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ABSTRACT

Ventilation is essential if an adequate environment in buildings is to be provided. Natural
ventilation is a sustainable method commonly used to achieve this. Natural ventilation can occur
from random flow of air through unintentional (adventitious) openings, commonly referred to as
infiltration, or can be facilitated through purpose-provided openings - commonly called
controlled natural ventilation. Stringent national and international regulations have led to
building structures becoming more and more air-tight so that ventilation is confined to airflow
through intentionally provided openings only. These purpose-provided openings typically
consist of one or a combination of basic components such as louvers, insect-screens or noise
baffles. An extensive literature review indicated that the airflow performance of combinations
of such components has neither been thoroughly determined nor fully understood, making it
difficult to accurately predict their building performance. This investigation set out to answer
some of these questions by employing experimental and computational fluid dynamics (CFD)
parametric studies. For the experimental study, a test rig was designed and constructed in
accordance with European Standard BS EN 13141-1: 2004. The text rig was designed with
sufficient flexibility to enable individual components and combinations of various components
to be investigated. Components tested ranged from ordinary slots fabricated from pine wood to
commercial ventilators and mesh-screens as are commonly found in natural ventilation
applications. The results of this investigation indicate that the overall airflow properties of a
ventilator are influenced by the combination of constituent components, the manner in which
the components are incorporated into a ventilator and also the direction of airflow through it. A
CFD study utilising three-dimensional models of some of the components tested during the
experimental phase, and employing the k£ - ¢ turbulence representation was facilitated by a
commercial software package (FLOVENT). Comparisons between CFD results and
experimental data were reasonable and acceptable. A new mathematical approach, based up on
experimental results, to anélyse the airflow properties of combinations of ventilator components
is introduced in this thesis. The proposed equations enable relative assessments of the impacts
of each component on the overall airflow performance of a ventilator to be made. Comparisons
between results from the proposed equations and those obtained experimentally showed good
agreement. Although more work could be done to understand the physical meaning of the
equations proposed, the author believes that this investigation has set a foundation for a generic
representation of ventilator airflow performance. As such, refinements to the proposed

equations would inevitably result if further research into this task is undertaken.
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Real ventilation is so uncommon that ....the
layman usually thinks the object has been
attained if some of the windows can be
opened.

Ventilating and Warming, Prof. Ernest Jacob, 1894.



Chapter 1
INTRODUCTION

his chapter introduces the background to the investigation reported and highlights
Tthe motivation behind this work, including the definition of the application
domain through to aims, objectives and outline of the research methodology employed.
Some key aspects of the indoor environment and its implications are also briefly
explained. The chapter closes with an outline of the chapters forming the rest of this

thesis.

1.1 Background

Over the last twenty to thirty years there has been a shift in emphasis in relation to
priorities concerning energy and indoor climate in buildings. For instance, in the 1970s
the energy crisis led to energy conservation for heating being the key issue of concern in
most climates whilst in the 1990s much attention was paid to global energy use, air
leakage through building envelopes, comfort and indoor air quality within buildings.
Although heat depletion through the building envelope has been greatly reduced, the
loss of background ventilation due to infiltration, along with bad HVAC system
maintenance and increased pollution, has led to poor indoor air quality and subsequently

to building related illnesses.

1.2 Energy and Environmental Impact of Buildings

In developed countries, such as the U.K., buildings consume approximately 50% of all
primary energy production [Parrot, /1998, DEFRA, 2003] whilst in the U.S. buildings
account for more than 36% of primary energy usage - representing about 62% of total
U.S. electricity consumption [Rosenberg, 2002, WBDG, 2004].  This energy is used
for the heating, cooling, lighting, ventilating and other essential activities of building
occupants. Since virtually all of this energy is produced from the burning of fossil fuels
then buildings also contribute around 50% and 36%, for U.K. and U.S. respectively, of

the total carbon dioxide (CO;) emissions into the atmosphere. In addition, the use of air-
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conditioning not only increases building operation costs, but leads to the discharge of
refrigerants into the atmosphere. The effluent from fossil fuels and air-conditioning
processes may be detrimental on the environment through the effects of global warming
and ozone depletion. Therefore, an important strategy in reducing these effects must be

to make buildings more energy efficient.

1.3 Indoor Environment: Occupants' Comfort and Health

Given that on average people spend about 90% of their time indoors [Liddament, /996]
healthy and comfortable indoor environments are essential in sustaining the quality of
life. Indoor environmental quality depends on many interrelating factors, not least the
physical parameters that define thermal comfort (temperature, relative humidity, air
movement), indoor air quality ("freshness"” as defined by carbon dioxide level and
"cleanliness" as defined by absence of harmful substances i.e. air pollution), lighting

quality (mainly day-lighting provisions), and acoustics (noise and vibration aspects).

The impact of poor air quality on comfort, health and occupant attitudes often results in
occupant dissatisfaction and loss of productivity and revenue. To avoid this negative
impact it is essential that buildings be designed and operated to meet basic human
requirements for a healthy and comfortable indoor environment while at the same time
ensuring low energy consumption. Essentially, ventilation is required to provide a
thermally comfortable environment and to dilute pollutants (allergens, carbon
monoxide, carbon dioxide, tobacco smoke, moisture, volatile organic compounds,
odours etc) to levels unlikely to pose a health risk [Ata, /997], and to combat
condensation. As such, it is vitally important to have an effective ventilation system to
help meet occupants' increasing expectations for satisfactory air quality in the indoor

environment.

1.4 Sustainable Approach to Building Design

One approach to making buildings more energy efficient is to smartly design and
operate them in a way that reduces total energy usage, such as the consumption
associated with mechanical ventilation and air-conditioning. This involves either
supplementing or replacing these energy-intensive services with more sustainable and

environmentally friendly schemes such as natural ventilation systems [Allard, 7998].
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Although the concept of natural ventilation is a familiar one, the successful design of a
modern naturally ventilated large building or its incorporation into existing buildings is
a complex and comparatively untried process. This process often requires a
combination of high tech and low tech solutions and has been found to be most effective
if addressed in initial design phases. Any concerns about the external environment must

be balanced against the need for an indoor environment that is sustainable.

Several major building projects have been completed in the last ten to fifteen years that
would have, traditionally, been designed to be mechanically serviced. Instead, the
supply of fresh air was designed to be provided predominantly by natural ventilation
systems. Examples of such projects include the Wessex Water Headquarters
[Alexander, 2000] and the Contact Theatre in Manchester [Palmer, 7999]. Also, studies
suggest that naturally ventilated buildings have health benefits for building occupants
[Vincent et al. 1997].

1.5 Application Domain

At the heart of natural ventilation systems are the facade openings that allow fresh air to
flow in and stale air to flow out of a building. These openings can take the form of
simple holes or slots, openable windows, trickle ventilators and through-wall
ventilators. The design and performance of these openings are critical factors in
determining the success of a natural ventilation system because the natural forces that
drive fresh air into buildings (the wind and/or thermal buoyancy) are very weak. The
pressure difference across an opening will typically be less than 10 Pascal for a
naturally ventilated building whereas for a mechanically ventilated building the pressure

difference will usually exceed 100 Pascal.

In urban areas natural ventilation openings in buildings (open windows, trickle
ventilators and through-the-wall ventilators) can lead to several environmental
problems, such as noise and poor indoor air quality for building occupants. Such
problems can create major obstacles to the widespread implementation of natural
ventilation in new and refurbished urban buildings. For example, the design
requirements for the airflow performance and acoustic performance of a ventilator are

not complimentary. For airflow the requirement is for a large open area with smooth
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uninterrupted flow path. For acoustics the requirement is for a small open area with an
attenuating multi-bend flow path. There obviously has to be a design compromise if a
ventilator is to have both good airflow and good acoustic properties. From an
aerodynamic perspective a ventilator can be a combination of relatively large openings
(such as louvers) with flow properties independent of the flow rate (Reynolds number
independent), and very small openings (such as insect screens) that may have some

Reynolds number dependence as indicated in Baker et al. (1986).

A literature review of ventilator research, including a search of the AIVC database,
indicated that previous work in this area tended to investigate either overall ventilator
performance, for example Gonzalez, /984, Yakubu and Sharples, 1991, Ayad 1999,
Heiselberg et al. 2001, Karava et al. 2003, or individual elements such as louvres,
screens and meshes in isolation, for example White et al. 1998, Maghrabi and Sharples,
1999, Miguel et al. 2001. These observations are also true for the recently completed
EU-funded natural ventilation research project NatVent® [NatVent, /999]. Such studies
have often assessed geometrical dimensions, fluid properties and pressure coefficients
in order to determine their impact on the airflow characteristics of the ventilator
components in relation to gaining fundamental understanding of the airflow

characteristics.

A recent study by the UK's Building Research Establishment (BRE) [White et al. 1999]
of twenty-one commercial trickle and wall ventilators revealed that the airflow
performance of these devices could be more complex than might be envisaged from
their relatively simple constructions. Some ventilators performed better than would be
predicted from their free area, and others performed worse (free area is the physical size
of the smallest aperture in the ventilator). The BRE study concluded that these
discrepancies might arise from a poor understanding of the interactions between, among
other things, internal flow paths, insect screens, filter materials, baffles and louvre blade
shape/geometry. However, the BRE study was not required to investigate in a

parametric manner the nature of these interactions.

There does not appear to have been a systematic, parametric study of how components
within a ventilator system interact with each other to impact upon the final airflow

performance. Therefore, part of the motivation for this research stemmed from the need

-4-



to gain better understanding of the interactions between the components constituting a
ventilator system. The other part resulted from the fact that recent years have seen
increasing application of Computational Fluid Dynamics (CFD) as a tool for
understanding and predicting the performance of thermal-fluids systems thus offering a
competitive and more flexible alternative to full-scale physical modelling. However, at
present there is a lack of validated CFD data relating to airflow performance of
ventilators for natural ventilation of buildings. On this basis this study set out to test if

CFD could be used as a reliable design, analysis and optimisation tool for ventilators.
1.6 Aims and Objectives

The need to understand the interactions between the components in a ventilator and the
subsequent impact on airflow performance cannot be over-emphasised. This
understanding would enable manufacturers to design ventilators that have as high an
airflow performance as possible. For example, a manufacturer of a particular ventilator
might be interested to know the relative contributions to flow resistance of louvre blade
shape, size and spacing compared to, say, different insect screen mesh sizes or acoustic
linings. The parametric experimental studies carried out in this study allowed some of

these questions to be answered and design guidance given for individual components.

Discussions with several ventilators manufacturers revealed that optimising the design
of a particular ventilator tended to proceed via a series of 'trial and error' experiments
with physical prototypes. It is useful for manufacturers to have computer-based tools
that enabled them to analyse how changes in the design of individual components
affected the overall airflow properties of a ventilator. The suitability of CFD as a
potential design tool for this purpose was investigated in the study. Although it was
recognised that there are other important ventilator performance issues, such as weather-
tightness, day-lighting admittance and noise ingress, this investigation concentrated

solely on airflow.

The overall aim of this study was to investigate the airflow performance of ventilators
through a parametric analysis based upon experimental measurements and

Computational Fluid Dynamics (CFD) modelling.



The specific objectives were as follows:

e To investigate experimentally how individual components in ventilators affect

airflow performance
e To develop flow equations to describe the airflow through ventilators

e To compare experimental data with CFD predicted values and develop CFD as a

potential design/analysis tool for ventilators

e To develop a methodology to design ventilators with the aim of optimising the

overall airflow performance

1.7 Methodology

Investigations on aerodynamic characteristics of a building component essentially
involve the task of determining a relationship between the pressure differential and the
airflow through the component. Traditionally, experimental methods are utilized to
collect fundamental data which are then subjected to analytical methods in order to
derive mathematical models that describe the airflow characteristics. Recent years have
seen the rapid development of concepts of tailoring numerical methods such as
Computational Fluid Dynamics (CFD) to provide fast and accurate predictions of
complex airflow problems for ventilation designers and researchers. At present there is
a lack of information about possible techniques that could be used in an attempt to
optimise the airflow performance of ventilators in relation to a set of identified
parameters (such as the louvre blade angle or spacing between the louvre and mesh-
screen). These methods are applied, developed where necessary, and discussed in detail

elsewhere in this thesis.

1.8 Thesis Outline

The intention of this chapter was to set the scene by highlighting the motivation for the
investigation, laying down some pointers to the present state of knowledge and

outlining the general scope of subject under investigation.

The remainder of this thesis is arranged to cover in sufficient detail some background

-6-



theory relating to natural ventilation in buildings and strategies used to implement
natural ventilation (Chapter 2). Chapter 3 focuses on the basic principles of fluid flow
in general. Following on from Chapter 3, the fundamentals of airflow through
ventilation openings are outlined in Chapter 4, which includes a literature review
relating to ventilator openings in general and airflow performance in particular. This

chapter also provides an initial look at ventilator airflow performance optimisation.

Details of the test facility, main equipment and set-up used to carry out numerous
parametric experiments are given in Chapter 5 together with an account of the
components investigated. The bulk of topics considered in this chapter have also been
presented at international conferences and published in a number of prestigious refereed
journals either individually or in combination with other material included in this thesis.
Computational Fluid Dynamics modelling and simulations including a theoretical

background to its application to airflow in buildings are detailed in Chapter 6.

Chapter 7 analyses and discusses the experimental results and incorporates detailed
comparisons with predictions from CFD and results from other researchers. The
strategy employed in attempting to optimise the airflow performance of ventilators for
natural ventilation in buildings is presented in detail. Results from this optimisation
exercise are included in this chapter together with problems encountered and limitations

of the optimisation method used.

The thesis closes (Chapter 8) with an overview of the main findings of the investigation
including suggestions of design guidelines for ventilator manufacturers and briefly
proposes some recommendations of future work for making ventilators more efficient

for natural ventilation applications.



Chapter 2
NATURAL VENTILATION IN BUILDINGS

n this chapter various key concepts relating to the design and application of natural
Iventilation in buildings are introduced. Advantages of natural ventilation over other
methods of ventilating buildings are highlighted together with the various strategies
utilised in employing natural ventilation. A general overview of natural ventilation

openings is also introduced here.

2.1 Background

2.1.1 Why ventilate buildings?

The need for ventilation today is still the same as it has been over many centuries,
namely to ensure acceptable indoor air quality (and thermal conditions) within a room
or building and to provide a supply of combustion air for fuel-fired heating appliances.
Adequate ventilation is essential to replenish oxygen used by occupants, to remove
pollutants generated by breathing, for combustion and other household activities, to
maintain low odour levels, to discharge heat, to control condensation and to remove

emissions from building materials.

What is changing, however, is the means of achieving this need with regard to regional
climatic conditions and in accordance with the various Building Regulations imposed
by national governments. Typically people spend around 90% of their time in buildings.
As such poor ventilation can have an effect on their comfort, health, well-being and
productivity. Ventilation is essential if an adequate environment in buildings is to be
provided. It usually involves a significant capital and operating expenditure, hence, it is

an important consideration in building design.



2.1.2 What is ventilation?

Nowadays, ventilation is considered as the process of providing fresh air or removing
stale air at acceptable rates to/from the occupants of a building, rather than the buildings
themselves, in order to sustain a good standard of air quality and thermal comfort with

minimum capital cost and environmental impact [Awbi, /998].
Ventilation may involve one or both of two processes:-

e Where a source of contamination can be readily isolated, air can be
exhausted from its immediate vicinity in such a way that contaminants
are captured and directed into the exhaust system before they can diffuse
into the occupied space. This approach is widely used in industrial

applications.

e Where an entire room is a source of contamination, an exhaust system
may be used to isolate it from the rest of the building. In removing
contaminants in this way, provision must be made for an adequate supply

of replacement air.

In most situations the sources of contaminants, usually the occupants themselves and
their activities are not readily isolated. The ventilation process then employed is that of
dilution. Outdoor air is thoroughly mixed with the air in the occupied space and

displaces an equal volume of room air.

2.1.3 How are buildings ventilated?

The process of ventilation consists of the passage of air into the space to be ventilated
and out of it again and the distribution of the air during its passage through the
ventilated space. At the extremes, two methods, namely mechanical ventilation and
natural ventilation, are commonly used to facilitate the process of changing air in an
occupied zone. A third method, hybrid ventilation, currently gaining in popularity,

combines some aspects of mechanical and natural ventilation systems.
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At present one of the major drawbacks to the application of hybrid ventilation is the
lack of hybrid ventilation-specific components. As such, development of these
components could significantly improve the performance and consequently the uptake

of hybrid ventilation.
NIGHT-TIME VENTILATION

During summer, and in some climates where there is sufficient variation of diurnal and
outdoor temperatures, and a good prevailing wind, night-time ventilation can be used to
cool down the thermal mass of a building. This strategy can save substantial energy by
decreasing or eliminating the need for mechanical cooling during daytime occupied
periods. Heat gains generated during the day are absorbed by walls, floors and other
surfaces then released over a period of time in proportion to the thermal capacity of the
materials. During the day, occupants exposed to this chilled thermal mass perceive a
cooler environment due to radiative exchange with the low surface temperature of this
thermal mass. Challenges to consider in implementing night-time ventilation include
security issues, heavy-rain protection, night-time humidity, moisture and condensation

control, and pollutant control.

2.1.4 Why natural ventilation?

In developed countries, such as the UK, buildings consume approximately 50% of all
primary energy production. This energy is used for heating, cooling, lighting,
ventilation and other activities of building occupants. Approximately 30% of the energy
delivered to buildings is dissipated in the departing ventilation and exfiltration air
stream [Liddament, 7/996]. Since virtually all of this energy is produced from the
burning of fossils fuels then buildings contribute around 50% of the total CO, emissions
into the atmosphere. Discharge of CO, into the atmosphere has a significant
contribution to global warming. Similarly, the release of refrigerants from air-
conditioning systems has historically led to harmful effects on the atmosphere such as

ozone depletion.

Therefore, an important strategy in reducing these harmful effects must be to make
buildings more energy efficient. Since the energy crisis development in the early 1970s
considerable emphasis has been placed on reducing energy usage in buildings in order

to conserve energy. Several countries have shown substantial effort towards controlling
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present energy consumption by adopting strict requirements on air-tightness and
insulation levels. Building structures are becoming more and more air-tight so that
ventilation is confined to airflow through intentionally provided openings only, thus
leading to the concept of 'Build Tight Ventilate Right' being recognised as the basis of
good design [CIBSE: AM13, 2000].

An approach to making buildings more energy efficient is to try and reduce the energy
consumption associated with mechanical ventilation and air-conditioning. This involves
either supplementing or replacing these energy-intensive services with natural
ventilation systems. The use of natural ventilation eliminates fan noise from air
conditioning and mechanical ventilation plants. Natural ventilation when carefully
integrated reduces building construction costs, operation costs, and significantly cuts
down on maintenance costs. Further, building occupants perceive natural ventilation to
be more comfortable than mechanical ventilation with a likely consequence of improved

productivity.

2.2 Driving Forces in Natural Ventilation of Buildings

The driving force for natural ventilation in buildings is the pressure difference across
the building envelope. This pressure difference is a result of two important phenomena,
namely, aerodynamic effects due to the action of wind flowing past the building, and
hydrostatic (buoyancy) effects resulting from the difference in air density due to
temperature between the inside and outside of the building. These phenomena are

explained and illustrated in Sections 2.2.1 and Section 2.2.2.

One of the basic problems of design when natural ventilation is adopted is that if the
design meets the required standard of ventilation at the mean driving force then the
ventilation will be inadequate at lower driving forces and unnecessarily high at higher
driving forces, for instance those resulting from high wind speeds. To obtain a more
constant rate of airflow under such varying external conditions, the entry of air through
cracks around windows and doors must be minimised (by weather-stripping if
necessary) and provision made for either automatic or occupant control of the airflow

into and out of rooms/buildings.
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2.2.1 Wind induced driving forces

Wind effects are usually split into two components i.e. a mean or steady effect and a
turbulent one. The steady wind effect creates a field of positive and negative pressures
across the building envelope relative to the internal pressure. The pressure field is
characterised by turbulence and is dependent on the geometry of the building,
orientation of the building with respect to wind direction, wind speed and the nature of
the terrain surrounding the building. When the wind meets a facade the flow is slowed
down on the windward side, hence the flow finds new paths through and around the
facade. Due to this a pressure pattern (Figure 2.4) is developed with different pressures
on the different facade elements. Turbulence causes the pressure coefficient to vary over

each surface of the building.

>
-
+

+

Wind velocity profile Wind pressure field

Figure 2.4: Typical pressure distribution due to

wind on building envelope

The wind pressure on the exterior building envelope can be expressed as a product of
the dynamic pressure and a surface pressure coefficient - derived from the velocity

pressure part of the Bernoulli equation:

Pw = —;— PairCp o’ @.1)
where:
Pw = wind pressure
Cp = pressure coefficient
Pair = air density
Uo = wind velocity in unrestricted air flow

-15-



The pressure coefficient, incorporating both the mean and fluctuating/turbulent effects
of wind, determines the extent to which the wind pressure is present at a particular spot.
A variety of methods for determining the pressure coefficients of building surfaces
continue to be well researched and documented for example Grosso et al. [1995],

Sharples [1997] and Satwiko et al. [1998].

2.2.2 Thermal buoyancy driving forces (stack effect)

The stack effect is produced by thermal buoyancy caused by the difference in density
between warm and cold air resulting from variations in temperature between the inside

and outside of the building. The difference in density creates buoyancy forces which

drive the flow.

During the heating season, the warmer inside air rises and flows out of the building near
high level openings. It is replaced by colder outside air which enters the building
through low level openings. During the cooling season, the flow directions are reversed
and generally less significant because inside-outside temperature differences are
smaller. A typical pressure distribution during the heating season is shown in Figure
2.5. The height at which the indoor and outdoor pressures are equal is called the Neutral

Pressure Level.

Figure 2.5: Typical pressure distribution due to stack effect
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Assuming that the air on each side of the wall is well mixed, the stack pressure
difference between air layers of different temperatures at a certain height can be

determined from the hydrostatic equation:

Aps = (Pcold = Pwarm) g (M - hney) (2.2)

where:

Aps = pressure difference due to stack effect

Pcold = density of colder air

Pwarm = density of warmer air

g = gravitational constant

h = height of observation point

hyp, = height of neutral pressure level

Pressures are usually measured against a reference pressure, which is normally taken as

the ambient pressure - set to zero for convenience.

2.2.3 Combined wind and thermal buoyancy

In most cases natural ventilation occurs as a result of combined wind and stack effects.
These effects can complement or oppose each other with the pressure field around the
building envelope continually changing in relation to the relative magnitudes of the
thermal and wind forces. To accurately gauge the amount of airflow that occurs from
the combined effects of wind and thermal buoyancy driving forces, one must

superimpose the pressures caused by these mechanisms (Figure 2.6).

X

\ —»
—
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>

. Stack Pressure Total Pressure
Wind Pressure

Figure 2.6: Superimposing wind and stack pressures
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Airflows caused by these mechanisms are not directly additive because the flow rates
are not linearly proportional to the pressure differences. The total pressure difference
across an opening at height h is thus written as the sum of the wind and stack pressure

minus the unknown pressure difference at reference height Ap,:

1
Ape= ) ,OCpuo2 - (Peold = Pwarm) g (N - hnee) - Apo 2.3)
The neutral pressure level is defined as the height at which the pressures on both the
inside and outside of the wall are equal. The neutral pressure level is undefined if there

is no stack effect.

Wind-induced ventilations seems to become dominant when the wind speed exceeds
about 1.8 m/s, that is, the thermal buoyancy effect is small in comparison. On the
contrary, when the wind speed is less than 1.8 m/s although the thermal effect is minor

it cannot be neglected [Papadakis et al. 1996].

2.2.4 Factors that affect the driving forces

The relative importance of the wind and stack pressures in a building is dependent upon
several factors which can be classified under three categories. Climatic factors such as
prevailing external-indoor temperature difference, wind speed and direction.
Configuration related factors including the shape and height of the building, internal
partitions, and size, location and airflow characteristics of inlet and outlet openings.
External physical effects i.e. the shielding of the building envelope due to obstructing

objects such as nearby buildings, landscape and vegetation.

2.3 Natural Ventilation Strategies

Various strategies or combinations of strategies are used to provide natural ventilation
in buildings. These strategies take into account several factors such as depth of space
with respect to ventilation openings, ceiling height, thermal mass exposed to the space,
heat gain and location of building with respect to environmental pollution sources such
as traffic noise and airborne pollution. The following paragraphs summarise key aspects
of the most widely used strategies, and outline some general rules of thumb that are

used to estimate parameters such as the effective depth of ventilation.
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2.3.1 Single sided ventilation

This is a method of ventilating a building whereby a simple opening in the form of a
window or a ventilation device such as a louvre in a wall is used to allow outdoor air to
enter the building and room air to leave either from the same opening or from another
opening situated on the same wall (Figure 2.7). Good spacing between openings is
needed to generate reliable air change. Single-sided ventilation is generally effective to

room depths of between 2 to 2.5 times the room height.

)
e _—ﬁ:r:
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Figure 2.7: Hlustration of Single-sided Ventilation

2.3.2 Cross-flow ventilation

Cross-flow ventilation relies on establishing a clearly defined and continuous airflow
path between the incoming and outgoing air streams which should pass through the
zone of occupancy. Cross-flow ventilation occurs when air enters the room or building
from one or more openings on one side and room air leaves through one or more
openings on another side of the room or building (Figure 2.8). An open-plan interior is
recommended to enhance cross-flow ventilation. When a room has openings on
opposite sides, cross ventilation is effective at depths of up to 5 - 6 times the room

height.
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Figure 2.8: lllustration of Cross-flow Ventilation

2.3.3 Stack ventilation

In stack ventilation airflow is driven through the stack by a combination of stack
pressure and wind induced suction pressure, with air predominantly entering through

purpose provided openings and exhausted through the stack (Figure 2.9).

N\

z :@:

Figure 2.9: lllustration of Stack Ventilation

For stack ventilation in multi-storey buildings the neutral pressure level must be above
the window level on the highest floor to be ventilated if air is to flow from the room to
the exterior. The top of the stack should be extended to raise the overall height of the
stack such that the neutral pressure level is high enough to provide sufficient driving

force to draw air out of the building at the top floor [Martin et al. 2000].
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2.3.4 Solar-induced ventilation

Natural ventilation systems are usually designed on the basis of a buoyancy-driven flow
to provide a margin for variation from the expected environmental conditions. In
situations where wind assists the buoyancy flow, there should be little difficulty in
providing the required airflow rate to the building. However, in cases where the normal
buoyancy pressure (resulting from the difference between the internal and external air
temperatures) is not sufficient to provide the required ventilation rates then solar-

induced ventilation can be a viable alternative.

This technique (Figure 2.10) relies upon the heating of part of the building fabric by
solar irradiation resulting into a greater temperature difference, hence, larger airflow
rates than in conventional systems which are driven by the air temperature difference

between inside and outside of a building.

For all-glass facades, solar chimneys are essentially the glazed manifestation of stack-
induced ventilation strategy. Operable windows connect to the vertical "solar shaft".
Solar heat gains absorbed within the chimney causes hot air to rise, inducing cross

ventilation from the cooler side of the building.
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Figure 2.10: Illustration of Solar-induced Ventilation

Stack-induced ventilation through atria works using the same principle as the solar
chimney but can serve more functions, for instance smoke extraction and providing

daylight to adjacent spaces.
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2.4 Natural Ventilation Openings

For many years buildings relied on air leakage through the building envelope to provide
indoor-outdoor air exchange. This form of natural ventilation resulting from random
flow of air through unintentional openings, commonly referred to as infiltration, worked
fairly well as buildings tended to be quite leaky and pressure differences between the
inside and outside were sufficient to provide a significant amount of air exchange most
of the time. However, leaky building envelopes did not always guarantee adequate

ventilation and were not energy efficient.

Developments as a result of new products (such as tighter windows and doors, more
efficient heating systems) and improved practices resulted in the construction of
buildings that were much more airtight. This trend towards greater air-tightness and
higher efficiency gave rise to the need for purpose-provided openings. Natural
ventilation facilitated by these purpose provided openings is commonly called
controlled natural ventilation. Airflow through purpose-provided openings can be used

to provide adequate ventilation for indoor air quality and thermal comfort control.

The operation of natural ventilation systems (infiltration or controlled ventilation) relies
on the presence of suitable inlet and outlet ventilation openings in addition to a
continuous airflow path through the ventilated building. Ventilation openings must be
provided to meet all anticipated ventilation needs. For instance, they must deliver
sufficient air to maintain the indoor air quality in winter and provide adequate airflow in
summer to remove expected building heat gains. Airflow openings which facilitate
natural ventilation are commonly classified under two categories, namely adventitious
openings and purpose-provided openings. More detailed descriptions of the two types

of openings are given in Section 2.4.1 and Section 2.4.2.

A well-designed natural ventilation strategy should combine permanently open vents to
provide background ventilation, and controllable openings to meet transient demand.
Ventilation openings need to be distributed to eliminate dead zones or pockets that are
stagnant and hence high in pollutant levels. Where they are intentionally included,
ventilation openings need to be located to allow for unobstructed airflow. Good design
can provide some measure of ventilation control in natural ventilation systems, but
normally it is necessary for the occupants to adjust ventilation openings to suit demand.

The size of ventilation openings is critical to assure proper ventilation rates. On the
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other hand, the type of inflow or outflow opening affects the degree of resistance to

inflowing air and therefore the ventilation potential.

2.4.1 Adventitious openings

Adventitious openings are normally small openings with a typical dimension less than
approximately 10 mm [BS 5925: 1991]. They include cracks in building fabric, gaps at
wall/ceiling, wall/floor interfaces, joints, gaps around doors and windows, openings
associated with electric, water, drainage and gas services etc. Adventitious openings are
present in every building to a different degree depending on the type of material or
components used, method of construction and installation of services. In the past most
buildings (especially dwelling type) were adequately ventilated by air leakage through
adventitious openings, but in recent years the desire to conserve energy has led to
tighter building construction and upgrading of existing stock. This has sometimes been
so successful that air leakage can no longer be relied upon as the sole source of
ventilation air. As a result purpose-provided openings are often added to meet the

recommended ventilation rates.

2.4.2 Purpose-provided openings

Sometimes referred to by the general term ventilation openings, purpose-provided
openings as the name suggests, are purposely provided and installed to facilitate air
supply to or discharge from the building. They range from small openings such as
trickle vents and grilles to large openings such as windows and louvre banks. The
choice of opening will depend particularly upon the building type and expected usage.
Not only must ventilation openings fulfil the ventilation requirements without admitting
excessive amounts of noise, rain, dust or insects, but they also need to be reliable,
durable, secure, aesthetically pleasing, provide view, admit daylight, control glare, solar

gain and limit unwanted air infiltration and heat loss.

Although there is a wide variety of ventilation openings, including windows, wind
towers, wind scoops, chimneys, atria etc., to choose from only two types of purpose-
provided ventilation openings are considered in this study, namely trickle ventilators
and louvered through-the-wall ventilators. The main purpose of trickle ventilators in a

building is to provide background ventilation airflow rates - minimum fresh air
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requirements sufficient to meet the supply fresh air in winter months. On the other
hand, louvered ventilators are used in conjunction with trickle ventilators to combat

high pollutant and summer loads.

In the simplest form a trickle ventilator is just a slot or row of holes [CIBSE: AM13,
2000] fixed with no allowance for control. Some trickle ventilators have some means of
being closed, usually by a manually operated slide over the openings. Trickle ventilators
can be in the frame, part of the glazed unit or independent of the window usually above
it. To minimise resistance to airflow, the main air passage in trickle ventilators
(excluding insect screens etc) should have a minimum dimension of 5Smm for slots or

8mm for square or circular holes [CIBSE: AM 10, 71997].

Trickle and louvered through-the-wall ventilators, which together shall be generally
referred to as ventilators throughout this thesis, normally incorporate various
refinements including acoustic treatment and mesh screens to deter insects and birds
from entering the building. However, these refinements bring the penalty of increased
pressure drop, especially when one takes into account the relatively low driving forces
available for natural ventilation. In addition, a major drawback of ventilators is that,

when closed, it is difficult to ensure an air-tight seal to limit infiltration/exfiltration.

The number and size of natural ventilation openings in a building envelope will depend
on overall ventilation need and the strength of local driving forces. Since the rate of
ventilation is dependent on variable driving forces, provision should be made for the
occupant to be able to adjust openings to meet demand. In addition local, national and
international standards dictate to some extent on provisions to be made in relation to
ventilation openings. For instance, the UK Building Regulations have a 'deemed to
satisfy' requirement for trickle ventilation in naturally ventilated buildings of 4000mm*
opening area for floor areas up to 10 m? and 400 mm? per m?* of floor area for areas

greater than 10 m? to be provided in each room [London: HMSO, 1995].

2.4.3 Controlled air inlets

To eliminate much of the worry associated with sudden changes of wind and external
temperatures, some means of automatically controlling ventilation opening sizes during

operation are normally incorporated in the design. This is essential to accommodate
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various wind speeds and outdoor temperatures, thus ensuring that the indoor air quality

and thermal comfort conditions are maintained.

Several types of self regulating ventilators, commonly called controlled air inlets,
which control the opening area in response to a specific monitored parameter, are
becoming commercially available. Controlled air inlets are configured to respond
automatically to such parameters as the outdoor temperature, humidity, or air pressure.

Some common features of controlled air inlets are as follows:-

e Pressure sensitive ventilators - allow a uniform airflow rate to be
achieved over a wide pressure range, thus enabling good control of

natural ventilation

o Temperature sensitive ventilators - the vent opening reduces as the

outside air temperature falls

o Humidity-sensitive ventilators - the vent opens in response to increased

room humidity to assist in moisture removal

The signal from controlled air inlets is usually incorporated into a BMS control strategy.
However, to promote user satisfaction the design should allow the ventilator automatic
control system to be overridden by the occupant. It must be pointed out that several
other factors including weather-tightness, sound insulation, security, safety,
controllability, aesthetics, thermal insulation, durability and reliability affect the choice
and use of ventilators in naturally ventilated buildings. Whilst some of these issues are

mentioned in other parts of this report, most of them are not addressed in this study.

2.4.4 Influence of ventilation openings on indoor air movement

Ventilation openings have a direct influence on the air movement within an occupied
space and as such directly affect the indoor air quality and thermal comfort. This
influence can be examined in terms of the magnitude of air movement i.e. air speeds -
affecting thermal comfort, and also the resulting airflow patterns (affecting contaminant

distribution) within the occupied space.

Air inlets should maintain a sufficiently fast inlet air speed so that good air mixing

occurs and adequate air circulation within the occupied zone is provided. Occupied zone
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air speeds up to 0.5 m/s are comfortable for most people in naturally ventilated
buildings, while air speeds between 0.5 m/s and 1 m/s are often acceptable even though
people will be aware of the air movement (refer to Table 2.1). However, at 0.8 m/s, hair,
loose paper and light objects may start to blow around and annoy people. Air speeds

over 1 m/s should be avoided because they create drafts and can be a nuisance [Eley

Associates: 2003].

Table 2.1: Impact of air speed on occupants

Air speed Probable impact on occupants
(mis)
Upto 0.3 Unnoticed
0.3t00.6 Pleasant
0610 1 Generally pleasant but causing a constant awareness of air
’ movement
1t0 1.7 From slightly to annoyingly drafty
Above 1.7 Requires corrective measures if comfort and productivity are

to be maintained

source: 2003 Eley Associates - Hawaii Commercial Building Guidelines for Energy Efficiency (Natural
ventilation)

Distribution of incoming outdoor air must be even so that all occupied parts of a
ventilated space receive an adequate supply. It is the location, design and operation of
ventilators that ensures uniform distribution and reduces drafts, uneven temperatures
and dead pockets. During cold weather air inlets must direct incoming cool air into the
building at high enough velocity to blend it with warm room air before it reaches the
occupied zone. During hot weather the inlet must be adjusted to permit a large volume
of air to enter the occupied zone to promote air movement past the occupants.

Adjustment is also necessary to provide a good airflow pattern within the building.

Figure 2.12 illustrates an example of the airflow patterns resulting from different
magnitudes of driving forces [Heiselberg et al. 2002] for high level ventilation
openings. The characteristics of the driving forces and subsequent nature of airflow,
entering the occupied zone (shown dotted), for each path shown in Figure 2.11 are

summarised in Table 2.2.
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Controlling noise and providing natural ventilation are essentially mutually
incompatible. For instance, during peak hours of traffic intensity, outdoor air pollution
and noise levels may be unacceptable for natural ventilation purposes, especially in
highly dense urban environments. Hence, the design for natural ventilation may have
opposing requirements in the provision of noise attenuation since noise levels at the
facade are difficult to attenuate without seriously affecting the airflow. As a result
failure to consider noise control adequately can lead to a building which is functionally
unsuitable and thus a disaster. In addition, elimination of debris from outdoors can be a
problem in natural ventilation applications since there is limited scope for filtering

incoming air due to the very low driving forces.

Natural ventilation is ineffective in reducing the humidity of incoming air, hence this
places an upper limit on the application of natural ventilation in warm humid summer
months. Also the dependence of natural ventilation on occupants' willingness to operate
ventilation openings to regulate thermal comfort presents potential increase in energy
usage because of infiltration if the openings are not operated properly. A further

consequence would be greater indoor temperature swings than is normal with

mechanical ventilation.

Detailed accounts of the limitations and disadvantages of natural ventilation and advice
on how to overcome them are well documented in the literature. For example, the
NatVent® [1998] project recently carried out a study on "Overcoming technical barriers
to low-energy natural ventilation in office type buildings in moderate and cold

climates". The interested reader is referred to this work, centred on seven central and

north European countries.

2.6 Practical Considerations for Implementing Natural Ventilation

Providing proper and sufficient natural ventilation requires a "whole building"
approach. This is a many faceted process that requires an integrated approach to a
building systems design, installation, and operation. The following are some of the

practical factors that need to be addressed:-

e the building structure should be airtight so that ventilation is confined to

airflow through intentionally provided openings only
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ventilation openings should be oriented with respect to the prevailing

wind

rooms should have inlet and outlet openings located in opposing pressure

zones

vegetation and other site buildings should not obstruct inlet openings

the vertical distance between inlet and outlet opening should take

advantage of the stack effect

low level openings should not be obstructed by furniture and interior

partitions

airflow characteristics of ventilation openings need to be established and

understood

avoid inlet and outlet openings directly across from each other in order to

promote more air mixing and improve the effectiveness of the ventilation

components which require occupant operation and maintenance need to

be located where they are readily accessible and replaceable

2.7 Some Design Considerations

When developing the design concept for a naturally ventilated building, the following
three basic steps need to be taken [CIBSE: AM10, 1997]:

Define the desired airflow pattern from the ventilation inlets openings,

through the occupied zone to the outlet openings

Identify the principal driving forces which facilitate the desired airflow

path

Size and locate the openings so that the required airflow pattern can be
delivered under all operating regimes by utilising a suitable control

system
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2.7.1 Ventilation rates

Ventilation rates are required to determine the sizes of ventilation openings in relation
to the required indoor air quality or thermal comfort. Too little ventilation may result in
poor indoor air quality, while too much may cause unnecessarily higher heating and
cooling loads. Ultimately, the ventilation rate should be sufficient to maintain indoor air
quality and thermal comfort requirements to meet the current prevailing demand. The

most common methods that are used to determine the ventilation rates include:-

HEAT REMOVAL

The ventilation rate V (m3/s) required to remove the heat Q (W) from an occupied zone

is given by the equation:

-9 (2.4)
crp(Ti = To)
where:
Cp = specific heat capacity of air (J/kg.K)
P = density of air (kg/m®)
Ti = indoor air temperature (K)
T, = outdoor air temperature (K)
CONTAMINANT DILUTION

To reduce the concentration of a particular contaminant to a level unlikely to pose a

health risk, the ventilation rate V (m*/s) can be estimated from a decay type equation:

A
V= G (2.5)
where:
(of = maximum allowable indoor concentration of contaminant
Co = concentration of contaminant in outdoor air
A = rate of generation of contaminant in occupied zone (m*/s)
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AIR CHANGE RATE

Professional institutions and national authorities frequently recommend ventilation
rates, for various situations, expressed as air changes per hour. In this case the

ventilation rate V (m*/s) is related to the air change rate N (per hour) by the equation:

V= Nwol (2.6)
3600
where:
vol = volume of occupied zone (m®)

One major disadvantage of using the fixed air change method is that the air change rate

does not vary with the prevailing weather.

2.7.2 Infiltration and air-leakage

The uncontrolled flow of air into a room (infiltration) or out of a room (exfiltration)
through cracks, interstitial spaces (openings where different materials come together)
and leaks in the building envelope is a result of pressure differences across the building
envelope. The infiltration, or exfiltration, rate of a building is dependant upon external
weather conditions, equipment operation and occupant activities within the building.
Uncontrolled infiltration or ex-filtration can nullify the intended indoor environment

and energy conservation control strategy [CIBSE: AM13, 2000].

The characteristics of this uncontrolled airflow can be determined by measuring the air-
leakage of the building envelope, at a reference pressure difference, which describes the
relative air-tightness of a building i.e. the resistance of the building envelope to the
airflow. For controllable natural ventilation, the air-tightness should not exceed 5 m*/h
per m” of permeable envelope area for an imposed pressure differential of 25 Pa across
the envelope [CIBSE: AM 10, 1997]. The air-leakage of a building can be determined
by pressurisation, depressurisation or tracer gas methods. Available air-leakage test
equipment ranges from blower doors (Figure 2.12) usually used for testing residential
type buildings, to large diesel-driven air handlers such as the "Megafan" (Figure 2.13),
owned by the Sheffield (UK) based HRS Services Ltd, which can be used for testing

large distribution sheds.
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where:

I* = infiltration rate (L/s)

Apak = total effective leakage area of building (cmz)
ag = stack coefficient of Table 2.3

AT = Ti - To (K)

aw = wind coefficient of Table 2.4

v = average wind speed (m/s)

Infiltration rates can also be determined by tracer gas techniques. This involves the
injection of a tracer gas into a room and then measuring the rate of decay of the gas
concentration i.e. the infiltration rate is assumed to be proportional to the rate of loss of
tracer gas. The infiltration rate is calculated from the decay equation which after
manipulation by integration gives:

vol

I=- = log. [~ ] 2.9)
t Co

where:
I = infiltration rate (m%/s)
vol = room volume (m?)
t = time (s)
c = gas concentration at any instant inside the room
Co = gas concentration at timet=0

The infiltration I can be calculated from the slope of the graph obtained by plotting the
natural logarithm of (c/c,) against t.

2.8 Concluding Remarks

The above sections provide a detailed discussion of the underlying principles of natural
ventilation in buildings. Three main areas are discussed: driving forces effecting natural
ventilation, strategies employed in the use of natural ventilation and the importance of
ventilation openings. By additionally focussing on design and practical considerations,
this chapter helps to put into context the natural mode of ventilating buildings. Key
pieces of information to be taken from the theory presented here to be used in the

attempt to optimise the airflow performance of ventilators are as follows:
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driving forces in natural ventilation are very low (typically less than
10Pa)

the design, installation and operation of ventilation openings is critical to

the success of any natural ventilation application

each of the basic components of a ventilator (louvres, mesh screen,
acoustic baffles) introduces a resistance to airflow which uses up part of

the available driving force
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Chapter 3
BASIC PRINCIPLES OF FLUID FLOW

his chapter considers some key basic concepts in fluid mechanics including
Tpressure, forces, continuity equations relating to fluid flow with a general aim of
getting a feel for flow patterns, pressure variation and shear stresses in airflow with
regard to ventilation applications. The mathematical formulation of equations that
govern the processes of interest will be discussed only briefly in this chapter. For a
complete derivation of the required equations, the reader must turn to standard

textbooks such as [Massey, /998] on the subject.

3.1 Background

A fluid can be either a gas or liquid and is defined as a substance that will continuously
deform, that is, flow under the action of a shear stress, no matter how small that shear
stress maybe [Kreider, 1994]. Throughout this report a fluid shall be regarded as a
continuum, implying, a hyi;othetically continuous substance with average effects
(pressure, density etc) within a given volume remaining constant or changing smoothly
with time [Douglas et al. 1985 ]. Transport phenomena associated with fluid flow are
also known as convection or convective mass transfer. Convection may be either natural
or forced. Forces acting upon a small part of the fluid govern natural convection, such
as flow caused by density differences in natural ventilation applications (see Section
2.2.2). |

3.2 Flow Visualisation

This section briefly presents general concepts of flow patterns and makes distinctions
between different types of fluid flow that are commonly encountered in practice. The
intention is to prepare the unfamiliar reader with terms and concepts that will frequently
be referred to in other chapters of this thesis, in particular the experimental (Chapter 5)

and computational fluid dynamics (Chapter 6) investigations and results.
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For laminar flow the profile is parabolic, but for turbulent flow the velocity is almost

uniform except in the vicinity of the walls. In both cases the velocity at the wall is zero.

Laminar Turbulent

Figure 3.4: Schematic representation of velocity profiles

In ventilation applications analytical models such as the power law (Section 4.7.1)
employ means that directly give an indication of the flow pattern (laminar or turbulent)

based up on specific values of indices/exponents.

3.2.5 Flow separation

Flow separation is a condition where the air flowing over a surface no longer remains
attached to that surface [Douglas et al. 1985]. This results in an effective reduction in
the cross sectional area of the flow field. This area reduction is accompanied by an
increase in fluid speed which results in a pressure loss. Generally, the flow separates at
sharp edges and generates re-circulating flow zones that typically form behind obstacles
such as louvre blades or cylindrical bars in a mesh-screen. Examples of recirculation
zones formed by air flowing through slots can be seen from the results of CFD
simulations given in Figures 6.17 and 6.21. Flow separation creates a type of drag called
pressure drag. The pressure drag is characterised by the drag coefficient - a function of
the object's shape and Reynolds number. Figure 3.5 illustrates the development of flow

separation as fluid flows over objects cylindrical wires in a mesh-screen.
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where:

dynamic (absolute) viscosity of the fluid (Pas™)

I

distance normal to the flow direction

y

The shear force (F5) is given by the equation:

F =Ar=pd (3.6)

s

»
%

In a moving fluid both of the forces F; and F; are significant to different degrees. The

ratio Fy/F; (inertia to viscous forces) is a non-dimensional number called the Reynolds

number:

p =PV 3.7)
where p is the density (kgm'3 ).

For small values of Re the viscous forces are dominant and this restricts the movement
of the fluid particles to follow the main flow direction [Massey, /1998]. Such a flow is
called laminar flow. However, as Re increases the inertia forces acting on the fluid
particles dominate the weak shear forces and the flow is said to be turbulent. The
transition between laminar to turbulent flow is identified by the value of Re

corresponding to the nature of flow and geometry of the object present in the flow.
3.3.2 Momentum of a fluid particle
The momentum of a fluid particle is given by the equation:

M = mv (3.8)

If there were a change in momentum (or velocity) of the moving particle, then the force

which causes this change is given by:

_OM _o(mv) - (3.9)
ov ot

F
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where m is the mass flow rate (kgs™). This equation shows that the force is the rate of

change of momentum with respect to time.

3.4 Continuity of Flow

The continuity principle is based on conservation of mass as it applies to flow of fluids
and states that the net rate of out flow of mass from a control volume is equal to the rate

of decrease of mass within the control volume, expressed mathematically as:

d
pudAd =- — | pdV
C! dt ;v[ (3.10)
In fluid flow, the law of conservation of mass means that the mass of fluid entering a
control volume per unit time is balanced by the mass of fluid leaving a control volume

per unit time and change in the mass of fluid in the control volume per unit time i.e:

(6_"1) =(?.”_Z) Lo (3.9)
ot ), ot ), ot
where:

V = control volume (m3)

P = fluid density (kgm™).

As will be seen in Chapter 6 the continuity principle is one of the foundations up on
which the governing equations used in CFD are based. For incompressible flow, where
air velocities are below the speed at which compressibility effects become important,
approximately 70m/s [ASHRAE Fundamentals: 200!], i.e. when changes in fluid
density are small, which is the case for airflow in buildings, the flow continuity can be
stated as:

~

m = pviA; = pvod; (3.12)

and since p; = p, for incompressible flow, then:
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O =vA; =v2d; (3.13)
where m is the mass flow rate (kgs™), Q is the volume flow rate (m>s™), v; and v, are
the inlet and outlet velocities (ms™) and 4; and 4, are the inlet and outlet areas (mz)

normal to the velocity direction.

3.5 Fluid Pressure

Although the most frequently encountered scenario in ventilation applications involves
moving fluids (air), for completeness this section briefly describes the effects of

pressure in fluids both at rest and those in motion.

3.5.1 Fluids at rest

Static pressure is defined as the stress (force per unit area) normal to a surface at any
point on any plane in a fluid at rest [Kreider: /1994]. Static pressure is the amount of
compressive or expansive energy contained in a fluid and is a measure of its potential
energy. Static pressure may exist in a fluid at rest or in motion, by transformation into
velocity pressure, is the means of producing and maintaining flow against resistance. At
every point in a static fluid a certain pressure intensity exists. Specifically, this pressure

intensity, usually simply called pressure, is defined as:

A (3.14)

where;
F = normal force

A = area of surface

Since a fluid has a density, the pressure within a static column of fluid will increase
with depth due to gravity acting on the mass of fluid in the column. The variation in

static pressure p, acting vertically is given by:

Dy = -PEY (3.15)
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