behaviour of
the other zones is not determined by air movement through any particular wall because
of their connectivity and exterior walls arrangement. Air movement across the exterior wall
corresponding to a particular zone will undoubtedly affect air humidity behaviour in that
zone and its dependent zones. By eliminating air movement across the east wall, zone
4 experiences a major decreuse In its response as can be seen from Fig. 5.8. According
to the mass balance concept, less alr is able to flow into zone 4 either from zone 5 or
through its south exterior wail. Since zone 4 is not a source zone (i.e., no air flow occurs

from zone 4 to any other zones), the reduced air flow across it has no noticeable effect

on the other zones.

The impact of reducing the air leakage coefficient of the west and south walls by 50% is
shown in Fig. 5.9. Comparison with Fig. 5.4 indicates that air humidity response in all
zones has been reduced since all zones either directly or indirectly are affected by the

reduced air leakage through the these walls. On the other hand, the relative zonal

149



{84 9990} 99im)y00i2 Bap 08 POIRI01 8) Buip]Ing By} uaym
ofwNue| J18 0} enp esucdsas ALpluny 418 |BU0Z QL' OI4

LI 1T
-1 oz $l ol s o
T T T T 4
9F sua7
re woz ... o
Cr wor g
T# suoy
¥ suer

1r

¥, 04, o3I ¥3)RD 1

LA TR T AU EYY YA TS

-3t D70y *JUBUOD njEjOW Iy

‘(o4 9UWD) E[[UM 19EE cy) YONOIY} SINIZO MO[LNE OU
ueym abeyua| Jjw 0} enp esuadeer A)|piwny Jie [sUOZ g'g "Bt

2 ‘ewr)
[-H [ 14 [ m -] o
T T T T 114
LA TR RS- TR DRI TUITE S HY B L o L
j0¢
40or
408
408
9 D2 soounz .. 0L
e 4oy o IF WoT e [V '] r Qe
oe

2-31 Oys8 "jusjuod sinsjow Jiy

‘{L# @SED) 8)UBIDI}E0D QBENED| 1D B]j8M IC[IG)XS JURIIIP
18 90uyue} JE O} anp owuodea: A3pluny Jie (wuoz g'g “Big

"y awy)
9z oz 9 oL -} -]
T T T T oz
B N,/ g p-J0T{0) (BN TI)}E)
Y EA S P00 (NNE T)RD | -

gr o0z r# a0z .. 404
cr wor /. g8 oz ¢ [V X T L g

08
9-31 By/0y “JujuOa Bmyeiow Iy

*(G# 28BD) S||8M Y1IOU § YINOE Sy} yONAIY) EINID0 MOJJI[E OU
usym abeyua) 1@ 0} enp asuodear A}|pjwny 4|8 [FUOZ 2'g 014

iy WL

o oz ot o 1] o
T v T T oz

10E

o9& WOT ry ooy _. 0L
CF o7 o L& DT o yoouoy

09
S-31 Dof/ B4 "JUSIUOD MINIR[OHU 43y

150



response has remained unchanged since zone 1 is still the most responsive while zones
2 and 3 are the least responsive. When the modelled space, which is original oriented as
shown in Fig. 5.9, is rotated 90° clockwise, air humidity behaviour in zones 1 and 4
experiences noticeable change while it remains unaltered in other zones as can be seen
from Fig. 5.10. By rotating the building, air Infiltration through the west wall corresponding
to zone 1 has been eliminated. At the same time, air infiltration through the east wall of
zone 4 has been introduced. For the other Zones, the orientation of their exterior wall in
terms of the wind direction remains unchanged resulting in minor modification in their air
humidity behaviour. The nearly identical air humidity response in zone 1, 4 and 5 is an

indication of the greater interdependence between these zones which has resulted from

increased inter-zone air flow.

5.7.2 impact of inter-zone Connectivity: For given boundary conditions, the spatial
pressure distribution and the rate of inter-zone air flow between any two zones will be
determined by the way the different zones are connected. Consequently, zonal
connectivity will be an important factor in determining air humidity behaviour in the
different zones. In all previous cases, zone 5 was connected to the other zones by large
openings. Connecting zone 2 with zone 3 by a large opening has no effect on zonal air
humidity behaviour as can be seen by comparing Fig. 5.11 to Fig. 5.4. This means that
essentially no air flow takes place across the connecting opening. However, by introducing
a large opening between zone 1 and zone 2, the inter-zone air flow pattern is altered and
hence different zonal air humidity responses are obtained as can be seen from Fig. 5.12,
Introducing a large opening between zone 1 and zone 2 has caused air to directly flow
from zone 1 inte zone 2 causing air humidity in zone 2 to behave differently from zone 3.

Comparison with Fig. 5.4 shows that while air humidity response in zone 2 is increased
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due to increased air flow through the opening connecting it with zone 1, it is dampened
in the other zones due to decreased air flow from zone 1 to zone . On the other hand,
connecting zone 3 with zone 4 by a large opening has no noticeable effect on the overall
zonal air humidity response as can be seen by comparing Fig. 5.13 with Fig. 5.12. When
the openings connecting zone 5 with zone 1 and zone 4 are eliminated , the inter-zone
air flow pattern and consequently the zonal air humidity responses are completsly altered.
Comparison with Fig. 5.13, shows that the response of zone 2 is considerably increased
since it is the only one connected to zone 1 while zone 4 experiences the lowest
response. By eliminating the opening connecting it with zone 5, zone 4 becomes
dependent on zone 3 which means that zone 3 will be more responsive than zone 4 as
can be seen from Fig. 5.14. In addition, it can be seen that zone 1 remains unaffected by
the changes in the zonal connectivity since it does not depend on inter-space air flow from
adjacent zones. When zone 5 is connected with the other zones by closed doors, all
zones exhibit reduced air humidity response as can be seen from Fig. 5.15. Compaiison
with Fig. 5.4 shows that the most affected zones are zone 2 and zone 3 since their air

humidity response is fully determined by the inter-zone air flow process

5.7.3 Zonal alr humidity behaviour In ..1e presence of indoor molsture generation;
Moisture generation in a particular zone could have a considerable impact on local air
humidity behaviour. Depending on the pattern of inter-space air flow and the location of
the moisture generation source, air humidity behaviour in other zones can also be
significantly modified. Consider the same arrangement shown in Fig. 5.1 when zone 5 is
connected with all other zones by large openings. In the absence of indoor moisture
generation, zonal air humidity behaviour is determined by the outdoor air humidity profile

as illustrated in Fig. 5.4. However, in the presence of a moisture generation source In
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zone 1, air humidity behaviour in all zones is positively modified as shown in Fig. 5.16.
Zone 1 experiences the largest air humidity response, however, the variational pattern of
the moisture generation profile is not reflected on the zone air humidity behaviour.
Moreaver, the response of the other zones to moisture generation in zone 1 is immediate
and follows the same pattem of variations which is an indication of the important role of
the air flow process in shaping zonal air humidity behaviour. The relative pattern of
variation and the degree of response of alr humidity in a particular zone indicate the
degree of dependence between the different zones. From Fig. 5.16, it can be seen that
zone § is the most responsive to air humidity variations in zone 1 since it is the only zone
connected to zene 1, while all remaining zones are dependent on zone 5. Although zone
2 and zone 3 are fully dependent on zone 5, zone 4 shows the lowest response to
humidity variations in zone § which is an indication that inter-zone air flow from zone 5 to
zone 4 is less than that to either zone 2 or zone 3. The influence of the moisture
generation process in a particular zone on air humidity behaviour in other zones depends
on their locations in terms of the air flow stream. When the source zone (i.e., where the
moisture is generated) is located down stream relative to a given zone , this zone will not
be affected by the moisture generation process in the source zone. Fig. 5.17 shows zonal
air humidity behaviour when the moisture source is located In zone 5. it can be seen that
for this particular air flow pattern, moisture production in zone 5 has no effect on zone 1
since it is located up stream relative to the source zone. The relative impact of zone 5 on
other zones Is similar to that shown in Fig. 5.16, since the air flow pattern is unchanged.
By locating the moisture source in zone 3, the moisture generation process has only a
local effect as can be seen from Fig. 5.18, since all other zones are located down stream
relative to the source zone. In addition to the location in terms of the source zone, the

influence of moisture generation on zonal air humidity behaviour is dependent on the inter-
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zonal connection between the source zone and the others. Fig. 5.19 shows the zonal air
humidity behaviour when zone 5 is the source zone and is connected with other zones by
closed doors. The reduced air flow from zone 5 has resulted in a considerable Increase
in its air humidity response as can be seen by comparing Fig. 5.19 with Fig. 5.17.
Similarly, fully dependent zones like zone 2 show an increase in their air humidity
response in spite of the reduced inter-zone air flow from the source zone. This behaviour
can be attributed to the substantial decrease in moisture loss associated with the air
exfiltrating from the space. On the other hand, reduced inter-space air flow has negatively
affected partially dependent zones like zone 4 (i.e., air can flow in from other zones or by
air leakage through exterior walls) which indicates that air movement through the exterior
walls is still an influencing and important process. The abﬁance of air teakage through
exterior walls will eliminate any inter-zone air flow unless interconnected zones are
maintained at different temperatures. In this case, molsture transfer by diffusion through
the connecting openings will be the only active process. Fig. 5.20 shows zonal air humidity
behaviour in the absence of inter-space air flow. It can be seen that all zones except the
source zone, experience similar and slow increase In their air humidity, while the source
zone reaches its saturation level within a short period of time. In practice, the saturation
level is unlikely to be reached even in the atsence of air leakage since other moisture
transport processes will be activated at high air humidity levels. Surface condensation
process Is usually the process which determines how high the air humidity level can
reach. Fig. 5.21 illustrates the Impact of the surface condensation process on the source
zone air humidity behaviour in the absence of air leakage. Such processes normally have
an appreciable local impact, however, in the presence of inter-zone air flow, all dependent
zones can be greatly influenced by local moisture processes within the source zone. This

behaviour can probably be best demonstrated with the local dehumidification process
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during summer. Fig. 5.22 shows zonal air humidity bshaviour during a summer day in the
presence of moisture generation in zone 5. Comparison with Fig. 5.17 shows that the
relative zonal response remains almost unchanged Indicating that similar air flow pattemn
and zonal interdeperdence exist during the simulatod summer day. When a local
dehumidification process is implemented in the source zone, its own air humidity
behaviour as well as air humidity behaviour in all dependent zones are significantly
modified as shown in Fig. 5.23. Because of their full dependence on zone 5, zone 2 and
zone 3 respond very quickly to the reduced air humidity level in the source zone and
reaching aimost equal air humidity level at the end of the simulation period. The degree
of influence of the local dehumidification process in zone 5 is less pronounced for zone
4 and is nil for zone 1. This demonstrates the importance of the inter-space air flow in

determining the degree of interdependence between air humidity behaviours within the

different zones.

5.7.4 Influence of zonal arrangement on alr humlidity behaviour: In order to
demonstrate the effect of zonal arrangement, air humidity behaviour in a multi-zone space
similar to that shown In Fig. 5.2 has to be studied. Fig. 5.24 shows the new zonal
arrangement with the same space configuration as that shown in Fig. 5.2. Zonal air
humidity behaviour due to air leakage, when zone 5 is connected with others by large

openings, is shown in Fig. 5.25.

Comparison with Fig. 5.4 shows that with the new arrangement, zone 2 :.nd zone 3 are
no longer having the same air humidity behaviour. Furthermore, it can be seen that zone
2 and zone 4 experience a noticeable modification in their response while other zones

experience little or no change. Zone 2 shows the greatest change In its behaviour since
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outdoor air can now directly infiltrate through its west exterior wall resulting in an
increased alr humidity response. The increased exterior wall area in zone 3 has not
enhanced its response, since the zone is still dependent on zone 5 and no air infiltration
occurs through any of its exterior walls. The reduced air infiltration through the exterior
walls of zone 1 has minor impact on the response of the zone and its dependents. Zone
4, however, shows a considerable decrease in its response in spite of the increase in its
south wall area. This can be explained by the significant reduction in its exterior walls from
the exfiltrating side of the space which resulted in a reduced total air flow into the zone.
The relative impact of eliminating air flow through the west wall on zonal air humidity
behaviour is the same as the first zonal arrangement as can be seen by comparing Fig.
5.26 with Fig. 5.6. However, air humidity response of the zones 1, 4 and 5 show greater
similarity in the second zonal arrangement. Zonal air humidity behaviour in the absence
of air flow through the south and the north walls is shown in Fig. 5.27. Comparison with
the zonal response of the first arrangement shown in Fig. 5.7, shows that eliminating air
flow through these walls has a relatively marginal effect on zonal air humidity behaviour.
In the first arrangement, air flow into zones 2 and 3 is dependent on the presence of air
flow through the north wall, therefore its absence has completely eliminated the role of air
flow as a moisture transport process. On the other hand, air flow can still occur through
these zones in the second zonal arrangement even when no air flow takes place through
the north wall. The impact of the zonal arrangement on zonal air humidity behaviour is
dependent on the connectivity between the different zones as well as the type of the inter-
zone air flow paths. Fig. 5.28 shows zonal air humidity behaviour when the large openings
connecting zone 5 with other zones are replaced by closed doors. Comparison with Fig.
5.15 shows that in the first zonal arrangement connecting the zones by closed door has

resulted in similar air humidity behaviour for the zones 4 and 5 while zone 1 behaves
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independently. In the second arrangement, air humidity behaviour in zone 1 is similar to
zone 2 and zone 3 behaves in the same manner as zone 4. This can be explained by the
reduced inter-zone air flow from zone 5 to zone 3 which has resulted in a reduced
response in zone 3. Similarly, the reduced air infiltration through the exterior walls of zone
1 has dampened its response bringing it closer to the behaviour of zone 2. Zone 2 and
zone 4 show little response to changes in inter-zone air flow since they are less
dependent on it. From the above discussion it can be clearly concluded that zonal air
humidity behaviour in a muiti-zone space Is influenced by the arrangement of the different
zones which determines the degree and the manner of interaction with the outdoor
environment. Moreover, the impact of any particular zonal arrangement on zonal air
humidity behaviour is determined by the inter-zone connectivity and the air leakage

characteristics of the inter-zone airflow paths.

5.8 Summary

The dynamic behaviour of air humidity in a multi-zone space is modelled by a system of
linear differential equations, each representing air moisture behaviour in a particular zone.
By incorporating a multi-cell air flow model, this system of equations can be solved
simultaneously to determine zonal air humidity response at different boundary conditions
and zonal characteristics. Solution of the resuiting system of equations can be camied out
by a numerical technique through which constant boundary cenditions can be assumed
for the modelled processes during each time interval. Using this proposed model, zonal
air humidity behaviour in a five-zone space with two different arrangements has been
studied. In general, air leakage can greatly modify zonal air humidity conditions, especially
in the zones which are directly exposed to outdoor air inflow. The degree of its impact

depends to a great extend on the leakage characteristics of the exterior walls and the

162



inter-zone flow paths, and to a lesser extend on the wind speed. On the other hand,
changing the orientation of the space in terms of the wind direction will completely alter
the zonal air humidity response to the air leakage process. Air humidity behaviour in each
zone is also influenced by the zonal arrangement of the space which determines the

degree and type of interaction with the outdoor environment for each zone.

Moisture generation within a particular zone in a multi-zone space can greatly influence
air humidity behaviour in other zones. Its influence depends on the location and the
characteristics of the zone in which moisture is generated. For example, moisture
generated in a zone from which no inter-zone air flow occurs will have no or little effect
on air humidity behaviour of other zones. Similarly, other moisture transport processes
such as surface condensation in winter, and air dehumidification in summer can greatly
modify zonal air humidity conditions. Surface condensation has mainly a local effect, since
it can directly affect air humidity conditions within exterior zones where surface
condensation is likely to occur. However, in the presence of inter-zone air flow, the effect
of surface condensation on zonal air humidity may not be limited to the zone where
condensation occurs. In the absence of other moisture sinks {i.e. air leakage), surface
condensation will be the determining factor of air humidity conditions, especially in the
exterior zones. Air moisture conditions are maintained equal or less than the saturation
conditions at the condensation surface temperature. In multi-zone space each zone will
have a unique air humidity behaviour which depends on the boundary conditions, leakage
characteristics, as well as the physical and functional characteristics of each zone. The
degree of deviations in air humidity conditions among different zones depends on the level
of their interdependence, which is determined by the type of inter-zone physical

separation, as well as, the inter-zonal moisture transfer mechanism.
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CHAPTER 6

EVALUATION OF EXTERIOR WALL TRANSIENT MOISTURE BEHAVIOUR

6.1 Introduction

The wall system is an important component of the buiiding exterior envelope which could
affect the building performance in many aspects. The composition of the wall system
ranges from a single layer of homogeneous materials to a multi-layer of different materials
with different thermal and moisture characteristics. The degree of complexity of the wall
system is highly dependent on the climatic and the indoor conditions. Large temperature
difference across the wall makes it necessary to utilize air as an insulating medium in the
form of air gaps or add low thermal conductivity materials in order to decrease heat flow.
In the presence of moisture flow potential across the wall system, the risk of interstitial
condensation are substantially increased. This makes it necessary to control moisture flow
through the wall system either by adding materials to reduce vapour and air flow or, if
possible, by controlling the moisture source. The resulting wall system could be a

composite of materials with widely different properties in close conjunction.

The exterior wall moisture performance is determined by the level of moisture
accumulated and its duration within its various components. Moisture accumulation rate
at any point within the wall is greatly influenced by the net moisture transfer potential at
that particular point. The presence of condensation within the wall system will resultin an
increased net moisture transfer potential. This means that the total amount of moisture

deposited at the point where condensation occurs Is larger than the amount leaving it. In
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the absence of condensation, however, the net moisture accumulation at any point at
steady state conditions is nil, and the level of moisture content will be determined by the
local value of relative humidity. Condensation within the wall system can occur whenever
the vapour pressure at a particular location is greater than the local saturation pressure.
Such conditions can normally exist in cold and hot-humid climates. However, in cold
climates, the temperature and the vapour pressure difference across the wall is much
higher than in hot-humid climates. Hence, the potential for moisture transfer and the risk
of interstitial condensation is considerably increased. At low outdoor temperature, the
outdoor air will be relatively dry and the indoor environment will be the only source of
water vapour which may condense within the wall. Consequently, indoor humidity will be
a major factor in determining the occurrence of interstitial condensation and the moisture
performance of the exterior walls at low outdoor temperatures. Indoor humidity Is
subjected to considerable seasonal and even hourly variations, therefore, for accurate

evaluation of wall moisture performance, its varational behaviour must be considered.

In order to evaluate the effect of indoor air humidity behaviour on exterior walls moisture
performance, the wall moisture response to changing boundary conditions must be
evaluated. In addition, modes of moisture interaction between the indoor environment and
the wall system must be identified and modelled. The wall moisture response to changing
ambient conditions is determined by its moisture as well as thermal behaviours. For
example, a rise in indoor air humidity alone may not result in a significant change in wall
moisture behaviour, however, when it is accompanied by a drop in outdoor temperature,
condensation may occur resulting in a complete change in its moisture performance.
Moreover, the occurrence of condensation could be associated with the release of

substantial amount of heat that could cause local rise in the material temperature.
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Therefore, for accurate assessment of wall moisture behaviour under changing boundary
conditions, both heat and moisture transfer processes must be simultaneously considered.
Furthermore, modes of interaction between the wail system and the surrounding
environment, especially the indoor environment, must be identified and modelled. The
short term and the long term effect of indoor humidity variations on wall moisture
performance is dependent on the moisture interaction between the wall system and the
indoor environment. For example, when moisture transfer through the wall occurs only by
vapour diffusion, the short term effect of indoor humidity variations on wall moisture
behaviour may not be recognized. However, the accumulative effect of these variations
on the wall boundaries could be a determining factor for wall moisture performance. Indoor
humidity variations can have an immediate effect on wall moisture behaviour provided that
faster moisture transfer mechanism exists. In the presence of air flow paths between the
indoor environment and the core of the wall system, moisture transfer by air convection
may occur causing immediate modification of wall moisture conditions in response to any
changes in indoor humidity. The response time depends on the leakage characteristics

of the wall as well as, the driving potentials across it.

6.2 Modelling of Translent Heat and Molsture Transfer Through Porous

Bullding Materials
6.2.1 Molsture transport potentials and coefficlents: Moisture movement within a
porous solid material is a complex phenomenon with vapour diffusion, capillary forces, and
evaporation-condensation mechanisms operating. Proper modelling of molisture transport
in walls requires that moisture transport by vapour and liquid phases be considered.
Moisture transport can be expressed in terms of several driving potentials which include

vapour pressure P, pore water pressure F,, moisture content U and temperature T.
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However, more than two driving potentials are not required to fully model the moisture
transport process in porous building matertals. Moisture transport in porous building
materials is normally expressed in terms of two driving potentials which take into account
vapaur and liquid transports. The commonly used driving potentials are the material

moisture content, U, and the material temperature, T. The total moisture transport can be
given by [82]:

guE-prnvu—DTVT (6.1)

The coefficients D, and D, are generally expressed as a combination of liquid and vapour
coefficients which correspond to a particular potential. These coefficients are expressed

as a function of D, and D, as follows [82]:

1 1 oP,
D =—1[D P —+p 211 (6.2)
w pm[ » \ue + L aU]
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Although the coefficients D, and D, can be evaluated experimentally, they are only
available for a few materials. Moreover, values of liquid transfer coefficlents are not
avallable and are very difficult to evaluate. On the other hand, when one considers the
large amount of data available on vapour diffusion coefficients of bullding materials, it

becomes compelling to use the vapour pressure as the driving force. At low molsture
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contents, maisture transport takes place mainly in vapour phase, and hence liquid

transport can be assumed negligible. In this case Equations 6.2 and 6.3 are reduced to

1

D, =D, P, — (6.4)
pue
and
Y ) Mh
D.=D P (22 .12 6.5)

The above coefficients can be evaluated from the available data on vapour pressure
diffusion coefficients provided by ASHRAE [20} and moisture sorption isotherm of the
materials. Both coefficients represent moisture transfer by vapour diffusion with the
moisture content and the temperature as the driving potentiais. However, the use of the
moisture content as a driving potential has some practical limitations since it is
discontinuous at the boundaries with the ambient air as well as the boundaries with other
materials. When modslling moisture transfer through multi-layered construction (i.g., walls),
it becomes necessary to recalculate the moisture content into other driving potentials at
the boundaries of each layer. To avoid such unnecessary computations, continuous
driving potentials such as vapour pressure or air humidity ratio can be used to describe
the moisture transfer process. In this study, the air humidity ratio expressad in terms of

the material moisture content and temperature is used.

6.2.2 Simultaneous heat and molsture transfer: The combined heat and moisture
transfer through porous building materials can be modslled by a system of differential

equations. Using air humidity ratio and temperature as the driving potentials, the moisture
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(6.6)
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Substituting into equation 6.6, it becomes
aw_ W, Ciid (6.7)
ar - E DvRvTM pd 2 aT
The corresponding boundary conditions at both sides of the slab can be written as
aw
_Dv&! Tm pa-a';' =h"( W_- W,wf) (6.8)
Heat transport process through a porous slab can be generally described by {82)
6.9

Where, |, represent the increase in vapour content by the evaporation process and can

be given by:

o
=— +V

a o
The rate of change in local vapour concentration dv/at is relatively very small and can be

neglected [82]. Furthermore, the second and third terms in the right side of equation 6.9

which represent heat transfer associated with vapour and liquid transport, are relatively
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small and they can also be neglected. Hence, equation 6.9 becomes:

&1

ar _
(pm cm)SOIE -K &2 -hmvgv (6-10)

Substituting for Vg,, equation 6.10 becomes:

R k(m;+DvRvapd%,

) (6.11)
ot ot axz

The comresponding boundary conditions for both sides can be written as:

T .
-K% =h(T,-T,,) +hy(m;+D,RT,p, %E-’) (6.12)

Equations 6.7 and 6.11 represent a pair of coupled ditferential equations describing

simultaneous heat and moisture transfer through a continuous slab of material.

In order to account for the liquid transport, different moisture content levels which
characterize the material have been identified. Fig. 6.1 shows a schematic for a typical

water vapour equilibrium curves representing the material molsture content at different

ambient relative humidity levels.

The moisture content which correspond to any relative humidity level is called the
hygroscopic moisture content (HMC). At 100% relative humidity, the moisture content is
called the maximum hygroscopic moisture content (MHMC). Beyond this level, the
meisture content can increase independent from the ambient relative humidity until it
reaches a maximum value called the saturation moisture content (SMC). In the present
study. the vapour pressure is used to describe the moisture transpont process within the
material at any moisture content below the maximum hygroscopic level U,. The maximum

hygroscopic moisture content for the material, which can be determined either by the
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Fig. 6.1 Typical moisture equilibrium curve for building
materials.

absorption or the desorption processes, is taken as the critical moisture content. at
moisture content levels equal or higher than U,, liquid transport becomes dominant and
immediate moisture equalization occurs. Moisture equalization can be assumed to occur
between any two points having an average moisture content greater than U,. Such an
assumption is practically justified because information about liquid transport in building
materials is still sketchy, Furthermore, most materials in the wall system will not retain
moisture content at these levels for long periods of time [82]. The validity of the moisture
equalization concept has been examined in the literature [82] by comparing the theoretical
prediction of an aerated concrete slab molsture behaviour, when both vapour and liquid
transports are modelled, with the same slab moisture behaviour, when the moisture

equalization concept is implemented. It has been found that the two predictions are aimost
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identical which indicates the applicability of the moisture equalization concept. By
considering the hygroscopic range (i.e., U < U,) and the wetting range (i.e., U2 U,), all

possible moisture conditions of material would have been considered.

As the moisture content increasss, menisci begin to form in the pores, leading to the
tormation of liquid-vapour series. As a resutt, the vapour diffusion coefficient D, will be
considerably increased. It is not possible to measure the amount of vapour and liquid
transport separately, thus both have to be considered simultaneously. This is usually done
by attributing the series transport to D, and using the vapour pressure as the driving
potential. Over a wide range of moisture content, different values of D,, which correspond
to smaller range of moisture content, must be used. At high moisture content, over the
critical moisture content, a continuous liquid phase develops and capillary suction begins
to dominate. In this case, the vapour pressure potential and its corresponding coefficlents
can no longer be used to describe the moisture transfer process within the material.
Consequently, it becomes necessary to model moisture transfer in the liquid phase.
Howaever, for many materials, the liquid transfer coefficient D, is so large at high moisture

contents that almost immediate equalization of pore water pressure is obtained [82).

6.3 Materlal Properties Related to Molsture Transfer

The material propertiss required for modelling moisture transfer depend on the moisture
driving potentials used. Regardless of the driving potentials, the total moisture transport
must be the same in all cases. When the vapour pressure is used as the main driving
potential, as is the case in the present study, the vapour diffusion coefficient D, will be
required for modelling moisture transfer. Fortunately, the vapour diffusion coefficients for

many building materials can be found in literature. These coefficients are normally

172



evaluated at certain constant ambient humidity and temperature. in reality, however, the
vapour diffusion coefficients are dependent on the material moisture content and
temperature. Pure liquid moisture transport is highly dependent on temperature, while pure
vapour transport can be relatively considered unaffected by the temperature. The vapour
diffusion coefficlent D, normally describes both vapour as well as liquid transport at the
same time, hence it is influenced by the temperature. The degree of influence is
dependent on the material moisture content level, since liquid transport becomes more
pronounced at higher levels. In addition to the temperature, the vapour diffusion coefficient
is influenced by tne moisture content. As the moisture content increases, islands of liquid
will begin to form resulting in moisture transport in series of vapour and liquid. The
dependence of the vapour diffusion coefficient on moisture content has been evaluated
for some materials by expressing the variation in the vapour diffusion coefficient in terms

of the relative humidity for a particular range as given by equation 6.13:

D) =Cy+Cid+ C.N)2 $,<dsd, (6.13)

Values of the coefficients C,, C,....C, at different ranges of relative humidity are given in
Table 6.1 for different building materials. These coefficients are either directly available
in literature [82], such as that for brick and aerated concrete, or evaluated as part of this
study based on the relevant data available in literature [29] (i.e., material moisture
equilibrium curve and moisture diffusivity represented in terms of material moisture
content. From Table 6.1 it can be seen that the vapour diffusion coefficient for materials
with low hygroscopicity, such as fibre glass, does not depend on the relative humidity. On
the other hand, materials with high hygroscopicity like wood show great variations with the

relative humidity level.
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The hygroscopic moisture capacity (£) is an important material moisture property which
relates the vapour pressure within the material to its moisture content. Such property is
necessary for modelling the transient moisture transfer through building materials. The
material molsture capacity can be evaluated from its moisture equilibrium curve which is
available for many building materials. Depending on the way the moisture equilibrium is
achieved, different curves are usually obtained for the absorption and the desorption
processes. Fig. 6.2 shows a typical material moisture behaviour during absorption and

desorption processes where it can be seen that equilibrium moisture content obtained by
desorption is always greater than that from absorption for the same relative humidity
except at relative humidity $=0% and 100% where the two curves meet. This difference
in behaviour is known as hysteresis, Only for pure absorption or desorption itis clear what
curve to be used. In a natural climate, building materials are exposed more or less to
cyclic conditions, and hence their moisture conditions could lie anywhere between the two
curves. it is not possible to trace material actual moisture behaviour in a real environment.
To avold this problem, a general theory on hysteresis and scanning curves is needed.
Some theories have been proposed in this regard, however, they are yet to be verified.
Furthermore, such theories are normally very complicated mathematical models which
makes them impractical to be implemented in moisture transfer modelling in buildings.
Some researchers have suggested the use of the moisture desorption curve since,
according to their argument, it represents more accurately the changes in moisture content
as a function of relative humidity and temperature {109). The use of the desorption
isotherm for building materials which are continuously exposed to absormption and
desorption processes is a very rough assumption and could lead to significant
inaccuracies. Other researchers [133] have suggested the use of an intermediate molsture

equiiibrium curve representing the average of the absorption and the desorption data.
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Table 6.1 Varlations of vapour diffusion coefficlents with relative humidity for

different bullding materials.

. Range of relative . ; .
Material "‘fmmi dity C, 102 | €, 102 | C,107 | reference
. < 33% 10.2 0 0
Brick o> 33% 17.0 373 509 82
&< 45% 21.7 0 0
Aerated Concrete 45% <b< 98% 32,5 -62.5 97.1 82
98% <65 100% 62.0 0 H
Gypsum 0% <é< 100% 42 0 0 29
Fibre Insulation 0% <$< 100% 78 0 0 133
Cellulose Insulation 0% << 100% 60 0 0 133
0% =¢< 50% 1.82 9.69 2.86
S0% <95 70% -58.2 201.6 -140.0
Wood 70% <)< 85% -480.0 1197.0 =700.0 29
85% <s 95% -15.7 57.3 -9.45
05% <p< 100% -727.0 840.0 0
average moisture
) equilibrium curve
scanning curves
=
S
=
> .
@ Desorption
-
@w
i\
=
Absorption

Relative Humidity %

100

Fig. 6.2 Typical material moisture behaviour during the

absorption and desorption processes.
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Comparisons with experimental results have revealed the applicability of such an
approach in accounting for the hysteresis phenomenon [133]. in the present study, the
average equilibrium moisture content curve will be used to represent material moisture

conditions when modelling moisture behaviour of exterior walls.

In addition to the moisture history of the material, the moisture equilibrium curve can be
affected by the ambient temperature. However, by expressing the amount of absorbed
water in terms of relative humidity, the influence of temperature is minimized. Equilibrium
moisture capacity of hygroscopic materials is dstermined by the vapour pressure and the
temperature of the ambient air. For a constant temperature, as the vapour pressure
increases the equilibium moisture content increases. However, for constant vapour
pressure, increasing the temperature will result in a decrease in equilbrium moisture
content. This means that the vapour pressure and the temperature are acting against each
other. By expressing the equilibium moisture content in terms of relative humidity, the net
action of both these parametz/s would be considered. In other words, for the same
relative humidity, increasing the temperature would mean decreasing the vapour pressure
and increasing the vapour pressure would mean decreasing the temperature. Although the
net action of the two parameters (i.e., vapour pressure and temperature) may not be zero,
the equiiibrium moisture content is not expected to show significant variation with
temperature for the same relative humidity. As an evidence of this argument, it has been
shown by ASHRAE [20] that, for at least solid sorbents, by expressing the equilibrium
moisture capacity versus relative humidity, the resulting curve can normally be used for

temperature ranging from about -18° C. to 82° C.

The matarial moisture capacity (£) is equal to the slope of the moisture equilibrium curve
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and can be expressed by:
E=SY {6.14)

This moisture property of material can be thought of as equivalent to the material specific
heat which relates the variations of material energy content to its temperature. However,
while the specific heat experiences little dependence on temperature, the moisture
capacity can relatively show significant variations with relative humidity. The equilibrium

moisture content is normally expressed in terms of the relative humidity as following:

U,=a ¥+ cd? (6.15)

Hence, the moisture capacity £ can be given by:

E=abdbt+cdd?! (6.16)

In many cases, equation 6.15 can not accurately describe the relationship between the
equilibrium moisture content and the relative humidity over the whole range of relative
humidity. Therefore, the moisture equilibium curve is segmented into several ranges so
as to get the best representation by equation 6.15. Table 6.2 shows the coefficlents of

equation 6.15 at different relative humidity ranges for some common building materials.

6.4 Molsture Interaction Between the Indoor Environment and the Exterlor Wall
System

In winter, moisture performance of exterior walls is mainly determined by the behaviour

of indoor humidity. The degree of influence, however, is dependent on the modes of

moisture interaction between the indoor environment and the wall system. Depending on

the type and the air leakage characteristics of the wall system, moisture from the indoor

can be transferred through by the diffusion and the convective processes. For a mutti-layer
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Table 6.2 Coetficlents of Equation 6.15 for evaluating the equiliL.ium
molsture content for different bullding materials at ditferent
ranges of relative humidity.

Range of
Material relative a b c d ""‘“’:’“"‘
humidity
0% =6<20% 00264 1 0 0
Brick 20% <bs 0% .000117 0 00206 1 82
0% <bs 98% 00359 378 .00281 1.67
98% << 100 <2.53 0 2.59 1
0% <4< 25%
Aerated 25% <bs 70% g;; : 62 5 970 1 82
Concrete 70% <6s 0% 62.0 0' 0'
90% << 100% :
Gypsum 0% <65 100% 02783 13.3 00959 1.044 29
Fibre 00611
Insulation 0% <4< 100% 02039 12.02 3 6902 133
Cellulose
Insulation 0% <¢s 100% 744 16.28 3558 2.543 133
Wood 0% 0<100% | 1oy 6002 | .1455 | .9432 29

wall system, moisture transfer occurs mainly by diffusion through its fabric while
convective moisture transfer occurs at the boundaries as illustrated by Fig. 6.3. However,
walls with high air permeability through out its thickness, can be directly subjected to

uniform convective molsture transport. In most cases, exterior walls are mainly composed
of low air permeability materials, hence convective malsture transfer will not directly affect
moisture conditions of the materials comprising the wall system. On the other hand, the
presence of some holes or cracks In the outer layers of the system could result in a
directed air flow that will transport moisture to the core of the wall system. The impact of
the directed air flow on wall moisture behaviour depends on the air pressure across the

flow path as well as its continuity. In reality, directed flow paths within walls are likely to
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Fig. 6.3 Molsture transfer modes for a multi-layer wall
in the absence of air fiow.

be discontinuous with very high air flow resistance. Hence, the impact of the directed air
flow on wall moisture behaviour is expected to be minimal even when a continuous air

flow path does exist since its moisture impact will be mainly local.

In the absence of air flow through the exterior wall, moisture interaction between the
indoor environment and the wall system can only occur at the interior boundary surfaces
where moisture is continuously exchanged through the surface convective mechanism.
Variations in indoor humidity wili lead to fluctuations in the amount of moisture mass flux
and probably in its direction at the boundary surface. Consequently, the interior surface
moisture conditions will exhibit a variational behaviour in response to variation in indoor
air humidity. The effect of a particular variational pattern of interior surface moisture
conditions will be reflected on the moisture distribution across the wall system. The
response of the wall moisture distribution, however, is dependent on the moisture

characteristics of the different wall elements. The presence of a high moisture resistance
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in the inner wall will reduce and delay the effect of variations in interior surface molsture
conditions on moisture distribution within the wall system. On the other hand, when low
moisture resistance materials comprise the inner wall, variations in interior surface

moisture conditions will have an immediate effect on wall moisture distribution.

In addition to the diffusive moisture transfer, air-bome moisture convection is likely to be
an impontant moisture transfer mechanism in the cavity wall system linking the indoor
environment with the cavity space. in this wall system, air flow paths can normally connect
the cavity space with the indoor and outdoor environments. Moisture interaction between

the indoor environment and the cavity wall system occurs at two fronts as illustrated in

Fig. 6.4.

l—bExLerior Wall Thickness<li-
Inner  Cavity Outer

Leaf /\l Leaf
1 Convection

5 :|> Q—_-

Convective C:———’/\

Moisture I\/ ////I

Surface Convection )

Indoor 4:

Environment

C Surface Convection

:> Qutdoor

Environment

DRI

N

Transfer

Fig. 6.4 Moisture transfer modes for a multi-layer
cavity wall system.
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Convective moisture transfer normally occurs through cracks and unsealed joints between

mating surfaces. Although the actual flow paths of air within the wall may not be known,

it can be safely assumed that these paths connect the indoor environment with the wall

cavity. Consequently, cavity conditions can be directly affected by indeor air conditions.

From the molsture analysis point of view, such an assumption can be shown to be valid

for the following reasons:

i)

i)

Air cavity is a continuous layer dividing the wall system into an inner and an outer
wall, therefore, for indirect flow through the wall, air has to pass through the wall

cavity changing its air condition in the process.

For air to flow from one point to another through the wall system, the shortest path
with the minimum flow resistance is followed. Therefore, air will not normally pass
between material layers comprising the wall, hence, convective moisture transfer

will not affect inter-layer moisture conditions.

Even when inter-layer convective moisture transfer occurs at any location in the
warm side of the insulating material, no condensation is expected to occur at these

locations, however local changes in moisture conditions are expected.

The cavity is normally located on the cold side of the insulating material, and
hence, its air moisture condition is an essential factor in determining wall moisture

performance since it is a likely place for condensation.

In contrast with the diffusive moisture transfer, convective moisture transfer can
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immediately alter the wall moisture conditions regardless of the moisture characteristics
of the wall elements. When such moisture interaction exists between the indoor
environment and the wall cavity, it will directly respond to any changes in indoor air
humidity. Consequently, indoor air humidity behaviour will have a considerable impact on
the wall short term and long term moisture performance. The degree of such influence is
dependent on the wall air leakage characteristics as well as the pressure differential and
distribution across it. Therefore, in order to evaluate the effect of indoor air humidity
behaviour on wall moisture performance, moisture and thermal interaction between the

indoor environment and the wall system through the various transfer mechanisms must

be mathematically modelled.

Surface convection is the first and in many cases the only moisture interaction mode
between the indoor environment and the exterior wall. The amount of heat and moisture
transfer between the indoor air and the interior surface is determined by the surface

transfer coefficient. The convective moisture transfer at the wall surface can be described

by:
m=h, (W -W,) (6.17)
where,
nr= mass transfer rate, kg/m?s
h,= surface mass transfer coefficient, kg/m?-s

W= indoor air humidity ratio, kg/kg

W= air humidity ratio at the material surface, kg’kg

The surface mass transfer coefficient #,, can be related to the surface heat transfer
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coefficient by Lewis relationship given in Equation 6.18.

(6.18)

e
1]
'vn I ha-

The effect of surface coatings such as paints can be included into the surface mass
transfer coefficient by assuming that negligible amount of moisture is absorbed by the

coating material. The effective surface moisture transfer coefficient can be expressed by:
1 1
h = -1 6.19
m ( h,,, + hf) ( )

Where 1/h, represents the moisture transfer resistance of the coatings.

In order to model the convective moisture transfer through exterior cavity wall systems,
the air flow rates and their directions through the various air flow paths must be
determined. This requires the knowledge of the air pressure in all spaces including the
cavity space. Depending on the indoor space arrangement and its connectivity with the
cavity space, wind and thermal forces will contﬁbute to the spatial pressure distribution
in the whole system. By considering each wall cavity as a separate space connected to
the indoor space through the inner wall a multi-cell air flow network can be constructed.
As an illustrating example, the air flow network for a single rectangular space is shown In

Fig. 6.5.

The system consists of four distinct cavity spaces and the indoor space each represented
by a node. The four independent cavity spaces are connected to the main indoor space
and the outdoor environment by air flow paths. In addition, the indoor space is directly
connected to the outdoor environment. The air pressure at each space can be evaluated

by performing a mass balance at each node and simultaneously solving the resulting
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Fig. 6.5 Utilization of the air flow network modelling approach
for describing moisture interaction between the exterior
wall and the indoor environment.

nonlinear equation. The contribution of the different driving potentials and the method of

solution of the resulting equations have been discussed earller in chapter 4 and chapter

5.

6.5 Translent Heat and Molsture Transfer Through Exterlor Walls

6.5.1 Modelling approach: Moisture performance of walls s highly dependent on their
thermal behaviour since the state of moisture at any point within the wall is a function of

the combined effect of its thermal and moisture characteristics. Heat fiow in a porous
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material induces moisture fiow, which in tum affects heat flow through condensation and

evaporation, as well as, the transport of heat with vapour and liquid water. Therefore, heat

and moisture flows must be treated simultaneously in order to predict moisture

performance of the wall system. The principles of heat and moisture transfer through

porous building materials discussed in section 6.2 will be the basis for formulating

combined heat and moisture transfer through exterlor walls. For modelling moisture

transport through the wall components, the following assumptions are made:

iif)

At moisture contents below the maximum hygroscopic moisture content of the
material, moisture transfer is modelled by using the air moisture content as the

driving potential, and at higher moisture contents instantaneous moisture

equalization is assumed.

The effects of temperature on vapour diffusion coefficients is neglected. This
assumption can be justified since the average moisture content of a particular
material on which the value of vapour diffusion will be based, will normally remain

low.

The effect of material histon, (i.e., hysteresis) and temperature on materal
moisture capacity is neglected. Instead, the average moisture equilibrium curve in

terms of relative humidity wil! be used.

Exterior walls are normally composed of several layers of different materials.
Moisture transfer at the boundary between two layers is dependent on the

boundary moisture transfer resistance. For materials in close contact, this
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vi)

resistance will be very small and the two materials can be assumed at equilibrium

at the boundary surfaces.

No liquid transport occurs between any two layers in the wall system since the
moisture flow path is discontinuous at the boundary. Liquid moisture transfer cc;uld
occur between adjacent layers at very high moisture content levels (i.e. saturation
levels), however, such moisture content levels are unlikely to be attained at normal
conditions. Furthermore, even at these moisture content levels, liquid moisture
transfer can only occur when the two layers are closely attached to each other. In
reality, however, perfect attachment of adjacent layers can not be achieved

because of varying surface characteristics and construction methods.

Molsture within the material comprising the wall system can only exist in the

vapour and liquid forms, and local moisture equilibrium is always present within the

material.

Walls are very complicated systems consisting of various building materials containing

pores, voids and cracks of various shapes. Moisture and heat transfer in these walls take

place in different mechanisms through a multi-dimensional process. For example, moisture

can be transferred into the wall system from the indoor environment through the process

of vapour diffusion and air leakage. In addition, molisture can also be transported to the

different wall components through the rising damp from the ground and through the

shedding of rain on its exterior surfaces. The presence of multi-dimensional driving

potentials which include the gravitational forces makes the moisture transfer process

through the exterior walls a multi-dimensional process. For comprehensive assessment
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of exterior wall meisture behaviour, a three dimensional model may be required to
accurately describe heat, moisture and air movement through exterior walls. However for
the present study the main objective is to study the effect of Indoor humidity behaviour on
wall moisture performance, and hence, a comprehensive uni-dimensional model which
accounts for all basic properties and transport processes of the wall system, is mbre
feasible to use. In studying the process of heat and moisture flow through the wall, it has
been found that a uni-dimensional model can describe heat and moisture transfer with
sufficient accuracy, with variations in wall performance being accounted for by dividing the
wall into vertical stacks [130]. Some processes such as, air flow, which cannot be fitted
in the one dimensional model can be handied by considering the air cavity as an
intermediate boundary layer which interacts with the interior and the exterior environments
directly through air leakage and indirectly through the cavity surfaces. For a uni-

dimensional model to be applicable, the following assumptions are made:

i} The wall is homogeneous in all directions except in the direction of flow.
i) Over any plane across the flow path, which includes all boundaries, the wall is
exposed to uniform conditions.

ili) No rising damp is taking place, since it is limited to untreated walls near the

ground.

The use of a uni-dimensional model in the present study to describe heat and moisture

flow through the walll can be justified as follows:

) The main objective of this study is to investigate the effect of indoor humidity

behaviour on wall moisture performance, hence neglecting other moisture sources
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i)

i)

iv}

from the other directions (e.g. rising damp) will have no effect on achleving the
objective of this study.

Heat and molsture driving potentials across the wall will dominate the transfer

process, while transfer potentials in the other two directions are negligible.

A multi-dimensional model may not necessarily improve the accuracy of moisture
transfer modelling, since moisture transfer characteristics, needed for such in-
depth detailed analysis, are not available for many building materials. Moreover,
a great deal of uncertainty and variabllity does always exist in the available data,

which makes multi-dimensional analysis questionable.

Theories for molsture interaction between adjacent materials, especially liquid

transfer, have not been available for practical use.

Moisture transfer through composite wall systems, even in a uni-dimensional process is

complex phenomenon that involve both liquid and vapour transports, and when combined

with the wall thermal behaviour, phase change (i.e., condensation, evaporation, freezing)

may be present. Therefore, an exact analytical description of the transfer process presents

great difficulties [100]. In the present study, a numerical approach will be utilized for

solving the simultaneous heat and moisture transfer problem through exterior walls.

6.5.2 Numerical formulation: Based on the above discussion and assumptions, the fully

implicit finite-difference scheme will be used to model transient heat and moisture transfer

through walls. In this method, each layer in the wall system Is subdivided by equally

188



spaced nodes each representing the thermal and moisture conditions of a corresponding
segment of the layer. Node distribution across the wall system is performed according to
certain criteria which are determined by the required accuracy and efficiency of the

solution technique.

6.5.2.1 Node distribution criteria: For finite-difference modeliing of multi-layer wails it
has been found that placing a node on each intemal boundary provides satisfactory
results [143]. In addition, the use of boundary nodes will result in more efficient formulation
of the problem since material properties will be constant between any two nodes. accurate
modelling of moisture interaction between the material surface and the ambient air
requires a real representation of the material surface moisture conditions. Most building
materials have very high moisture resistance relative to the surface mass transfer
coefficient, consequently moisture distribution near the material surface is expected to be
highly nonuniform. This makes It necessary to decrease the node spacing to the level
where the average moisture condition of the surface segment (which is represented by the
surface node) will reasonably represent the surface moisture conditions. The thickness of
the surface segment can be related to the material moisture characteristics and the

surface mass transfer coefficient by the Biot number as follows:

i Hnbx | (6.20)

In thermal analysis a reasonable value of Biot number that would indicate uniform
conditions was found to be equal to 0.1. Howsver, in moisture analysis, this value can be
judged to be practically too small considering the relatively larger ratio between the
surface mass transfer cocfficient 5, and the material vapour diffusion coefficient D, By

evaluating the relative accuracy of the solution using a larger value of Bj, it has been

189



found that a Biot number value of 0.5 is practical and reasonably accurate for describing
moisture uniformity near the surface. Hence, nodal distribution in the inner and outer

layers of a multi-layer wall must satisfy the following criterion:

H Ax 05
2D, 0.

The introduction of the boundary nodes as representative of equal driving potentials at the
boundary surfaces of adjacent layers has initiated the need for another node spacing
criterion. Analytical evaluation of the effect of nodal distribution in adjacent layers on
solution accuracy has ravealed the importance of the relative ratio between the material
moisture diffusivity and the node spacing [143). Based on these results, a node distribution
criteria for moisture analysis in multi-layer wall can be formulated. For any two adjacent

layers, the following criterion needs to be satisfied:

aml “mz

Ax; Ax}
where

o= material moisture diffusivity, m%s

For certain building materials, satisfying the above criteria could require the use of
unreasonably high number of nodes that makes the solution impractical to implement at
certain conditions. Theretore, a sort of compromise may be required betwesn the
practicality and the accuracy of the solution. In certain situations, reducing the number of
nodes recommended by the above criteria to a practical limit may not jeopardize the
required accuracy of the solution. Such a decision must be made while being aware of the

consequences on the solution accuracy.
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The above criteria can be used to determine node distribution in multi-layer walls as well
as cavity wall systems. The cavity space is represented by one single node which
describes the average cavity thermal and moisture conditions. Fig. 6.6 illustrates typical

but not specific nodal distribution for a cavity wall system.

| Interior nodes

Air node
\

E-A
0o 0 o

Surface node

Surface node . \ Boundary node

Fig. 6.6 Typical node distribution for a multi-layer cavity wall system.

6.5.22 Numerical formulation of simuitaneous heat and molsture transfer:
Establishing the node distribution is the first step in the finite-difference formulation. The
numerical formulation of the present problem is completed by performing heat and
moisture balance at each node. This wili result in a number of algebraic equations twice
the number of nodes that have to be solved simultaneously for evaluating the system

thermal and moisture response to varying boundary conditions.

1) energy and molsture balance at the Interlor surface node

The energy balance equation for the interior surface node n can be written as:
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(142F0+2F)T™" -2 FoT: !} +(2Ae+ 2FmiyW;"! -
(6.21)
2AeW;.| = Ty +2FiT;+2FmiW,

and the moisture balance equation is given by:

(1+2Msi +2MwW) W' -2 Mw W - M T =
(6.22)
W; +2MsiW,-M:T,

i) energy and molsture balance at intermediate nodes
The energy balance equation for the node nis:
FoT™l-(1+2F0) T +FoT..} +Ae W, -

‘ (6.23)
24e W +Ae Wil = - T

ne
and the moisture balance is;

MwW (s 2Mw YW e Mw W+ MIT, =
n-1 n 1 n (6.24)
-W, +MtT,
i} energy and moisture balance at boundary nodes

The energy balance equation for a boundary node b between the layer 7 and the layer m

when no vapour retarder is separating them can be written as:

Ku t+l n Kﬂ t+1 Km t+1
Tn = (1 + + b + m +
EabAX, EabAX, EabAX, EabAX, (6.25)

Ewb, W™ - (Ewb,+Ewb )W, "' + Ewb Wi =-T}

and the moisture balance is given by:
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Mwb, Wy*' (1 +Mwb_+Mwb_)W; '+ Mwb W= + (6.26)

MT} W+ ML T}
When a vapour retarder is placed at the boundary between layer n and fayer m, the

energy balance equation for the boundary node n in layer n can be written as:

-2FoT, )} +(142F0+2Fb)Ti" ~2Fb, ' - 6.27)

2Ae W) +(2Ae +2Ar )W -24r Wi =T)
and the moisture balance equation is given by:

T+1 e vl
-2MwW, 2 +(1+2Mw+Mr )W, -2Mr W, - (6.28)

MT W -M TS

Iv) energy and moisture balance at the exterior surface node

The energy balance equation for the exterior surface node n can be written as:

T+l +1 -1
-2FoT, | +(1+2F0+2Fe)T,” -24eW. | + (6.29)

(24e +2Fme)W; " =Ti+2Fe T, +2Fme W,

and the moisture balance is given by:

—2Mw Wl +(1+2Ms0 +2Mw) W Mt T2 =
(6.30)

W,+2Mso W, -Mt T,

In the case of a cavity wall system, the cavity will be treated as a separate zone which

interacts with the indoor environment as well as its bounding surtaces. Therefore, energy
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and moisture balance must be performed both at the cavity space and the bounding

surfaces.

v) energy and moisture balance at the cavity bounding surfaces

the energy balance equation for a cavity surface node n in a cavity bounded by layer n

and m can be given by:

~2FoT "} +(142F0 +2Fc+2Fre)T:™ -2 Fc Ty -2 Fre T} -

(6.31)
2A4e W'+ (2Ae +2Fme) W, -2 Fme WS =T,
and the moisture balance is;
- 2Mw Wl (142Mw +2Msc) W, -2Msc W' -
(6.32)

MT: =W, -Mi T,

vl) energy and molsture balance for the alr cavity space

Energy balance at an alr cavity bounded by layer n and layer m can be generally

expressed by:

- Foc, T*" +(1+Foc, + Foc,,+ Fai + Fao) T,

(6.33)
~Foc, Ty =T, +Fai T,+FaoT,
And the moisture balance is;
- Fod W:™'+(1+Fod,+Fod,, + Fai+ Fao) W'
n R ( n (-] (6.34)

~Fod ‘W, =W, +FaiW,+Fao W,

The coefficients of the heat and moisture balance equations are defined as following:
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wheare

and

Fo=KAt/(p,c,,), Ax*
Fi=h Atf (PaCom )i B2
Fe=h,At](p, )0 AX
Fmi=h  Athp/(p,c, )X
Fme =h/.At hml(p,.cm)qu

Ae=h.D aAt/(p,c, ), Ax?

«=R,p, T,

Msi=At hy, W,/C, Ax
Mso=At h, W,/C, Ax
Mw=W,D aAt/C_ Ax?
Mt=¢dW /dT

Eab=[A% (PoC,me |y AT (o pn)ee |a]/2 At

where n and m, denote the two adjacent layers of material.

and

Ewb=h, D, a/Eab Ax

Mwb=2D a AtW,/Ax M,
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where;
M,=(Ax C)),+(AxC,),

and
Fb=At Coppf Ax (P o€y o
Ar=hy PypAtalAx(p,c,),,
Mr=W, P« At/C, Ax
Fe=h, At]Ax(p,c,.).;
Fre=h, At]Ax(p,Cour

Fmc = h!' Athp | AX (P Comdioe

Msc=Ath, W, [C, Ax
Foc=Ath, /L p,c,
Fai=Q, At/V, p,
Fao=Q, AtfV,p,

Fod=Athy [L p,

6.5.2.3 Evaluation of heat and molsture transport parameters: In porous materials,
heat and moisture transport parameters vary with their moisture and thermal conditions.
At transient conditions, these parameters are continuously varying. Therefore, for accurate
modalling of the simultaneous heat and moisture transfer problem, variations in these
parameters must be considered. In numerical modelling, these variations can be

considered by updating their values at the end of each time step. The vapour diffusion
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coefficient D, is an important moisture transport parameter that can vary considerably with
the moisture content of material. In exterior wall, moisture content normally varies across
the thickness of the same layer of material. Considering the practicality of the_ numerical
solution and the accuracy of the vapour diffusion coefficient, accounting for its vgriatlons
within the same layer may not be necessary. Instead, an average moisture diffusion
cosfficient which is based on moisture content distribution within the layer Is used to
describe moisture transfer through the layer. For a layer with N number of nodes, the
average diffusion coefficient is given by:

5. ZD/®)

(6.35)
v N

The thermal and molsture capacities of material are also dependent on its moisture
content. The slope of the moisture equilibrium curve for any porous material varies with
relative humidity which is a reflection of the material moisture content. In this study, the
variation of material moisture capacity C,, over the thickness of the material is taken into
account by assigning a local moisture capacity for each node based on the corresponding

molsture content. For node n, the material local moisture capacity can be expressed by:

U
C =ip = (6.36)

Similarly, the local thermal capacity is evaluated for each node based on its molsture

content and can he given by:

(P Com )i (P pCom +4186 Up,) (6.37)

Material air moisture content, which is the moisture driving potential used in this study, is
dependent on the material moisture content as well as loca! temperature. For the same

moisture content, the value of the of material air moisture content can decrease and
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increase with temperature according to the comesponding saturation air meisture content.

This relationship can be mathematically expressed by:

dw,
dT

av _ ¢ (6.38)
dar

The variation of the saturation air moisture content W, relative to the temperature T at any
given temperature can be evaluated from the slope of the saturation curve. In a numerical
solution, this parameter can be evaluated at the end of each time step using the
instantaneous predicted temperature. However, this calculated value can not accurately
represent the actual change in saturation alr moisture content during the subsequent time
step if large temperature variations occur. By using the average temperature during the
subsequent time interval for evaluating the slope of the saturation curve, it has been found
that the calculated value can accurately represent the change in saturation conditions. The

relationship between the air moisture content and the temperature can now be expressed

as:
daw _, dw,
C LAY (6.39)
ar "o T Tes

The average temperature can be evaluated by predicting the instantaneous temperature
at the end of the subsequent interval without considering the impact of moisture transport.
The arithmetic average between the temperatures at the beginning and at the end of the

interval will represent the interval average temperature T,,..

6.5.2.4 Simultaneous solution of heat and mass balance equatlons: In order to
simuttaneously evaluate the temperature and air moisture content distribution across the
aexterior wall, a system of algebraic equations representing the heat and mass balance at

each node must be solved simultaneously. In this study, the solution is carried out using
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the Gauss-Jordan elimination method. Using thls.method, all off-diagonal matrix elements
are reduced to zero through a process called diagonalization. Although other methods
may require less computations, the Gauss-Jordan method provides a systematic means
for the diagonalization of the system of linear simultaneous equations with an easy to
extract solution. A potential problem in this method is that normalization of the pivot row
may not be achieved in the presence of a zero element in the pivot row. This problem can
be avoided by changing the order of equations in the system where the row with a zero
or small pivot element is exchanged with the row below it that has the largest element In
the same column. In addition, to circumvent the zero pivot problem, such procedure which
is known as partial pivoting was found to achieve more computational accuracy especially

when handling large numbers of simultanecus equations [142].

6.5.3 Evaluation ot condensation and molsture content distribution within exterlor
walls: Condensation on a non-hygroscopic material surface, like glass, occurs when its
temperature is below the dew point temperature of the amblent air. As soon as
condensation starts to occur, the material surface is wetted and the air moisture content
at the surface will be equal to the saturation level comresponding to its temperature, For
hygroscopic materials, which are likely to form most of the exterior wall components, the
material air moisture content is determined by the temperature and the moisture content
of material. Since, moisture equilibrium is likely to be maintained within materials, the local
relative humidity will be determined by the material moisture content. At moisture contents
equal or greater than the maximum hygroscopic moisture content (MHMC), the material
relative humidity will reach the saturation lavel (i.e., RH=100%) which is an indication of
the occurrence of condensation. Therefore, for condensation to occur within the exterior

wall components at a particular location, the following condition must be satisfied:
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uzUu,

At moisture contents equal or greater than the maximum hygroscopic level, the air

moisture content within the material will only be dependent on the temperature.

W=f(T) For UsU,, ' (6.40)

In steady state analysis evaluation of interstitial condensation within exterior walls can be
performed by merely using the moisture and heat transport coefficients of the layers
comprising the wall. in transient analysis, however, material hygroscopicity will be an
important factor in determining when condensation starts to occur. When evaluating
interstitial condensation as part of the finite difference solution, the air- moisture content
at each node is compared with the saturation value comesponding to the nodal
temperature at the end of each time interval. Whenever the value of the air moisture
content at any particular node Is greater than the saturation air moisture content or the
material moisture content is greater than its maximum hygroscopic level, the air moisture

content is set to the saturation value.

Molsture content distribution within the different materials of the wall system is evaluated
using the comresponding moisture equilibrium curve when the relative humidity level is

below 100%. For material i, the nodal moisture content is given by:

Uwa,¢” +c 0% $<100% (6.41)
At 100% relative humidity, when interstitial condensation occurs, the moisture equilibrium
curve cannot be used for evaluating nodal moisture content since the material moisture
content is likely to be higher than its maximum hygroscopic level. Instead, the mass

balance concept is used. Based on the average time interval moisture and temperature
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conditions, the moisture content at each node can be calculated. For an intermediate node
n, the moisture content can be given by:

U101= U*+ D‘VRVpaAr(

sz p Tn-l W,
n

(6.42)
For an interior surface node n, the moisture content in the presence of condensation is

calculated as following:

hpA Ar — — -
Ut-ol:qu-m_(]V‘_Wn)__'.'f_.Rl&’__(T W -T.,W.) (6.43)
Axp A

Moisture content at other surface nodes are similarly evaluated using the appropriate
ambient conditions. At the boundary between two layers, the moisture content is evaluated
by performing the mass balance at each boundary surface. Since the boundary surfaces
are likely to have different moisture contents, each is represented by a separate node that
will have the same air moisture content but different material moisture content. Depending
on its location relative to the moisture flow direction, the boundary node could be a source

node or a sink node as illustrated in Fig. 6.7.

Since only vapour transport can take place between the two nodes, the sink node
moisture content will be maintained at the maximum hygroscopic level as long as the
source node is at that level! or higher. The moisture content at the source node b7 can be

given by:

DRp At . . -
-_v—:i?a__(ru-l F/n-l -Tu Wa) —AUbZ (6.44)

U'l +1 = U'r +
bl bl Ax P,,,

' hare AU, is the moisture content that is required to maintain the sink node b2 at the
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maximum hygroscopic level.
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Fig. 6.7 Moisture flow between two adjacent layers of
materials.

~. sink boundary
node

When the moisture content of the source node decreases below the maximum
hygroscopic level or it is not high enough to keep the sink node at its maximum
hygroscopic moisture content, moisture distribution between the nodes will be decided
according to their relative maisture capacity so as to maintain equilibrium between them.
At this point of transition in the material moisture content, the corresponding relative
humidity within the material must be evaluated. For an intermediate or a surface node, the
relative humidity can be evaluated from equation 6.41 using the material moisture content.
However, since the relative humidity, ¢, is non-linearly related to the moisture content U,
the corresponding relative humidity can only be evaluated by iterative techniques such as
Newton's method. At boundaries, the air moisture content at the point of transition is

determined by the material moisture content of both layers. Since moisture equilibrium
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must be maintained, the moisture content in both materials must correspond to the same
relative humidity. For two adjacent layers / and J, the equilibrium moisture content for the

boundary node in layer / can be expressed by:

Up Up
Ue,=U,~—— [1/(}/Ax, C,, + /A%, C,)] ( Lt 1P (6.45)
Pw 8% m m

The equilibrium moisture content given in equation 6.45 can now be implemented in
equation 6.41 for evaluating the air moisture content at the boundary. In the presence of
a vapour retarder between the two layers, the boundary nodes will behave independently
and the moisture interaction between them will be indirect through the defined moisture

resistance of the vapour retarder.

The process of moisture equalization Is performed be‘ween any two adjacent nodes
having moisture content equal or greater than the critical value. In this process moisture
movement can occur in a direction apposite to the vapour flow since the moisture content
will be the determinant of such moisture movement. All adjacent nodes subjected to
moisture equalization will be at the same moisture content and any loss or gain from any

node will simultaneously and equally affect the rest.

6.6 Computer Models for Simulation and Applicetions

Theoretical modelling of simultansous heat and moisture transfer through mutti-layer
exterior wall is a very complex process which gets more complicated with the presence
of an air cavity within the wall. In order to solve for heat and molisture transfor through
walls and to model their interaction with the indoor environment, numerical and iterative

techniques are required for solving the resulting equations. Furthermore, evaluation of the
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exterior wall moisture performance is a long term process that may require an extended
period of time to simulate. To camy out all these numercus calculations, computer models
have to be developed for simulating the moisture behaviour of different exterior walls
subjected to varying boundary conditions. Based on the modelling approaches discussed
earlier, a computer program called "Wall-MPM" has been developed for evaluating exterior
wall moisture perforrance. The program is designed to evaluate moisture behaviour of
multi-layer non-cavity and cavity wall systems. In the cavity wall system the cavity space
is allowed to interact with the indoor and ou.tdoor environments through air convection. A
general flow chart illustrating the basic components of the program is shown in Fig. 6.8.
As part of the program, two main modelling modules have been developed. One
representing the heat and moisture transfer through the wall when no vapour retarder is
used, and the other takes into account the presence of vapour retarder at the boundary
between any two layers. In the cavity wall system, the vapour retarder can only be placed

within the inner wythe at the boundary between any two layers.

Using the developed program, moisture and thermal behaviour of different exterior wall
systems under different transient boundary conditions can be evaluated over any period
of time. Evaluating the influence of indoor alr humidity behaviour on wall moisture
performance is one of the main objectives of the present research. Therefore, this wall
moisture behaviour evaluation program can be used in conjunction with indoor air humidity
evaluation programs to investigate the impact of indoor air humidity transient behaviour
on the short term and long term wall moisture performance. In addition a parametric
analysis can be performed to evaluate the relative influence of each of the parameters
which indirectly affect wall molsture performance through their influence on indoor air

humidity.
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Fig. 6.8 A general flow chart illustrating the main components
of the wall moisture behaviour evaluation programs.
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6.7 Comparisons and Valldation

6.7.1 Theoretical verification: The moisture behaviour evaluation program developed
as parn of this research is based on certain moisture transfer theories and as.sumptiuns.
Furthermore, numerical techniques have been implemented to solve for heat and molsture
distribution across the wall system. Therefore, the accuracy of this program results and
the applicability of the theories behind them must be verified. This can be achieved by
comparing the program predictions with the solutions of the basic theoretical cases as well
as the results of representative experimental tests. As a first step towards validating this
program, its steady state predictions of temperature and moisture distribution across the
multi-layer cavity wall system shown in Fig. 6.9 will be examined. The thermal and
moisture characteristics of the modelled wall are given in Table 6.3. The wall system was
initially at uniform temperature and air moisture content when the boundary conditions

were suddenly changed and maintained at constant levels.

The indoor alr temperature is kept at 21° C. and the outdoor temperature Is kept at 10°
C. while the relative humidity at both sides is maintained at 50%. The hourly thermal and
moisture responses of the wall system have been evaluated by the developed computer
program. The solution process continued till steady state conditions were reached at the
point when no further change occurred in the wall thermal and moisture conditions. Fig.
6.10 shows the steady state temperature distribution predicted by the program as
compared with the calculated exact values at the same boundary conditions. it can be
seen that there is almost perfect agreement between the two approaches. Similarly, good
agreement is obtained for the air moisture content distribution as shown In Fig. 6.11. For

the same boundary conditions, steady state temperature and air moisture content
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distribution across

Table 6.3 Thermal and molsture characteristics of the modelied wall systems
components.

Thickness, Thermal Thermal Diffusion Permeance,
mm Conductivity, | Conductance, Coefficient, kg/m*Pas
Wim<C Wm'C | kg/mPas 10" 10*

Indoor - - 83 - 1.7
Film

Gypsum 10 0.158 - 42 -
Board

Insulation 90 0.0433 - 78 -
Wood 10 0.0966 - 7.6 -

Cavity Air - - 28 - 1.7
Film
(inner)

Wall
element

Cavity Air - - 2.8 - 1.7
Film
{outer)

Air Cavity 50 - 5.6 - 0.85
Brick 100 0.7 - 11 -

Outdoor - - 213 - 11
Film

the multi-layer non-cavity wall system shown in Fig. 6.12 have been predicted by the
program. Comparisons with calculated steady state temperature and air moisture content
distributions have shown good agreement as can be seen from Figs. 6.13-6.14. Being
able to accurately reach the steady state conditions from a transient state at the beginning
of the solution, the computer model can be considered to be numerically validated. On the
other hand, since both theoretical models, representing non-cavity and cavity wall
systems, are based on the same moisture transfer theories and assumptions, validating
any one In predicting moisture behaviour of multi-layer walls will automaticaily validate the

other. For any theoretical model to accurately assess exterior walil moisture performance,
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it must be able to predict the occurrence of interstitial condensation at the right location.
Furthermore, it must be able to predict the moisture content distribution and behaviour for

the various wall system components with sufficlent accuracy.

For the muttl-layer wall system shown in Fig. 6.9, the steady state relative humidity
distribution at an outdoor air temperature of 0° C Is shown in Fig. 6.15. It can be seen that
the relative humidity has a value of unity at two ditferent locations within the wall. This
means that interstitial condensation has occurred at the boundary between the Insulation
and the wood layers as well as the interior surface of the outer wythe (i.e., the brick layer).
In order to verify these predictions, interstitial condensation within the same wall assembly
can be checked using the vapour pressure profiles. Fig. 6.16 compares the saturation
vapour pressure profile to the vapour pressure profile calculated based on the ambient
vapour pressures. At any point when the saturation vapour pressure is less than the
calculated vapour pressure, interstitial condensation can occur. From Fig. 6.16 it can be
seen that interstitial condensation could occur over a wide region extending from the
insulation layer to the brick layer. Atthough this condensation region includes the two
condensation locations predicted by the computer model, yet the vapour pressure profile
method can not specifically allocate these points. Determining the location of the first
condensation point is very important since it will result in a completely different vapour
pressure profile that may not result in further condensation at other locations. By setting
the vapour pressure at the boundary between the insuiation and the wood layers to the
saturation level, the resulting new profile would still indicate that condensation occurs as
shown in Fig. 6.17. The resulting new condensation region still includes the second
condensation point at the inner face of the outer wythe. Setting the vapour pressure to

saturation level at this point will completely push the vapour pressure profile below or at
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the saturation curve which means that no more condensation will occur as can be seen
from Fig. 6.18. From the above discussion, it can be conciuded that the Interstitial
condensation predicted by the computer model at steady state conditions is in full
accordance with the prediction of the multi-stage vapour pressure profile method. To
further emphasize this conclusion, interstitial condensation is evaluated for the same wall
system when the exterior surface of the wood layer Is coated with a paint film having a
permeance of 1.5-10"°. At the same boundary conditions, the computer mode! predicts
that the wood layer will be completely subjected to interstitial condensation as can be
seen from Fig. 6.19. The corresponding steady state pressure profiles shown in Fig. 6.20
indicate that the wood layer is a potential location for condensation. By setting the vapour
pressure at the boundary between the wood and the insulation layers to the saturation
level, the vapour pressure profile is almost completely below or at the saturation profile
as shown in Fig. 6.21. However, the vapour pressure curve will still be above the
saturation curve within the wood layer region indicating the possibility of more
condensation at this location. When the vapour pressure at the exterior surface of the
wood layer is set to saturation level, the vapour pressure curve at all other locations will
be maintained below the saturation curve as shown in Fig. 6.22. This behaviour confirms
the validity of the computer mode! in predicting the occurrence and the location of

interstitial condensation.

6.7.2 Experimental verification: In order to verify the modelling approach and the
calculation methods implemented in the computer program for predicting moisture
distribution and behaviour within multi-layer walls, predicted theoretical results need to be
compared with the experimental results of representative test cases. In literature, many

experimental studies have been carried out to investigate the moisture behaviour of multi-
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layered components at specific boundary conditions. Therefore, the results of appropriate
and well documented experimental studies can be utilized for comparisons with the
predicted theoretical results without the need for further experimentation. One important
experimental program is carried out by the Swedish Council for Building Research [82].
In this program the moisture behaviour of different specimens of one or more layers of
common building materials is studied when the initially conditioned specimen Is exposed
to different boundary conditions. Each specimen has a face area of 0.00553 m’ and a tetal
thickness of 100 mm. For most of the experiments, the surface mass transfer coefficient
ranging from 0.0027 to 0.0054 kg/m?.s, has been found to be representative of the actual
conditions. Therefore, theoretical calculations are carried out based on the lower and the
upper limits of the surface mass transfer coefficient range. Furthermore, in order to
account for all possible moisture transfer mechanisms, the selected tests include
specimens at different initial moisture contents representing the hygroscopis and the near
saturation level. Fig. 6.23 compares the experimental results and the theoretical
predictions of moisture gain of a single aerated concrete layer initially at 50% relative
humidity. As can be clearly seen, very good agreement is obtained for both values of the
surface mass transfer coefficient. For the same boundary and initial conditions, good
agresment is also obtained for a multi-layer specimen consisting of 50 mm thick insulation
and 50 mm thick aerated concrete layers as can be seen from Fig. 6.24. In this case,
better agreement is obtained when the lower value of the surface mass transter coefficient
is used. For the same specimen, very gocd agreement is also obtained in the absence
of temperature gradient as can be seen from Fig. 6.25. In this case, variations in the
surface mass transfer coefficient has no noticeable impact on the moisture gain by the
specimen. Theoretical predictions of moisture desorption from a single aeratex! concrete

layer initially at a moisture content of 225 ka/m® was found to be in very good agreement
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with experimental results both In the presence of a thermal gradient as shown in Fig. 6.26,
and in the absence of thermal and moisture gradients as shown in Fig. 6.27. In both
cases, the higher limit of the surface mass transfer coefficlent seem to give better
agreement with the experimental results. The initial moistura content of the aerated
concrete specimen in both cases was much higher than its critical moisture content (i.e.,
120 kg/m®), however, by the end of the simulation pericd, the speﬁimen moisture content
has dropped to a lower leve! below its critical value. This means that the concept of
moisture equalization has been implemented at the beginning of the simulation period until
a transiion occurs from the wetting level to the hygroscupic level when moisture
distribution across the specimen is likely to be nonuniform. Theoretical predictions and
experimental results of moisture desorption of a composite specimen consisting of a 50
mm aerated concrete layer initially at a moisture content of 225 kg/m®, and a 50 mm
insulation layer initially at 50% relative humidity are shown in Fig. 6.28. For this particular
case, the agreement is not as good as the previous cases, however, the theosetical
prediction corresponding to the lower surface moisture transfer coefficient can still be
judged to be in good agreement with the experimental results. Much better agreement is
obtained at the same boundary conditions for the composite specimen consisting of brick
layer at an initial moisture content of 214 kg/m®, and an insulation layer initially conditioned
at 50% relative humidity as illustrated in Fig. 6.29. Good agreement is still obtained when
the Insulation layer is replaced by an aerated concrete layer having the same thickness
and initially conditioned at 50% relative humidity as can be seen from Fig. 6.30. In both
cases, the lower surface mass transfer coefficient gives a much better agreement with the
experimental results. For the same brick and aerated concrete specimen, theoretical and
experimental results are in good accordance when no temperature gradient exist across

the specimen as shown in Fig. 6.31. However, in this cass, the theoretical predictions
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comesponding to the higher value of surface mass transfer coefficient is in a better
agreement with experimental results. In spite of the influence of the surface mass transfer
coefficlent, the theoretical prediction can be generally judged to be in good accordance

with the experimental results considaring the variability that may be experienced_ by itin

real test conditions.

In a more practical experimental program conducted by Burch, D.M.,, et al [133], two
different initially conditioned wall specimens each with a face area of 0.372 m? were
placed between two chambers representing the indoor and the outdoor environments. The
first wall specimen consists of a 13 mm gypsum board, 88 mm fibre insulation and 13 mm
wood board. In the second specimen, the fibre insulation was replaced by cellulose
insulation having the same thickness. In both cases, the interior surface of the gypsum
board was painted with a latex paint system with a moisture permeance value of 3-10™°
kg/m*Pa<s, and the exterior surface of the wood board was painted with an oil-based
paint system with a molsture permeance value of 1.5:10"° kg/m?-Pa<s. Both specimens
were initially conditioned at about 24° C. and 51% relative humidity. The interior side of
the specimen was exposed to the same initial ambient conditions while the exterior side
of the specimen (i.e., wood board exterior surface}) was exposed to a conditioned
environment with an air temperature of about 1° C. and a relative humidity level of about
28%. At the beginning of simulation, the relative humidity leve! has dropped to about 7%
and reached the 28% level at about the tenth day of the simulation period. After a 34-day
test period, the mean moisture content of the inner and outer halves of the wood layer
were maasured. In order to compare these experimental results with the theoretical
prediction of the computer model developed in this study, the same experimental case

was theoretically modelled. Theoretical prediction of the wood board moisture content was
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carried out for a convective surface heat transfer coefficient of 2.8 W/m?-<C at the wood
board surface. This surface heat transfer coefficient value comesponds to natural
convection. However, for the test conditions, air movement Is forced over the surface
resulting in a higher convective surface transfer coefficient. For the purpose of illu'straﬂng
its impact on the thecretical prediction, a convective surface heat transfer coefficient of
11.2 W/m*<C Is also used. Fig. 6.32 and Fig. 6.33 compare the predicted average
moisture content for the inner and outer halves of the wood board to the corresponding
measured values at the end of the 34™ day of the experiment. In both cases, the mods!
predicts with good agreement the material moisture content for a convective surface
transfer coefficient of 2.8 W/m?.C. A slightly better agreement is obtained for the higher
value of the surface transfer coefficient. The vapour diffusion coefficient of the fibre
insulation (D,=78-10""? kg/m-Pa-s) used in the modslling so far seems to underestimate
the moisture permeability of the material. For the fibre insulation used in the experiment
(density=11.5 kg/m’), the vapour diffusion coefficient must be higher. According to
ASHRAE [20], the vapour diffusion coefficient of such fibre insulation material is around
170102 kg/m-Pas which is more than double its original value. Figs. 6.34 and 6.35
show the predicted material molsture content for the inner and outer halves of the woc
board when a convective surface transfer coefficient of 2.8 W/m?-C is used. In both
cases, the experimental results are in good agreement with the theoretical predictions.
Comparisons with Figs. 6.32 and 6.33 would indicate that by increasiig the vapour
diffusion coefficient of the insulation layer, the predicted moisture content, especially for
the inner half, will be in better agreement with measured data. Predicted and measured
moisture accumulation for the inner and outer halves of the wood board when cellulose
insulation is used, instead of the fibre glass insulation, are shown in Figs. 6.36-6.37. lt can

be seen that the theoretical predictions in both cases are generally in accordance with the
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experimental results for both convective surface transfer coefficients. However, much
better agreement is obtained for the outer half especially at a convective transfer
coetficient of 11.2 W/m?<C. Based on the above discussion, the model can be judged to
be successful in predicting the moisture accumulation in the wood layer. In addition, the

model can accurately predict the occurrence and the location of interstitial condensation.

6.8 Summary

In this chapter, the transient moisture behaviour of non-cavity and cavity exterior wall
systems has been theoretically modelled by simultaneously solving for the heat and
moisture transport through their various components. In the cavity wall system, the cavity
space is linked with the indoor and outdoor environments by air flow paths that allow
moisture to pass through under thermal and wind driving potentials. In order to evaluate
the air flow rate across these paths under certain boundary conditions, the mutti-cell air

flow modelling approach is iImplemented for evaluating the pressure differential across the

different air flow paths.

For practical considerations, the air moisture content is used as the main driving potential
when the material moisture content is below its maximum hygroscopic level. At higher
moisture contents, the moisture equalization approach is implemented. The combined heat
and moisture transport through porous materials is modelled by a system of coupled
ditferential equations which represent the base for modelling simultaneous heat and
molsture transfer in multi-layer walls. The instantaneous temperature and air moisture
content distribution across a mutti-layer wall are evaluated by simultaneously solving the

comesponding heat and moisture transfer equations. Solution for these equations are
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obtainred numerically by implamenting the finite-difference implicit scheme. For this
numerical approach, two node distribution criteria have been suggested. At each node,
both heat and moisture balance is performed. Therefore, for N number of nodes, 2N
number of equations are simultaneously solved. Sofution of these equations is obtained
by the Gauss-Jordan elimination technique. In the hygroscopic moisture range, the
instantaneous material moisture content is evaluated from the material moisture
equitibrium curve. As condensation occurs, variations in the local material moisture content
is determined by applying the mass balance approach at the condensation points,
Condensation within the wall various components is considered to occur whenever the
local material moisture content is equal to or greater than the maximum hygroscopic level

which corresponds to 100% relative humidity at molsture equilibrium.

Evaluation of exterior walls moisture performance involves a considerable amount of
calculations which are almost impassible to perform without the computer. As part of this
research, a wall moisture behaviour evaluation program has been developed for
evaluating the moisture behaviour of multi-layer non-cavity and cavity wall systems.
Results from this program have been used to validate the implemented calcutation
techniques as well as the moisture transfer theories on which the program was based.
Comparisons with experimental as well as standard theoretical resuits (steady state
analysis) have indicated very good agreement with the theoretical predictions. Within the
frame work of its applicabiiity, the developed computer model can be judged o be a good

tool for predicting moisture behaviour of exterior multi-layer wall systems.



CHAPTER 7

EFFECT OF INDOOR AIR HUMIDITY VARIATIONAL BEHAVIOUR ON
EXTERIOR WALL MOISTURE PERFORMANCE

7.1 Introduction

Moisture accumulation in exterior walls Is a by-product of many factors related to the
Indoor and the outdoor conditions as well as the therma! and moisture characteristics of
the wall. Among all these factors, indoor humidity remains the most interesting parameter
to be looked at for three reasons. First, itis a prime factorin determinlng.the wall moisture
performance; second, in many buildings, very little, if any, attention is normally given to
the problem of indoor humidity control allowing it to naturally fiuctuate according to the
natural balance of the different available moisture transport processes; and third, indoor
humidity is the only controliable environmental parameter which in most cases offers
sufficient flexibility to be modified for better exterior wall moisture performance without

endangering the functional requirements of the space.

In winter, indoor humidity is the main source of moisture that can be transferred to the
core of the wall system. Furthermore, the drying potential of the wall compenents during
summer can be determined by the isve! of indoor humidity, especially for humid outdoor
conditions. For more realistic and accurate assessment of exterior walls moisture
performance, the transient behaviour of indoor alr humidity must be considered.
Depending on the modes of moisture interaction between the indoor environment and the
wall system, varations in indoor air humidity can have immediate as well as long term

impacts on the wall moisture conditions. For non-cavity multi-layer wall systems, moisture
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transfer occurs mainly by diffusion which is a relatively slow process. In this case, the
Impact of a particular pattem of variations of indoor humidity on the short term wall
moisture performance may not be apprectable. On the other hand, the accumulative effect
of a certain variational pattern will likely resutlt in a unique fong term moisture performance.
It a cavity wall system, the cavity space is normally connected with the Ir;door
environment by air flow paths through which air can flow under wind and thermal driving
potentials. The presence of these paths will result in a fast moisture transfer mechanism
linking the indoor space with the core of the wall system. In this case, any short term
fluctuations in the indoor air humidity can be quickly reflected on the cavity space moisture
conditions. However, this will depend on the pattemn and the rate of air flow across the
connecting paths which are determined by the boundary conditions (e.g., wind speed and

direction), as weli as the air leakage characteristics of the exterior walis.

Although the importance of indoor humidity in determining moisture performance of
exterior walls has been emphasized in related literature, the impact of its transient
behaviour has not been considered elther in the theoretica! or the experimental
investigations. In this chapter, the effect of indoor air humidity behaviour, within a single
space enclosure, on the moisture performance of its bounding exterior walls Is
theoretically investigated. Two different wall systems with different modes of moisture
interaction with the indoor space have been considered, The first system is a non-cavity
multl-layer wall, and the second wall Is a cavity wall consisting of a multi-layer interior

wythe and a single layer exterior wythe.

Moisture performance of exterior walls is an important issue in aimost all types of climates.

However, in cold climates, it is of a particular importance because of the complexity of the
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wall system and the higher interstitial condensation potential involved. In studying the
eftect of indoor air humidity behaviour on wall moisture performance, itis more appropriate
to use the environmental conditions comespunding to a typical cold climate as the cutdoor
boundary conditions for the simulation of the problem. In addition, the simulation period
must be long enough so as to be able to assess the long term impact of indoc;r air
humidity behaviour over an extended period of time. In this study, a simulation period of
one year is used through which the hourly thermal and moisture responses of the wall
system are evaluated. The employed hourly weather data are representative of Montreal's
weather conditions over a full year. The relative influence of indoor alr humidity behaviour
on exterior wall moisture performance is demonstrated by mainly comparing the variations
of the average moisture content of the wall components over the simulation period at
different pattems of indoor humidity variations. Some physical and functional
characteristics of the space can have significant impact on the indoor air humidity pattern
of variation which will ultimately be refloected on the moisture performance of the exterior
walls. This indirect relationship between the space characteristics and the moisture

performance of exterior walls will be discussed towards the end of this chapter.

7.2 Evaluation Approach

Indoor air humidity behaviour and exterior wall moisture behaviour are interdependent
processes since considerable amounts of moisture can be absorbed or desorbed at the
walls interior surfaces. Furthermore, moisture from the indoor air can be transferred to the
wall system by the diffusion and the convective transport mechanisms. For assessing the
moisture interaction between the exterior wall and the indoor environment, an indoor air
humidity prediction model needs to be used in conjunction with a wall molsture behaviour

evaluation model. Fig. 7.1 illustrates the integrated modelling approach which includes
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both moisture transport models.

( Outdoor Environmenta! Parameters

Air MW?II
Humidity “Moisture oisture
icti Behaviour
Prediction Evaluation

Madel

Wall Thermal
and Moisture
Characteristics

Space Physical
and Functional
Characteristics

Fig. 7.1 An integrated modelling approach of the transient
moisture transport problem in buildings:

in order to be able to compare between the wall moisture behaviours at different indoor
air humidity variational pattems, all environmental parameters used in the modelling are
kept the same with the exception of indoor air humidity. The different indoor air humidity
variational patterns are obtained by mainly changing the space physical characteristics
since they have nc direct influence on the wall moisture behaviour. Using a time step of
one hour, simultaneous heai and moisture transfer through the wall system is numerically
evaluated for a period of one year. Translent heat and moisture transfer calculations are
besed oi: the formulations and assumptions described in chapter 6, but with an additional
assumption that the effect of solar radiation on exterior walls is negligible. The hourly

outdoor air conditions used for the simulation are shown in Figs. 7.2-7.3, and the wind
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Fig. 7.2 Hourly air temperature variation over a period of one year.
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Fig. 7.3 Hourly air moisture content varlation over a period of one year.



speed and direction are represented by Figs.7.4a-7.5b. These conditions, which were
recorded at Dorval weather station in Montreal from December 1984 to November - 985
can be considered as representative of cold climate conditions. Based on the same
outdoor conditions, the hourly air humidity variations within the space are calculated using

the mathematical formuiations described in Chapter 4.

Moistura interaction between the indoor air and the wall interior surface is modelled by the
lumped-parameter approach where a very thin layer {equivatent to have the nodal spacing
used in the numerical formulation) can be assumed at uniform molsture conditions. The
response of indoor air humidity during a time step, At, due to moisture absorption or

desorption at the Interior wall surface can be expressed by:

dw, Ak, . 2hp,
T XNW -w - (7.1)
= oV (W,-W,)exp( ~Ax )
where,
a=p, T RC,

The parameter, Ax, in equation 7.1 represents the nodal spacing used in the numerical
formulation for the interior layer, while the parameter, W, represents the material surface
moisture conditions at the beginning of the time step. As the solution progresses, the
material surface moisture conditions need to be updated at the end of each time step and
submitted to the air humidity perdition model. Similarly, the time step average indoor air
humidity, W, is calculated and used in evaluating the wall moisture behaviour.

7.3 ?-‘!oltstura Accumulation and Distribution within a Multi-layer Non-Cavity Wall

'ystem

Moisture behaviour of exterior walls in response to a particular pattern of variations of
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Fig. 7.4-a Hourly wind speed variation over a period of one year.
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Fig. 7.5-a Hourly wind azimuth variation over a period of one year.
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indoor humidity is greatly influenced by the modes of moisture interaction with the Indoor
environment. In a non-cavity wall system, moisture interaction occurs at the wall's interior
surface with moisture diffusion as the only molsture transfer mechanism. Moisture
accumulation and distribution in the multi-layer non-cavity wall system shown in Fig. 7.6
are evaluated at different indoor air humidity variational pattemns. Although such system
is unlikely to be used in cold climates to be tested under representative climatic
conditions, studying its moisture behaviour will form the base for comparisons with the
cavity wall system which Interacts differently with the indoor environment. The modelled
wall system consists basically of a 10 mm gypsum board with its interior surface painted
with a latex paint system, 90 mm fibre glass insulation and 10 mm wood board with an
oil -based paint system. For the purpose of investigating the Impact of certain wali
characteristics on its molsture performance under a given indoor humidity varational

pattemn, basic physical characteristics of the wall system may occasionally be changed.

Moisture and thermal properties of the wall components are the same as those given in
Tables 6.1 through 6.3 in Chapter 6. This wall forms the exterior vertical boundaries of the
600 m* space with its geometrical configurations shown in Fig. 7.7, and the basic physical
characteristics are given in Table 7.1. The modelled space Is maintained at constant
temperature of 21° C through out the simulation period and continuous summer
dehumidification is camied out for a period of three months. The dehumidification process
is performed by cooling the indoor humid air to below its saturation temperature. A
schematic ¢f the dehumidification system Is shown in Fig. 7.8. In this system, the
condensed water is assumed to have no effact on the moisture conditions of the Inlet air.
In reality, this can be achieved either by continuous drainage of the collected water or by

physically separating the inlet air stream from the free water surface. The daily indoor
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molsture generation profile given in Fig. 4.9 is used through out the simulation period.

Table 7.1 Modelled space basic physical characteristics.

'__-*____—h_*__—‘—_—ﬁ______-_a—_

Air Leakage Coefficient Surface
m*/m*Pa*s 10+ Orieat- Moisture Abs./Des. condensation | pe
w. | N E. S. | 290 | Material | Area | Window | Area | k85
Wall ‘Wall Wall Wall Type {m?) Type {(m?)
Exterior
1.0 1.0 1.0 1.0 90 Wall 168 Double 12 P
Heating element Dehumidification coil
/ Fan
v / 7L
7 =
; ~
{ @
Leaving air
L1111
%’ w h
Condensed water )

[/ Indoor humid air

Fig. 7.8 A schematic of the dehumidification system.

Moisture performance of the modelled mutti-layer wall system is evaluated by determining
the moisture accumulation and distribution within the insulation and the wood layers.

These layers, because of their thermal and moisture characteristics, will determine the
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molsture performance of the whole wall system. The gypsum board, on the other hand,
Is not as important as the other two layers in determining the wall thermal and moisture
performance. In addition, its moisture content is not expected to reach high levels under
normal conditions. Variations of the average moisture content in the Insulation and wood
layers at different indoor air humidity behaviours are shown in Figs. 7.9-7.10. At constant
air humidity levels, both layers show the same pattemn of variations of material moisture
content which is a reflection of the variations of the outdoor air conditions shown in Figs.
7.2-7.3. The insulation layer, however, is less responsive to changes in outdoor air
conditions. While the wood layer started to lose moisture at the end of the winter months,
the moisture content of the insulation layer continued to rise until the end of the fifth or
sixth month when 1t started to decrease. Such behaviour can be attributed to the fact that
at higher temperature gradient across the insulation layer, which has a relatively high
vapour diffusion coefficient, the bulk of the moisture from the indoor space Is transferred
to the interface with the wood layer leaving the insulation layer relatively dry. During the
fith month, when the temperature gradient is refatively low, the average moisture content
of the insulation layer has experienced a considerable increase at all indoor air humidity
levels as can be seen from Fig. 7.9. As the outdoor temperature starts to moderate, both
the insulation and the wood layers experience a sharp decrease in their moisture content
indicating the prevalence of drying conditions. These conditions continue to prevail for the
insulation layer during the rest of the simulation period (summer and fall months),
especially it a relative humidity level of 30%. As soon as the outdoor temperature starts
to fall, moisture accumulation in the wood layer is increased. From the above discussion,
it can be said that at constant indoor humidity, moisture behaviour of exterior walls is
mainly determined by the hygro-thermal variations in the outdoor air. At variable indoor

humidity. on the other hand, variations in moisture accurnulation are determined by the
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Fig. 7.9 Variations of the insulation layer average moisture
content at variable and constant levels of indoor humidity.
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Fig. 7.10 Variations of the wood layer average moisture
content at variable and constant indoor humidity levels.
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outdoor air conditions as well as the indoor air humidity behaviour.

Variations in alr humidity behaviour in the modelled space during the simulated period are
shown in Fig. 7.11 through Fig. 7.14. This behaviour can be described as having a
fluctuating trend during the first three months (winter), an increasing trend during the
second three menths (spring), and a decreasing trend during the last three months (fall).
During summer, indoor air humidity fluctuates within a narrow range due to the
implementation of the dehumidification process. By relating the variations in indoor air
humidity to the pattern of moisture accumulation in Figs. 7.9-7.10, it can be recognized
that moisture accumulation in the insulation layer is a strong function of indoor humidity
since it continues to rise with indoor humidity until the end of the sixth month when
dehumidification starts to be iImplemented. During the dehumidification period, when indoor
relative humidity is maintained at nearly 50% as shown in Fig. 7.13, moisture
accumulation has been reduced to its lowest level. in the eary fall months, the higher
indoor humidity shown in Fig. 7.14 has resulted in higher moisture accumulation in the
insulation layer which quickly resporided to the lower indoor humidity level towards the
end of the fall months. The wood layer response Is less dependent on the variation of
indoor humidity, however, the corresponding rate of wetting and drying Is cleary
dependent on the leve! of k.door humidity. Generally, it can be said that the pattermn of
variations of the average moisture content of the different layers is dependent on indoor
air humidity behaviour. The level of dependence is determined by the thermal and

moisture characteristics of the material, as well as its location within the wall system.

The amount of moisture accumulated within the wall components is directly related to the

tevel of indoor humidity. At 30% relative humidity, the average moisture accumulation in
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the wood layer Is about 10% by weight at the end of the simulation period. By increasing
the indoor relative humidity to 60%, the moisture accumulation has risen to about 30%.
Moisture accumulation in the wood layer during winter has increased by more than 40%
when the indoor relative humidity is Increased from 30% to 60%. A more proportional
increase is experienced by the insulation layer where as much as 80% more moisture has
accumulated by the end of the spring months.In addition to its impact on the average
moisture accumulation, indoor humidity can greatly influence the moisture distribution and
the condensation potential within each layer. Figs. 7.15-7.18 show the variations in the
seasonal moisture contem distribution across the insulation and the wood layers at 30%
and 60% indoor relative humidity levels. At 30% relative humidity, major local moisture
accumulation oceurs during winter, while major local moisture accumulation occurs during
the winter and the fall months at a relative humidity level of 60%. In both cases, the
highest moisture concentration ievel within the insulation layer occurs at the interface with
the wood layer. Similarly, the maximum molsture concentration within the wood layer is
obtained at its coldest point near the exterior surface. The presence of high molsture
resistance paint at the exterior wall surface has resulted in the occurrence of condensation
and hence the accumulation of substantial amounts of moisture at that particular point. For
the insulation layer, higher indoor humidity has generally resutted in an increase In its
moisture content through out its thickness at the end of all seasons, but more noticeably
at the interface with the wood layer at the end ¢/ the spring and the fall periods when
moisture accumulation is more than tripled. Increasing the indoor relative humidity by 30%
has significantly altered the moisture distribution in the wood layer as can be seen by
comparing Fig. 7.16 and Fig.7.18. At 60% relative humidity, the condensation region within
the wood layer has been pushed inward with a significant increase in the local material

moisture content. Moreover, at the higher indoor humidity level, interstitial condensation
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at the wood layer exterior surface has been initiated during the fall months, while it was
absent at the lower indoor humidity level, During spring, the wood layer moisture content
has uniformly increased by more than 100%. A similar but less pronounced increase in
material molisture content occurs during summer. From the above discussion, the impact
of indoor air humidity on the moisture behaviour of the exterior wall's components can be

clearly appreciated.

7.3.1 Alr leakage process: A particular pattem of indoor air humidity variations over a
period of time will undoubtedly result in a unique wall moisture performance. Such
patterns of variations are determined by the degree of paricipation of the different
moisture transport processes, such as the air leakage process, which contribute to the
moisture balance within the indoor air domain. Figs. 7.19-7.20 show the moisture
behaviour of the insulation and the wood layers at different exterior wall air leakage
characteristics representing the tight, the average and the untight enclosures. It can be
seen that by increasing the exterior walls air leakage coefficient, moisture accumulation
in both layers is reduced due to reduced indoor air humidity level. However, increasing the
air leakage coefficient by a certain magnitude does not necessarily mean a constant
proportional reduction in material moisture accumulation since for the same boundary
conditions, the air leakage rate can substantially vary with the exterior walls air leakage
characte-istics. In adaition, the moisture transport process within the exterior wall
companents will uniouely react to any particular varation in the boundary conditions
especially the ir:loor air humidity, For example, reducing the air leakage coefficient has
resulted in more reduction in the insulation layer molsture content by the end of the sixth
month relative to the reduction obtained during the previous period. Furthermore, reducing

the air leakage coefficient from 210 to 1-10* m¥m?-Pa®*< has almost no effect on the
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moisture accumutation within the wood layer during the fourth month. This means that the
resulting variations in indoor humidity are not enough to force a change in the wood
average moisture content at that time. Besides the differences in the magnitude of
reduction, the pattern of moisture accumulation in both materials considerably vary with
the exterior wall air leakage characteristics. At an air leakage coefficient of 2-10%
m%m®Pa*s, the insulation layer starts to dry out at the end of the fifth month, but
continues to accumulate more molsture in the other two cases as illustrated by Fig. 7.19.
Similarly, while moisture content in the wood layer experiences no change during the third
month at an air leakage coefficient of 1-10* m¥m?Pa®.s, it continues to rise in both
other cases. During the dehumidification period {June-August), indoor air humidity will
have almost the same behaviour for all cases since the air leakage process is not likely
to reduce the indoor air humidity below the resulting levels in the absence of the
dehumidification process. The dehurnidification process has significantly reduced the
indoor relative humidity during the summer months to a level slightly fluctuating around
50% In ali cases. Since this level is considerably lower than i~2 outdoor alr humidity
conditions, introducing dehumidification has prompted a quick dryirig regime during the
early summer months. At the end of the dehumidification process, the material moisture
content has been reduced to the same level for all air leakage coefficients, but start to
behave independently soon. Seasonal moisture distribution within the insulation and the
wood layers for the different air leakage characteristics are shown in Figs. 7.21-7.26.
Comparison between Figs. 7.21-7.22 and Figs. 7.23-7.24 shows that decreasing the air
leakage coefficient by 50% has resulted in a major modification in the insulation layer
moisture content distribution with the occurrence of condensation at the interface between
the insulation and the wood layers by the end of the spring period. More pronounced

modification occurred in the wood layer as can be seen by comparing Fig. 7.22 to Fig.
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7.2« Atreduced alr laakage coefficient, condensation within the wood layer had advanced
futther inward at the end of the winter and fall periods allowing more molsture to
accumulate near the outer surface of the wood layer. Furthermore, at an air leakage
coefficient of 0.510% m¥m*Pa*s, the whole wood layer has been subjected to
inters-stiﬁal condensation by the end of the spring resulting in twice as much moisture to
be accumulated within the material. Increasing the air leakage coefficient to 2104
m?m?Pa*s has more noticeable impact in the moisture distribution in the wood layer
where condensation near the outer surface is eliminated by the end of the fall months, but
it remained unchanged for the winter period. Changes in the moisture distribution within
the insulation layer are generally less pronounced and is limited to the reduction in the

material hygroscopic molsture as can be detected by comparing Fig. 7.21 to Fig. 7.25.

In many buildings, air flow through some exterior walls could be blocked for different
reasons, such as, the presence of adjacent physical boundaries. Depending on their
relative orientation to the prevailing wind direction, the absence of air flow through a
certain wall can significantly affect the behaviour of the indoor air humidity and
consequently the moisture behaviour of exterior walls. The effect of blocking air flow,
through the north and south walls of the modelled space, on moisture accumulation in the
insulation and the wood layers is shown in Figs. 7.27-7.28. It can be seen that blocking
the air flow through the two major walls has resulted in a substantially increased moisture
accumulation in both layers. By the end of the winter and the fall months, molisture
accumulation in the wood layer has increased by about 50%. The comesponding seasonal
moisture distributions are shown in Figs. 7.29-7.30. Comparison with Figs. 7.23-7.24
indicates that eliminating the air flow through the north and south walls of the modelled

space have almost the same effect as reducing the air ieakage coefficient of the exterior
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walls by 50%.

7.3.2 Molsture absorption/desorption process: The effect of moisture absorption and
desomption by interior materials on the molsture accumulation in the insulation and the
wood layers Is shown in Fig. 7.31-7.32. It can be seen that the impact of the moisture
absorption/desorption process is highly dependent on the type of interior materials used.
Gypsum being of very low hygroscopicity relative to the wood material, has a relatively
marginal impact on indoor air humidity and consequently on the exterior wall moisture
behaviour. The infiuence of the moisture absorption/desorption brocess becomes more
pronounced when indoor air humidity experiences a significant change in behaviour {i.e.,
a decreasing or increasing trend). A noticeable impact on the moisture accumulation within
the insulation layer can be seen at the end of the sixth month during which a significant
increase in indoor air humidity occurs as can be observed from Fig. 7.12. A similar impact
can also be noticed fcllowing the end of the dehumidification period when indoor humidity
starts to substantially increase. Moisture accumulation within the woad layer follows almost
the same kind of behaviour. In spite of its reactionary impact (i.e., its effect is dependent
on major variations In indoor air humidity behaviour), the maisture absorption/desorption
process did not have any noticeable impact on the final moisture accumulation in any
layer. Seasonal variations of the molisture content distribution across the insulation and
the wood layers in the presence of moisture absorption/desorption are shown in Figs.
7.33-7.34. Comparison with Figs. 7.21-7.22 indicates that beside some minor modification
in the insulation layer moisture content at the end of the spring months, the overall
moisture content distribution remained almost unchanged. Because of the moisture inter-
dependence that exist between the indoor air and the surrounding materials, the impact

of the absorption/desorption process on Indoor air humidity is limited to dampening its
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level of fluctuations rather than changing its variational pattern. This means that the role
of the moisture absorption/desorption process In determining the behaviour of indoor
humidity will be more pronounced as the degree of fluctuation increases, whils it will be
completely pacified in the absence of fluctuations. Since higher air leakage rate Is likely
to result in more fluctuations, the influence of the moisture absorption/desorption process
on indoor air humidity and hence on the moisture performance of exterior walls will be
more appreciable at higher air isakage rates. At very low air leakage rates, on the other
hand, indoor humidity experiences mild fluctuations and it will remain either at low level
in the absence of indoor moisture generation or at high level when moisture is generated
within the space. Figs. 7.35-7.36 show the effect of the moisture absomption/desorption
process at a relatively high air leakage rates. In this case, the impact of the
absorption/desorption process on moisture accumulation is more appreciable especially
for the weod layer. In addition, the gypsum material, which showed almost no impact at
lower air leakage rates, has a noticeable influence on the moisture behaviour of both
layers. The effect of moisture absorption/desorption process on moisture content
distribution at high air leakage rates when wood is used as an interior material is
illustrated In Figs. 7.37-7.38. Comparison with Figs. 7.25-7.26 show that while molsture
distribution in the insulation layer Is subjected to limited modification by the end of the
spring months, the molsture content at the wood layer exterior surface has been reduced

by about 25% by the end of the winter months.

7.3.3 Surface condensatlon process: Condensation on internal cold surfaces, such as
windows, can have a significant impact on indoor air humidity and consequently on the
moisture performance of the exterior walls. However, surface condensation is not a

continuous process since its occurrence is dependent on the level of indoor humidity and
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the temperature of the condensation surface which are both variable with time. The
absence or the presence of surface condensation and the degree of its impact on the wall
moisture behaviour can be determined by examining the relative influence of other
moisture transport processes, primarily the air leakage process. Furthermore, the physical
characteristics of the condensation surface can have a significant effect on the role of the
condensation process in determining the moisture performance of the exterior walls. Figs.
7.38-7.40 show the effect of surface condensation on moisture accumulation within the
insulation and the wood layers at average space air tightness. it can be seen that under
this air tightness level, the surface condensation process is generally nonactive which
indicates that the air leakage process is the determining factor of indoor humidity during
the cold periods. Infiltrating dry outdoor air keeps the indoor humidity at low level and
reduces the potential for surface condensation. However, the condensation process can
be seen to have some impact, although limited, on the moisture accumulation within both
the insulation and the wood layers during the late spring and early fall periods. The
accurrence of surface condensation during these periods can be mainly attributed to the
conditions of the outdoor air which Is at a sufficiently low temperature and high moisture
content to Initiate surface condensation at interior surfaces even when the air leakage
process is the determining process of indoor humidity. At reduced air leakage rates,
surface condensation becomes an important factor in determining the exterior wall
moisture performance. Figs. 7.41-7.42 illustrates the effect of surface condensation when
the air leakage coefficient is reduced by 50%. By reducing the air leakage rate, the
surface condensation precess has a more appreciable impact on the moisture
accumulation within both layers particularly the wood layer. By the end of the winter
months, as much as 30% less moisture is accumulated in the wood layer when the

condensation surface area is increased from 12 m? to 60 m® On the other hand,
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Increasing the area of surface condensation by five imes had no noticeable impact on the
moisture accumulation in the insulation layer until the end of the sixth month when the
moisture accumulation is reduced by about 17%. The reduction in molsture accumulation
within the insulation layer occurs when the temperature gradient across the layer Is
significantly reduced by late spring. The resulting seasonal moisture content distribution
when the north wall is fully glazed (i.e., A=60 m? is shown in Figs. 7.43-7.44.
Comparison with Figs. 7.23-7.24 shows that increasing the condensation area by five
times has eliminated condensation in the insulation and the wood layers at the end of the
spring months. Furthermore, it has reduced the condensation zone in the wood layer at
the end of the winter months and has limited it to its exterior surface. Besides the
window's surface area, its thermal characteristics can have an appreciable impact on the
condensation process and hence on the moisture performance of exterior walls. The use
of a single glazed window will substantially increase the surface condensation potential
since the interior surface temperature will be considerably lower than that corresponding
to a double glazed window. Consequently, Moisture accumulation within the wall
components which Is associated with a single glazed window will always be equal (when
no condensation occurs) or less than that for a double glazed window. Figs. 7.45-7.46
Hlustrate the reductiori in moisture accumulation in the insulation and the wood layers
when a single glazed window is used at average enclosure air tightness level. Although
the reduction in moisture accumulation is noticeable and is sustained for most of the time,
It is clear that at this air ightness level, reduction in indoor humidity level due te surface
condensation over a single glazed window Is not substantial enough to introduce a major
reduction In moisture accumulation within the non-cavity wall

components.
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7.3.4 Indoor moisture generation and summer dehumidification: Molsture
accumulation with the exterior wall components is greatly influenced by the indoor
molsture generation process. Fig. 7.47-7.48 illustrates the varations of moisture
accumulation In the insulation and the wood layers at different moisture generation
pattems. In the absence of indoor moisture generation, the average moisture contents in
both layers remain relatively unchanged during the whole simulation period. By introducing
moisture into the space, material moisture content in both layers experiences a
considerable increase determined by the rate of molsture generation. However, increasing
the moisture generation rate by a certain amount does not necessarily mean a
proportional constant increase in material moisture content. The response of the wall
system moisture conditions to a particular increase In indoor moisture generation is
dependent on the impact of this increase on indoor air humidity and how the wall system
responds to the increased air humidity. This is generally determined by the degree of
involvement of the moisture transport processes within the space as well as the molsture
transfer potentials across the wall system. By doubling the moisture generation rate
relative to the daily average value, the material moisture content experiences more than
a proportional increase in some instances (e.g., the end of the sixth month in the wood
layer) but some what less increase in others (e.g. the end of the fourth month in the
insulation layer). This means that any particular level of indoor moisture generation will
result in a unique wall moisture behaviour. The pattern of varations of indoor moisture
generation, however, may not be a factorin determining the moisture behaviour of exterior
walls. Examinations of Figs. 7.47-7.48 indicates that the use of a constant molsture
generation rate representing the daily ave -:ge will result in exactly the same wall moisture
behaviour. This can probably be explained by the relatively short period of fluctuations

(i.e., one day} as compared to the wall moisture simulation period. In addition, the wall
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system is less responsive to sudden and short term fluctuations in indoor moisture
generation when moisture diffusion is the only moisture transfer mechanism, as it is the
case for the non-cavity wall system. Generally, it can be said that the use of the daily
avarage moisture generation rate is good enough when modelling the long term impact

of indoor air humidity on molsture performance of non-cavity multi-layer wall systems.

Summer dehumidification process and its implementation strategy can result in a
significant modification of exterior walls moisture behaviour. The drying potential of the
exterior wall components is greatly determined by the level of indoor air humidity
especially for humid outdoor conditions. Figs. 7.49-7.50 compare molsture behaviour of
the insulation and the wood layers with and without dehumidification. in this particular
case, the continuous dehumidification strategy is implemented from the month of June
until the end of August. The impact on both layers during these months can be clearly
recognized. For the insulation layer, its moisture content continues to rise during the
seventh month when no dehumidification is implemented, while It significantly dropped
during the same period with the implementation of dehumidification. The average moisture
content of both layers in the absence of dehumidification remained relatively very high
during the summer months. This behaviour had no effect on the moisture content lavel of
the insulation layer at the end of fall period, but has resulted In a noticeable increase in
the wood layer moisture content by the end of the same period. When a scheduled
dehumidification strategy is implemented by which dehumidification is performed for a
period of 10 hours every day during the summer months, both layers still experience an
increase in their moisture content during this period but none by the end of the fall as can

be seen in Figs. 7.51-7.52.
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7.3.5 Influence of wall physical characteristics on its molsture performance under
translent Indoor humidity conditions: The impact of indoor air humidity behaviour on
the exterior wwall molsture performance can be greatly aftered by changing the physica!
characteristics of the wall system. For example, by adding a commonly used vapour
retarder having a permeance value of 9102 kg/m?-Pas between the gypsum board and
the insulation layer, the impact of indoor air humidity behaviour is much less noticeable
for both layers especially the wood layer as illustrated in Figs. 5.53-5.54. However, the
insulation layer being closer to the indoor environment shows a better association with the
behaviour of indoor humidity than the wood layer. Similar kind of moisture response is
obtained when the exterior surface of the wood layer is not painted as can be seen from
Figs. 7.55-7.56. In this case, however, the moisture behaviour of the wood layer is more
responsive to variations in outdoor air conditions. In spite of its reduced influence on the
exterior wall moisture behaviour at certain conditions, indoor air humidity behaviour can
still affect the pattern of moisture accumulation within exterior walls. Figs. 5.57-5.58 show
the effect of indoor air humidity behaviour, obtained at different enclosure air tightness
levels, on the moisture accumulation within the insulation and the wood layers when no
exterior paint is used. it can be seen that except during the dehumidification period, when
indoor humidity is kept malnly constant, both layers exhibit different moisture accumulation
patterns at different indoor air humidity conditions. In fact, as much as 25% more moisture
is accumulated in the wood layer by the end of the second month when the air leakage
coefficient of the exterior walls is reduced from 2-10* to 0.510* m¥m?-Pa%=s,
Furthermore, more than 40% additiona! moisture Is accumulated within the insulation layer
by the end of the second month when the air leakage characteristics of the exterior walls

are similarty changed.
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7.4 Molsture Accumulation and Distribution within & Multi-Layer Cavity Wall
System

Moisture interaction between the indoor environment and a multi-layer cavity wall system
is likely to occur at two fronts. Through the surface convection process, moisture from the
indoor space Is transferred to the wall interior surface and then slowly transferred to the
core of the wall system by the diffusion process. A faster mode of moisture interaction
exists when air flow occurs between the indoor environment and the cavity space of the
wall. in this case, the wall moisture behaviour will be more responsive to any changes in
indoor humidity. In order to investigate the impact of indoor air humidity behaviour on wall
moisture performance Iin the presence of convective molsture transfer, moisture
accumulation and distribution in the multi-layer cavity wall system shown in Fig. 6.9 are
evaluated. The modelled wall system consists of an inner and an outer wythes separated
by a 50 mm air gap. The inner wythe consists of a 10 mm gypsum board painted at the
interior with latex paint, a 80 mm fibre glass insulation and a 10 mm wood board. The
outer wythe consists only of 2 100 mm brick layer. Thermal and moisture characteristics
of the wall various components are given in Table 6.1-6.3 in Chapter 6. The modelied wall
forms the exterior vertical boundaries of a 600 m® space similar to that shown in Fig. 7.7.
The space is maintained at a constant temperature of 21° C and the same
dehumidification strategy and indoor moisture generation profile are used. The basic
physical characteristics of the space are the same as those given in Table 7.1 except that
the air leakage characteristics of the exterior wall are described by three coefficients
representing air fiow through the inner wythe, the outer wythe and the direct air flow path
connecting the indoor and outdoor environments. The basic air leakage coefficients of the
exterior wall which represent average air tightness, are given in Table 7.2. The degree of

moisture interaction between the indoor environment and the wall system is dependent
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on the air leakage characteristics of the inner wythe as well as the direction of air flow

which is determined by the spacial pressure distribution.

Table 7.2 Air leakage coetficlents of the modelled cavlty wall system.

Air Leakage Coefficients, (m*/m*Pa**s) . 10

Inner Wythe Outer Wythe Direct air flow Path

0.2 1.0 0.8

At a certain wind direction, a positive air pressure may be created between the indoor
space and the cavity space of a particular wall while a negative pressure is created for
another. [n reality, wind speed and direction are continuously changing resulting in
variable degrees of moisture interaction between the indoor environment and the exterior
walls. Variations in molsture interaction are determined by evaluating the hourly spacial
pressure fluctuations within the indoor and the cavity spaces using the multi-cell air flow

modeliing approach described in section 6.3 of Chapter 6.

Moisture performance of the modelled wall is assessed by determining the variations in
molsture accumulation and distribution within the insulation, the woed and the brick layer.
The influence of indoor air humidity Is generally mere pronounced near its interior surface
while the greater part of the brick layer remains relatively unaffected. in order to clearly
appreciate the moisture response of the brick layer to variable indoor air humidity, a thin
sub-layer of 10 mm at the brick Interior surface is taken as a representative of the outer
wythe moisture conditions. Such representation is fairly accurate under the assumption

that only diffusive moisture transfer occurs through the brick layer. However, the presence
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of continuous cracks in the outer wythe will result in a faster moisture transfer mode that
could carry moisture from the cavity space to the core of the brick layer. In this case, the
effect of indoor air humidity behaviour will probably not be limited to a thin layer near the
brick interior surface. However, the impact of moisture transfer through these paths on
moisture accumulation within the brick layer is extremely difficult to model since the
physical characteristics of these paths are difficult to mathematically describe. Depending
on the path characteristics, its presence can have an appreciable impact on molsture
distribution within the material, however, this impact Is likely to be local and will not reflect
the behaviour of the system as a whole. Therefore, evaluating the moisture conditions of
the thin layer at the brick interior surface can be seen as a practical and a reasonably

accurate approach for representing the brick layer overall moisture performance.

Moisture performance of the exterior cavity wall system is greatly dependent on its
moisture interaction with the indoor environment. The degree of interaction between the
indoor environment and a particular wall is determined by its position relative to the
prevailing wind direction. Therefore, different exterior walls {i.e., east, west, etc.) are
expected to respond differently under the same indoor air humidity pattern of varations.
In this study, moisture response of the west and the east walls and occasionally the south
wall of the modelled space are investigated under different indoor air humidity conditions.
Comparisons between molisture behaviour of the east and west wall at constant indoor
humidity are shown in Fig. 7.59. It can be seen that the east wall accumulates more
moisture within all its layers during the first five months, but it is faster to loose moisture
during the summer months. Such behaviour is due to the difference in degree and form
of moisture interaction between the wall and its surroundings. This difference in behaviour

Is more pronounced in the brick layer since it is the most affected by the cavity moisture
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Fig. 7.59 Variations of monthly average moisture content
of different exterior walls components; (a) insulation,
(b) wood, (c) brick.
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conditions which s highly dependent on the convective moisture transport process. By the
end of the first month, moisture accumulation near the interior surface of the east wall
brick layer is more than four time larger than that of the west wall. Similar behaviour can
be seen during the sixth month when the brick layer of the east wall experiences a larger
drying rate. In both cases, the difference In behaviour can be attributed to the fact that
more air flow occurs from the indoor space to the cavity space, but for two different
reasons. In winter, air flow to the cavity of the east wall will increase its air moisture
content which in tum will result in more moisture deposition on the brick layer interior
surface. On the other hand, air flow from the indoor space during late spring will increase
the air temperature of the cavity space resulting in more drying potential for the interior
brick surface which has been accumulating moisture during winter. Convective moisture
transfer seems to have a relatively littie or no impact on wall moisture behaviour during
the period when there is no significant difference between the indoor and outdoor
conditions. This is evident during the summer and the early fall periods in all wall layers

especially the brick layer which behaves almost the same in both the east and the west

wallls.

Indoor air humidity behaviour has been shown to have a considerable influence on the
moisture performance of the multi-layer non-cavity wall system. For the cavity wall system,
however, this influence will be more appreciable due to the presence of convective
molsture transfer. Fig. 7.60 compares the moisture behaviour of the west wall at constant
and variable indoor air humidity conditions. The difference in behaviour can be clearly
noticed for all layer but in particular for the brick layer where the moisture accumulation
at the end of the fourth month at constant humidity level is 50% more than that

comesponding to variable humidity. When such level of variation is compared with that
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corresponding to the non-cavity wall system shown in Figs. 7.9-7.10, the increasing
Influence of indocr air humidity behaviour in determining the exterior wali moisture

performance can be appreciated.

7.4.1 Alr leakage process: Variations of molsture accumutation within the insulation, the
wood and the brick layers of the west wall at different air leakage characteristics are
shown in Fig. 7.61. It can be seen that moisture accumuiation in the insulation and the
wood layers follows a pattern of variations similar to that of the non-cavity wall. Athough
this general behaviour is mainly related to the variations in outdoor air temperature, the
moisture accumulation pattern in both layers can be specifically related to indoor air
humidity behaviour. A typical varational pattern of indoor air humidity for an average air
tightness enclosure bounded by a cavity wall is similar to that shown in Figs. 7.11-7.14.
By relating the indoor air humidity behaviour to the moisture accumulation pattems in the
insulation and the wood layers, its impact can be recognized with higher moistura
accumulation during the tenth month in response to higher air humidity level for the same
period. Lower indoor humidity has resulted either in a decrease in the moisture
accumulation rate or a decrease in the material moisture content. The brick layer, on the
other hand, is less dependent on indoor air humidity since nearly no change occur in its
moisture content in response to air humidity fluctuations during the first two months of the
fall period. In winter and fall months, when the outdoor air is relatively dry, higher air
leakage coefficient of the exterior wall will generally result in lower indoor humidity and
hence, lower moisture accumulation rate In all layers. As an example, increasing the air
leakage coefficient of the direct air flow path from 0.310* to 1.810* m¥m?Pas has
resulted in up to 30% reduction in moisture accumulation for the insulation and the wood

layers, and up to 90% reduction in the brick layer. Molsture distribution across the different
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layers of the west wall are lllustrated in Fig. 7.62 through Flig. 7.64 for different exterior
wall air leakage characteristics. At an average exterior wall air tightness, more than twice
as much molsture accumulates during the winter and the fall months in the insulation layer
at the boundary with the wood layer as compared with the rest of the material. On the
other hand, more evenly moisture distribution is obtained during the summer and the
spring months for the Insulation layer and all year round for the wood layer. The largest
moisture accumulation level within the brick layer occurs during winter at the interior
surface of the layer. This level of moisture content is much higher than the materal
maximum hygroscopic level indicating the occurrence of interstitial condensation. No
significant moisture accumulation occurs during the summer and spring months, and the
resulting moisture accumulation is uniformly distributed across the material. Decreasing
the air leakage rate through the exterior walls has substantially increased the local
moisture accumulation in all layers, but in particular at the brick interior surface where
interstitial condensation occurs during the winter, the spring as well as the fali months.
The occurrence of condensation has completely altered the pattern of moisture distribution
within the brick layer especially during the spring period when as much as five times more
moisture has accumulated at its interior surface. The seasonal moisture distribution
patterns in the insulation and the wood layers remain unaffected by changes in indoor air
humidity behaviour. In summer, increasing the exterior walls air leakage coefficient has
no effect on the molisture behaviour of any of the wall's components mainly because
indoor humidity is less influenced by fluctuations in air leakage rates in the presence of
the dehumidification process. Seasonal moisture content distributions within the wall
componants for a relatively untight enclosure are shown in Fig. 7.64. It can be seen that
by increasing the air leakage coefficlent of the exterior walls, the moisture content gradient

across the Insulation and the brick layers is almost eliminated. In addition, at this level of
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enclosure air tightness, the moisture content of all layers Is maintained wall below the
corresponding maximum hygroscopic level making it unlikely for interstitial condensation
to oceur. As a result of reduced indoor air humidity level, local molsture content in the
insulation and the brick layers has been reduced by as much as 50%. A similar but a

uniform reduction in the moisture content level is experienced by the wood layer during

the spring period.

Moaisture behaviour of the east wall layers at different enclosure air tightness levels is
shown in Fig. 7.65. Comparison with the moisture behaviour of the west wall components
shown in Fig. 7.61 confirms that the east wall is generally more responsive to indoor air
humidity behaviour which is an indication of the presence of a faster mode of moisture
transfer between the indoor environment and the east wall. At low exterior wall air
tightness level, moisture accumulation in the wood and the insulation layers of the east
wall during spring months is much higher than that of the west wall. This difference in
moisture behaviour is more pronuunzad for the brick layer since more moisture
accumulates in the east wall during winter, spring and fall months at all leve! of air
tightness. At low air tightness level, the moisture behaviour of the brick layer is not
affected by the indoor air humidity behaviour most of the time. The Influence of indoor
humidity on the brick layer moisture performance can be appreciated more at the end of
the fall months when the material moisture content is increased by as much as 20 times
by changing enclosure air tightness level (i.e., from untight to tight). Seasonal moisture
distribution across the three layers in the east wall for an average air tightness enclosure
is shown in Fig. 7.66. Comparison with moisture distribution in the west wall under the
same conditions shows that the major difference between the two walls In terms of

moisture accumulation occurs during the winter months at the brick layer interior surface
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where as much as 70% more moisture has accumulated in the east wall. The other layers
show almost the same behaviour both in the magnitude and the molsture distribution
pattems within the material. From the above discussion, the importance of the air leakage
process in determining the level and distribution of molsture content within all layers of the

cavity wall, particularly, the layer of the outer wythe can be cieary recognized.

7.4.2 Molsture absorption/desorption process: The impact of the absorption/desorption
by the interior materials within an average air tightness enclosure on the moisture
behaviour of the west wall components is shown in Fig. 7.67. Moisture absorption process
has resulted in a reduced material moisture content for all layers during the winter and
spring periods, while the desorption process has increased the material moisture content
at the end of the fall period. The most appreciable impact of the absorption/desorption
process is experienced at the brick layer where the moisture accumulation has been
reduced by about 16% by the end of the fifth month during the spring period, and more
than 30% during the fall at the end of the twelfth month. Because of its low hygroscopicity,
the gypsum material is having a less noticeable influence on the overall moisture
behaviour of the wall. A similar moisture behaviour modification Is experienced by the east
wall as a result of the moisture absorption/desorption process as illustrated in Fig. 7.68.
Howaever, the impact of moisture absorption/desorption by the gypsum materal is more
pronounced for the brick layer of the east wall than the west wall. Flg. 7.69 illustrates the
Impact of the moisture absorption/desorption process within a relatively untight enclosure
on the moisture behaviour of the west wall. Comparison with Fig. 7.67 shows that at
higher air leakage rates, the wood and the insulation layers are generally more responsive
to the moisture absorption/desorption process, while less change is experienced by the

brick layer. The reduced moisture response of the brick layer is an Indication of the
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prevalence of the slow moisture transfer mechanism (i.e., the diffusion mode). For the
same air tightness level, the east wall shows considerable change in behaviour due to the
moisture absorption/desorption process particularly in the brick layer as shown in Fig.
7.70. The presence of wood as a moisture absorting interior material has reduced the
moisture content of the brick layer by 60% at the end of the fifth month, while the
presence of gypsum material has no significant impact on the moisture behaviour of any
layer. A more pronounced modification Is experienced by the south wall as can be seen
from Fig. 7.71. In this case, moisture absorption/desorption by the gypsum material has
a greater impact on the wall moisture behaviour. During the sixth month, the presence of
gypsum material has resutted in as much as 25% more moisture accumulation in the
insulation and the wood layers, while significantly slowing the drying process in the brick
layer. From the above discussion, it can be recognized that the impact of the moaisture
absorption and desorption by interior materials is infiuenced by the characteristics of
material, the fluctuation patterns of indoor air humidity, the wall characteristics and its
interaction with the indoor environment. Any particular combination of these factor will
resuit in a unique modification of wall molsture behaviour in response to the

absomtion/desorption process.

7.4.3 Surface condensation process: The degree of its influence is dependent on the
frequency of occurrence and the degree of reduction in indoor air humidity level as well
as the type of moisture interaction between the wall and the indoor environment. In a
cavity wall system, the presence of the convective moisture transport process can greatly
enhance the influence of the surface condensation process. However, for a particular wall,
the type and degree of interaction varies with ime according to wind speed and direction.

In addition, the surface condensation process Is a non-continuous process determined by
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several time-dependent parameters such as the level of indoor air humidity and the
outdoor air temperature. This means that for the surface condensation process to be an
influencing factor in determining the moisture bshaviour of a particular wall, convective
moisture transfer must be taking place during the occurrence of condensation. Different
walls are therefore expected to react differently to the surface condensation process. Fig.
7.72 shows the impact of the condensation process on the moisture accumulation with in
the west wall components at ditferent condensation surface areas. For this particular wall,
the surface condensation process has no negative effect on the moisture accumulation
in the insulation and the wood layers except some minor effect during the spring period.
In the contrary, increasing the condensation surface area has resulted in more moisture
accumulation in the brick layer during the early spring period. Such behaviour can be
explained by the minor role of the condensation process in influencing indoor air humidity
at the present average enclosure air tightness level. In addition, it is clear that little or no
air outflow occurs through the west wall during the duration of condensation. At these
conditions, the moisture absorption/desorption process by interior wall surfaces can play
a more noticeable and an adverse role. By fully glazing the north wall {.e., 4.=60 m?), a
good percentage of the exterior wall which acts as an absorbing/desorbing material is
eliminated. When indoor alr humidity is higher than the outdoor air humidity, which is the
case during winter, the interior surface of the exterior wall (I.e., hygroscopic material) will
act as a moisture absorbing surface. Therefore, by replacing the exterior wall by a glazed
window, a moisture sink will be eliminated resulting in higher or similar air humidity level
when no condensation occurs. The impact of the continuous moisture absorption process
by the exterior wall surface on indoor air humidity behaviour has over shadowed the
impact of the condensation process in shaping the molsture behaviour of the west wall,

The role of the surface condensation process can be more visible at low alr leakage rates.
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By reducing the exterior air leakage coefficient by 50% (i.e., C,=0.510* m*/m?-Pa*-s),
the Impact of the reduced air humidity leve! due to the condensation process becomes
more apparent as shown in Fig. 7.73. For the same alir tightness level, the surface
condensation process has resulted in a significant modification for the south wall moisture
behaviour as illustrated in Fig. 7.74. The presence of 60 m? condensation surface area
has reduced molsture accumulation in the brick layer by more than 20% at the end of the
sixth month and by more than 60% in the wood layer at the end of the ninth month. This
significant impact of the condensation process is an indication of the deminance of the
convective moisture transfer mode through the south wall. Even for the average enclosure
air tightness (i.e., C,=1.0110" m*/m*-Pa*®*s), the impact of the condensation process can
be significant when the thermal resistance of the condensation surface is reduced. Fig.
7.75 illustrates the impact of the condensation process on the moisture accumulation
within the west wall components when a single glazed window is used. It can be seen that
the use of a single glazed window has considerably reduced the moisture accumulation
in all layers particularly in the brick layer where the maximum moisture accumulation level
has been reduced by more than 60%. In the insulation layer, the maximum moisture
accumulation has been reduced by about 30% and by about 15% for the wood layer. In
addition to the reduction in the maximum molisture accumulation level, the presence of
surface condensation has pushed back the peak moisture accumutlation in all layers which
caused the drying process to start one month earlier. The east wall is less responsive than
the west wall to the surface condensation process since the reduction in the moisture
accumulation level within its components is proportionally jess than that of the west wall
as can be seen from Fig. 7.76, In the east wall, the largest reduction in moisture
accumulation is experienced by the brick layer where as much as 30% less moisture has

accumulated in the presence of surface condensation. Nevertheless, none of the molsture
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Fig. 7.73 Effect of surface condensation on the average
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Fig. 7.74 Effect of surface condensation on the average
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accumulation curves experience any shift in behaviour in terms of time which means that
the wetting and the drying behaviour of the material remains unchanged with time.
Seasonal moisture distribution within the west wall components in the absence and
presence of surface condensation are shown in Figs. 7.77-7.78. Comparison between Fig.
7.77-a and Fig. 7.78-a shows that the presence of surface condensaticn over a single
glazed window has considerably reduced the moisture content gradient across the
insulation fayer during the winter and fall months, but almost eliminated it du ring the spring
period. The most noticeable local reduction in the Insulation layer molsture content oceurs
at the interface with the wood layer where it is reduced by more than 50% during the
spring period. Similarly, the major change in the wood layer moisture content occurs
during the spring with a uniform reduction of about 35%, however, the moisture content
gradient across the layer remains unchanged. The most important change in the material
moisture behaviour due to surface condensation occurs in the brick layer where the
interstitial condensation at its interior surface has been eliminated and the local moisture
content has been reduced by about 70%. During the spring period, the presence of
surface condensation has resulted in a uniform reduction In the material moisture content

in the brick layer.

7.4.4 Indoor molsture generation and summer dehumidification processes: The
influence of the indoor moisture generation and its production pattern on the molsture
accumulation within the west wall components is shown in Fig. 7.79. The absence of
indoor moisture generation in winter has eliminated the only source of moisture which is
to be accumulated within the various wall components. Variations in the material moisture
content occur only in response to changes in ambient humidity conditions. When moisture

Is generated into the space with a daily average value of about 115 10° kg/s, moisture
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condensation. (a) insulation, (b) wood, (c) brick.
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accumulation within the insulation and the wood layers has been tripled during the wetting
period. The brick layer experiences the greatest response with as much as 25 times more
moisture accumulation when moisture Is generated within the space. The patiem of the
dally moistre generation seems to have some effect on moisture accumulation in the
brick layer but no apparent influence on the other layers. This influence could be more
pronounced for other walls which have better interaction with the indoor environment. For
practical consideration, however, the use of the daily average moisture generation rate
can be judged as accurate enough to be used in modelling long term moisture behaviour

of cavity wall systems.

Depending on the level of interaction with the indoor environment during the
dehumidification period, different walls are Jkely to respond differently to the summer
dehumidification process. Fig. 7.80 illustrates the moisture behaviour of the west wall
components with and without summer dehumidification. It can be seen that the absence
of the dehumidification process has very little effect on the moisture behaviour of the brick
fayer but has some short term effect on the insulation and the wood layers. The insulation
layer has experienced a noticeable increase in its moisture content during the seventh
month while the wood layer experiences a reduced drying rate. The impact of the
dehumidification process is much more pronounced for the east wall as shown in Fig.
7.81. In contrast with the west wall, .2 brick layer of the east wall exhibit a greater degree
of dependence on the dehumidification process. The absence of dehumidification has
considerably reduced the drying rate of the brick layer and resutted in as much as twice
more moisture to be accumulated by the end of the twelfth month. On the other hand, the
absence of dehumidification has resulted in a continuing increase in the moisture content

of the insulation and the wood layers for two consecutive months. Such difference in
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behaviour can only be explained by the different modes of Interaction between the

different walls and their surroundings.

74.5 Impact of wall Interaction with Indoor and outdoor environments on its
molsture performance: Convective moisture transfer through exterior walls, which could
be the dominant moisture transfer mechanism in cavity wall systems, is mainly determined
by the wind speed and direction. Walls which are oriented differently with respect to wind
direction, are expected to have differant interaction with the indoor and outdoor
environments, and hence ditferent molisture performance is expected for the same indoor
air humidity conditions. Fig. 7.82 compares the moisture accumulation patterns within the
insulation, the wood and the brick layers of the ditferent walls. It can be seen that the
pattern of variations of material moisture content is essentially the same for ali walls, but
its relative magnitude Is changing with time for all layers. The change in the relative
magnitude can be attributed to varations in the Interaction modes and the changing
influence of the convective moisture transport process. For example, the outflow of air
from the indoor space causes additional moisture accumulation during winter but
enhances the drying process during the summer. Similarly, the inflow of outdoor air
causes additional moisture accumulation in summer but discourages moisture deposition
in winter. This behaviour can be best illustrated by comparing the wall's moisture
behaviour in the presence and the absence of the convective moisture transport process.
Fig. 7.83 compares the moisture behaviour of the east and west walls in the presence of
convective moisture transfer with that when moisture transfer occurs only by diffusion. It
Is clear that the absence of the convective process has reduced the drying potential for
all components during the summer period. The brick layer of both the east and the west

walls Is the most affected by the convective transport process. The presence of the
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convective process has resulted in less moisture accurnutation in the brick layer of the
west wall during the late winter-early spring period, but has resulted in more molsture
accumulation in the brick layer of the east wall during the same period. This behaviour Is
an indication of the prevalence of the air inflow at the west wall and the air outflow at the
east wall. In this case, moisture accumulation within the west wall, especiaily within its
brick layer, will be more dependent on the air flow process through the Interior wythe.
Elimination of the air flow through the Interior wythe of the west wall has resulted in a
considerable reduction In the moisture accumulation in all layers as shown In Fig. 7.84.
Moisture accumulation in the east wall, on the other hand, is less dependent on the air
flow process through the inner wythe. Fig. 7.85 compares the moisture behaviour of the
three layers of the east wall in the presence and the absence of air flow through the inner
wythe. It can be seen that eliminating the alr flow process through the inner wythe has
also resuited in a reduced moisture accumulation in all layers. However, the resulting
reduction in the east wall is proportionally less than that in the west wall since a good part

of the accumuiated moisture In the east wall is a by-product of the diffusion process.

The air leakage characteristics of the inner and the outer wythes of the wall system can
affect its moisture performance by influencing the indoor air humidity behaviour and the
degree of interaction between the wall and its surroundings. Fig. 7.86 illustrates the impact
of increasing the air leakage coefficient of the inner wythe of the west wall by 100%.
Increasing air flow through the inner wythe of the west wall has resulted in a decreased
moisture accumulation for all layers during the late winter and early spring periods. The
decrease In moisture accumulation is a result of increased air flow through the outer wythe
whic': is necessary to balance the increased air flow through the inner wythe. Increasing

the air leakage of the inner wythe of the east wall has resulted in a reduced moisture
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accumulation in the Insulation and the wood layers, but has noticeably increased the
moisture accumulation within the brick layer as shown in Fig. 7.87. The decrease in the
insulation and the wood layers moisture accumulation is due to the reduced indoor
humidity level which is a natural consequence of the increased air leakage rates through
the inner wythe. In spite of the reduced indoor humidity level, the increase in air flow
through the inner wythe of the east wall has resulted In a net increase in the brick layer
moisture content during the winter months. Increasing the air flow through the outer wythe
has generally resulted in less moisture accumulation in all layers for both the west wall
as shown in Fig. 7.88, and the east wall as shown in Fig. 7.89. The most important
modification in the molsture behaviour of both walls is the substantial increase in their
drying potential which can be more clearly noticed during the fifth month in the brick layer
of both walls. This change in behaviour is due to the reduced indoor air humidity ievel
resulting from the increased air leakage rate through the exterior walls, as well as the
increased air change rate within the cavity space which resulted in drier cavity air

conditions.

7.5 Influence of Bullding Characteristics on Molsture Accumulation within Exterlor
Wall Components

Moisture Accumulation within the exterior wall components is dependent on the building
piy.ical and functional characteristics which directly or indirectly contribute to the moisture
balance within the space. Through their infiuence on Indoor air humidity bshaviour,
building physical characteristics, such as the air leakage coefficient of the exterior walle
and functional characteristics, such as the rate of indoor molsture generation, ca;. resuit
in significant variations in the pattern and the amount of moisture accumulation in thz wall

components. The impact of a particular building physical characteristics on the wal,
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molsture behaviour is dependent on the contribution of the corresponding moisture
transport process in determining the leve! and behaviour of indoor humidity. The
contribution of a given process can be elther enhanced or reduced by the presence of
other moisture transport processes. For example, the presence of indaor moisture
generation increases the risk of surface condensation and hence Its role in determining
indoor alr humidity behaviour. On the other hand, the air leakage process can result in the
reduction or even the elimination of the surface condensation process. The impact of the
building physical characteristics on the wall moisture performance is also depandent on
the moisture characteristics of the wall system and how it Interacts with the indoor
environment. Non-continuous moisture transport processes, such as surface condensation,
are more dependent on the type and degree of moisture interaction, hence the presence
of a fast mode of moisture transfer is likely to enhance the wall moisture response to the
surface condensation process. In order to better appreciate the impact of the building
physical and functional characteristics on wall moisture behaviour, a parametric study on
the exterior wall air leakage coefficient, area of condensation surface, area of interior
absorbing material as well as th2 rate of indoor moisture generation is camied out for the
two different types of exterior walis described eariier in this chapter. These walls are
mcdelled as part of a 600 m® space shown In Fig. 7.7, which is maintained at 21° C. and
Is exposed to the same outdoor environmental conditions used earlier. For the non-cavity
wail system, seasonal variations of moisture accumulation in the insulation and the wood
layers will be analyzed. Similarly, seasonal variations of moisture accumulation in the
insulation, the wood as well as at the interior surface of the brick layer of the cavity wall
system will be investigated. Differently located walls in terms of the space are [tkely to
have different moisture response to a particular moisture transport process. Therefors, in

evaluating the impact of bullding characteristics on cavity wall moisture performance,
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different walls will be considered.

75.1 Exterlor walls alr loakage characteristics: In the presence of indoor moisture
generation, higher air leakage rate is likely to resutt in a lower indoor air humidity level
through out the year. Therefore, increasing the exterior walls air leakage coefficient will
resultin less moisture accumulation within the wall components. Fig. 7.90 shows the effect
of the exterior wall air leakage characteristics on the seasona! moisture aceumulation in
the insulation layer of the non-cavity wall. It can be seen that for this layer, the air leakage
coefficient has a significant impact on the moisture accumulation during spring while it has
iittle or no effect during other seasons. During winter and fall months, larger temperature
gradient across the insulation layer causes moisture to be transported and deposited near
the wood layer exterior surfac.. in summer, indoor air humidity behaviour is mainly
determined by the dehumidification process, hence increasing the air leakage coefficient
will have almost no effect on moisture accumulation during summer. Variations in moisture
accumulation during spring in response to increasing air leakage coefficient of exterior
walls follow an exponential decay pattern with more than 60% reduction in moisture
accumulation when the air leakage coefficient is increased from 0.510* to 3.0-10%
m®m?-Pa*s. Molsture accumulation in the wood layer is much more responsive than the
insulation layer to changes in wall air leakage characteristics. Fig. 7.91 illustrates the
seasonal varations in the wood layer average moisture content as a function of the wall
alr leakage coefficient. The largest change in material moisture content which is Indicated
by the slope of the moisture accumulation curve occurs within a narrow range of the air
leakage coefficient. More than 25% less molsture has accumulated within the wood layer
during winter when the air leakage coefficient is increased from 0.510* to 0.8-10™

m*/m?Pa®s. On the other hand, almost no change oceurs in the material moisture
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content as the air leakage coefficient is increased until it reaches a value of 2.0 10*
m%m*-Pa*®s beyond which the material molsture content starts to respond. Such
behaviour of the moisture accumulation curve Is a result of the transition in the occurrence
of interstitial condensation within the wood layer. Similar, but less pronounced, moisture
response due to wall air leakage characteristics is experianced by the wood layer during
the fall period. During spring, which is mainly a drying period for the wood layer, the
moisture content of the material Is always less than that comesponding to the winter
period. The difference between the winter and spring moisture accumulation curves
represents the amount of moisture that has dried out of the material during the spring
period which seems to get larger as the air leakage coefficient increases. This means that
in the presence of indoor moisture generation, higher air leakage rate will result in an

increased moisture drying rate during the spring period.

The impact of the exterfor wall air leakage coefficient on its molisture behaviour is
dependent on the type of the wall and its interaction with the indoor environment. Hence,
a cavity wall system is expected to bohave differently from the non-cavity we:ll system for
the same indoor humidity conditions. Furthermoye, for different moistu e interaction modes,
the same cavity wall system will respond differently to any changes in the air leakage
characteristics of the exterior wall. In order to investigate these varations in behaviour,
the impact of the air leakage characteristics on seasonal moisture accumulation in the
west and the east walls will be studied. Figs. 7.92-7.94 illustrate the relationship between
the wall air leakage characteristics and the seasona! moisture accumulation within its
various components. It can be seen that higher air leakage coefficient will always result
in a reduced material moisture content but with different degrees of influence determined

mainly by the boundary conditions of the problem. Both the Insulation and the wood layers
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show more dependence on the alr leakage characteristics during spring as compared to
other seasons.On the other hand, moisture accumulation In the brick layer shows a simitar
degree of dependence on the air leakage characteristics for all seasons. The greatest
impact on the moisture accumulation in the insulation layer occurs between an air lsakage
coefficient of 0.310* fo about 1.2510* m%m?Pa®s beyond which no significant
change In the material molisture content occurs. For the wood layer, however, the greatest
response of the material moisture accumulation during the spring period occurs between
an air leakage coefficient value of about 0.7510™ to about 1.310* m¥m2Pa®s, with
a relatively lower response below the lowsr limit and above the upper limit of this range.
Variations in the slope of the moisture content curve are much less pronounced in the
winter and fall periods for both layers where the material moisture content is almost
linearly related with the air leakage coefficient. Seasonal moisture accumulation in the
brick layer is generally more dependent on the air leakage characteristics than other
layers. However, similar to the insulation and the wood layers, moisture accumutation in
the spring period remains the most affected by the level of the air leakage coefficient. A
sharp drop in material moisture content occurs during the spring between an air leakage
coefficient value of 0.3:10* and about 1.410% m¥m*Pa®s. More than 95% less
moisture will be available in the material when the air leakage is increased from 0.3 10*
(' which Is representing the direct air flow path) to 1.4-10* m¥Ym2Pa®-s. A lower but still
a significant reduction is obtained during other periods for the same Increase in the air
leakage coefficient. In the winter period, the moisture accumulation is reduced by about
70% while about 85% less moisture is accumulated in the fall puriod. Increasing the air
leakage coefficient beyond that level will have ne or little impact on the amount of

moisture accumulation particularly in the spring and the fall months.

312



The relationship between moisture accumulation in the east wall components and the air
leakage coefficlent of the exterior walls is expected to be different from that corresponding
to the west wall. Figs. 7.95-7.97 illustrate the impact of the air leakage characteristics on
the seasonal moisture accumulation in the insulation, the woad and the brick layers of the
east wall. The insulation layer being the least dependent on the cavity moisture conditions
shows very little ditference from the west wall component. On the other hand, the wood
and the brick layer being directly influenced by the cavity conditions show different
response to variations in the air leakage coefficient. The most noticeable change occurs
in the wood layer during the spring period. Comparison between Fig. 7.93 and Fig. 7.96
shows that while the wood layer of the west wall experiences the greatest change in its
moisture conditions within the air ieakage cosfficient range from 0.75:10* to 1.3 10*
m?/m?Pa®s, the wood layer of the east wall shows little response within the same
range. Instead, it is most responsive when the air leakage coefficient is higher than
1.5:10" mYm?®Pa®-s, which is the range within which the wood layer of the west wall
shows very little response. During the fall and winter periods, no major differences oceur
between the insulation and the wood layers in the two walls. The brick layer, however,
exhibit greater seasonal variations in the relationship between molisture accumulation and
the air leakage coefficient. This is due to the fact that moisture conditions at the brick
interior surface is mainly determined by the cavity air conditions both in the drylng and the
wetting periods. Comparison between Fig. 7.84 and Fig. 7.97 reveals that the slope of the
moisture accumulation curve of the east wall is smaller that of the west wall for the spring
period, but the influencing range of the air leakage coefficient is increased. For the fall
period, the slope of the moisture accumulation curve in the east wall is higher than that
of the west wall particularly at low air leakage coefficient value, while it remains unaffected

during winter. These variations in the seasonal moisture accumulation responses are clear
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indications of the importance and the uniqueness of the infiuence of the interaction

process between the wall system and its surrounding environments.

7.5.2 Surface area of Interior absorbing/desorbing materlals: Depending on their
moisture hygroscopicity level, interior materials can considerably dampen the fluctuations
in the level of air humidity within the space. At constant or slightly fluctuating indoor air
humidity, the moisture absorption/desorption process will have no or ven limited impact
on indoor air humidity. On the other hand, its role will be significantly enhanced as the
fluctuations in indoor humidity level increases. The pattern and the degree of fluctuations
are mainly determined by the air leakage process because of the high variability level of
its determining parameters (e.g., outdoor air moisture content, the air leakage rate), as
well as its relatively faster mode of moisture transfer. Consequently, higher air leakage
rate will result in more indoor air humidity fluctuations and hence increasing the role of the
moisture absorption and desorption processes. In studying the impact of these processes
on exterior wall moisture performance a relatively untight enclosure with an exterior wall

alr leakage coefficient of 2.0-10™ m¥m?-Pa® s will be considered.

Because of its two-way impact on indoor air humidity, the accumulative effect of the
absorption/desorption process on the long term exterior wall moisture performance may
not be appreciable. However, its short term influence could be more pronounced following
a period of continuous absorption or desorption. This influence can be further enhanced
in the presence of a fast moisture transfer mechanism through the wall system. In a multi-
layer non-cavity wall system, moisture can only be transferred by the diffusion process,
hence the influence of the absorption/desorption process on the moisture accumulation

within its components will be marginal. Figs. 7.98-7.29 illustrate the impact of the interior
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absorbing material area on seasonal moisture accumulation In the insulation and the wood
layers of the non-cavity wall. For the insulation layer, the most noticeable impact of the
absorption/desomption process occurs during the spring period but less pronounped impact
occurs for the wood layer during winter and spring periods. The presence of moisture
absorbing material has resulted in a reduced moisture accumulation level for both periods
indicating an overall reduction in the indoor air humidity level. In spite of the high
hygroscopicity level of the absorbing material used, moisture absorption by 400 m? of the
material surface has resulted in only 8% reduction in moisture accumulation within the

wood layer during winter and about 12% reduction within the insulation layer during spring.

The infiuence of any moisture transport process within the space on exterior wall moisture
behaviour is dependent on its role in determining the indoor humidity behaviour as well
as the degree of dependence of wall moisture behaviour on indoor humidity. For example,
placing a vapour retarder near the interior surface of the wall system will greatly reduce
the influence of indoor air humidity. Similarly, the prevalence of inward convective
moisture transfer in a cavity wall system (i.e., air flow occurs from the outdoor environment
to the cavity space) will substantially decrease the role of indoor air humidity and
consequently the role of any particular moisture transport process. The impact of the
moisture absorption/desorption process on the seasonal moisture behaviour of the west
wall components is shown in Fig. 7.100 through Fig. 7.104. It can be seen that moisture
behaviour of both the insulation and the wood layers show very moderate response to the
absorption/desorption process with as little as 3% change in material moisture content
when 400 m? of absorbing material is used. Similar modest response Is exhibited by the

brick layer during spring, but a relatively more appreciable responsa is experienced during
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the winter and the fall peﬂods with as much as 10% change in the material molsture
content. Generally, it can be said that the impact of the absorption/desorption process on
the west wall molsture behaviour is margina! which is an indication of the diminished role
of indoor air humidity. An overall examination of the moisture response of the exterior wall
components reveals that the moisture absorption process is the dominant during the

winter and the spring pe iods, while the moisture desomtion process is dominant during

the fall.

The east wall has a better moisture interaction with the indoor environment, therefore, it
is expected to be more responsive to variations in indoor air humidity behaviour.
Variations in the seasonal molisture accumulation in the east wall components as a result
of the molsture absorption/desorption process are shown in Fig. 7.105 through Fig. 7.108.
As expected, comparison with the moisture behaviour of the west wall components shows
that the east wall is generally more responsive. For example, while the presence of 400
m® surface area of absorbing material has resulted on in 4% reduction in the moisture
content of the west wall insulation layer during spring, it has resutted in 12% reduction in
the east wall component for the same period. The other seasonal moisture responses of
the insulation layer of both walls remain essentially the same. Another major increase in
the east wall response can be noticed in the moisture behaviour of the wood layer during
the spring period when the reduction in moisture accumulation has Increased from 3% to
14%. The brick layer of the east wall, on the other hand, shows a slightly decreased
response during the winter and the fall periods, but greatly enhanced response during

spring when the change in material molsture content has Increased more than four folds,

For the same interior absorbing material (i.e. wood), the brick layer of the south wall
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shows more pronounced reaction to the moisture absorption process during the fall when
as much as 45% less molsture has accumulated at its interior surface in the presence of
400 m? of absorbing material surface area as can be seen from Fig. 7.109. For the same
layer, the absorption/desorption procass has no or very littie iImpact on material moisture
content during spring and winter periods as shown in Figs. 7.108 to 7.110. The reduced
influence for a certain period can be attributed to the balance effect of the absorption and
the desorption processes over that period. Furthermore, when the material is at very high
moisture content level (i.e., near saturation), as it could be the case in the winter period,
the influence of indoor air humidity and hence all determining processes is greatly
diminished since the material moisture content Is no longer responding to fluctuations in
indoor air humidity. So far, variations in the moisture behaviour of the different walls in
response to the absomption/desorption process can only be attributed to the differences
in their interaction with the indoor space. Nevertheless, different materials with different
moisture and physical characteristics will result in a specific modification of indoor air
humidity behaviour. When the resulting indoor air humidity profile is combined with a
particular pattern of moisture interaction between the wall system and the indoor
environment, the wall components will uniquely respond to the absorption/desorption
process. Fig. 7.111 to Fig. 7.114 illustrate the impact of the absorption/desorption process
on the seasonal moisture accumulation within the south wall components when the wood
s replaced by the gypsum material. In this case, all layers experience a substantal
increase in their moisture content during the spring period, but moderate or no change
during other seasons. Both the insulation and the wood layers show no reaction during
the fall and winter periods as can be seen from Figs. 7.111 to 7.112, while the brick layer
experience moderate changes during winter similar to the east and west walls as shown

in Fig. 7.113. Atfthough the increase in the materal moisture content is considerably
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higher during the spring period, it is not consistently proportional to the area of absorbing
material. The moisture accumulation curve for all layers can be seen to have very small
slope when the surface area of the absorbing matarial is below about 250 m?, while it is
substantially larger at higher surface area. The presence of 400 m? of absorbing material
surface area has resutted in about 35% additional moisture accumulation in the insulation
and the wood layers, and has increased the moisture content at the brick layer interior
surface by about three times for the same period as lllustrated in Fig. 7.114. From the
above dlscuséion. it can be concluded that in spite of the low hygroscopicity level of the
gypsum material, the conesponding absorption/desorption process has generally resulted
in more modification in the wall moisture behaviour as compared to the wood material.
This behaviour indicates the uniqueness of the wall moisture performance in response to

the absorption/desorption process in the presence of the convective moisture transfer

mechanism.

7.5.3 Area of condensation surface: Surface condensation process is a non-continuous
process with its influence determined by the physical characteristics of the condensation
surface, the outdoor conditions as well as the degree of participation of the other moisture
transport processes within the space. Al high air leakage rate, the indoor air is likely to be
diluted and maintained at a relatively low moisture content even when indoor moisture is
generated, As the air leakage rate Is reciuced, the potential of surface condensation as an
influencing factor in determining the indoor air humidity Is Increased. For the modelled
boundary conditions and the space characteristics, surface condensation has been found
to have an appreciable influence on the wall moisture performance when an exterior wall
air leakage coefficient of 0.510* m*m?Pa®s, which represent a relatively tight

enclosure, is used. In studying the impact of surface condensation, a double glazed
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window is mainly used to represent the condensation surface as part of the exterior

vertical envelope of a tight enclosure.

The effactiveness of the surface condensation process in infiuencing indoor air humidity
Is & function of the area of the condensation surface as well as the boundary conditions
of the condensation problem. Figs. 7.115 to 7.116 show the impact of condensation over
a double glazed window on seasona! moisture accumulation within the components of the
non-cavity wall system, During winter and fall periods, the condensation process has no
effect on moisture accumutation in the insulation layer. However, by fully glazing the north
wall (i.e., A=60 m?}, molsture accumulation during the spring period has been reduced
by more than 20%. A much more pronounced response is shown by the wood layer since
itis more dependent on indoor air humidity behaviour, The highest response occurs during
winter when the material moisture content is reduced by more than 25% as a result of
Increasing the condensation surface area by 7 m?. Major reductions in the wood layer
moisture content occurs during winter and spring periods when the north wall is fully
glazed. In this case, moisture accumulation has been reduced by more than 50% during
spring and by more than 40% during winter. The least change in material moisture cantent
occurs during the fall with only 17% reduction. Furthermore, by examining the moisture
accumulation curve of the wood layer given in Fig. 7.116, it can be seen that increasing
the condensation surface area from 10 m* to 50 m? has very little affect on the seasonal
moisture accumulation within the material. This reduced response can be attributed to the
fact that the resulting reduction in indoor air humidity Is not enough to foree a change in
the interstitial condensation region within the layer. Increasing the condensation surface
area from 50 m? o 60 m? has altered the pattem of interstitial condensation which is

accompanied by major reduction in material moisture content. The influence of the
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condensation surface area on moisture accumulation within the exterior wall components
Is dependent on the thermal characteristics of the condensation element. Fig. 7.117
illustrates the Impact of surface condensation on seasonal moisture accumutation within
the wood layer when a single glazed window is used. It can be seen thata significant drop
in the material moisture content occurs during all seasons within a vary small range of
condensation surface area. However, no significant change .n the material moisture
content occurs over a condensation surface area of about 4 m? particularly during winter
and spring periods. Comjparison with Fig. 7.116 shows that in the case of a single glazed
window, the material is generally less responsive to the condensation surface area. This
is due to the considerable reduction in the moisture accumulation and the reduced
potential of interstitial condensation even when a small area of a single glazed window is

used.

The extent of influence of the surface condensation process varies according to the
moisture characteristics of the wall system which determines the potential for moisture
accumul. lion within its components. In spite of the presence of the convective moisture
transport process, the modelled cavity wall system has less potential for moisture
accumulation in the insulation and the wood !ayers relative to the non-cavity wall system.
Consequently, moisture accumulation in these two layers will be less responsive to
changes in indoor air humidity resulting from the surface condensation process. Figs.
7.118 1o 7.119 Illustrate the impact of the condensation surface area of a double glazed
window on seasonal moisture accumulation in the insulation and the wood layers of the
west wall. It is clear that the condensation surface area has a marginal effect on the
moisture accumulation in both layers with a maximum reduction occuring during the

spring period. When the north wall is fully glazed, about 10% less moisture is accumulated
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in the insulation layer and only 4% less moisture Is accumulated in the wood layer. This
reduced response is due to refatively small moisture inertia of the inner wall as compared
to the non-cavity wall system. In this case, the moisture conditions of the wall components
are quickly modified In response to changes in indoor‘ air humidity with very little
accumulative effect of the surface condensation process. Similar moisture behaviour is
exhibited by the inner wythe components of the east and south walls. However, because
of the presence of the convective moisture transfer mode and the relatively high moisture
capacity (above the hygroscopic level) of the brick material, the interior surfaces of the
west, east and south walls experience a relatively considerable reaction to the
condensation surface area as shown in Figs. 7.120 to 7.122. The most noticeable
reduction in the moisture accumulation at the brick layer of the west and the east walls
occurs during the spring and the fall periods, while the most noticeable reduction for the
south wall occurs during spring. On the other hand, all layers show no response to
increasing the condensation surface area during the winter period. During spring, the west
and the east walls components show almost identical reaction to the surface condensation
process while the brick layer of the east wall is more responsive for the same period. By
fully glazing the north wall, the moisture content at the interior brick surface is reduced by
10% for both the east and the west walls during spring, but as much as 30% reduction is
obtalned during the fall. For the same glazing area, the brick layer of the south wall
experiences about 23% reduction in its moisture content. in a percentage wise evaluation,
the south wall is seen to be the least responsive to the surface condensation process, but
in absolute terms, it i the most responsive with twice as much reduction for the same
glazing area. Generally, these levels of reduction are obtained at smaller condensation
surface area as can be detected from the corresponding Figure. However, for the purpose

of comparison between the different walls, the case of fully glazed north wall is taken as
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& reference. From the above discussion, it can be concluded that the influence of the
condensation surface area on exterior wall moisture performance will be more appreciable
through its accumulative effect since it has only a one-way impact on indoor air humidity.
For the accumulative effect of the condensation process to be noticeable, thé moisture
inertia of the wall system has to be large snough so that moisture accumulation within its

components will be a reflection of the variational pattern of indoor air humidity.

7.5.4 Indoor molsture generation rate: Indoor moisture generation represents the most
important moisture transport process affecting the level and behaviour of indoor air
humidity especially during winter when the outdoor air is relatively dry. The use of the
daily average moisture generation rate, instead of the actual profile, has been found
earlier in this study to provide sufficient accuracy when evaluating exterior walls moisture
performance even in the presence of a fast moisture transfer mode. In evaluating the
impact of indoor moisture generation rate on exterior wall moisture performance, a
constant moisture generation rate representing the dalily average va'ue is used through
out the modelled period. Figs. 7.123 to 7.124 show the effect of indoor moisture
generation rate on the seasonal moisture accumulation within the insulation and the wood
layers of the non-cavity wall system. As expected, the influence of indoor moisture
generation on the moisture behaviour of the insulation layer is marginal during the cold
pericds as It is difficult for the material to attain moisture under large temperature
gradients. As the temperature gradient is reduced during spring, the moisture behaviour
of the insulation layer becomes more dependent on indoor air humidity and hence will be
more raspansive to any increase in the moisture generation rate. Below a moisture
generation rate of 1010° kg/s, the moisture content of the insulation layer is almost

linearly related to the rate of moisture generation with a corresponding curve slope of
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about 125 (kg/kg)/(kg/s). At higher molsture generation rate, the slope of the moisture
accumulation curve is reduced since the matenal is no longer able to positively respond
by accumulating more moisture. Such behaviour can be attributed to the fact that
interstitial condensation region within the insulation layer did not advance inward form the
wood layer interface, hence allowing no more molsture to be accumulated. The moisture
response of the wood layer, on the other hand, is much more pronounced during all
seasons. During winter the wood layer moisture accumulation curve experiences
occasional changes in its slope as the moisture generation rate Is increased. These
changes in the slope are Indications of either occurrence of interstitial condensation or that
the material has reached the saturation level at a particular location. Increasing the
moisture generation rate from O kg/s to 410 kg/s has resulted in a constant rate of
increase in the material molsture content. On the other hand, no significant change in the
material moisture content accurs when the moisture generation rate is increased from
410° to 7110 kg/s. This means that at a moisture generation rate of 4-10° kg/s, the
material moisture content has reached saturation at the location of condensation and
increasing the rate of moisture generation to 7-10°° kg/s has not resulted in a significant
increase in the indoor humidity level to advance the condensation region inward. By
further increasing the moisture generation rate, the material experiences the original rate
of increase in it~ molsture content indicating the advancement of the condensation region.
The moisture behaviour of materiai during spring is similar to that during winter since the
winter molisture conditions of the material represents the Initial conditions for the spring
period. During the fall, the molsture accumulation in the wood layer is almost linearly
related to the indoor moisture generation rate with a characteristic slope of about 2.9-10°
(ka/kg)/(kg/s). This linear relationship reflects the relative easiness of the advancement

of interstitial condensation since indoor air humidity during fall is expected to be higher
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than that during winter for the same moisture generation rate.

The impact of moisture generation rate on seasonal moisture accumulation within the
components of the west cavity wall system is shown in Figs. 7.125 to 7.127. The
insulation layer Is still most responsive during the spring period with an initial linear
behaviour below the moisture generation rate of 10-10° kg/s. Comparison with Fig. 7.123
shows that the range of linear behaviour is aimost the same as that of the non-cavity wall
system, but is less responsive to changes in moisture generation rate with a characteristic
slope of 83 (kg/kg)/(ka/s) as compared to 126 (kg/kg)/(kg/s) for the non-cavity wall
component. Furthermore, the insulation of the cavity wall system has the same low
moisture response to changes in moisture generation rate during the fall and the winter
periods. The wood layer, on the other hand, is exhibiting an exponential decay behaviour
in response to increased moisture generation rate with almost the same seasonal moisture
accumulation patterns. The maximum moisture response occurs below the moisture
generation level of 10:10° kg/s with no major changes above it. Similar but more diverse
seasonal moisture response is experienced at the interior surface of the brick layer as
shown in Fig. 7.127. At high indoor moisture generation rate, more than 50% less
miolsture Is accumulated during the fall and the winter period as compared to the spring
period for the same indoor moisture generation rate. At low moisture generation rate {i.e.,
telow 510° kg/s), more moisture is accumulated during the winter period than other
periods. This atternation in the amount of moisture accumulation with variations in the
moisture generation rate Is an indication of the uniqueness of the Impact of the resulting
air humidity behaviour espectally because of the presence of convective moisture transfer.
Variations in the material moisture content in response to increasing molsture generation

rate can be generally seen to follow the S shape particularly during the spring and the fall
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periods. Besides varations in the magnitude and behaviour in the seasonal moisture
accumulation, different seasonal responses have different critical moisture generation rate
which is the level beyond which no significant change in the materia moisture content
occurs. For example, during the winter period, the critical molsture generation rate is about

1410° kg/s, while it Is about 20-10° kg/s for both the spring and :he fall periods.

The insulation and the wood layers of the east wall show almost the same response to
the moisture generation rate as the west wall components, while its brick layer
experiences a different response both in magnitude and behaviour as can be seen from
Fig. 7.128. Much less deviation in the material seasonal accumulation is obtained by an
upward push to the winter and the fall periods curves and a downward push to the spring
curve. For both the winter and the spring periods, relationship between the moisture
accumulation and the indoor moisture generation can be seen to follow an expcnential
behaviour with a critical level of about 1410 kg/s, while it follows an S shape curve

during the fall pericd with a critical moisture generation rate of about 20-10® ka/s.

7.6 Summary

The impact of indoor air humidity behaviour on exterior wall moisture performance has
been investigated by evaluating the mc” 3 behaviour of two different wall systems over
a period of one year unde: different indoor air humidity variationa! pattems. The patterns
of moisture accumulation within the layers of both wall systems have been found to follow
the same variational trend as that of the indoor air humidity. A more complicated moisture
behaviour Is experienced by the cavity wall components due to the presence of the

convective moisture transfer process.
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The impact of the air leakage process on wall moisture performance has been examinad
by evaluating the wall moisture behaviour at different exterior walls air leakage
characteristics. Three different air tightness levels were considered representing average,
tight and loose enclosures. By increasing the exterior walls air leakage coefficient,
moisture accumulation in all wall components can be substantially reduced due to reduced
indoor air humidity level. The degree of reduction In the moisture accumulation within a
particular component varies according to its thermal and moisture characteristics as well
as the degree and type of interaction between the wall system and the indoor
environment. The influence of the absorption/desorption process by interior materials on
exterior walls moisture behaviour is mainly dependent on the level of fluctuation of indoor
humidity, the hygroscopicity level of interior materials, and the characteristics of the wall
system. In a cavity wall system, the presence of a faster mode of moisture transfer has
generally enhanced the influence of the absorption/desorption process. However, its two-
way impact on indoor humidity will be reflected on the moisture performance of the
exterior wall by occasional increases and decreases in the molsture accumulation within
the wall components. As a result, the accumulative effect of the absorption/desorption

process will be marginalized.

In contrast with tho absorption/desorption process, internal surface condensation on
windows has a one-way effect an exierior wall moisture performance. However, since
surface condensation is a non-continuous process, It will have an occasional negative
impact on the level of moisture accumulation within the wall components. Generally, its
impact will be more pronounced as the enclosure air tightness Increases. At an average
enclosure air tightness level, surface condensation over a double glazed window has very

little effect on the moisture performance of both the cavity and the non-cavity wall
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systems. A more appreciable reduction in the molsture accumulation at the same air

tightness level can be experienced by the cavity wall system when a single glazed window

is used.

Similar to the surface condensation process, indoor molsture generation has a one-way
effect on the wall moisture performance. Higher indoor molsture generation rate will
ultimately lead to higher Indoor air humidity and consequently to more moisture
accumulation. The impact of the indoor moisture generation process, at any given
enclosure air tightness level, is limited to a particular range of moisture generation rate
beyond which no significant change in the exterior wall moisture behaviour oceurs. In the
absence of indoor moisture generation, very little molsture accumulation is expected to
occur during winter. Generally, the effect of indoor air humidity behaviour and the
contributing moisture transpont processes on wall moisture performance will be more

pronounced as the moisture inertia of the exterior wall increases.



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

Towards achieving the abjectives of this research the following contributions and general

findings are identified:

1) A practical theoretical model has been developed and validated for evaluating the
rate of moisture absorption and desorption at interior materals surfaces. The

mode! takes into account the following aspects:

] The diversity of the interior materials moisture behaviour has been defined
using the dimensionless Biot number, which takes into account both the
physical and moisture characteristics of the materials.

i) The altemating nature of the absorption/desorption process has been
considered by incorporating the proposed model into a numerical
formulation through which material molsture condition are updated at the

end of each time interva! used.

2) The transient behaviour of air humidity within a single space enclosure has been
mathematically modelled using the mass bafance concept. A linear differential
equation is proposed to relate the rate of change in indoor air molisture content to
the rate of moisture addition or removal from the space. As part of the modelling

develophient, the following have boen achieved:
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3)

4)

f)

ii})

i)

iv)

Moisture coupling between the indoor air domain and the material domain
has been mathematically expressed so that the diversity of the interior
materials and the possibility of solution can be accommodated.
Variations of the boundary conditions of the condensation process has
been modelled and numerically evaluated by solving for the condensation
surface temperature under transient conditions using the finite-difference
approach. The unsteady state heat transfer through a single and double
glazed windows has been modelled in the presence of condensation by
taking into account the latent heat released at the condensation surface.
Alr leakage through the exterior walls has been modelled and evaluated
under transient boundary conditions by considering the variabllity of both
thermal and wind driving potentials. The resulting non-linear equation has
been solved numerically using Newton's iterative method.

Based on the by-pass factor, a cooling-coil dehumidification model has

been suggested.

The mathematical developments and the suggested numerical techniques for

solution have been coded into a computer program called "Single-Zone Humidity

Variatior. ’rediction Model (SHVPM)". The program has been utilized for simulating

air humidity behaviour within a single zone space under different conditions.

Transient air humidity behaviour within 2 multi-zone space has been

mathematically modelled via a system of coupled differential equations each

representing the moisture balance in a paricular zone. In addition to the

developments camied out for the single space enclosure, the air leakage and the
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5)

6)

inter-zone air flow rates, have been evaluated by incorporating the muli-cell air
modelling approach. Solution of the resulting system of differential equations has

been camied out numerically to evaluate the zonal air humidity response in muti-

zone spaces.

A computer model named "Multi-Zone Humidity Variation Prediction Model
(MHVPM)", has been developed to simulate zonal air humidity response under

different boundary conditions and zonal physical and functional characteristics.

A case study has been carried out for Investigating air humidity behaviour in a
single space enclosure at different physical and functional characteristics. Based
on hourly evaluation of indoor air humidity under transient outdoor conditions the

following findings have been drawn:

) Indoor air humidity response to the air leakage process is mainly
determined by the air infiltration rate.

ii) At high air leakage rate, the overall indoor air humidity behaviour is
determined by the air infiltration process even when other moisturs
transport processes are active.

iif) In the presence of air leakage, the behaviour of indoor air humidity will
generally follow the variational pattern of the outdoor air humidity
conditions.

iv) The influence of the surface condensation process Is highly dependent on
the air infiltration process. At average enclosure air tightness, surface

condensation over a double glazed window will have a marginal impact on
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vi)

vil)

viil)

ix)

indoor air humidity. On the other hand, at the same air tightness level,
condensation over a single glazed window can still have a considerable
impact.

Moisture absorption and desorption by interior materials can have
significant dampening impact on indoor air humidity depending on the
molsture and physical characteristics of the interior materials as well as the
degree of fluctuations of air humidity.

Depending on the enclosure air tightness level, the process of indoor
moisture generation can have an appreciable role In defining the indoor air
humidity behaviour according to the rate and the pattern of moisture
generation. As a moisture source, it will always have a positive impact on
the level of indoor humidity. However, at reduced air leakage rates,
saturation of the indoor air can be quickly attained particularly at high
moisture generation rates.

When more than one moisture transport processes are active, che relative
influence of a particular process is determined by its time constant, its
continuity, and its interaction with other moisture transport processes.
The relative infiluence of a particular moisture transport process on indoor
air humidity behaviour Is determined by the building physical and functional
characteristics as well as the outdoor environmental conditions. For
example, while surface condensation and indoor moisture generation
processes are more active in cold climates, the air infiltration and the
moisture absorption/desorption processes are likely to be more active in
hot-humid climates.

Prediction of indocr alr humidity behaviour within buildings can significantly
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7)

x)

help assessing the potential and the risk of surface sondensation at
different space physical and functional characteristics. Therefore, measures
for medifying the indoor air humidity behaviour to reduce the risk of surface
condensation can be identified. |

Krowledge of indoor air humidity behaviour could also help in evaiuating
the humidification and the dehumidification requirements of the space over
any particular period of time. By changing the space characteristics, the
resulting medifications in indoor air humidity behaviour can result in a
reduction in the humidification or dehumidification requirements and hence

in the energy required to perform these processes.,

A case study has been carried out for evaluating the impact of inter-zone air flow,

zonal connectivity and zonal arrangement on air humidity behaviour in a mutti-zone

Space. Based on hourly evaluation of zonal humidity responses under transient

outdoor conditions the following findings have been deducted:

i)

fi}

i)

In a multi-zone space, each zone will have a unique air humidity behaviour
determined by its own physical and functional characteristics as well as its
interaction with the outdoor environment and other zZones,

At average enclosure alr tightness, the air leakage process can have a
significant impact on zonal air humidity behaviour particularly in zones
which are located upstream relative to the air flow paths (i.e., the paths
between the Infiltrating and the exfitrating air). Similar, but reduced
response is obtained when enclosure air tightness increases while almost
identical zonal responses are obtained at lower air tightness level.

Vependent zones with only exfiltrating exterior walls are less affected by
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8)

9

v)

vi)

the air leakage process.

For a particular zonal arrangement, the degree of impact of the air lsakage
process is determined by the air leakage characteristics cf the exterior
walls as well as the type of inter-zonal connection. Moisture inter-
dependence ameng different zones is generally enhanced when they are
connected by large openings in the presence of air flow across the exterior
boundaries.

Differently arranged zones within the same exterior space boundary will
experience unique zonal air humidity response for the same air leakage
characteristics. Such change in behaviour is a result of the varying degree
and type of moisture interaction with the outdoor environment.

The impact of local moisture transport processes such as surface
condensation and indoor moisture generation on zonal air humidity
behaviour is generally limited to the zone where they occur. However,
when the source zone is located upstream in terms of the inter-zone air
flow regime, local moisture transport processes could have an appreciable

Impact on air humidity behaviour in other dependent zones.

Simultaneous heat and molsture transfer in multi-layer non-cavity and cavity wall

systems has been modelled under transient boundary conditions. Convective

moisture transfer has been accommodated for by treating the cavity space as an

intermediate layer which directly interacts with the indoor and outdoor

envirohments,

The multi-cell air flow modelling approach has been utilized to evaluate the spacial
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10)

11)

12)

13}

14)

air pressures in the indoor and the cavity spaces so as to determine the air flow

rate across the flow paths connecting the ditferent spaces.

Moisture transfer, at all moisture content levels, has been considered by using the
air moisture content and the temperature as the driving potentiais in the

hygroscopic range and utilizing the molsture equalization concept at higher

moisture content levels.

Interstitial condensation occurrence criteria and finite-difference node distribution

criteria for transient moisture transfer analysis have been suggested.

Using the implicit scheme of the finite-difference formulation technique, numerical
formulations of the simultaneous heat and moisture transfer model for both the

cavity and the non-cavity wall systems have been camied out.

Based on the above mathematical developments, a computer mode! called "Wall-
MPM" has been developed for evaluating moisture behaviour of non-cavity and

cavity multi-layer wall systems under transient boundary conditions.,

A case study has been carried out to investigate the impact of Indoor air humidity
behaviour on the exterior wall moisture performance. In this case, moisture
performance of a non-cavity and a cavity wall systems has been evaluated over
a period of one year. Based on the evaluations and comparisons of moisture
accumulation levels and distributions in the main components of both wall systems

under different indoor air humidity variational patterns the following findings have
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been drawn:

)

0

i

v)

vi}

vil)

tndoor air humidity has an infiuential role in determining the exterior wall
molsture performance. This role Is greatly enhanced by the presence of a
large temperature gradient across the wall system, and a fast molsture
transfer mechanism.

Short term and fong term variations in indoor air humidity are uniquely
reflected on the pattern and the leve! of moisture accumulation within the
various wall components.

In the presence of convective moisture transfer, wal‘ls with different
orientation with respect to wind direction, will exhibit different moisture
response to the same indoor air humidity variational pattern,

The impact of a particular variational pattern of indoor air humidity on
exterior wall moisture performance is largely dependent on the wall
moisture characteristics as well as its interaction with the indoor
environment.

High thermal resistance materials, such as insutation, are not likely to
accumuiate substantial amount of molsture in the presence of large
temperature gradient which Is likely to exist during the winter and fall
periods.

Interstitial condensation is likely to occur at the outer interface with the
insulation layer when the outer adjacent layer has a relatively higher
moisture resistance.

In a cavity wall system, interstitial condensation is likely to occur at the
interior surface of the outer wythe when convective moisture transfer takes

place or when the overall moisture resistance of the inner wythe is
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viii)

ix)

xi)

xif)

xiif)

relatively low.

Reducing the enclosure air tightness level has resulted in a decreased
moisture accumulation in all components of the cavity and the non-cavity
wall systems, but with varant levels of reduction determined by the
variations In the outdoor air conditions and the thermal and moisture
characteristics of the wall components.

The maximum reduction in moisture accumulation due to decreased air
tightness is obtained during winter when wall moisture behaviour is highly
dependent on indoor air humidity and the air leakage process Is a
determining factor for the indoor air humidity behaviour,

As much as 100% difference in the average moisture accumulation can be
obtained when the air tightness level is changed from one level to another
(e.g. from low to average air tightness).

Interstitial condensation and moisture contents distribution in the various
components of the exterior wall can be significantly attered by changing the
level of enclosure air tightness. Reducing the air tightness level can reduce
or even eliminate condensation at certain locations within the wall system,
and hence substantially decrease the local moisture accumulation. As
much as twenty time more moisture can be locally accumulated when the
air tightness level is changed from low (C,=2.0 10* m¥m*Pa*s) to
average (C,=1.0 10™ m¥/m?-Pa®.),

Different wall systems will respond differently to changing the air tightness
level depending on the wall moisture sensitivity to the resulting modification
in indoor air humidity behaviour.

The influence of the absomption/desorption process on exterior wall
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xiv)

xvii)

xviil)

moisture performance is generally limited particulary when diffusion is the
only moisture transfer mechanism across the wall system. However, the
presence of the convective moisture transfer process together with a highly
fluctuating indoor air humidity variational pattern can result in a more
pronounced role for the absorption/desorption process.

Because of the two-way action of the absorption/desorption process, its net
accumulation effect on exterior wall moisture performance is marginalized,
yet occasional decreases and increases in the material moisture content
oceur.

At average air tightness level, the surface condensation process over a
double glazed window has limited occasional negative Impact on the
moisture accumulation within the exterior wall components.

For tight enclosures, surface condensation over a double glazed window
can have an appreciable impact on the exterior wall moisture performance
with more than 30% reduction in the material moisture content.

Surface condensation over a single glazed window, even in an average air
tightness enclosure, can result in a substantial reduction in the molsture
accurnulatinn with more than 60% reduction in the moisture aceumulation
in some wall components as compared to a double glazed window with the
same arez

Since surface condensation process has a one-way action on indoor air
humidity, its accumulative effect will be more pronounced as compared to
the absorption/desorption process. Therefore, exterior walls with high
molsture inertia (i.e., high potential for moisture storage) are likely to be

more responsive to the surface condensation process.
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xix}

xxi}

xxil)

Xxiii)

XXiv)

Indoor moisture generation will always have a positive impact on the indoor
air humidity level, hence increasing the rate of moisture generation wili
result in more moisture accumulation. However, beyond a certain indoor
moisture generation rate, determined mainly by the enclosure air tightness
level, no significant additional moisture accumulation occurs.

In the absence of indoor moisture generation, no significant moisture
accumuiation occurs in the exterior wall components during winter even
when large temperature gradient exists.

When modelling the exterior wall long term moisture performancs, the daily
average moisture generation rate can be used with sufficient accuracy
instead of the daily profile even in the presence of a fast molsture transfer
mode.

When summer dehumidification is iImplemented, the moisture content of the
exterior wall components at the end of the dehumidification period will be
essentially unaffected by the physical and functional characteristics of the
space,

In the absence of summer dehumidification, the drying potential of the
exterior wall will be substantially reduced leaving all wall components at
higher moisture content by the end of summer.

Depending on the mode of moisture transfer between the wall and the
indoor space, implementation of summer dehumidification could result in
as much as 80% reduction in the moisture accumulation by the end of
summer and as much as 70% by the end of fall.

When diffusion is the only moisture transfer mechanism, implementation of

scheduled dehumidification strategy (i.e., 8 hours daily) will have practically
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xxvii)

Xxviii)

XXix)

the same impact on the exterior wall drying behaviour as the continuous
dehumidification strategy. However, considerable differences between the
two strategies are likely to be encountered when convective moisture
transfer occurs.

In cold climates with humid summer conditions, it is desirable to have some
kind of summer dehumidification in order to sufficiently break the moisture
accumulation trend within the wall components by allowing them to dry out
through increasing the moisture capacity of the indoor air.

Moisture accumulation within a non-cavity wall system components can be
significantly reduced regardless of the behaviour of indoor humidity by
reducing the influx of moisture into the wall by using the appropriate vapour
retarder.

Increasing the moisture outflux through the exterior surface of the wall can
result in almost the same reduced leve! of moisture accumulation obtained
by using the vapour retarder.

in a cavity wall system, moisture accumulation in the inner wythe
components can be substantially reduced either by using a vapour retarder
at the interior surface of the Insulation layer, or by reducing the moisture
resistance of the components adjacent to the insulation layer exterior
surface. However, by implementing tie later measure, the risk of moisture
accumulation at the interior surface of the outer wythe is increased.
Therefore, using a vapour retarder and reducing the convective currents
from the indoor space seem to be the most effective measures.

As part of the case study, the Indirect relationships between the building

physical and functional characteristics and the moisture accumulation within

348



the exterior wall components have been Investigated. This has been
achieved by studying the variations of the seasonal moisture accumulation
both in the cavity and the non-cavity wall components in response to
varying exterior walls air leakage characteristics, type and area of interior
moisture absorbing materials, type and area of condensation surface and
finally, the rate of indoor moisture generation. This kind of study can serve
as the base for formulating useful guidelines and recommendations to be
used by the designer when evaluating the impact of building physical and
functional characteristics on exterior wall moisture performance.

xxxi) Both the cavity and the non-cavity wall systems show considerable reaction
to the changing air leakage characteristics of the exterior walls and the rate
of indoor moisture generation, but a relatively much less pronounced
reaction to the surface area of interior hygroscopic materials and the area
of the condensation surface,

xxxli) The relationship between the moisture accumulation and the exterior wall
air leakage coefficient can be generally described as a negative decaying
trend, while the relationship with the moisture generation rate as a positive
decaying trend.

xxili) ~ Finally, the importance of indoor air humidity behaviour in determining the
exterior wall moisture performance can be recognized beyond any doubt,
Therefore, for accurate assessment of exterior wall moisture performance,

the transient nature of indoor air humidity must be accounted for.

As an enhancement and a continuation of the developments and findings of the present

research work, the following research topics are recommended for future studies:
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1)

2)

3)

4)

5)

6)

The indoor air humidity prediction mode! developed in this study can be further
enhanced by incorporating different types of HVAC systems both in the air mass

balance and the moisture mass balance models.

An extensive experimental program can be carried out for evaluating the moisture
characteristics of interior construction and funishing materials under transient
ambient conditions. Moisture equilibrium curves and moisture diffusion cosfficients
are required for modelling the absorption/desorption process. However, when it is
difficult to geometrically describe a particular material, a molsture ime constant will

be needed to describe its transient moisture behaviour.

Simultaneous heat and moisture transfer within the indoor air domain can be
considered for better prediction of indoor air humidity behaviour when indoor air

temperature is allowed to fiuctuate.

The indoor alr humidity prediction models suggested in this study can be used in
conjunction with available energy evaluations models for better prediction of

energy consumption.

Experimental evaluation of exterior wall molisture performance under transient
indoor alr moisture conditions needs to be carried out for different wall systems
under different moisture interaction regimes with the indoor space, and compared

with the theoretical predictions of this work.

Moisture transfer coefficients for the different building materials that could comprise
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7)

8)

10)

the exterior wall system are required to be experimentally evaluated under different
ranges of tempseratures and material moisture contents. In addition, more data
about the material molsture characteristics such as the critical moisture content
and the moisture equilibrium curves at differ‘ent amblent temperatures ére required

for possible improvement in the evaluation of the moisture transport process.

Theoretical and experimental investigations are required for better and practical
modelling approaches of the moisture transfer process at the interface between
different layers of materials in a multi-layer wall system particutarly at high material

moisture content.

Further studies are needed in Investigating the impact of zonal air humidity
behaviour on exterior wall molisture performance at different zonal functional and

physical characteristics.

A more comprehensive multi-dimensional mode! for simultaneous heat and
moisture transfer through exterior walls can be developed and used in conjunction
with the indoor humidity prediction and moisture interaction models for better
representation of the wail system and possible enhancement of the accuracy in

assessing its moisture performance,

Developed moisture transport models can be seen as part of a comprehensive
bullding performance evaluation program for assessing the potential and the risk
of surface condensation, humidification/dehumidification requirements as well as

the quality of the indoor environment.
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