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ABSTRACT

Stair Pressurisation Systems (SPS) are a form of smoke control used in many high-rise
buildings. They are designed to keep smoke out of the stairwell so that occupants have a safe
evacuation route during an emergency. Throughout the years, however, many within the Fire
Engineering industry have commented that SPS do not really perform as per their design intent.
In order to assess this belief, an investigation was undertaken to assess the effectiveness of a
SPS, whereby the effectiveness was assessed by considering the following: if the SPS
operates, will the resulting performance be as required by the Australian Standards (i.e.
AS1668.1 1998) and when required, will the SPS or components actually operate. To do this,
two representative SPS within the Melbourne Central Business District were investigated; one
with a Variable Speed Drive (VSD), System 1, typical of systems installed more recently and

one without a VSD, System 2, typical of earlier types of SPS.

The effectiveness evaluation was divided into two parts. The first considered the influence of
variations to wind speed, temperature and leakage (referred to as the E-factors), while the
second considered the ‘other factors’ or F-factors, affecting the effectiveness of a SPS (i.e.
those factors that can be influenced by commissioning, maintenance, operation of the system,
etc.). For this study, these two parts were assessed in isolation to each other, such that when
the E-factors were assessed, the other influences were considered not to exhibit any faults.
Similarly, when considering the influence of the F-factors, the influence of the E-factors was

ignored.

The influence of the E-factors was assessed in terms of achieving the door opening force and
airflow performance conditions of AS1668.1. This was done using a computer network program
known as CONTAM. Initially a base building model was developed, complying with the
performance conditions of the Australian Standard and then variables such as external
temperatures, wind and leakage associated with the building elements were varied as part of a
sensitivity analysis. The results indicated that in most cases (unless extreme conditions were
used), the effectiveness of the SPS was nearly equal to unity (i.e. ‘1’). The SPS with a VSD
also had a slightly higher effectiveness than the system without, when ‘Average’ leakage
conditions were modelled. However, if the stairwell leakage approached the building fagade
leakage, the effectiveness in relation to achieving the airflow velocity conditions of AS1668.1, for

both Systems 1 and 2, significantly reduced.

The ‘other factors’ which may influence the effectiveness of a SPS were those that could be
influenced by the design, installation, commissioning, maintenance and operation of the SPS
and were assessed after interrelationship diagrams, in the form of fault trees were developed.
These diagrams detailed the complex integration of the various components, which make up a
SPS and assisted in identifying which components appear to be the most dominant in terms of
reducing the reliability of the system. Probability of failure data was obtained through a survey
completed by industry personnel intimately associated with SPS. The reliability assessment

indicated that the two major dominant factors, in terms of not achieving the performance



conditions of AS1668.1, were high door opening forces, followed by low airflow velocities. The
importance of high door opening forces is significant, as occupants who cannot enter the

stairwell in an emergency, may not be able to evacuate safely.

The maintenance requirements associated with SPS as per AS1851.6, are illustrated in this
thesis in relation to the fault tree diagrams. The results revealed that some of the dominant
factors (such as the VSD, the pressure sensor, etc.), achieved low levels of effectiveness.
These factors are only considered during the commissioning stage and there is no formal
maintenance for these items. These findings help to reinforce the importance of commissioning
as well as maintenance (especially for items currently not maintained) and the need for
identified faults to be corrected as soon as they are found, or at least prior to the next

maintenance inspection.

Assessing the effectiveness of a SPS, with respect to the performance conditions of A51668.1,
found that the factors referred to as ‘other factors’ have a greater influence on SPS
effectiveness than variations due to wind, temperature and leakage changes. Having said this
though, the results generated indicate that SPS are not very effective in terms of achieving the
performance conditions of AS1668.1 for the whole system (i.e. every door). For example, there
is a 1/10 chance that the door opening forces will comply and approximately a 1/2 chance that
the airflow velocities will meet the required performance conditions. These low probabilities are
for buildings that are being "commissioned” and "maintained”, indicating that although factors

appear to be identified, they are not being adequately corrected.

In summary, if commissioning is performed correctly, and so too the maintenance, the reliability
associated with the components can be significantly improved and therefore, so can the overall

effectiveness of the SPS.
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NOMENCLATURE and GLOSSARY

NOMENCLATURE and GLOSSARY

ACFE e Ancillary Control Facility (to control ancillary facilities eg.
AHU, SPF - also has isolate and reset buttons)

AHU L Air-Handling Unit(s)

AS e Australian Standard(s)

ASE .. Alarm Signalling Equipment

AVF e Alarm Verification Facility

Barometric/Weight Adjusted Damper..A damper which is self-adjusting without the aid of
electronic or pneumatic control devices, i.e. it is of
mechanical operation without any power sources

BCA L Building Code of Australia

B e Barometric Damper (see definition above)

BMS . Building Management System

CBD .., Central Business District

ClE . Control Indicating Equipment (eg. FIP, FFCP, ACF, ASE)
CONTAM ..., The name of the software program used in this research
Damper.......coveeveiiieee Moveable plate(s) which regulate the flow of air eg. if the

pressure in a space increases, the damper (plate[s])
open to relieve the excess pressure and vice-versa

AB(A) i Decibel (‘A" weighted overall sound pressure level),
where ‘A’ refers to a frequency filter applied to measure
noise levels representing how humans hear sound

DDC .. Direct Digital Control
DP Differential Pressure
Dump-Back/Bypass Damper ............... A damper that is adjusted based on the pressure sensor

reading, whereby electronic or pneumatic control
devices cause the damper to either open/close

Effectiveness ..............coociiii Measure of the reliability (i.e. whether or not the
system/components  operate) and whether the
performance conditions of AS1668.1 are achieved,
considered in terms of E- and F-factors

<o TR PP For example

E-factors ...ocoooviiiii Considers the effect of changes to wind, temperature and
leakage on SPS effectiveness

Bl oo Etcetera

F-factors.......ooovvieiii see ‘Other Factors’

Fault Tree ... A fault tree is a diagrammatic representation of logical

relations to identify a hazard either qualitatively, or
quantitatively. A fault tree starts with the top condition
being an unfavourable condition or hazard of some kind.
It is developed from the top-down to obtain the possible
primary cause conditions. The fault tree helps to reveal
the possible causes of a hazard, some of which may not
have been previously envisaged (Lees 1980a).

FOP e Fire Control Panel - now referred to as the FFCP

Xi
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Fire Fan Control Panel - controls the automatic operation
of the AHU, fans and (zone smoke) dampers
Fire Indicator Panel
General Fire Alarm(s)
General Fire Alarm Relay(s)

High Level Interface - a programming interface which
allows more functionality within one command statement

Heating, Ventilation and Air-Conditioning
Identification box for the fault trees
Thatis

Kilograms/Second

Refers to air (flow) escaping from an enclosure either via
the form of construction of the enclosure (eg. concrete
walls/floors, etc.,) or gaps around barriers (eg. gaps
around doors) or through openings such as windows,
grilles, doors, etc.

Litres/Second

Refers to Level 0 within the CONTAM building
simulations, which is equivalent to the Ground Floor (GF)

Metres

Metres/Second

Mechanical Services Switch Board(s)
Newton

Not Applicable

National Board of Fire Underwriters
National Fire Protection Association
National Research Council of Canada

No simulation, i.,e. a CONTAM simulation was not
performed

Outside Air Fan

Considers  the effect of design, installation,
commissioning, maintenance and operation on SPS
effectiveness

Pascals

Refers to the relief (exhaust) grille/vent on level L9 in the
stairwell shaft

Return Air Damper(s)
Return Air Fan(s)

Whether or not the system/components operate, when
required

Supply Air Fan(s)

Smoke Control System(s)

Xii
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Standard external temperature conditions (i.e. wind
conditions vary)

Standard external temperature and wind conditions of
20°C and 5m/s, respectively

Standard wind conditions (i.e. temperature conditions
vary)

Stair Pressurisation Fan(s)
Stair Pressurisation System(s)

A condition resulting from the difference in air
temperature between indoor and outdoor air

Uninterruptible Power Supply

Variable Air Volume

Variable Speed Drive(s)

Zone Smoke Control System(s)
Number, indicating CONTAM simulation
Less than sign

Greater than sign

Xiii



Chapter 1. INTRODUCTION

1. INTRODUCTION

Stair Pressurisation Systems (SPS) are a form of smoke control used in buildings generally
more than 25 m in effective height.1 Their purpose is to keep the escape routes, such as
stairwells, clear of smoke, thus allowing a safe egress path for occupants while evacuating the
building. This is achieved by pressurising the stairwell (with a fan) to a higher pressure than the
surrounding floors in the building, thereby, generating a pressure differential. As the stairwell is

at a higher pressure than its surroundings, smoke flow into this escape route is restricted.

The basic concepts and issues associated with a SPS are illustrated in Figures 1a and 1b.

" ?\\ Air loss due to gaps
__x/"/ l in shaft (leakage)

+ presjéﬁ“rerﬂ
Force required to open _| -—x//‘_k Relief damper
door must work L - (open)

-
against airflow 3 I\
Closed doors
Stairwell

Figure 1a. No doors open inside stairwell, positive pressure from fan - not too high

T Fan

Relief damper (closed)

‘\‘-»...‘ =
)1--\_ Airflow through open doors
. e

Open doors

sufficient to keep smoke out

Stairwell

Figure 1b. Doors open with sufficient airflow to keep smoke out

' The term “effective height” is defined in the Building Code of Australia 2005 (BCA-2005) as “the height 1o the fioor of the
topmost storey (excluding the topmost storey if it contains only heating, ventilating, lift or other equipment, water tanks or
similar service units) from the floor of the lowest storey providing direct egress to a road or open space.”
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Within the Heating, Ventilation and Air-Conditioning (HVAC) and Fire Engineering industries, it
is sometimes stated that SPS rarely operate as designed. This view is expressed regardless of
the age of the building i.e. recently built or older buildings; from when they are commissioned, to
routine maintenance and actual performance of the SPS. This research project investigates the
“effectiveness” of SPS. The effectiveness of SPS can be influenced by a great range of factors
such as wind and temperature, the building leakage and changes thereof, and the SPS
hardware components that are potentially influenced by design, commissioning and

maintenance.

A detailed study of two buildings within the Melbourne Central Business District (CBD) has been
conducted as part of this research. Both buildings chosen for this purpose have SPS — one
which is common in older buildings (i.e. approximately twenty years ago) and the other is typical
of recent design practices incorporating a Variable Speed Drive (VSD). The information
obtained from these two buildings (such as the commissioning history, maintenance records,
etc.), provided an important background to allow identification of potential issues and difficulties
that may occur with SPS. A detailed description of these buildings and their relevant history is

given in Chapters 3 and 5.

The assessment of effectiveness presented in this thesis evaluates the SPS in terms of whether
the performances are as required by Australian Standard (AS) AS1668.1 (1998).2 This
standard gives specific performance conditions that must be achieved. These performance
conditions are described in Chapter 4. This thesis does not attempt to evaluate SPS

effectiveness in relation to the possible range of real fires.

A review of the relevant literature regarding SPS is given in Chapter 2 and a detailed description
of SPS and their associated components in Chapter 3. This description is illustrated by
reference to the two above-mentioned buildings, which were the subject of an in-depth study
and auditing. Chapter 4 gives a detailed review of Australian code requirements and their
historical development in relation to SPS. The performance conditions required are described,
as are the commissioning and maintenance requirements. It is necessary to have a detailed
understanding of these requirements in order to assess the potential impact on effectiveness of

sound commissioning and maintenance.

The complexity of SPS as revealed in Chapter 3 demonstrates that any assessment of
effectiveness must take into account the complex interaction between components and the
uncertainty in their performance. This is considered in Chapter 8, where detailed fault trees are
developed to determine the influence on effectiveness of faults associated with SPS
components.  The performance of these components can be influenced by design,

commissioning and maintenance.

2 From hereon, when referring to AS1668.1, it is implied that the 1998 edition of this standard is being referred to, unless
otherwise stated.
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As noted previously, external environmental influences such as wind or temperature variations
could have a potential influence on SPS effectiveness. Similarly, changes in leakages
associated with the shaft and/or building over the life of the building, could have an influence.

These potential influences are evaluated using a network analysis method in Chapter 7.

Chapter 6 presents a fuller discussion on the concept of system effectiveness and explains
more fully the relationship between the effectiveness evaluations given in Chapters 7 and 8.
The results from Chapters 7 and 8 are summarised in Chapter 9 in relation to overall SPS

effectiveness.
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2. REVIEW OF LITERATURE

The use of pressurisation to control the flow of airborne contaminants has been around for at
least 50 years (Klote and Milke 1992) being provided initially to prevent the spread of poisonous
gases in enclosures. While the use of airflow and pressurisation to control smoke (also a form
of airborne contamination) flow within a building has only been formally recognised by codes
and standards for the last three decades (i.e. in reiation to when the first Australian Standard
[AS] for pressurisation was released). It is believed that the technique of using pressurised
spaces to control smoke flow was first suggested by a Fire Department officer known as Hall in
1961 (Butcher and Moss 1991).

This chapter details the history of Stair Pressurisation Systems (SPS) and makes reference to
Smoke Control Systems (SCS) as applicable. It describes how these systems have been

investigated, tested and assessed over the years.

In the late 1930s in the United States, the National Board of Fire Underwriters (NBFU)
examined the National Fire Protection Association (NFPA) fire statistics from January 1936 to
April 1938, in order to determine the extent of smoke hazards due to HVAC systems (NBFU
1939). Their studies recommended that the HVAC systems be shut down during fire incidents
to prevent smoke spreading within a building. In the following years, HVAC shut down became
the norm. This practice of air-handling/ventilation shutdown is still used today as a means of
aiding fire and smoke control in multi-compartment buildings (AS1668.1 1998), thereby
highlighting its continued relevance as a means of smoke hazard management today. The use

of HVAC systems to /imit smoke movement came at a much later stage.

Historically, systems defined as SCS use barriers such as walls, floors, doors, etc., and airflow
(usually generated via mechanical fans) to generate pressure differences. More specifically, the
use of pressure differences across a barrier to control smoke movement is referred to as
‘pressurisation’ (Klote 1995a). Today, these methods are collectively referred to as ‘smoke
hazard management systems’. For the purposes of this thesis, the term pressurisation refers to
the use of barriers (i.e. stairwell doors, walls, etc.) and mechanical fan(s) to generate pressure
differentials, to limit smoke flow into an egress/escape stairwell (i.e. fire-isolated stairwell, stair
shaft).

One of the first countries to incorporate pressurisation of escape routes within the Building
Regulations appears to have been Australia. This began in 1957 when a Code of Practice titled
“Fire Protection Code for Buildings over 150 ft in Height” (Butcher and Moss 1991) was
published in New South Wales (NSW), Australia by the Height of Buildings Act Committee. This
Code permitted the use of pressurisation as a fire protection measure for buildings. In the early
1960s, a submission was made to this committee to install a pressurisation system within a
Commonwealth Government office building (Lincolne Scott 1988), instead. According to
Lincolne Scott (1988) a full-scale fire test at the Fire Research Station in England and

experiments at the Experimental Building Station in NSW, Australia, had provided sufficient
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evidence to demonstrate that pressurisation of an enclosure, such as a stair shaft, could
overcome the differential pressures developed by a fire and suppress the in-flow of smoke
through gaps around the doors. This early evidence provided the impetus for conducting a
pressurised stair shaft test. Following the successful completion of this test in early 1962, all
Australian states required pressurisation systems, as per AS1668.1 (1974) “Fire Precautions in

Buildings with Air-Handling Systems.”

It is believed that the first building in the United States (Seattle) to be built with a SCS to limit
smoke spread within the building was in 1971 (Klote 1994). The system in this Seattle building
exhausted the fire zone and pressurised surrounding zones (i.e. the SCS operated similarly to
the current zone smoke control system [ZSCS] detailed in AS1668.1 [1998]). At approximately
the same time, the Heating Ventilation Research Association (HVRA) put a research proposal to
the United Kingdom Department of Environment to establish the design requirements for SCS
escape routes (Hobson and Stewart 1972). This study was undertaken in early 1970 and led
initially to the requirement for natural vent shafts or mechanical extraction from staircases as a
means of protecting the escape routes, i.e. stairwells. However, such measures were found to
encourage smoke into the stair shaft and this concept was discarded with the requirement to

pressurise stair shafts instead.

As early as 1967, Tamura and Wilson had already begun conducting field measurements to
determine the overall air leakages and pressure differentials in several pre-constructed (i.e.
already standing) high-rise buildings for the purpose of establishing meaningful design
calculations. The data obtained was then characterised and used to assist in understanding the
influence a building’s ventilation system had in combination with the “chimney effect” (i.e. a
phenomena resulting due to the change of internal and external temperatures of a building as
the building increases in height, now commonly referred to as the ‘stack effect’). Previously, the

stack effect had only been analytically analysed.

Early research, such as that conducted in the 1960s and 1970s, focused on determining the
likely efficacy of SCS in general. Examples of this approach included the full-scale fire tests in
multi-storey buildings such as in a 14-storey hotel building in Atlanta (Koplon 1973), in a 22-
storey office building, New York City (DeCicco 1973) — where a theoretical model of shaft
airflows was also developed and tested. These buildings were tested using real fires (with
materials appropriate to the use of occupancy eg. chairs, tables, etc.), since the buildings were

to be demolished.

A 7-storey office building in Hamburg, Germany, was probably one of the first buildings to be
tested in terms of an ‘operational acceptance’ test via a real (wood crib) fire, prior to occupancy
(Butcher et al 1976), (i.e. as opposed to using real fires only when the building was to be
demolished). This was done to identify where the smoke may travel and how effective the SCS
was, as per the early 1960s and 1970s tests mentioned above. The aim of the Hamburg

building test was to illustrate that both a pressurised stairwell with attached lobby/vestibule
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would be acceptable for the building in lieu of having two stairwells (this was successfully
demonstrated to the authorities). Today, similar ‘acceptance’ tests are more commonly referred
to as ‘commissioning tests’, which also must be performed prior to occupancy of a building in
order to prove that the smoke hazard management features of a building operate and function
as required. Real fires are not used as part of the commissioning process due to concern with
damage to the building and its fabric. Other stairwell pressurisation tests are reported to have
been conducted in the UK, Canada, United States, France, Germany and Japan (Klote 1995a).
All of these full-scale tests showed that pressure differentials can prevent smoke migration from
the low-pressure side of a barrier to the high-pressure side and could provide ‘smoke-free’ exits
(Klote 1995b).

Note: The term ‘smoke-free’ refers to a space (for example, a stairwell) being essentially free of smoke.
That is, there may be smoke within the stairwell space however, the amount of smoke is in such
minor quantities that it still allows sufficiently tenable® conditions for occupants to be maintained. It
is highly unlikely to economically design a SPS to provide a (100%) smoke-free environment all of

the time for office type occupancies (eg. high-rise buildings).

Cresci (1973) also conducted a scale model test of DeCicco’'s (1973) 22-storey stairwell. This
model test resulted in the observation of stationary airflow vortices in open doorways. Klote
(1995b) states that these vortices are the reason why the airflow coefficient through open
stairwell doorways is approximately half of what it would be otherwise. Such vortices are
believed to have a significant effect on airflow in stairwells as they reduce the effective size of
an open doorway. This concept has been incorporated into more advanced analysis

procedures (Klote 1995b) such as those incorporated in the CONTAM software (see Chapter 7).

The level of pressurisation required to prevent the ingress of smoke was found from early
testing to be dependent on whether or not the building was sprinklered, as this influenced the
likely fire size. For example, DeCicco’s (1973) full-scale 22-storey fire experiments showed that
‘'smoke-free’ exits could be obtained for an unsprinklered large fire (Klote and Milke 2002) and
that the minimum design pressure differentials required are more than two times those required
for a sprinklered building. It was found that a 12 Pascal (Pa) differential pressure was required
for a sprinklered building but 20 Pa was required for a non-sprinklered building (National Fire

Protection Association 1998).

Tamura and Shaw (circa 1974) built on Cresci’'s (1973) work and performed field tests of
pressure losses for eight external walls associated with multi-storey office buildings. They
achieved this by pressurising all floor spaces of the buildings using 100% outside air for the
central supply fan systems and shutting down the return and exhaust systems. The supply air

rates were varied and the pressure differences across the pressurised enclosures were

% The term ‘tenable’ refers to the smoke temperature not being too high, the smoke layer depth not being too low, the visibility
being adequate and the concenlration of toxic gases not being excessive as stated within the Fire Engineering Guidelines
(FEG 1996) for life safety, so that occupant safety is not compromised due to the ingress of 'insignificant’ amounts of smoke
entering the escape route i.e. the stairwell.
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recorded as well as flows across exterior walls. This enabled the leakage levels to be
determined for various boundaries between pressurised spaces. Achakji and Tamura (1988)
then went on to use this information and conducted tests in an experimental 10-storey tower
(built by the National Research Council of Canade [NRCC] in the mid 1980s), whereby they
developed a table of loss coefficients for various stair configurations i.e. open/closed tread
stairs, with/without people in the stairwells. Their findings showed for example, that an increase
in the number of occupants in the stairwell increased the airflow, resuiting in a drop in pressure.

This type of study and the influence of these factors had previously not been performed.

In the early 1980s, much of the above-mentioned experimental work was critically appraised
and amalgamated into a publication concerned with the design of SCS based on the principles
of engineering (Klote and Fothergill 1983). This (original) design book has since been revised
and expanded, the most recent edition being “Principles of Smoke Management” (Klote and
Milke 2002).

The studies listed in the above paragraphs presumed that the pressurisation systems would
operate if required to do so. In practice, however, this may not be the case due to the

uncertainties associated with the many parts of the system.

This latter aspect of system reliability can be studied using fault tree analysis (refer to Chapter 8
for more detail). Such an approach was used to study the reliability of SCS in shopping centres
(Moore and Timms 1997) and Zhao (1998) used this technique when assessing the reliability of
a simple SPS in an apartment building. The pressurisation system studied by Zhao was a
single fan sub-assembly and the fault tree analysis was based on very limited published data
that did not take into account the performance as observed by practioners responsible for the
commissioning and maintenance of such systems. The fault tree adopted by Zhao considered
only the power source, the alarm signal, the fan and damper(s), where the details associated
with these components were greatly simplified compared with a real SPS. Due to this
simplification, his reliability assessment gave a 90% reliability rate in terms of no signal being
recejved by the damper or fan for a maintained SPS. No account was taken of whether the
system components actually operate, whether the door opening forces are likely to be excessive

or whether the other design conditions specified by AS1668.1 would be achieved.

Chapter 3 describes in more detail the complexities associated with these systems. This thesis
extends Zhao's work to investigate SPS effectiveness in terms of variations to wind,
temperature and building leakage and other factors (also related to reliability) influencing SPS
as appropriate for multi-storey office buildings. To assist with the evaluation of reliability data on
component uncertainties, data has been sourced from the literature, as well as from expert
contracting companies who are experienced in the operation of SPS. Zhao did attempt to look

at the effects of commissioning and maintenance, however more limited data was available at

the time.
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In relation to the uncertainties of a system and the component reliability issues, Klote and Milke
(2002) comment that it is often assumed that all components in a complex system operate
initially and that failures occur some time after system installation. However, this would only be
true if the system was successfully commissioned at the time of occupancy. Moore and Timms
(1997) found that the quality of commissioning has the greatest effect on the overall probability
of failure of a SCS and is one of the most critical aspects in obtaining an effective system. This
was also found to be the case in this research (refer to Chapter 8). Second to commissioning,
Moore and Timms (1997) identified that the quality of maintenance and installation had similar
effects to each other in terms of their effect on the probability of a SCS failing. Commissioning
itself may take a long time (several or more years) before the SPS is made operational as per
the design requirements. This fact suggests there is a significant level of complexity and
uncertainty associated with these systems. Furthermore, during the possibly lengthy stage of

commissioning the building may become occupied.

It is known that leakage within a stair shaft has a major influence on system performance (Klote
and Milke 2002). What is not appreciated is that leakage is often a function of the standard of
workmanship as opposed to the specific form of construction. Gaps to the outside and to other
parts of the building do not have to be large to reduce the pressure able to be developed within
a stair shaft. Sufficient pressure must be obtained to prevent the ingress of smoke. However,
the pressure must also be low enough to enable the stair doors to be opened (doors open
inwards, towards the stair shaft). In practice there is a narrow range of acceptable pressures.
The implications are clear. A fan required to achieve adequate pressurisation in a “likely” stair
shaft would prevent doors opening in a ‘tight’ shaft — however, until the building is constructed,
the level of leakage associated with the shaft is not fully realised. Tamura and Shaw (circa
1974) recognised the importance of leakage and measured such for buildings after they had
been constructed. Building leakages were found to vary considerably (for example,
0.61x10° m*/s/m? to 0.24x10% m*/s/m? measured at 74.7 Pa) and therefore, it is difficult to

estimate the leakage values prior to construction.

The effect of leakage (as well as wind and temperature variations) on pressures within stair
shafts can be modelled using the computer program CONTAM (National Institute of Standards
and Technology 2003). This program is a multi-zone indoor air quality and ventilation analysis
computer network program. It is designed to determine the airflows, contaminant
concentrations and/or personal exposure limits within a building. It has the ability to calculate
building airflows, the distribution of ventilation air within a building as well as to estimate the
impact of envelope air tightening efforts on infiltration rates, i.e. building leakage. CONTAM can
also be used to simulate several different building features - for example, pressurised stairwells,
chimneys, etc.,, and to calculate room-to-room airflow pressure differentials induced by
mechanical and natural forces. The CONTAM program is an extension of a similar, earlier
network model program called ASCOS (Klote 1981). ASCOS was originally developed as a

research tool for the analysis of SCS for 10 and 20-storey buildings. A number of studies have
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compared the predictions of ASCOS with actual measured flows and pressures within
constructed buildings (Lincolne Scott 1991). These comparisons were sufficiently close to
confirm that such a model could be used to simulate real behaviour. CONTAM has been used

in this research as a tool to simulate the performance of SPS.

Today, and specifically here in Australia, designers of smoke management systems do not
undertake detailed analysis in designing a SPS, nor are sophisticated tools such as CONTAM
used. Rather, an estimate is made of leakage and this is combined with the required number of
open doors in a stair shaft (see design criteria in Chapter 4) to obtain an estimate of the
openings through which a minimum airflow must be achieved, thereby resulting in quite a
subjective design (in terms of assumed leakage values). No account is taken of “stationary
vortices” at doors (Cresci 1973) and the fan capacity is chosen in order to give the required
airflow through the maximum openings (i.e. three doors open with 1 m/s through the stairwell
door at the assumed “fire floor”, as detailed in the design standard AS1668.1 [1998]). The ‘fine’
tuning of the system to ensure that the door opening forces are not exceeded is assumed to

take place at the time of system commissioning.

Klote (1995b) predicted that research in the area of pressurisation would decrease and it has,
especially in the case of physical building (fire) experiments and accurately determining the
leakage values for buildings (either pre or post construction). Therefore, today, there is more
emphasis on tapping into ‘the experience’ of designers, in terms of the operational success of

SCS as well as the specific features required for the system.

This ‘experience’ of designers over the years (as indicated by the literature eg. Klote and
Fothergill [1983]), suggests that the key factors influencing the effectiveness of pressurisation

systems include:

) Stack effect (due to the height of the building and the temperature effects of

inside to outside air);
. Wind effect;
) Building leakages (i.e. cracks, lift wells, buoyancy effects due to fire, etc.); and
) HVAC operation (eg. air discharges into egress routes).

The first three factors are considered in detail in this thesis; whilst for the purpose of
simplification, the fourth factor has been ignored. That is, the interaction of zone pressurisation

systems on the SPS has not been taken into account.
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3. STAIR PRESSURISATION SYSTEMS (SPS)

3.1. Introduction

The components and features of practical stair pressurisation systems (SPS) are more fully
described in this chapter. This is done by reference to two buildings, which incorporate different
but typical systems as instalied within many high-rise commercial buildings. The particular
features of the SPS within these buildings are described and used as the basis for a broader
understanding of SPS in buildings. These buildings are referred to as ‘Buildings 1 and 2’ and

their corresponding systems as ‘Systems 1 and 2.

Only features associated with the SPS are considered and no account is taken of other smoke
management systems such as zone pressurisation that would also, nowadays, be required in
such buildings. Zone (pressurisation) Smoke Control Systems (ZSCS) were not officially
introduced into an Australian Standard (AS) until the 1991 version of AS1668.1. It is likely that
the building’s Smoke Control System (SCS), i.e. a ZSCS, may actually effect the operation of
the SPS. The ZSCS should result in a negative pressure on the fire floor and positive pressure
on the adjacent floors, causing higher door opening forces on the fire floor and lower door
opening forces on the adjacent floors. This would reduce the likelihood of smoke getting into
the stair shaft at the fire floor. The interaction of these types of systems with a SPS is ignored

for the purpose of simplification.
3.2 Buildings Considered

3.2.1. Introduction

In order to better understand SPS, two buildings were chosen within the Melbourne Central
Business District (CBD), where Building 1 contains System 1 and Building 2 contains System 2.
These buildings were chosen as access to most of their commissioning and/or
maintenance/testing records were available and the pressurisation systems are representative
of the newer (i.e. System 1) and older (i.e. System 2) systems installed in Australia in terms of
fan speed control. Both buildings are of concrete or masonry wall construction with concrete

floors. Details of these buildings and their components are given in Table 1.

Note: Both buildings had SPS installed at the time of construction, as opposed to being retrofitted at a later

stage.

10
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Table 1. Building/System Description
Description Building 1 (System 1) Building 2 (System 2)
Building Completion ~ 1985 ~1990
Sprinklered Yes Yes
No. of floors 8 + plant/roof 54 + 3 plant/roof
Floors served by single SPF 8 11 (generally)
No. of stairwells 2 2

Design Standard

AS1668.1 (1979)°

AS1668.1 (1979)*

Maintenance Standard

AS1851.6 (1983)°

AS1851.6 (1983)°

- located at floors

No. of fans per stairwell 1 5+ OAF
No. of fans per block of floors 1 1
No. of injection points per block Multiple (18)

Single (1)

Stair 1 — floor 7

Stair 2 ~ floor 7

Stair 1 — floors P2/P1, LG/GF, 4/5, 7/8,
10/11, 13/14, 16/17, 18/19, 22/23, 24/25,
28/29, 32/33, 35/36, 38/39, 41/42, 44/45,

48, 52

Stair 2 - floors P2, LG/GF, 1, 5, 9, 12, 15,
19, 23, 25, 29, 33, 36, 39, 42, 45, 48, 52

Building Smoke Controt Method
/ Building AC system

Air Purge (i.e. Smoke Spill) /
VAV boxes

Sandwich (i.e. Zone) /
VAV boxes

Plant Room - location

Central — on roof

Central — floors 22 and 47

Pressure Sensor type

Siemens QBM 61.202

Staefa FKE:P1

Variable Speed Drive Toshiba -NA-
Pressure Relief Dampers - NA - Celmec
Damper motors - NA - Belimo Motors
FIP Ampac Fire Finder FFE 9000
SPF Axial, Woods fans Axial, Woods fans

4.6 kW

38J (2.5 kW); fans #1, #2, #5-#10
48J (3.4kW / 4.6kW) fans #3 /#4

NA Not Applicable
VAV  Variable Air Volume

SPF
FIP Fire Indicator Panel

Stair Pressurisation Fan

OAF  OQutside Air Fan

The stairwell systems are illustrated further in Figures 2 and 3.

* Commissioning requirements have been assessed against AS1668.1 (1998) (the most recent edition of this standard).
® Maintenance requirements have also been assessed against AS1851.6 (1997) (the most recent edition of this standard).

Note:

At the time of writing this thesis, the new maintenance standard was released (September 2005 [AS1851 2005])

however, this lates! edition of the standard has not been described in this research.
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STAIR PRESSURISATION SYSTEMS (SPS)
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

3.2.1.1. Building 1 Description

3.21.11. General

Building 1 has one central plant room which houses the air-handling equipment serving the
internal building zones (i.e. the Supply Air Fans [SAF], Return Air Fans [RAF], etc.). There are
also two central Air-Handling Units (AHU) for the perimeter building zones on the east and west

side of the building.

The specifications in the mechanical services documentation state that there are also door relief
grilles (of the inverted chevron type) with a 60% minimum free area. The quantity of relief
grilles, eg. one per stairwell door, was not specified. Upon physical inspection of the building, it
was identified that these door relief grilles are not present within the building, except for air relief

located within the tenancy lift lobby areas.

The original design drawings did not detail the location of the stair pressurisation fan (SPF)
smoke detectors and evidence of the original commissioning data could not be sourced for this

building.

3.2.1.2. Building 2 Description

3.21.21. General

Building 2 is separated into various stairwell compartments due to the size of the building as
illustrated in Table 1. However, for modelling purposes, effectively only one block of the stair

shaft will be investigated (i.e. approximately 10 levels).

Unique to System 2 are the unimod devices (i.e. a device similar to a High Level Interface [HLI],
which forms part of the alarm communication system for the building). Originally, Sekita
communication equipment was used however, in 1999 when the system was re-commissioned,®
the Sekita device was replaced with the unimod system due to ‘reliability issues associated with
the Sekita communications’ (as informed by the site contact for Building 2). The unimod
operates by interpreting signals from activated detectoré, sprinklers, etc., so that the Fire
Indicator Panel (FIP) can ‘see’ the message and take action accordingly. It works in a similar
manner to a ‘translator’ so that the FIP can understand incoming alarm messages from
detectors. These devices can be located within the FIP or the mechanical services switchboard
(MSSB) i.e. piggy-backed to this equipment. They are hard wired to energise/de-energise
relays for pre-programmed fire mode operation. The override controls of the Fire Fan Control

Panel (FFCP) also need to pass through the unimod device. The implications of failure of the

© It appears that when System 2 was re-commissioned, it was re-commissioned against the 1991 version of AS1668.1 “The use
of mechanical ventilation and air-conditioning in buildings - Fire and smoke conlrol.” The system was re-commissioned after
the stair pressurisation shafts were re-sealed (as they were suffering from air loss through gaps in the shaft wall).
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

unimod device are significant as in that case, the FIP may not ‘see’ the alarm. The relationship

of these various parts of the control system are considered later.
3.2.2. Key Hardware Components

There is a multitude of equipment used within a SPS. The following sections briefly describe

the types of equipment and their uses with respect to the SPS analysed as part of this research.

3.2.2.1. Fans

Fans are the means by which stairwells are pressurised and they can either be of the centrifugal
or axial type. Centrifugal fans generate airflow in a radial direction to the impellor. The impellor
can either be designed with a forward curve, a backward curve or as an airfoil. Axial fans (see
Figure 4) on the other hand, generate airflows parallel to the impellor. These fans can be

further divided into either the propeller type, the tubeaxial or vaneaxial type of fan.

Figure 4: Axial Fan (example)

Both Systems 1 and 2 have axial SPF, which were sized to provide the minimum air velocity
when the design number of doors (three, as per AS1668) are open. This is consistent with the

design methodology noted in Chapter 2, in terms of sizing fans.

A fan’s operating characteristics can be defined as a function of the pressure differential using

the general flow equation (Klote and Milke 2002), as follows:

Vv =C,(ap) Equation 1
where
V = volumetric flow (m%s)
C, = flow coefficient for exponential flow (m3/s Pa'n)
Ap = pressure difference across a path (Pa)

15



Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

n = flow exponent, dimensionless (where » varies from 0.5 to 1)

This equation shows that a small increase in the flow coefficient will cause a substantial
decrease in the volumetric flow combined with a concurrent decrease in the differential pressure
produced by the fan (Witt and Sohn). This relationship has been further illustrated in Figure 5

for a typical axial fan, where Equation 1 is represented by the ‘saddle’ shape of the curve.

Differential Pressure

Volumetric Flow
Figure 5: Pressure - flow relationship for an axial fan
The region to the left of the ‘A’ in Figure 5, is referred to as the ‘unstable operational region’
while the region to the right of ‘A’ is the 'stable operational region’.

The axial flow fans used for the SPS in System 1 have a total air quantity of 9,000 L/s, with a
static pressure of 150 Pa and maximum Revolutions Per Minufe (RPM) of 960. These SPF
have a stable operation of 10% - 100% airflow by varying the fan motor via a Variable Speed
Drive (VSD). The life cycle of these fans is rated at 40,000 hours.

The constant volume axial flow fans used for the SPS in System 2 range in air quantities from
4,500 L/s to 11,575 L/s’, depending which SPF it is. Their static pressure is 120 Pa and their
maximum RPM is 725.

The above details are presented in order to completely describe the two representative SPS.

3.2.2.2. Injection System

SPS can either be of the single injection type (Figure 6a) or the multiple injection type
(Figure 6b). This refers to the quantity of inlet vents/grilles (Figure 6c¢) within the stairwell from
either a SPF supply air duct or an adjacent shaft. Single injection systems, as the name
implies, have one inlet vent/grille while multiple injection systems usually have inlet vents/grilles

evenly distributed throughout the length of the stair shaft eg. every three floors or so.

7 This values of 11,575 L/s was actually chosen for the SPF as part of the modelling analysis detailed further in Chapter 7.
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YRy

Fan

L~ Injection
vent/grille

_ L—Adiacent

shaft
Stairwell
Figure 6a: Single injection system
Injection
vents/grilles
.. }&— Adjacent
' shaft

Stairwell

Figure 6b: Multiple injection system

Figure 6¢c: (extra large) Injection vent/grille
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

As indicated previously, injection can be either from a dedicated supply air ducting system
within the stair shaft or an adjacent shaft (see Figure 7). Both Buildings 1 and 2 have a
separate supply air shaft adjacent to the stairwell with vents/grilles joining the two shafts instead
of a ducted supply air distribution system. That is, the air flows from the SPF supply air shaft

through the vents/grilles into the stairwell in order to pressurise the stairwell.

Figure 7: Separate supply air shaft

Single injection systems (as per System 1) most commonly inject air at the top of the stairwell
(Kiote and Milke 2002). System 2 is of the multiple injection type and has an inlet vent/grille at

approximately every fourth floor (refer to Table 1).

3.2.2.3. Pressure Sensors

Pressure sensors (see Figure 8) are used to measure the differential pressures between the
stairwell and another space. This ‘other’ space is usually the occupied floor space, as opposed

to the ambient external conditions of a building.

18



Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

Pressure sensor tubing
protrudes into the stairweil Pressure sensor
shaft from this service
cavity (which is at the same
conditions as the occupied

space)

Figure 8: Pressure sensor

In the case of System 1, a Siemens QBM 61.202 pressure sensor has been installed for each
stairwell. It is located in the electrical riser adjacent to the fire-isolated stairwell on Level 2 (refer
to Figure 2). It measures the pressure difference between the electrical riser (on the occupied
floor) and the fire-isolated stairwell, as the ‘ambient internal’ conditions (i.e. pressures,
temperatures, etc.), are assumed to be constant in this location independent of the floor of the
building. This pressure sensor has a measuring range of between 0 Pa and 100 Pa and takes a
measurement approximately every 12 seconds when the building is in fire mode operation (i.e.
the SPS is operating). The pressure sensor for this system is connected to its associated VSD
for the SPF in order to ‘tell’ the VSD to ramp up or down (corresponding to either an increase or

decrease in fan speed), depending on the stairwell pressure differential.

System 2’s pressure sensors are of the Staefa FKE:P1 type, also with a measuring range of
between 0 Pa and 100 Pa, with a response time of 0.5 seconds. These sensors are located
between the fire-isolated stairwell and the hose reel cabinet. They measure the pressure

difference between the stairwell and the lobby on the occupied floor.

For System 2, the (motorised) dump-back/bypass dampers for SPF 3-10 are controlled by the
pressure sensors inside the stairwell, which sense the differential pressure between the stairwell
and the interior of the building (i.e. the hose reel cabinet). Originally, each of the above noted
SPF had two pressure sensors (as illustrated in Figure 3). These pressure sensors had their
readings averaged in order to initiate damper operation, however in 1999 this averaging
operation was judged to be inadequate as it could result in inappropriate damper operation if the
two pressure sensors were reading extreme pressure values (eg. 0 Pa and 100 Pa). As a
result, the pressure sensor averaging operation was modified so that pressure readings were
only taken from one pressure sensor, not two. The pressure sensors used to modify the

damper operation were identified as the ‘Master’ pressure sensor and are located on floors 6,
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

19, 28 and 38 for each stairwell, resulting in one pressure sensor per block of stairs (refer to

sensors marked with an “M” in Figure 3).

3.2.2.4. Variable Speed Drives

The VSD (see Figure 9) provides power and control to the SPF to either ramp up (increase the
fan speed), ramp down (reduce the fan speed) or remain at the set fan speed, depending on the
differential pressure as measured in the stairwell. The output signal from the pressure sensor is
sent to the controller box/microprocessor ‘brains’ of the VSD. This ‘brain’ consists of a
programmable algorithm which is set-up and modified at the time the SPS is commissioned so

that the VSD output signal results in the necessary changes in SPF speed.

Figure 9: Internal of a VSD, with front cover removed

Anecdotal evidence suggested that when VSD were first introduced (Australian Institute of
Refrigeration Air Conditioning and Heating 2002), their acceptance was limited due to reliability
issues and difficulties in setting them up. However, today they are now recommended to be
used as they make the commissioning process easier and their reliability is considered to have

improved.

Each of the two stairwells for System 1 has a VSD connected to the respective SPF. System 2

does not have VSD control of the SPF.

3.2.2.5. Dampers/Actuators

Dampers are used to balance and/or control airflow. Specifically for SPS, dampers are used to
relieve the air to limit the build-up of pressure inside the stairwell. Their opening/closing
mechanism can either be of the barometric (i.e. weight-adjusted [mechanical] operation) type,
pneumatic or the electric type. Dampers are either installed within the (stair) shaft or as part of
the SPF assembly (in which case they are referred to as dump-back/bypass dampers). Again,
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

these bypass dampers can have either one of the three mentioned damper actuating
mechanisms described above. Barometric dampers have weights (Figure 10a) which are
adjusted so that the damper opens when a particular (excessive) pressure is reached, while the
other two damper opening mechanisms are activated/modulated depending on the pressure
sensor reading (see Figures 10b and 10c).

Adjustable
weight

Figure 10a: Barometric/weight adjusted damper

Motor/Actuator

i
v

o em e e WL

Figure 10b:  Motorised (electric) damper
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

Dump-back/
bypass damper

SPF

Figure 10c: Dump-back/bypass damper controls airflow from SPF (System 2)

Designs to-date typically have either a VSD attached to a fan for pressure variation in the
stairwell, or a constant airflow supply fan with barometric damper (other variations are also
possible). It is not usual to have both barometric damper pressure control as well as VSD

controlled pressure (through the SPF) in the one SPS.

As part of the original construction for System 1, the stairwells had a barometric damper to
prevent excessive pressure build up. However, in June 2001 these barometric dampers
(located within the plant room) were sealed (and decommissioned), as their use was not

warranted due to the VSD assisting in controlling the pressure within the stairwell.

The bypass arrangement in System 2 (refer to Figure 10c) is similar to those associated with the

wind tunnels at the NASA Ames Research Centre (http:/vonkarman.stanford.edu/tsd/pbstuff/

tunnel/tdescript.html), although on a much smaller scale. The wind tunnels described in this

reference have a filter/screen fitted to reduce the impact of turbulent airflow at the entrance to

the tunnel.

System 2 has dump-back/bypass dampers for the SPF numbered 3-10. For example, when the
pressure in the stairwell builds up (i.e. when all the doors are closed) due to activation of the
constant volume SPF, the dump-back/bypass damper opens (depending on the pressure
sensor signal) to increase the bypass air. This in turn reduces the available supply flow into the
stairwell, resulting in a reduction of excessive pressure differentials between the stairwell and
the building (ASHRAE Handbook 1987). As a result, the door opening forces are reduced. The
dampers associated with SPF 1, 2, 11 and 12 are controlled via a barometric/weight-adjusted

mechanism.

3.2.2.6. Fire Indicator Panel and Associated Equipment

The FIP are used to indicate a fire alarm. It does this by sending a signal to the fire alarm
monitoring company via equipment referred to as Alarm Signal Equipment (ASE). The FIP also

visually displays the alarm when activated in a building.

22
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The detection system’s language (or output signal) used within a building (eg. the smoke
detection system), may not always be compatible with the language or signals recognised by
the FIP and therefore, the detector’'s language may need to be ‘translated’ so that the FIP can
‘read’ the incoming (detector) alarm signal. This ‘translating’ mechanism can be performed
through a unimod device (see Figure 11), which provides an interface between the incoming
alarm signal and the FIP. The unimod can also have pre-programmed functions when used as

an input/output device associated with MSSB in order to control auxiliary equipment.

Unimod devices (x3)

Figure 11: Unimod devices

3.2.2.7. Mechanical Services Switchboard

The MSSB house the relays, switches, controls, etc., for operation of the fans, indicators and

other devices associated with the SPS. These relays are shown in Figure 12 below.

Figure 12: Relays (multiple)
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

3.2.3. Hardware Interrelationship

3.2.3.1. Introduction

The fire mode operation of a SCS installed in a building is specified by the performance
conditions of the relevant Australian Standards i.e. AS1668.1. This standard details the design
and operational requirements of the system whether it is an Air Purge (smoke spill) system (as

per Building 1), a ZSCS (as per Building 2), a fire-isolated SPS (Systems 1 and 2), and so on.

Detailed below in the following two sections, are the specific fire mode sequences of operation
for the two buildings’ SCS. This information has been included in order to begin illustrating the
complexities associated with SCS in terms of operation, and therefore, subsequent trouble-
shooting identification and maintenance. It is important to establish these details in order to do

future analysis and to evaluate system reliability.

3.2.3.2. Fire Mode Operation — System 1

In general, the following sequence of operations occur when the building is in fire mode:

Upon initiation of a General Fire Alarm (GFA), i.e. an alarm initiated via the Return Air Fan
(RAF) smoke detector or sprinkler alarm, the building's audible fire alarm system sounds, the
RAF switch to smoke-spill mode, the Supply Air Fans (SAF) and SPF turn on, and the motorised
outside air dampers open to full outside air. The toilet and carpark fans turn off and the full
exhaust spill damper and Return Air Dampers (RAD) close. However, if a SAF smoke detector
initiates an alarm instead, the above sequence of events occurs except that the associated SAF
also shuts down, as do the motorised outside air dampers associated with the alarm, the full

exhaust spill dampers and the RAD.

The above detail has been broken down further (see Figure 13) into the SCS components in
order to appreciate the complexities of the system. This figure illustrates the sequence of
events as well as the intelligence of various pieces of equipment (eg. the FIP, the VSD, etc.)
from the time an alarm is initiated in Building 1 in terms of activating the SCS. For example,

beginning from the left of Figure 13 and following the solid arrows, we see that:

e if an alarm is activated (eg. via either a smoke detector or the sprinkler system),

this signal is sent to the FIP -

e upon initially reaching the FIP (for System 1) the High Level Interface (HLI)
translates the incoming alarm signal so that the FIP components can ‘read’ the

alarm

[Note: This ‘transiating’ function may not always be required and is dependent on the

type of detectors and the FIP installed] >
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e the FIP components (i.e. the Alarm Verification Facility [AVF] and the Ancillary
Control Facility [ACF]) then decide what the next operational event will be (eg.
once an alarm has been verified for a specified time period, the GFA relay is
activated within the FIP and depending on which detector initiated the alarm, the

next sequence is determined) >

o if a non SAF detector is activated (eg. a sprinkler detector), the alarm

signal sends a message to the SPF to start >

= while System 1 is operating, the pressure sensor samples every
12 seconds and sends a signal to the VSD; depending on this
pressure reading, the VSD will either send a signal to the SPF to
speed up, slow down or remain constant, so that the maximum design

limits (as per AS1668.1) are not exceeded

o if a SPF smoke detector is activated while System 1 is in fire mode, the

corresponding SPF will stop.
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

3.2.3.3. Fire Mode Operation — System 2

In general, the following sequence of operations occur when the building is in fire mode:

Upon receipt of a fire alarm signal, the SPS starts and the VAV dampers close on the fire floor
while the adjacent floors to the fire floor pressurise (as per a ZSCS). For example, the eight
SAF will run/start (unless its SAF smoke detector has been activated, in which case the SAF will
stop for a specified period), Smoke Spill Fans (SSF) 1 and 2 and RAF 3-6 will start, the return
air shut off dampers open, the recycle air dampers close and all the outside air dampers and

smoke-spill dampers open.

The build-up of pressure in the stairwell is then varied by the use of dump-back/bypass dampers
associated with the SPF. These dump-back dampers modulate through a motorised actuator

which is backed-up on the essential services power.

Again, the above detail has been broken down further for the SCS (refer to Figure 14). This
figure also illustrates the sequence of events from when an alarm is initiated in Building 2 in
terms of activating the SCS and how the system functions without a VSD. Beginning from the

left of Figure 14, and following the solid arrows, we see that:

e if an alarm is activated (eg. via either a smoke detector or the sprinkler system),

this signal is sent to the FIP >

e upon initially reaching the FIP the HLI translates the incoming alarm signal so

that the FIP components can ‘read’ the alarm >

e the FIP components (i.e. the AVF and the ACF) then decide what the next
operational event will be (eg. once an alarm has been verified for a specified
time period, the GFA relay is activated within the FIP and depending on which

detector initiated the alarm, the next sequence is determined) >

o if a non SAF detector is activated (eg. a sprinkler detector), the alarm

signal sends a message to the SPF to start >

= while System 2 is operating, and stairwell relief (eg. the dump-

back/bypass for the SPF) is via a motorised damper 2>

e the pressure sensor samples every 0.5 seconds and sends a
signal to the damper controller box; depending on this
pressure reading, the damper will either open more, close
more or remain unchanged, so that the maximum design limits

(as per AS1668.1) are not exceeded

* while System 2 is operating, and stairwell relief (eg. the dump-

back/bypass for the SPF) is via a barometric damper =
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Chapter 3. STAIR PRESSURISATION SYSTEMS (SPS)

e this damper will either open more, close more or remain
constant, depending on the weight setting of the damper and
the pressure inside the stairwell, so that the maximum design

limits (as per AS1668.1) are not exceeded
[Note: The grey boxes in Figure 14 are not applicable];

o if a SPF smoke detector is activated while System 2 is in fire mode, the

corresponding SPF will stop.

Notes: 1. The dotted lines/boxes within Figures 13 and 14 are shown for illustrative purposes only to
demonstrate the building’s overall SCS operation, as opposed to only illustrating the

operational features of the SPS.
2. The nomenclature associated with Figures 13 and 14 is detailed in Appendix A.

3. Other operations such as sending the alarm signal to the MSSB and the Building
Management System (BMS) aiso occur simultaneously; however, as their operation is not

required for the SPS, it has not been comprehensively detailed.

4. For the purposes of this research, it is assumed that the incoming alarm (detector) signal is
correctly received, i.e. if a smoke detector is activated, it is assumed that this alarm signal
reaches the FIP, activates the GFA and sends a signal to the ACF/Microprocessor. That is,

potential faults are assumed only to begin from within the ACF/Microprocessor and beyond.

The power supplies associated with the various components are also illustrated in Figures 13
and 14 in terms of the primary power (identified with a ‘1’) and secondary power supplies

(identified with a ‘2’ or ‘3"), in the event that the primary power supply fails.
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Chapter 4. CODE CRITERIA FOR STAIR PRESSURISATION SYSTEMS

4. CODE CRITERIA FOR STAIR PRESSURISATION SYSTEMS

4.1. Introduction

Since the first Australian Standard (AS) was developed for the design and use of mechanical
air-handling equipment as a means of smoke control in buildings, there have been moderate
changes and additional methods of control introduced to the standard. This has resulted in
revisions of the original standard (dated 1974) being published (the most recent of which is the
1998 edition). The following sections detail the design requirements, the commissioning and
maintenance methodologies from the first Australian Standard up until the present day, in terms
of their relevance to the two Stair Pressurisation Systems (SPS) being assessed. This
information has been detailed so that the key performance criteria for this project can be

established.

4.2, Australian Standard Requirements

Currently, within Australia, it is the Building Code of Australia (BCA) which ultimately decides
whether or not stair pressurisation is warranted for a particular building. The requirement for
stair pressurisation is largely based on whether the building in question is more than 25 m in

effective height (i.e. a building more than 25 m in effective height requires stair pressurisation).
4.2.1. Design Requirements (General)

As stated in the above introduction, there are a few editions of the design standard AS1668.1.
The version of the standard used when designing a SPS is dependent on when the building is
constructed (i.e. the most recent edition of the standard prior to building construction is the

applicable standard).

Many within the maintenance industry consider that AS1668.1 is the ultimate authority in terms
of how to design, commission and maintain a SPS, while AS1851.6 is considered more as a
guide to maintaining the SPS, even though the latter standard is actually the designated
maintenance standard. This belief is predominantly due to the fact that there are discrepancies®

between the design standard (AS1668.1) and the maintenance standard (AS1851.6).

® Discrepancies identified as part of this project have been forwarded onto the Australian Standard committee for consideration
when updating the latest edition of the design and maintenance standards. For an example, refer to Appendix B.
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4.2.1.1. AS1668.1: 1974 Fire precautions in buildings with air-handling
systems

The first Australian Standard for the design of smoke control systems (SCS) was
AS1668.1:1974 “Fire Precautions in Buildings with Air-Handling Systems”. This standard was
prepared in response to a request by the Interstate Standing Committee on Uniform Building
Regulations. The standard investigated the precautions, which needed to be taken when
designing, installing and operating an air-handliing system for the prevention of fire spread
(including products of combustion) in the event of a fire. Up until this time, it was common to
shut down the air-handling system in the event of a fire; however, with the introduction of this
standard, it was required that each air-handling system had a smoke-spill fan which would start
in fire mode in order to control the spread of fire and smoke within the building by exhausting it.
The air-handling system was now only required to shut down if the supply air fan (SAF)
detectors were activated. This standard did not include aspects such as testing and
maintenance, which were to be developed at a later stage (Note: This ‘later stage’ did not occur until

1983, refer to section 4.2.3. of this thesis for more detail).

This standard also required the use of smoke detectors (i.e. which were not to aid in an early
alarm but to initiate the smoke and fire controls for the building) and specified the optical
settings for these detectors. Noise requirements were introduced in Section 3.2 of As1668
(1974), stating that in the event of a fire, the operation of the smoke control equipment (eg. the
stair pressurisation fans [SPF]) was not to exceed a noise level of 80 dB(A) within both the

occupied spaces and the stair shafts.

The power supply requirements for essential building services were nominated in this standard,
in Section 5.10, stating that the electrical power supplies for air-handling plant and control
equipment were to be in accordance with ASCC1 Part 1:1. “Reference to the fire control panel”
(FCPQ)_ The FCP contains the controls (eg. the stop/shut down and start/run switches) and
indicators (eg. green and red lights, etc.) for manual control and operation of the air-handling

plant equipment, as detailed in Section 6.4.2 of the standard.

Section 6.2 of AS1668.1 (1974) detailed the operational requirements when an (smoke) alarm
detector was activated, while Section 6.5.1 required that a set of essential instructions for
operating the air-handling system should be permanently displayed within the plant room. This
requirement is not usually met, even today, despite its significant importance, the instructions
detail the operational sequence of the SCS and associated equipment upon receipt of a fire

alarm.

The design performance conditions were detailed in Section 7.4 of the standard and are

summarised below:

9 ECP is now more commonly refesred to as the Fire Fan Control Panel (FFCP). ASCC1 is the standard associated with the
wiring rules.
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A stair pressurisation system shall:

1y

a) maintain an airflow velocity from the stairshaft, ...outward through doors at
not less than 1 m/s, average[d] over the full area of each door opening when
two doors leading from any two successive storeys and the main discharge
doors are fully open simultaneously;

"b)  develop a pressure differential between stairshaft, ...[and the storeys] such
that -

(i) when all doors are closed, the pressure differential across each door
does not exceed 50 Pa: and

(i) the force required to open any door against the combined resistance of
the air pressure differential and any automatic door-closing mechanism
shall not exceed 110 N at the door handle; and

c) be automatically controlled such that when operation of doors or other
factors cause significant variations in airflow and/or pressure difference [i.e.
doors are opened within the stair shaft, etc.], the conditions in a) and b)

above shall be restored in 15 s
Note: It may be necessary to provide specific air relief from the corridor or vestibule

to enable air to flow from stairshaft, through the open doors.”

Item a) above translates to mean that for the conditions detailed, the airflow through the open
door in the stairwell is to be not less than 1 m/s. It is also important to note (again for item a)
above) that the need to average the airflow measurements ‘over the full area of each door
opening’ may in fact be a result of the influence of stationary vortices (Cresci 1973), on the
airflow coefficient through open doors, resulting in the reduction of the effective size of an open

doorway.

4.2.1.2. AS1668.1: 1979 Fire precautions in buildings with air-handling
systems

A revision of the 1974 edition of the standard was undertaken as a direct result of the extensive
use of this first standard and its implementation required by Building Regulatory Authorities. It
was also revised as industry had requested further clarification of certain parts of the standard

as well as additional information for some areas.

The importance of ductwork as a means of fire spread and its associated products of
combustion was realised. With the exception of smoke detectors, there was, however, still no
reference to the maintenance or commissioning requirements. In addition, it was also stated
that as part of the design, “permanently open natural ventilation openings ...” were not to be
installed at the top of the fire-isolated stair shaft. The design aspects detailed earlier in the
1974 edition of the standard, in terms of noise, indicators, etc., were identical, except that

special mention was made regarding identifying the SPF specifically as part of the essential
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services (it had previously been only implied, that this was the case). The type of fans chosen
to pressurise stairwells was also mentioned in terms of having a flat pressure-to-flow
characteristic, as the fans are required to supply large flow on demand without building
excessive static pressure in low demand. Referring again to Figure 5, if the pressure-to-flow
characteristic had an exaggerated ‘saddle’ shape, then there would be a greater risk of
generating high pressures at low demand (or flow) instead of only having high pressures at
times of high demand (or flow). A flat pressure-to-flow characteristic results in large airflow
changes for small changes in static pressure without the necessary need for a pressure control

device.

The performance conditions detailed in Section 6.4 of AS1668.1 (1979) were the same as the

previous edition’s requirements, with the exception of the following:

c) [the] conditions in @) and b) .. shall be restored as soon as practicable’ [as
opposed to within 15 s]

Note: An additional Note was also added, whereby ‘the period of restoration

detailed in c) [above] should preferably be 15 s, and should not exceed

60s".

4.2.1.21. (Commentary) SAA Miscellaneous Publication MP47, AS1668.1 - 1980

In 1980 a commentary on AS1668.1 (1979) was published in order to guide designers on the
intended application and aim of this standard, specifically in relation to the areas, which were
considered to be more open to interpretation. At this time, there was also a move towards
utilising the air-handling equipment in the event of a fire emergency (as opposed to only

10

shutting it down).”” MP47 was intended for use where buildings had one or more fire-isolated

stairwell. ~

Regarding the performance conditions of AS1668.1 (1979), MP47 comments that:

“

a) the reason for two successive doors and the main discharge doors being
open (i.e. when measuring the 1 m/s design airflow velocity), was because
the occupants would be evacuating via the ground floor door (hence it would
be open most of the time) and the two successive doors were open, so that
the firemen could run a hose from the storey below to the fire affected

storey;

“b)  the 110 N force was stated so that a ‘slight person’ could push open the

door; and

% The commentary in MP47 suggested that shutting down the air-handling equipment aclually resulted in a build up of pressure
between the fire compartments and non-fire compartments, thereby forcing the flow of heal and smoke through openings and
shafts. This may resull in the accumulation of smoke within the stair shaft, prior to the SPF starting, thereby making it difficult
to purge existing smoke (refer to Section C2.1.2.7 of this commentary standard).
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c) 15 s was the preferred restoration time, as a short period of delay could

evoke panic in a fire emergency situation.”

4.2.1.3. AS1668.1: 1991 The use of mechanical ventilation and air-
conditioning in buildings

This revision of the standard had been written in order to enable reference by the BCA. A
commentary was also included as an appendix to this standard, as opposed to being a separate

document as per the previous edition of this standard.

Testing in terms of commissioning was briefly introduced into this version of the standard under
Section 4.19. Items to be tested included individual components as well as an operational test
for the (whole) SCS. How these systems and components were to be measured (as part of the
test) was also mentioned in Section 4.19.4 of the standard, specifically for fire doors, purging
SCS and ZSCS. Only the ZSCS had a performance condition in terms of pressure differentials
which needed to be maintained (eg. a positive pressure of at least 20 Pa was to be maintained
above the fire-affected compartment in relation to the non fire-affected compartments, when all

required exit doors were closed).

The performance criteria for a SPS was specifically detailed in Section 8.4.2 of this standard, in
relation to whether it was in addition to a ZSCS or purging SCS. In brief the criteria specified for

a purging and ZSCS was considered, for example:

The stair pressurisation system shall:

4

a) with the main discharge door and door to the fire-affected floor fully open,
sustain an airflow velocity of not less than 1 m/s into the fire-affected floor
through the doorway opening from that floor, averaged over the full area of
the door, whilst -

- for a purging smoke control system, the door to the floor immediately
above the fire-affected floor is fully open; and
- for a zone smoke control system, all other doors are closed;

“b)  comply with door opening force [maximum force of 110 N] and latching
requirements, with
- for a purging smoke control system, all doors to the fire stair closed; and
- for a zone smoke control system, all doors to the fire stair closed except

for the door above fire-affected floor;

c) be automatically controlled so that operation of doors or other factors cause
significant variation in airflow and pressure, ltems a) and b) [i.e. as per
previous editions of this standard] are restored with minimal delay and not

exceeding 10 s [as opposed to between 15 s to 60 s];
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“d)  the required performance shall be achieved and sustained with all exits
serving the fire-affected floor operating simultaneously in the manner
described in ltems a), b) and c) and with any other smoke control or air
pressurisation systems operating concurrently in accordance with the
relevant criteria for each system; and

e) notwithstanding the requirements of Item a), the flow across the top two-
thirds of the doorway to the fire-affected floor shall be in the direction from

the stairway to the occupied space”

This standard also stated that pressure relief in the form of grilles was to be provided so that the
conditions in b) and c) above could be attained. There was also provision in this standard for
alternative designs, providing that they were not less effective than the ‘deemed-to-comply’
systems (i.e. the systems described within specified sections of this standard). Other

provisions, as detailed in the earlier editions of this standard, were the same.

4.2.1.3.1. (Commentary) AS1668.1 - 1991

Appendix B of AS1668.1 (1991) details a commentary section to aid in interpretation of this

standard. The relevant sections relating to SPS are described below:
Noise

The commentary acknowledges that the operation of the SPF (in terms of noise) should
not deter occupants from entering the fire escape stairs in the event of an emergency.
The noise level is to be measured in the doorway and the stair shaft landing, with the

door open.

The mechanical equipment selected must be chosen so that its operation does not

increase the noise to a level which could distress occupants.
Fire Doors/Pressure Differentials

It is noted that maximum forces required to open the doors (i.e. 110 N) is independent of
whether or not a SCS is operating within the building (i.e. the occupied spaces), as well

as whether or not the stair shaft is being pressurised.

That is, even buildings without SCS are not to have door opening forces exceeding

110 N.
Pressurised Stairwells

The commentary recommends air to be supplied to the stairwell through ductwork with
outlets every three storeys to get an even distribution through the height of the stairwell

shaft.

Relief air grilles were nominated for the ‘deemed-to-comply’ system in the standard, as

they allow the simplest method of control and provide nearly instantaneous pressure
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control, resulting in minimising the excessive force which may be required to open stair
doors. The use of variable speed fans (i.e. VSD), barometric dampers, etc., were

considered alternative systems.
Alternative systems would need to be approved by the appropriate regulatory authority at the

time of design.

4.2.1.4. AS1668.1: 1998 The use of ventilation and air-conditioning in
buildings

The 1998 edition of AS1668.1 was developed in order to provide standardised minimum
requirements for mechanical air-handling and mechanical SCS for designers, installers,
inspectors and regulators. This standard includes five different methods of smoke control, more
comprehensive testing clauses (for commissioning), requirements for non-electrical control
systems and recommendations on reliability (due to concerns of long-term operational
capabilities of highly complex systems). In this edition of the standard, commentary sections
have been included, immediately preceding each of the requirements of the standard, as

opposed to being a separate document or a separate appendix.

The noise requirements are more detailed in this edition; for example, it states in Section 4.6 of
this standard that noise (during operation of the pressurisation system) is not to exceed
65 dB(A) or 5 dB(A) above ambient noise, to @ maximum of 80 dB(A) in the occupied spaces.
This measurement is taken in the paths of travel near the doorway in the occupied space, with
the door closed. The noise levels in the fire-isolated exits are not to exceed 80 dB(A) when

measured on the landing, with the door open.

Section 9.3 of this standard details the design performance conditions, which are identical to
those listed in the previous edition of this standard (refer to section 4.2.1.3. of this thesis),
except that when measuring the airflow velocities for a purge system, a shutdown system is now
also included as part of this clause and either the door immediately above/adjacent to the fire
compartment is open (i.e. as opposed to being only the door ‘above’ the fire compartment). The
wind speed (positive) direction is also stated (i.e. as being out of the stairwell door onto the
occupied floor). It is also important to note that the commentary section states that tests
conducted by the Commonwealth Science and Industrial Research Organisation (CSIRQ)

indicated that airflows of greater than 0.8 m/s will keep smoke out. "

The commentary also states, that dedicated relief grilles/vents or ducts are to be located at the

highest level within the fire stair shaft to assist in venting smoke (if it should inadvertently enter

" |n 1987 it was detailed within the Heating, Ventilating, and Air-Conditioning Systems and Applications book (ASHRAE 1987),
that the design airflow velocity for sprinklered buildings could in fact be considered between 0.25-1.25 m/s. However, Klote
and Fothergill (1983) suggested more specifically that 1.5 m/s could be used for a design fire size of 125 Kilo Watt (kW) for an
unsprinklered building and 4 m/s for a 2.4 Mega Watt (MW) fire (as the theoretical fire size is used to determine the critical
airflow velocity to prevent smoke movement [through a door}).

Note: These values are theoretical as they do not consider the door's transom design or the occurrence of doors opening
during an evacuation.
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the stairwell). However, if relief vents are not suitable for pressure relief, then either of the
following could be installed; barometric dampers, motorised dampers in series with
pressurisation fans, motorised relief dampers on the discharge of a pressurisation fan (as per

System 2), VSD (as per System 1) or a combination of these.

In relation to the types of pressurisation fans used, the commentary (in Section C9.4.4 of the
standard) notes that suitable pressure control devices should be incorporated so that small
changes in pressure correspond to large changes in airflow. As mentioned previously, to obtain
the required airflow on each storey, the air needs to be equally distributed throughout the height
of the stairwell, especially if the building is greater than ten storeys; this is due to the stack effect
and outdoor temperature changes. For this thesis though, the influence of the stack effect in
combination with vertical temperature variations with (the total) building height have not been
modelled, as each building is only 12 storeys (which is just above the ten storey limit guideline

in the standard).”

AS1668.1 also mentions that manual override control switches (which are
contained within the Fire Fan Control Panel [FFCP]) are not operable at times of maintenance

or repair.

Reference to current monitoring relays used for monitoring the airflow for a SPF, in terms of
being able to discriminate between the current drawn from the fan motor when operating under
design conditions, and the current drawn from the fan motor when the airflow has ceased, is
also noted. Therefore, during commissioning these relays are to be tested to ensure that they
repeatably indicate ‘normal airflow’ and ‘failed airflow’ on their respective pressure differential
switches (at the FFCP). The commentary for Section C9.6.1 of the standard for shutdown SCS,
states that having a fixed vent at the top of the stairwell to the outside, may assist in purging
smoke out of the shaft and prevent over pressurisation of the stair shaft. However, this would
appear to be in contradiction to the 1979 edition of the standard which stated that “permanently
open natural ventilation openings ...” were not to be installed at the top of the fire-isolated stair

shaft (due to the potential chimney effect within the stair shaft).

2 For the purpose of this thesis, a SPS ‘block’ is considered to be a selection of 12 consecutive storeys within a building, even
though the building itself may be taller than 12 storeys. For example, if a building is 36 storeys in height, it may have three
identical ‘blocks’ of 12 storeys and therefore, we consider only one such block (instead of the total building height),
independent of where this block may be positioned within the height of the building. Therefore, the effects of the stack effect
and outdoor temperature changes across the building height, have not been assessed.
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4.2.2. Commissioning Requirements (General)

Despite the first Australian Standard for designing SCS was published in 1974, it took another
17 years before the first detailed procedures on how to commission these systems was made
available. When commissioning SPS it is imperative that all the relevant contractors/parties
associated with the various components which make up a SPS (the software programmers, the
air-conditioning/fire panel/alarm detector contractors, electricians, etc.) are present, so that if
there is a problem with a component, the relevant party is there to correct the issue. The

following sections detail the references made to commissioning SPS.

4.2.2.1. Commissioning Requirements (1991)

The first detailed commissioning procedures were incorporated as part of the 1991 edition of
AS1668.1. This standard was the first standard to detail the commissioning tests required for a
SPS. The commiissioning requirements were included as an ‘informative’" appendix only and in

brief detailed the following:

a) Within each stairwell, each stairwell door is to be opened and closed to

check that it latches automatically

b) Testing must include initiating the pressurisation system by introducing

smoke into a detector (adjacent to a doorway on any floor of the building)

c) All doors are closed when testing occurs, and at this time

- check the noise level in each stair shaft at each door entry (i.e. open the
stair door and note the meter reading when the meter is pointing into the
stair shaft, then traverse the stair shaft landing; the maximum noise
reading is to be no more than 80 dB(A)), record the resuilts

- check the force required to open each stair door against the maximum
pressure generated within the stair shaft by the pressurisation system
(i.e. take a reading slowly and steadily pulling the spring balance across
the door handle and read the scale as the door just starts to open; the
maximum door opening force is to be 110 N or 11.2 kg); record the

results

3 The term ‘informative’ in this context implies that the information contained within that section/appendix is for ‘information and
guidance’ only as opposed to being a mandatory requirement. Therefore, it could be argued that commissioning the SPS was
not mandatory.

Note: A ‘Purge’ and ‘Zone' system are described (as per the installations within Buildings 1 and 2, respectively) for
completeness, even though the operation of these SCS has not been analysed as part of this thesis.

38



Chapter 4. CODE CRITERIA FOR STAIR PRESSURISATION SYSTEMS

d) Whilst the pressurisation system is running, in each required stairwell, chock
open the main discharge doors' (i.e. the one which opens onto the street)
so that all required stairs may be tested simultaneously

e) Conduct air velocity and door opening force tests at each door location as

follows:
Purge System
Air Velocity

In turn, select each occupied floor to be the fire-affected floor; chock
open the fire-affected floor's door and an adjacent floor's door and
measure the air velocity through each required exit door on the fire floor
only (i.e. 3 doors open - the fire floor door, an adjacent door and the

main discharge door).
Door opening forces
itis not necessary to re-check the door opening forces again.
Zone System
Air Velocity

In turn, select each occupied floor to be the fire-affected floor, chock
open the fire-affected floor’'s door and measure the air velocity through
each required exit door on the fire floor only (i.e. 2 doors open - the fire

floor door and the main discharge door).
Door opening forces

In turn, select each occupied floor to be the fire-affected floor, check
the door opening force for each fire-affected floor while the air-
conditioning system is operating for the building in fire mode and the
exit door on the adjacent floor is chocked open (i.e. 2 doors open - the
fire floor door and an adjacent door). However, as the differential
pressure across the doors serving the non-fire floors may be very low
and the door opening forces can be lower than in fire mode, it may not

be necessary to concurrently check adjacent floors.

f) The restoration performance conditions may need to be tested in more than
one location in each fire-isolated exit (eg. one location near the fan and

another at a point farthest from the fan).

" Points d) and e) of this testing procedure state that the main discharge door is to be opened for the airflow velocity and door
opening force measurements. However, the intention of the standard was thal the main discharge door is open for the airflow
velocity tests only, not the door force tests. Therefore, when referring 1o these test procedures, the number of doors to be
open will be based on the intention of the standard rather than the possible (literal) interpretation of the standard.
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4.2.2.2. Commissioning Requirements (1998)

AS51668.1 was the second (and most current) standard to detail the commissioning tests
required for SCS, and more specifically, fire-isolated SPS. The requirements are detailed in
Appendix F of this standard, as an ‘informative’’® reference. In brief, the appendix describes the

following requirements prior to beginning the commissioning tests:

. ‘where emergency power supply has been provided for the smoke control
systems, additional commissioning tests should only be carried out to
demonstrate that the system operates and the provided capacity is

adequate. Load tests'® should be carried out for a minimum of 30 minutes.

. all building ventilation and air-conditioning systems should be fully
comrissioned in the normal operation mode. The total maximum return

airflow rate should be recorded for each purge system.

. “‘each component of the smoke control system as well as all sub systems
should be tested to verify their correct function and to ensure that they meet

the performance criteria.

. ‘Fire Mode Tests are conducted to prove that other building systems will
operate in the correct mode. Tests are to be conducted with all building
systems initially operating in the normal mode. Other building systems
should have moved into their respective fire modes after initiation of the test.

Results are also to be recorded.”’’

The commissioning test procedures in this edition of the standard are the same as those listed
in the 1991 edition of the standard, except for the modifications listed (the numbering used

below is taken from the 1998 edition of the standard):

“F8 As well as checking the noise measurements inside the stairwell (maximum
reading is to be 80 dB(A)), the noise level within the occupied space is to be
measured when the fire-isolated stairwell doors are closed, readings are to
be between 65 dB(A) and 80 dB(A).

% 1n AS1668.1, if the appendix had been described as a ‘normative’ appendix instead, it would then be considered an integral
part of the standard and the information contained within, would need to be followed i.e. it would be mandatory.

'8 :Load tests’ refer to testing the essential services (i.e. in this case, the SPS), using the essential electrical power supply (the
emergency power/secondary power) instead of the primary power supply.

"7 Test Documentation — prior to any testing, a SCS diagram should be drawn up, which includes all zone boundaries, doors (in
the boundaries) and all SCS detectors within the zones. A test schedule and report should also be prepared. For example,
test reports are to include the door locations/floors, velocities, door closure devices, door opening forces, noise levels for
stairs and floors, pressure restoration times, fan numbers (and operation during fire mode i.e. onfoff), stopping of fans if
smoke in air stream, auto reset of fans, FIP overrides, cabling/fire rating correct, air-handling unit (AHU) numbers and zone
numbers, design requirements and test requirements for: airflow rates, operation with fire in zone, operation during general
fire alarm (i.e. outside zone), manual control from FFCP, indication at the FIP, fittings of supply air detectors/return air
detectors, efc.
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“F14 All elements of the smoke control system that are required to be provided
with manual override through the FFCP should have the manual override
provision manually operated, in accordance with the requirements of the

standard.”
4.2.3. Maintenance Requirements (General)

The maintenance requirements were not officially recognised until 1983 when the first
maintenance Australian Standard was introduced for maintaining the mechanical air-handling
equipment used during fire mode operation. This means that mechanical air-handling
equipment, which was to operate or function in some manner during a fire emergency, may in
fact have been installed for up to nine years without being maintained or tested (even at
commissioning). Although the previous design standards stated that the systems needed to be

tested, there was not yet a standard or protocol developed to perform such a task (until 1983)."

4.2.3.1. AS1851:6 - 1983 Maintenance of fire protection equipment —
Management procedures for maintaining the fire-precaution
features of air-handling systems

This was the first maintenance standard for the mechanical air-handling equipment required to
function (in a particular manner) during a fire emergency. This standard was developed by a
sub-committee of the Association’s Committee on Mechanical Ventilation and Air-conditioning,
as there was concern regarding the lack of guidance available to building owners in relation to
maintenance of the fire precaution features of air-handling systems, which had been specifically
designed, installed and operated as per the 1974 or 1979 edition of AS1668.1.

At this time, the importance of testing the mechanical air-handling equipment required to
operate in fire mode was again realised as it had been by Hobson and Stewart (1972).
Maintaining this equipment would improve the probability that an adequate level of performance
was available in an emergency, thereby assisting with the safety of occupants and minimising

property damage.

Industry had begun to recognise that poor management was one of the key sources of failure
for a large number of maintenance programs associated with building services and so this
standard was aimed at the management aspect of maintenance programs. Mandatory
requirements as well as informative (i.e. for information and guidance only) corrective actions
were also detailed. The mandatory aspects were required as part of scheduled periodic
maintenance following satisfactory completion of commissioning, or re-commissioning, of the

mechanical air-handling equipment.

8 Hobson and Stewart (1972) had however, recommended that pressurisation systems including their starting controls should
be tested, in conjunction with fire alarm tests, at regular intervals not exceeding 12 weeks, to ensure that the systems are
‘maintained’ in working order. This was recommended back in 1972! However, specific details of how to actually ‘maintain’
the systems was not provided.
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Note: This standard was not intended to be applied to commissioning or recommissioning tests, however it
could be used as a basis for such testing where appropriate. Also, at the time this standard was
released there were no guidelines/test procedures on how to commission such a system in any

case!

Following on from the 1974 edition of AS1668.1, where operational instructions were required
for the SCS, the need for up-to-date ‘as installed’ drawings was also reiterated. This continues
to be one of the downfalls associated with maintaining these systems. For example, if
assessing the design aspects or operational requirements of a mechanical ventilation system
during fire mode operation, and the operational requirements and drawings are not available,

this review analysis process can be extremely difficult.

This standard set out the mandatory maintenance requirements in Section 3.3. The

maintenance routines were then further divided into four ‘levels’ of maintenance as follows:

Level 1 Diagnostic inspections in terms of sensory assessments such as sight, touch,

hearing or smell

Level 2 Includes a Level 1 routine as well as cleaning, lubricating, simple routine

maintenance and adjustments (usually without taking the equipment out of service)

Level 3 Includes a Level 2 routine as well as testing and measuring procedures resulting in
adjustments, as necessary, to ensure optimal performance (equipment may need

to be taken out of service however, rapid reinstatement is possible if required)

Level 4 Performed as part of defects identified in a Level 3 inspection and consists of an
overhaul and test procedures resulting in the piece(s) of equipment being off-line,

possibly for prolonged periods

Table 2 lists the specific components to be maintained as well as their frequency intervals for

the level of inspection associated with SPS, as detailed within the standard.
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Table 2. Maintenance Frequencies (1983)
item Description | Routine Frequency
Level 1= | Level2 | Level3 | Level 4
Fans Air B2 Quarterly Half-yearly Two- Only if
pressurisation yearly necessary
Motors, induction Fan drives, test B3 Quarterly Half-yearly Two- Only if
and emergency yearly necessary
use only
Batteries for Lead-acid or
fire/smoke control Alkaline 2 Refer to Australian Standard ASXXXX
services
Fire mode air dampers for smoke-spill, B5 Half-yearly Yearly NA Only if
fresh air and recycle air, complete with necessary

their automatic gear

Air-handling changeover under B12 Monthly Yearly NA Only if

fire/smoke conditions necessary

Fire-isolated escape routes protected B13 Monthly Yearly Two- Only if

by air-pressurisation systems yearly necessary
< Level 1 routines are mandatory inspections & refers to Australian Standard ASXXXX
NA denotes Not Applicable

More specifically, the Level 1 mandatory monthly routines for “fire-isolated escape routes

protected by air-pressurisation systems” are detailed below:

a) Simulate™ initiation of operation of all systems

“b)  While all air-pressurisation systems are operating, check the following:
i) excessive noise
i) ease of opening doors
(it is recommended that the same door be used every time)
iii) movement of air from each pressurised area through a selected
open door (the use of a sensing device eg. ribbon is sufficient)

“c)  Switch all systems back to normal.”

The other (higher level), i.e. ‘informative’ routines, are described further in Appendix C.

® ‘Simulate’ refers to replicating an alarm (eg. smoke detector activation), without physically triggering the alarm (i.e. do not use
smoke to trigger the alarm). This simulated alarm could be performed at the FIP in order to check the functionality of the air-
handling equipment and associated dedicated smoke detector circuits, as opposed to the smoke detector itself.
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4.2.3.2. _AS1851:6 - 1997 Maintenance of fire protection equipment —
Management procedures for maintaining the fire and smoke
control features of air-handling systems

This revised standard was developed as the maintenance standard for air-handling systems
was well overdue for revision (the Australian Standards committee endeavours to revise
standards every five years). Another reason for its revision was that a standardised
maintenance program was to be developed for smoke control features of air-handling systems
designed, installed and operated in accordance with the more recent edition (1991) of
AS1668.1, as this newer 1991 edition of the standard had been expanded in terms of types of

SCS. System integrity testing requirements were also a new addition to this standard.

Table 3 lists the differences in the maintenance frequencies, from that detailed in the 1983
maintenance standard (refer to Table 2). For example, even though the Level 1 mandatory
inspection frequency has changed for “fire-isolated escape routes ..."” from a monthly inspection

to a quarterly inspection, the inspection routine itself is identical to the 1983 maintenance

standard.
Table 3. Maintenance Frequencies (1997)
ltem Description Routine Frequency
Level 12 | Level2 | Level 3 | Level 4

Fans Air Yearly Yearly

pressurisation
Motors, induction Fan drives, test

and emergency

use only
Batteries for Vented cells Refer to Australian Standard AS2676.1
fire/smoke control Sealed cells Refer to Australian Standard AS2676.2
services

Fire mode air dampers for smoke-spill,
fresh air and recycle air, complete with

their automatic gear

Air-handling changeover under B9 Quarterly

fire/smoke conditions

Fire-isolated escape routes protected B10 Quarterly

by air-pressurisation systems

< Level 1 routines are mandatory inspections

The other (higher level) informative routines are described further in Appendix D for information.
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4.2.4. Maintenance of associated components of a SPS

The maintenance standard AS1851.6 details the maintenance for associated components of a
SPS such as the detectors; the 1983 edition of this standard stated that ‘automatic smoke
detectors for fire/smoke control services’ are to be maintained with reference to AS1670 (1997)
“SAA Code for automatic fire alarm installations”, while the 1997 edition of AS1851.6 states that
this item is to be maintained in accordance with AS1851.8 “Maintenance of fire protection
equipment - Automatic fire detection and alarm systems.” Based on the assumption noted
earlier in this thesis (section 3.2.3.3. Note 4), that the smoke detectors operate correctly and are
not faulty, the maintenance associated with this component has been ignored in the work

described in this research.

Maintenance associated with the FIP, which is also an integral component of a SPS, is to be
performed in accordance with AS1851.8 (1987) “Maintenance of fire protection equipment —
Automatic fire detection and alarm systems,” whereby weekly, monthly and annual inspections

are performed.

In contrast, the 1997 maintenance standard does not detail maintenance routines or reference a
standard for fire doors associated with the SPS, nor does it make specific reference to relief
dampers despite these items being important in terms of achieving the performance conditions
of AS1668.1. For eg. if doors or relief dampers are faulty, the door opening forces could be
excessive inside the stairwell. As it happens, fire door maintenance is covered under another
standard, AS1851.7 (1984) “Maintenance of fire protection equipment — Fire-resistant doorsets,”
whereby they are visually inspected every month and once a year the door opening forces are
measured to ensure they do not exceed the performance conditions. However relief dampers,
which are not specifically identified in the AS1851.6 standard (or any other standard), might be
grouped under the maintenance B5 routine for ‘fire mode air dampers ..." by a “reasonable
engineer’ whereby they are inspected every six-months, or it could also be argued that these

dampers are never really maintained as there is no explicit mention of them in these standards.

This helps to highlight that in terms of identifying the maintenance practices associated with a
SPS, multiple standards may need to be referenced, and multiple contractors may in fact be

involved in maintaining the overall SPS, thereby adding to its complexity.
4.3. Summary of Australian Standard Requirements

Table 4 provides a summary of the design, commissioning and maintenance requirements for a
Level 1 mandatory maintenance routine, for fire-isolated escape routes protected by air-

pressurisation systems as detailed within the AS1668.1 since 1974.
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Chapter 4. CODE CRITERIA FOR STAIR PRESSURISATION SYSTEMS

4.4. Key Performance Criteria Adopted

Based on the information presented in section 4.3. of this thesis, the following key performance
criteria have been adopted. That is, the information presented in Table 5 are the criteria used
for the purpose of assessing whether or not the performance conditions of AS1668.1 have been
met. The 1998 edition of AS1668.1 has been referenced as predominantly, within the Heating,
Ventilation and Air-conditioning (HVAC) industry, the most recent standard is used when
assessing a building’'s SCS, especially if the original information or date of
construction/installation cannot be determined. Within the industry, it is also implied that if a
SCS complies with the most recent standard (which is generally more onerous), then it is

assumed that it would also comply with the standard at the time of construction.

Table 5. Key Performance Criteria for Research
Aspect Standard Performance Limits
Airflow Door Opening Noise Restoration
Velocity Forces Times
Design AS1668.1: 1998 1 m/s 110N (or 11.2kg) | - in stair shaft, door open, 10s
80 dB(A)
{(shut down SCS | (3 doors open) | (all doors closed)
as building’s - closed door occupied
SCS is assumed space; 65 dB(A), or
not operational) 5 dB(A) above ambient to
80 dB(A)

Note: |:| refers to the performance criteria which could not be assessed via the computer modelling
package CONTAM, due to its limitations (refer to Chapter 7 for more detail)

Providing that the above performance criteria, eg. the airflow velocity and door opening force
conditions are achieved, the modelled SPS assessed as part of this research will be effective (in

terms of achieving the performance conditions of AS1668.1).
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5. FIELD PERFORMANCE OF STUDIED BUILDINGS

5.1. Introduction

The field performance data associated with the two studied buildings (Buildings 1 and 2), such
as the commissioning and maintenance information, have been collated and are detailed in the
following sections. It is important to study the history associated with these two buildings and
their associated stair pressurisation systems (SPS) (i.e. Systems 1 and 2) in order to identify
and highlight potential problems and issues with these forms of smoke control. The assessed
systems are considered representative of many of the smoke control systems (SCS) within the
Melbourne central business district (CBD). Once the potential issues have been identified, by
reviewing the history profiles for the systems, this information then sets the scene for

development of the survey, as detailed later in Chapter 8.

The comments and observations listed below (prefixed with a ‘C’ or ‘O’), refer to
correspondence and notes obtained, respectively, during and subsequent to, stair
pressurisation testing performed by the maintenance contractors and consultants for the two
building systems assessed. The items in italics refer to discrepancies identified during the

testing/maintenance routines.

5.2 General Background

During the early stages of this research project, when investigating the commissioning
requirements and conditions, it was identified that commissioning tests are not performed on
‘windy’ days. That is, industry personnel have accepted that commissioning is to be performed
on still, calm (i.e. in terms of weather) days. Discussions with industry maintenance personnel
as to why calm days are chosen revealed that windy days result in difficulty in measuring the
door opening forces and velocities within the stairwell due to constant pressure variations and
instability in measuring these variables. Because of this difficulty, maintenance (in terms of

measuring the door opening forces and velocities) is also avoided on such windy days.

An explanation or definition of what actually constitutes a ‘windy’ day, in terms of wind speed for
example, cannot be provided however, the general consensus within the industry (based on
anecdotal evidence) suggests that if commissioning and/or maintenance is required on a
system, the (maintenance) personnel involved “try and pick a ‘still day™ for testing. That is, if
the wind is noticeably strong and/or gusty, the work to be performed on the building is
postponed until the wind effects are less significant. Hobson and Stewart (1972) suggested that
“tests should not be carried out in winds greater than 5 m/s, since it would be difficult to allow for

the adverse effects of wind on pressurisation.”
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Even though, for this project, the building's SPS were designed as per the 1979 edition of
AS1668.1% and their maintenance standard was the 1983 edition of AS1851.6, both buildings
have been compared with the requirements of the 1998 edition of AS1668.1 (in terms of design
and commissioning) and the 1997 edition of AS1851.6 (in terms of maintenance). This is
because, it has been agreed (again within the industry) that providing compliance with the latest
edition of the standard, which at times can in fact be more onerous than earlier revisions of the

standard, will provide the safest SCS in terms of operational conformity.

When maintaining the SPS, AS1851.6 (1983, 1987) requires that the building be put into fire
mode so that equipment required to operate (or not) during fire mode, is in the state it needs to
be in for stair pressurisation maintenance. Therefore, if the building's SCS incorporates a
purging or zone smoke control system (ZSCS), etc., then these forms of smoke control should
be running at the time of the SPS maintenance test as their functionality may influence (usually
advantage) the operation of the SPS. For the analysis performed for this thesis (more
specifically in relation to the modelling [CONTAM] analysis), the influence of the building’'s SCS

(as suggested above) was not assessed.
5.3. Historical Review of Stair Pressurisation System 1

System 1, as illustrated in Table 1, was installed (circa) 1985 and consists of a single top
injection SPS where the stair pressurisation fan (SPF) speed is controlled via a variable speed
drive (VSD). Prior to 2000, there had only been intermittent maintenance/testing performed on
System 1 and unfortunately the original commissioning data could not be sourced for this

research thesis.

The [available] testing and maintenance records for System 1, are described below in
chronological order. The recorded descriptions only detail the items relevant to the SPS as

opposed to the building’s overall SCS (i.e. air purge system, etc.).

Late July 2000 A test was conducted, whereby the building was put into fire mode, i.e.

a general fire alarm (GFA) was raised.

0] There was excessive pressure in both stairwells, i.e. greater than 50 Pa (AS1668.1
1979a), ji.e. the west and east stajrwells had a pressure of 145 Pa and 100 Pa,

respectively.

C This excessive pressure was attributed to the SPF VSD operating at full speed (i.e.
50.2 Hz and 50.6 Hz for the east and west stairwells, respectively, with all doors shut)
and the static pressure sensor controls were not operating correctly. The pressure

sensors were therefore, identified as requiring replacement.

% Note:  System 2 was assessed against the requirements of the 1991 edition of AS1668.1 and it is believed to have been re-
commissioned against this standard in 1999, refer to Table 4.
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O The door opening forces were excessive.

C The doorway airflow velocities were mostly fine (as verbally reported on the day),
however, the measurements were not sighted by the supervising consultant at the time.
Measurements near the lift lobbies were not acceptable as the lift lobby areas were
sealed and the stairwell air could not escape onto the occupied floor spaces.

0] The sequence of testing (i.e. which doors were opened/closed, efc.), was not recorded.
Also, the recovery time and noise levels were not recorded.

May 2001 Fire mode tests were conducted to test the pressurised stair shaft

enclosures.

0O The SPF VSD ran at full speed.

C The replacement pressure sensors had a pressure range of 0-1250 Pa, however, the
stairwell’s maximum pressure was rated at 50 Pa therefore, the new pressure sensors
were thought to be inappropriate for the pressure measurements required within the
stairwells, as their sensitivity vastly exceeded the pressure requirements within the
stairwell.

0O The noise measurements were not recorded.

0] The stairwell door pressures and stairwell pressures generally complied.

0] The airflow velocities were well below the performance conditions {AS1668.1 1979) for
the two high rise systems (however, the carpark airflow velocity measurements were
compliant).

June 2001 Comments made based on the fire mode tests preformed in May 2001.

C The SPF which were previously controlled via the direct digital control (DDC) are now to
be controlled through the FIP, independent to the pDc.*

C The barometric plant room dampers, are to be sealed as they are no longer used (or
were never really used) due to the installation of the VSD which was installed to assist
in control of pressures within the stairwells (relief is available through the occupied
spaces).

C Isolation switches and labels are to be fitted to the SPF so that they may be locked in

the ‘On’ position, to ensure that they are not ‘accidentally’ turned off and/or left off.

2% The design specification manual for the building stated that the SPF are to be operated by the DDC, which was to control the
fan speeds in order to maintain a positive pressure of not greater than 50 Pa differential pressure within the stairwell and
office space. The drop in pressure {(due to stairwell doors opening) would result in the DDC modulating the fan speed to
compensate for the pressure loss. However, control via the DDC did not take into account risks associated with the DDC
becoming inoperable, resulting in incorrect control for the fan speeds for the SPS. The DDC was also not part of the essential
services, whereas the FIP was. Therefore, the control system was modified so thal the SPF would be controlled via signals
directly from the FIP as opposed to the DDC.
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June 2002 A GFA was activated to test the SCS.

O Stair pressurisation results were limited due to problems with control and varying
pressures within the stairwell; i.e. ramping up/down and stabilisation of the SPF
(following the opening of a door). This will need to be improved in order to comply with

the standards, as currently the control system is slow in responding.

0O Initially, velocities were poor (eg. on the lower levels they were only 0.5 m/s), however,

when the test was reset and the three SAF VSD were reduced to 30 Hz, velocities

improved.
0] Lobby reception areas may be sealed, resulting in no relief paths.
0] There was a loose pressure sensor in the east stairwell.
0] The VSD cabling was not fire rated and will need to be replaced.
July 2002 A GFA was activated in order to assess the SCS.
0O The pressures measured in the west and east stairwells were 145 Pa and 100 Pa,

respectively (which were both anticipated to exceed the maximum door opening forces

(i.e. maximum door pressure difference is to be 50 Pa [AS1668.1 1979]).
August 2002

C It was identified that occupied space relief vents/grilles (of size 1200 mm x 600 mm

each) were required on the Ground to 4" floors and floor 7.

0] Correct wiring was installed back to the MSSB and then the FIP.

May 2003 A GFA was initiated to test the SCS as per AS1668.1 (Commissioning
Tests).

C The ramp up/down controls for the SPF had been repaired and the fan speeds were

now stabilised.
The airflow velocities on the lower floor doors were reassessed.
The pressure sensor in the east stairwell was securely fastened.

New relief vents/grilles have been fitted.

o O O O

Door opening forces, noise levels and airflow velocities were measured for the

stairwells.

0] The east and west stairwell smoke detectors were configured incorrectly, in that when
the east stairwell smoke detector was activated, the west SPF stopped and vice-versa.

This was corrected on the day of the test.

0] The noise levels on one floor (i.e. Level 7, near the plant room), was in excess of the

80 dB(A) limits (AS1668.1 1979).
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@] The airflow velocity measurements for some of the doors were below the limits of 1 m/s
(AS1668.1 1979). This was corrected on the test day by adjusting the VSD setting for
the SAF from 25 Hz to 15 Hz. However, this then resulted in one of the door opening

forces being excessive. Therefore, an optimum VSD setting will still need to be

identified.

February 2004 GFA was activated to test the SPS.

@) The manual controls were tested on the FIP and the SPF stopped and started as
required.

O The SPF stopped (for approximately 60 seconds) when the respective smoke detectors

were tested and when the smoke had cleared from the detector, the detector re-set

itself and the SPF started up again, as required.
C Representative floors were tested to compare the results with previous tests.

@) Floors were tested for both the east and west stairwells referencing which doors were
opened, the fire floor, average velocities, door opening forces, stairwell and occupancy

noise levels, as well as the restoration times.
5.4. Historical Review of Stair Pressurisation System 2

Building 2 was constructed (circa) 1990. System 2 is tested annually as per a Level 2 routine
(AS1851.6 1983). Prior to an organised test day, the door closers, pressure sensors and SPF

dump-back dampers are inspected and their functionality is tested.

The tests described below were performed with the building's SCS in fire mode. Generally, the

same floors are tested every year.

The airflow velocity testing is performed such that the fire floor door, an adjacent door and the
main discharge doors are opened (as required). The building’s SPS is tested in this manner,
despite the building having a ZSCS, as this test sequence is a site specific requirement. Due to
this requirement, it also enables direct comparison with System 1 and therefore, the modelling
approach adopted (refer to Chapter 7 of this thesis for more detail). Within System 2's testing
procedures, there is provision to open the tenancy doors in the lobby if the airflow velocities are

not achieved, due to restricted airflow relief paths.

The door opening force testing is performed with the stairwell doors closed, once the airflow
velocity tests have been completed. In addition, for this building the door opening forces are
measured at the same time as the airflow velocity testing, again due to a site specific
requirement. The procedures also note that high winds have been known to effect the stairwell
pressures for this building (therefore, testing is not to be performed on a ‘windy’ day) and prior

to testing, the pressures within the stairwell should be settled at approximately 50 Pa.
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Noise level tests are also performed, as per the later version of AS1851.6 (1997) inside the
stairwell (with the door open) and in the occupant space, adjacent to the stairwell (with the

stairwell door closed).

The restoration time is detailed as the time it takes to restore the stairwell pressure to 50 Pa on
the fire floor. The time-frame to be used is 10 seconds, which was first detailed within the 1991
edition of the design standard AS1668.1. The 1979 version of this standard referenced a
restoration time of between 15 seconds up to 60 seconds. However, for System 2, the more
stringent time period of 10 seconds has been chosen by the building management team.

Currently, this restoration time test is not performed for System 2.

October 1990 Tests performed for both stairwells as part of Commissioninag.

@) SPF (i.e. SPF 2, 3, 4, 5 and 6) were tested.

@) Door opening forces were measured for stair shafts 1 and 2 (floors - below lower
ground, lower ground, 2, 9, 14, 18 and 22) and stair shaft 2 (floors - below lower

ground, lower ground, 5, 7, 11, 15 and 19) and were Iess than 110 N.

@) Airflow velocities measured for stair shaft 1 (floors - Ground Floor, 12 and 13) and stair

shaft 2 (floors - ground, 10 and 11) were greater than 1 m/s.

O Pressure results were obtained from the DDC and compared with a manometer for the

following floors - lower ground, 6, 15 and 19 (i.e. for both stair shafts 1 and 2).

March 1991 Tests performed as part of Commissioning.

O SPF (i.e. SPF 7, 8, 9 and 10) were tested.

@) Door opening forces measured for stair shafts 1 and 2 (floors 26, 32, 36 and 42) were

less than 110 N.

O Airflow velocities measured for stair shafts 1 and 2 (floors 41, 42 and 31, 32) were

greater than 1 m/s.

@) Pressure results were obtained from the DDC and compared with a manometer for the
following floors, 26, 32, 42 and 47 (stair shafts 1 and 2), however, floors 42 and 47 had

pressures greater than 50 Pa for stair shaft 1.

June 1996 Fire mode tests.

O SPF 2 (in the low rise) and SPF 6 (in the medium rise) did not start upon receipt of a

GFA however, their override operations did work.

@] SPF 1-4 (on the low rise) were only working intermittently when a GFA was activated,

this was attributed to a software problem in the FIP.

O SPF 3-5 and SPF 7-10 operated correctly upon receipt of a GFA and when their

respective smoke detectors were activated with smoke.
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O One SPF, i.e. SPF 6 (in the medium rise), was only working intermittently when a GFA

was activated, this was attributed to a software problem in the FIP.

O The Sekita board in the fire control room (for the low rise) was only communicating on

one channel.

July 1997 Fire mode tests with a GFA.

O When a GFA was activated in the low rise, the SPF 1-3 did not operate however,
SPF 3-10 override controls did operate as required and SPF 4-10 did operate upon
receipt of a GFA.

O The Sekita board in the fire control room (for the low rise) was only communicating on

one channel.

February 1998 Some minor tests performed.
C SPF appear to be working satisfactorily.
@) All twelve SPF were tested to ensure that they turned on upon receipt of a GFA signal,

which they did.

April 1998 Pressurisation test was carried out (this was a repeat of tests
performed in October 1990 and March 1991).

O The following SPF (SPF 2, 3, 4, 5, 6, 7, 8, 9 and 10) were tested and a range of floors
were measured for various components, including:
- Pressure measurements; stair shafts 1 and 2 floors - lower ground, 6, 15, 19, 26, 32,
42 and 47.
- Door opening forces, stair shaft 1 floors - below lower ground, lower ground, 2, 9, 14,
18, 22, 26, 32, 36 and 42
stair shaft 2 floors - below lower ground, lower ground, 3, 7, 11, 15, 19,
26, 32, 36 and 42.
- Airflow measurements; stair shaft 1 floors - ground, 12, 13, 23, 31, 32, 41 and 42
stair shaft 2 floors - ground, 10, 11, 23, 31, 32, 41 and 42.

C Overall resuits were unsatisfactory, because:
- Pressures were exceeding 50 Pa for stair shaft 1 on the following floors - lower
ground, 19 and 47, while all floor pressures measured in stair shaft 2 were excessive

(i.e. floors - lower ground, 6, 15, 19 and 47).
- Door opening forces measured on the following floors — below lower ground, lower
ground, 2, 9, 14, 18 and 22 were greater than 11.2 kg (i.e. equivalent to 110 N force)
for stair shaft 1 and floors below Jower ground, lower ground, 3, 15, 19, 26, 32 and 36

had excessive door opening forces in stair shaft 2.
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- Airflow velocities were less than 1 m/s when the two consecutive floor doors were
open (i.e. floors 12 and 13, 10 and 11, 31 and 32 and 41 and 42) for stair shaft 1, and
the main discharge door was open on the Ground Floor (and floor 23); while for stair
shaft 2 floors 10, 11, 31, 32 and 42 had airflow velocities of less than 1 m/s.

0] A dump-back damper (controlled by a pressure sensor) had problems.

C Pressure sensors were relocated for two SPF as an additional barometric damper was
to be installed due to the occurrence of the stack effect (and too much pressure
entering the stairwell for just one damper). The existing damper position was also

changed to 25% open.

August 1998 The second pressurisation test was carried out {this was a repeat of
tests performed in October 1990 and March 1991).

C Test results were unsatisfactory and it was suspected that air was leaking into the
stairwell shaft (i.e. there were penetrations from the main air duct to the stairwell duct,

resulting in high pressures) - this was confirmed later in the same month.

0] SPF 2-10 were tested and a range of floors were measured for various components, for
example:
- Pressure measurements; stair shafts 1 and 2 floors - lower ground, 6, 15, 19, 26, 32,
42 and 47.
- Door opening forces; stair shaft 1 floors - below lower ground, lower ground, 2, 9, 14,
18, 22, 26, 32, 36 and 42
stair shaft 2 floors - below lower ground, lower ground, 3, 7, 11, 15, 19,
26, 32, 36 and 42.
- Airflow measurements; stair shaft 1 floors - ground, 12, 13, 23, 31, 32, 41 and 42
stair shaft 2 floors - ground, 10, 11, 23, 31, 32, 41 and 42.

C Qverall results were unsatisfactory, because:

- Pressures were exceeding 50 Pa for stair shaft 1 on the following floors - lower
ground, 6 and 15 and in stair shaft 2 for floors - 6 and 19, while there were no
pressure readings recorded for floors 26-47 for stair shafts 1 and 2.

- Door opening forces measured on floors 9 were greater than 11.2 kg for stair shaft 1
(however, floors lower than lower ground level, ground and floor 2, were not
measured) and for stair shaft 2, floor 156 was excessive, while there were no stair door
opening forces measured for floors 26—42 for stairs 1 and 2.

- Airflow velocities were only measured for stair shaft 1 floors - ground, floors 12 and 13,
which were greater than 1 m/s, however for stair shafts 1 and 2, floors - 10, 11, 31, 32

and 42 did not have measurements taken.

September 1998 Structural engineers informed of requirement to design an access shaft

system so that the shaft penetrations can be safely sealed.
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July 1999 A fire mode test was performed for the mechanical services and the

stairwell where significant repairs had been completed (i.e. further

sealing of the stairwell shafts) system also re-commissioned.

C The test running sheets have tick boxes to identify what has been tested.

O All twelve SPF were tested to ensure that they turned on upon receipt of a GFA signal
(which they did).

O Airflow velocities were measured on five floors (floors - ground, 3, 14, 30 and 40) and
were greater than 1 m/s, as required, for both stairwells.

@] Some pressures were measured (ranging from 13 Pa — 65 Pa) on floors - lower ground,
6, 65, 45, 32, 38 and 43.

@) Door opening forces were also measured for floors up to and inclusive of floor 46
however, some of the basement level forces were excessive of 11.2 kg for both
stairwells (eight floors in one stairwell and five floors in the other).

Early 2000 Report findings.

C A report dated early 2000, stated that there were a number of construction related
problems (eg. ‘incomplete shaft walls’), preventing the satisfactory operation of some of
the SCS installed. However, rectification works (such as further sealing the stairwell
shafts) conducted in 1999 appeared to have been successful and improved the
effectiveness of the SPS. This report also stated that this SCS was a complex system.

August 2000 An annual fire test was performed using a smoke machine.

@] All twelve SPF were tested to ensure that they turned on upon receipt of a GFA signal
(which they did).

@) The shut down mechanism for SPF 2 was tested (in fire mode operation) and the fan
shut down as required. The override function was also tested successfully. However,
when the smoke had cleared the SPF did not restart.

O Airflow velocity readings were taken on eight floors (floors 6, 11, 15, 19, 32, 35, 38 and
43). One of the airflow velocity readings for both stairwells was below 1 m/s (floor 32
and 6).

@] Pressures were recorded for a selection of floors (the same floors as where the airflow
velocities readings were taken).

@] Door opening forces for each door were measured and the same two floor stair doors

had marginally greater door opening forces than the 11.2 kg limit for the two stairwells

(i.e. in the high rise levels, floors 43 and 46).
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August 2001 Tests were performed to prove the building's capability with the design

C

requirements.

The building’s building management system (BMS) was tested for calibration in relation

to the pressure sensor readings.

SPF 1-6 were tested in terms of turning on upon receipt of a GFA signal, while SPF
7-10 were tested to ensure that when their respective smoke detectors were activated
with canned smoke, they shut down and then re-started when the smoke had cleared

from the detector.
Noise measurements were not taken.

Pressures were measured on the nominated fire floors (i.e. the same floors as where
the airflow velocities were measured). The stairwell pressures were low on some floors,
while high on others, this was investigated and it was found that if a Return Air Fan
(RAF) was off, the pressures improved. Therefore, this modification was considered for

future testing.

The stairwell pressure sensors were found to be faulty and therefore, were repaired on

the test day.

Airflow velocities were measured for six fire floors (floor - ground, 4, 14, 27, 42 and 49)
in both stairwells with the main discharge doors open and were greater than 1 m/s on

the fire floor, however, successive fire floor doors were not open.

Door opening forces were measured for all floors and many were excessive, especially
near the plant rooms. It was thought that this may be because the plant rooms were

vented to the outside.

Previously, SPF 9 did not operate in AUTO mode; this was corrected on the day of the

test.

The test sheets were approved by the building surveyor for previous tests performed.

August 2002 An annual SCS test was performed.

O

Noise measurements were taken at approximately every 4™ floor (starting from the
Ground Floor). Measurements complied with maximum limits of 80 dB(A) with the

doors open.

Door opening forces were measured for every floor however, some forces were
excessive, i.e. between 12 kg — 17 kg for approximately 18 floors (stair shaft 1) and 5

floors (stair shaft 2).

Airflow velocity measurements were taken on floors - ground, 14, 27, 42 and 49
however, the successive doors were not opened, even though they were required to as

part of the test.
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O Pressure measurements were taken at the same floors as airflow velocity

measurements were taken as well as floors - lower ground, 6, 15, 19, 28, 32, 38 and 43.

August 2003 A GFA was activated to test the building’s SCS, as part of the annual
testing.
0] Noise level testing was performed for each floor. However, the doors were closed when

they should have been open.

0] Door opening force testing was performed with all doors closed, as well as with the test
fire floor door and adjacent door open (i.e. three doors). Some of the door opening
forces measured were excessive (i.e. 21 kg where the maximum allowed is 11.2 kg).
When tested on a subsequent day (November 2003) with the doors closed, only five
door opening forces were marginally greater than the 11.2 kg limit (i.e. stair shaft 1 —
floors 15 and 34 and stair shaft 2 — floors 20, 21 and 52).

0] Airflow velocity testing was performed (i.e. with the appropriate three doors open) on
the following floors: stair shaft1 floors - Ground Floor, 4, 14, 27, 42 and 49;

stair shaft 2 floors - Ground Floor, 4, 14, 27 and 42).
All velocities were greater than 1 m/s.

C The stairwells could not relieve the pressure and maintain 50 Pa (i.e. the pressure was
‘hunting’ between 60 Pa — 100 Pa) due to the location of the SPF’s outside air intake
position (i.e. on the building’s perimeter). The high winds adversely effected the
pressurised space in one of the stairwells and therefore, the noise and door opening
force measurements could not be completed (they were re-tested in November 2003).
It was considered that a baffle arrangement may need to be developed to reduce the
possibility of air rushing back up through the dump-back dam,oer.25 Pressures were

measured on the same floors as the airflow velocity measurements.

C A subsequent test was performed a month later,?® where a fault was identified with one
of the low level SPF controls. There was a fault input on the controller which was

repaired on the day.

0] The SPF failed to stop and start when their respective smoke detectors were activated

for stair shaft 1 (high rise floor 52) and stair shaft 2 (high rise floor 51).

C Ambient conditions on the final test day (November 2003) were relatively calm (still).

% |t is believed that as the stairwell already had excessive pressure; the dump-back damper was open o relieve this pressure
however, concurrently the turbulent wind entering the SPF/bypass enclosure (see Figure 10c), entered the open bypass
damper, resulting in additional pressure increases (followed by sudden reductions) within the stairwell due to the turbulent
nature of the wind.

26 As annual testing of the SPS has since been conducted on (relatively) calm days, the proposed baffleffilter arrangement has
yet to be installed for this system. Itis however, suggested that this baffleffilter arrangement follow the same principles as the
screens used in wind tunnels (refer to section 3.2.2.5. of this thesis), in order to reduce the turbulent effect of the wind
entering this space.
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The anecdotal building history files state that:

- it took the initial 3-4 years of building occupation to identify what was wrong
with System 2’s SPS;

- for the last eight years, the SPS has been operating quite well in accordance

with the Austratian Standard requirements.
5.5. Summary History Profiles for Systems 1 and 2

While reviewing the maintenance history data for the two systems, it was observed that
although restoration times are detailed within the design standard (AS1668.1), the Level 1
mandatory maintenance routines do not require either restoration or override controls to be
tested at this service level. Maintenance tests for these items are only performed at the higher
levels of maintenance i.e. Levels 2 and 3 (refer to Appendix D). These higher levels of
maintenance are not mandatory and therefore, the occasion could arise whereby the
performance of these items is never inspected or tested. This issue as well as others will be

discussed further in Chapter 8.

Table 6 details the faults/issues identified in both of the SPS over the years, in order of
frequency (where the items listed in the first few rows of the table occurred more often than the
subsequent items listed). The faults listed include both hardware faults associated with the
physical elements as well as maintenance testing faults. On the basis of the review of these
SPS, it was possible to formulate a meaningful survey for identification of the frequency of faults
with various parts of the SPS considered. This survey and its findings are presented in

Chapter 8.
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Table 6.

FIELD PERFORMANCE OF STUDIED BUILDINGS

Building System Fault Summary

Fault ltems

System 1 (circa 1985)

System 2 (circa 1990)

Low airflow velocity readings

High door opening forces

High stairwell pressures

High stairwell pressures

Sealed relief paths

Low airflow velocity readings

High door opening forces

SPF do not start/restart i.e. software problems

Pressure sensor not operating correctly,

i.e. incorrect sensor range

Damper problems

VSD not operating at correct frequency

Successive doors not opened for airflow

velocity tests®’

DDC controlled the SPF (not the FIP)

Pressure sensor not operating correctly,

i.e. incorrect sensor range

Slow response of equipment,

i.e. pressure sensors, communications

Pressure sensors relocated

L oose pressure sensor

Excessive shaft penetrations/leakage

Incorrect cabling for the VSD

Incorrect noise measurement setup

i.e. door closed

Incorrect smoke detector configurations
for the SPF

Environmental conditions i.e. extreme wind

affecting SPS performance

No noise measurements (until 2003) at

which time there was a high reading

No noise measurements (until 2002)

The faults listed in Table 6 indicate that for both Systems 1 and 2, low airflow velocity readings,

high stairwell pressures and high door opening forces are the three most frequent fault

occurrences.

it needs to be understood that the mandatory level of maintenance (Level 1)

specified in AS1851.6 does not require the measurement of airflow velocity or door opening

forces (see section 4.2.3.1. of this thesis). These are only measured during voluntary higher

level maintenance.

27 System 2 has been given approval to measure the airflow velocities without a successive door being open, aithough typically
this is not allowed for stair pressurisation testing required in association with the SCS installed for this type of building.
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Table 7 summarises the maintenance performed on the two systems, in terms of the
maintenance standard, as well as the design and commissioning requirements at the time of

construction, compared with today’s requirements.

Table 7. Building History Summary in terms of Australian Standards
Aspect System 1 Comments System 2 Comments
Design v v
(AS1668.1) 1979
1998 v v
Commissioning NA No commissioning v In 1990 -
(AS1668.1) standard available at time commissioned, even
of construction, no though no
commissioning data for commissioning
| system. standard available at
time of construction.
In 1999, re-
commissioned against
1991 standard.
1998 v System has subsequently v System has
been assessed this subsequently been
standard. assessed this standard.
Maintenance - - v -
(AS1851.6)
(mandatory for
SPS) 1983
Monthly
Annual - - v -
2-Yearly - - v -
1997 v Maintained against this v -
Quarterly standard and frequency,
since 2000.
Annual 4 - v Including noise testing.
2-Yearly v - v However, modified as
restoration times not
tested.
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6. EFFECTIVENESS — CONCEPT AND APPROACH

6.1. Definitions of Effectiveness

The effectiveness of a fire-safety system has been previously defined as a combination of the
efficacy and reliability of the system. In this case, the efficacy is a measure of how well the
system achieves its design objectives in terms of the range of potential fire scenarios, assuming
that the system operates. The reliability of the system reflects the likelihood that the system will
operate (Thomas 2002). The measure of efficacy is given by a number between 0 and 1 with
zero representing a system that never achieves the design objectives and ‘1’ representing a
system that will always achieve the design objectives for the full range of fire scenarios.
Similarly, the reliability is represented by a number between 0 and 1 with the latter number

representing a system that will always operate.

Such a definition of effectiveness has been used to characterize sprinkler systems where the
efficacy relates to the probability that the sprinkler system in a particular environment will
extinguish/control the fire. If the efficacy is 0.80, it means that for the particular environment
being considered, the sprinkler system will adequately deal with the fire in 80% of situations,
assuming that the sprinklers activate. If it is known that the sprinklers activate 98% of the time,
then the reliability is 0.98. The overall effectiveness in this case can be taken as the simple

product of the two numbers, giving an effectiveness of 0.8 x 0.98.

In the context of this thesis, a SPS having an effectiveness of ‘1’ is one which will always
achieve the performance conditions specified in AS1668.1 for the whole system; i.e. every
stairwell door (see Table 5). It is not considered necessary to separately consider the efficacy
and reliability as for the above sprinkler example, but to determine the effectiveness directly
using fauit or failure tree analysis. The key pass/failure criteria are the performance conditions

specified by AS1668.1.

Factors that influence whether a SPS will achieve the AS1668.1 performance conditions are
shown in Figure 15, as id boxes 1.-7. Appendix F describes these id boxes. This figure is
essentially a truncated fault tree, which identifies the key factors that may prevent achievement
of the required levels of performance. This fault tree is expanded in Chapter 8 where the lower
parts of the tree are added. It will be noted from Figure 15 that some of the boxes are coloured
grey. These boxes represent the effects of variations in external wind speed and external
temperature and the possible effect of changes over time to the building leakage on failure of a
SPS to achieve the respective AS1668.1 performance conditions. These factors are denoted as
E-factors and their influence on effectiveness is considered in detail in Chapter 7. Extensive
analysis using the program CONTAM is undertaken so as to evaluate the influence of variations
in external wind speed and temperature, and changes in building leakage. There is assumed to
be no influence from the ‘other factors’ (i.e. those not in grey boxes). The probabilities of

various wind speeds and temperatures are also taken into account.
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The ‘other factors’ (i.e. those not in the grey boxes) are termed F-factors and represent those

associated with the SPS equipment, including those arising from:

) Poor design - inadequate for the task (would be addressed by

commissioning)
0 Inadequate installation (would be addressed by commissioning)

) Faults that develop over time with the equipment (influenced by

maintenance)

The effects of these F-factors on effectiveness are considered in Chapter 8 using the extended

fault trees. In that chapter, it is assumed that there is no influence from the E-factors.

The overall effectiveness is a function of both E- and F- factors and is considered in Chapter 9.
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7. THE INFLUENCE OF WIND, TEMPERATURE AND LEAKAGE
CHANGES ON EFFECTIVENESS (E-factors)

7.1. Introduction

This chapter looks at the probability of exceeding the permissible door opening force (110 N)
and not achieving the air velocity conditions (minimum 1 m/s) at the nominated fire floor door,
due to variations in temperature, external wind speed and possible changes in leakage due to
structural changes. In the case of the effects of temperature and wind, the probabilities of

various values of these variables are also taken into account.

Before undertaking the above analysis, it is important to:

° Explain the basis of the modelling theory;
. Describe the software and data input; and
o Design the representative Stair Pressurisation System (SPS) for both

Systems 1 and 2 (i.e. design the ‘base’ building situations).
The ‘base’ building designs for Systems 1 and 2 are then analysed looking at the effect of
variations in wind speed, temperature and leakage.

7.2. Modelling Theory

7.21. Approach and Key Equations

The analysis of SPS is mostly performed on a very basic level relying on later commissioning to
(hopefully) ‘fine-tune’ the system. The stair shaft is seen as a box with a total opening size
(equal to a number of open doors plus leakage) and the fan used as the stair pressurisation fan
(SPF) is chosen so that it supplies sufficient air to achieve the airflow velocity condition of the
Australian Standards (AS), AS1668.1, at a nominated (i.e. the fire floor) door, when this door is

open. In effect;

0y ,
Velocity,, = R Equation 2
T

where

Velocity,,, =the velocity required at the (fire floor) door, m/s (as per AS1668.1)
Gf = the SPF flow rate, m3/s

Ar = the total area of openings including leakage, m?
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Reducing the stairwell pressures so that door opening forces are not exceeded (as detailed
within AS1668.1), is handled on site by either adjusting the damper controls (i.e. either the
damper weights or the pressure sensor settings, depending on whether a barometric or
motorised damper is installed, respectively); or alternatively, a variable speed drive (VSD) can
be programmed so that the SPF slows down and does not generate excessive pressures in the
stair shaft. If dampers are installed in order to provide stairwell relief, the actual damper size
(i.e. the effective opening area) is chosen on the basis of experience for relieving airflow

pressures, such that the airflow velocity conditions will still be achieved.

Despite this simple analysis approach, more sophisticated approaches can be used to model
smoke control systems (SCS). This is done by using flow equations in the form of the orifice
equation, where the total flow from a space (eg. a stairwell shaft) is the sum of the flows through

various leakage paths (eg. doors, walls, etc.), as illustrated below (Klote and Milke 2002):

A

Pressurised

space Az

Figure 16. Flow paths in Parallel

I

Pressurised
space

A b l—> v

Figure 17. Flow paths in Series

The total parallel and series flows can be expressed as per Equations 3 and 4, respectively:
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. 24p
Vi =K,CA4,\[——
Parallel Flow and equal pressures: p Equation 3

Series Flow and equal flow rates: Equation 4

where

Vr  =the (total) volumetric (parallel) flow rate through all of the leakage paths, m3/s;
ie. V1 + Vz + V3

¥ =the volumetric (series) flow rate which is equal through all of the leakage paths, m3/s

C =dimensionless flow coefficient

2

4, =the (total) effective (parallel) flow area or leakage area, m<;i.e. 4y + A, + A3

. . 2. 1 1 1 'y
A, =the (total) effective (series) flow area or leakage area, m;i.e. ( St St 5 ) 2
AF A5 A5

Ap =(parallel) pressure difference across the path, Pa

Apr =(series) pressure difference from the space to the outside, Pa;i.e. Apy + Apy + Apy

0 =density of gasin path, kg/m3

Equations 3 and 4 are based on the Bernoulii equation and therefore, apply to steady,
frictionless and incompressible flows. The flow coefficient (which depends on the Reynolds
number and the geometry of the flow path) is introduced to account for friction losses due to

viscosity and for dynamic effects.

These equations can be used in order to identify the capacity of the SPF needed to maintain the
required stairwell airflows to keep smoke out of the escape routes. These simplified flow
relationships are useful if the building does not have external openings, however they are of
limited accuracy for conditions where external wind effects are present, or variations in internal
and external building/outside temperatures, etc., occur. Considering a building’s SPS and the
complexities of identifying all of the possible leakage paths, whether they are in parallel, series
or a combination of both, the result is a very large set of simultaneous equations. The best way
to solve complex sets of simultaneous equations is via a network model, eg. CONTAM. The
following section details the history associated with the development of this network model, in

order to solve these simultaneous equations.
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7.3. Software

7.3.1. ASCOS

Analysis of Smoke Control Systems (ASCOS) was specifically developed for the analysis of
SCS and is actually an extension of a program written and developed for the analysis of

pressurised stairwells and elevators (lifts) (Klote 1981).

ASCOS was originally intended as a research tool and was extended to incorporate the analysis
of stairwells with vestibules, lifts with lobbies, Zone Smoke Control Systems (ZSCS) and
pressurised spaces in general. The program calculates the airflows and differential pressures
throughout a building. The building itself is represented by a network of spaces (or nodes) each
of which has a specific temperature and pressure. Stairwells and other shafts are represented

by a series of connected vertical spaces.

Within a building, air flows from regions of high pressure to low pressure via leakage paths (eg.
doors, windows, floors, walls, etc.). The airflow through these leakage paths are a function of
differential pressures across the actual leakage path. SPS are modelled by introducing air from
the outside of the building via a pressurisation system into any level or building space. Air can

also be exhausted from a space.

The pressures and flow rates through the building flow paths are solved using the airflow
network system, as well as the driving forces such as wind, the pressurisation system and the

temperature differences between the inside and outside of the building.
This program is based on the following assumptions:

. each space is considered to have one specific pressure and temperature

(perfectly mixed);
o the flow and leakage paths are located at the mid height of a level;

o the total air supplied by the air-handling unit (AHU) or pressurisation system

is constant (i.e. independent of the building pressure);
° the outside air temperature is constant;

o the barometer pressure at ground level is constant at 101,325 Pa (however,

this can be changed if required).

The network airflow equations used in this program were based on Equation 1 and the program

itself was originally written in ANSI-1977 FORTRAN language.
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7.3.2. CONTAM

In the mid-to-late 1980s, the first CONTAM computer modelling program was based on the
original ASCOS program. This early CONTAM program was originally developed to enable the
dispersal of building contaminants to be analysed, via use of the building’s airflow system and
consideration of flow elements connected to defined system nodes (Axley 1987). The airflow
equations used in the early versions of CONTAM (i.e. ASCOS) as well as the equations
governing contaminant dispersal due to these flows, were formulated by generating elemental
equations (i.e. sets of simultaneous equations), so that the fundamental conservation of mass
criteria was satisfied in each zone. In 1989 Walton described the improvements in the above
program-specific algorithms for computing the airflows and this was done through the AIRNET
modelling program. AIRNET provided a faster and more robust algorithm for calculating the
contaminant variables. The approach used for these programs was a compromise between the
single-zone building models (only useful for simple buildings) and the computational fluid
dynamic models (which were very time consuming for use on a regular basis, especially for

large buildings).

In the early 1990s, it was decided that a graphic interface should be developed for use on small
computers, by using the best available algorithms. This program was referred to as
CONTAMSO3. Later in 2000, the first CONTAMW program was developed (also by the National
Institute of Standards and Technology [NIST] as per the earlier programs), which enhanced the
previous programs in that it enabled the determination of room-to-room airflows, contaminant
concentrations and personal exposures to be calculated. This program now used a Windows
based computer operating system (hence the ‘W’). It enabled the distribution of ventilation air
within a building to be calculated as well as estimation of the impact of envelope air tightening
efforts on infiltration rates (i.e. building leakage), and investigation of the impact of various

designs related to ventilation systems and building material selection, etc.

Both the ASCOS and various CONTAM programs take the multi-zone network approach to
airflow analysis, where the building is divided into a collection of zones connected by airflow
paths. The more recent versions of CONTAM are still based on the equations and assumptions
identified earlier and repres'ent a sophisticated approach to analysing SCS. Key assumptions

and features of CONTAM include:

o the pressure variation with height follows hydrostatic principles;

o air and contaminants flow through the leakage paths between spaces;

) air and contaminants flow through the leakage paths between spaces and
the outside;

. the flows can be represented by a number of algebraic equations (selected

by the user);
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° conservation of mass is applied to each space (i.e. the air entering a space

equals the air leaving a space).

CONTAM has been chosen for this project to determine the key flows and pressures with the
presumption that the answers are correct. Comparisons of the predictions of ASCOS with
measured differential pressures have been found to give acceptably close results (Milke and
Mowrer 1994). It is on this basis that it is assumed that CONTAM can adequately predict flows

and pressures.

For this project, version 2.1 of COMTAM? has been used which has more user-friendly features
as well as sophisticated means of representing the data and results, such as schematic building
layout diagrams and graphs, respectively. Pressures and flows are also determined. The
program has been used to study the influence of temperature, wind and building leakage. By
varying these factors a sensitivity study is performed to determine their impact on the operation
of a SPS.

7.3.2.1. CONTAM Results - Modification

CONTAM provides the results of a simulation in the form of pressures and mass flow rates.
Mass flow rates are presented in terms of kilograms/second (kg/s),29 while pressures are
recorded in Pascals (Pa, or Nmz). However, in order to assess whether or not the door opening
forces would be excessive during the simulations, the CONTAM pressure results (in Pa) were
converted to Newtons (N) using Klote and Milke’s (2002) equations, as illustrated below. These
equations enabled the maximum stairwell pressure to be calculated, such that the maximum

door opening force requirement of 110 N (AS1668.1), when all stairwell doors were closed, was

satisfied.
w .
Mr+KdAAp( > )F(W—d)=0 Equation 5

where

M,  =moment of the door closer and other friction, Nm

Kd =1

A =door area, m?

Ap =pressure differential across the door, Pa

28 At the time of writing this thesis, version 2.4 of CONTAM was released (late 2005). From hereon, CONTAM refers to the 2.1
version used in this thesis, unless otherwise stated.

2 CONTAM provides mass flow rate results in terms of kg/s, however in order to compare the simulation results with the
requirements of AS1668.1, these results are converted to airflow velocities in metres/second {m/s). Refer to Appendix G for
computation example.
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F = total door opening force, N
w =door width, m
d = distance from the doorknob to the knob side of the door, m

The door closure force equation is:

Fr= ( Equation 6

where

F

. = force to overcome the door closer and other friction, N

By rearranging Equations 5 and 6, it can be shown that the maximum allowable pressure within
the shaft is 103.82 Pa, when the maximum door opening force permitted by AS1668.1 is 110 N
(see Appendix H for computations). In other words, provided that the pressure within the
stairwell shaft does not exceed 103.82 Pa (when all the stairwell doors are closed), the door

opening force will not surpass 110 N and this performance condition of AS1668.1 is achieved.

7.3.2.2. Calculated Results - Mathematical Assessment

In order to assess whether or not the calculated results (absolutely) passed the performance

conditions, it was necessary to agree on the number of decimal places to adopt.

Throughout this research, information related to wind and temperature has been presented to
one decimal place. Therefore, for the results obtained for this study (i.e. from CONTAM), the
values have also been presented to one decimal place. For example, if the CONTAM door
opening force obtained was 110.08 N, then when rounded up to one decimal place,30 the
resultant door opening force would be 110.1 N (which exceeds the maximum door opening
force condition of 110 N). Therefore, the SPS would not pass in terms of this performance

condition, even though it only just did not pass.

% Rounding up the values in the results is based on the following: if the second value after the decimal point is equal to or
greater than 5, it will be rounded up to one decimal place, however, if the second value after the decimal point is less than
5, the first value after the decimal point will not change. For example, if the CONTAM airflow velocity was 0.94 m/s, this
would become 0.9 m/s.
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7.4. Design of Systems 1 and 2

7.4.1. Introduction

In order to assess the effectiveness of a SPS, in terms of achieving the performance conditions
detailed in AS1668.1, it was first necessary to develop a compliant ‘base’ building model. The
building model was based on both Buildings 1 and 2 in terms of the building geometry and SPS
design eg. the fan location, relief location, etc. (as detailed earlier in section 3.2. of this thesis).
The aim was to design a building model with a compliant SPS in terms of the Australian
Standard performance conditions. This would then allow variations to be simulated (eg.
temperature changes, etc.), in order to assess the influence these factors have on the

effectiveness of the SPS against a ‘base’ building incorporating either System 1 or 2.
7.4.2. Set-up of ‘Base’ Building Case

The ‘base’ building model designed for System 1 and 2 is identical in terms of the building and
stairwell geometry, the (maximum) fan speed and the number of injection vents/grilles (including
their size). The only difference between Systems 1 and 2 is the type of (relief) venting and the
SPF operation. Therefore, to model System 1, a fixed relief opening was incorporated into the
‘base’ building model and the fan speed was varied; while to model System 2 the relief opening

size (in the stairwell) was varied and the fan speed remained constant.

By incorporating the modifications noted above, the ‘base’ building model could be adapted to

easily simulate either SPS during the sensitivity study of this research.

With reference to Figures 18-21d, the ‘base’ building to be modelled is 11 storeys including the
Ground Floor (i.e. LO) and the roof level. The overall dimensions are 70 m (wide) by 20 m
(deep) by 34.2 m (height). The fioor to floor height is 3.8 m. There are two stairwell shafts with
dimensions of 4 m (deep) by 3 m (wide) and a volume of 45.6 m°. Each stair door is 0.91 m in
width and 2.13 m in height. The vertical and horizontal gaps around the closed doors are taken
as 0.00305 m and 0.00636 m respectively.®’ The distance from the doorknob to the side of the
door is 0.0762 m (see Figure 19). Adjacent to the two stair shafts are two supply air shafts (i.e.
for the pressurised air from the stair shaft fan). This adjacent shaft is a quarter the size of the
stair shaft i.e. 1.5 m (wide) by 2 m (deep) and runs from Level 1 to the roof level. There is also
a central lift shaft in the building with dimensions of 3 m (deep) by 3 m (wide) by 3.8 m
(height).
11.575 kg/s [equivalent to 11,575 L/s]**). For modelling purposes, the ‘constant mass flow’ fan

% Each stairwell is pressurised by a separate fan on the roof (capacity per SPF is

31 Stairweli door dimensions including door gaps obtained from Klote and Milke (2002).

% L ift shaft dimensions are taken from Klote and Milke (2002).

3% The SPF capacity of 11,575 Us was chosen for this thesis based on the fan capacities for Syslem 2 and the preliminary
CONTAM simulations in order to design an operational and compliant SPS as per AS1668.1's performance conditions. Refer
to Appendix | for the simulation Run # details.
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option has been used when defining the fan equation in CONTAM (as opposed to the ‘constant

volume flow' fan equation). The pressurisation system is a multiple injection system, with

injection vents/grilles located at Levels 1, 5 and 9.% These inlet grilles/vents have the following

dimensions 0.6 m by 0.91 m divided by 2. A relief vent/damper is also located on Level 9 in

the stair shaft for both buildings, and is (typically) 1 m by 1 m in size, in terms of the relative

opening area.

Note: The reason for the nominally sized relief grille of 1 m? is that as part of the preliminary CONTAM
simulations (i.e. Run #56, Appendix |) for System 2, it was identified that this size opening allowed

the door opening force conditions to be achieved as per AS1668.1, for the chosen fan speed.

At first, an attempt was made to model the performance of the barometric (weight-adjusted)
damper in CONTAM, for Building System 2. However, this proved too difficult to model (due to
the complexities of the barometric damper’s operation) and therefore, it was assumed that the
damper will have been correctly set-up to open adequately (i.e. to achieve the nominated
effective opening) when all the doors are closed. The complex operation of a barometric
damper is as follows: as the pressure in the stairwell increases, the damper opens (once the
weight-setting is reached on the damper), refer to Figure 10a. However, as soon as this
damper opens, the pressure in the stairwell decreases and so the damper will try and close
again {or close more); as soon as the damper begins to close more, the pressure in the stairwell

builds up again and the damper will open; this cycle is then repeated.

3 The injection grille/vent locations were chosen so that they were equi-spaced along the length of the stairwell, in order to
provide uniform injection along the height of the stairweil shaft.

% The injection grille/vent area is calculated as 50% of the grille’s free area (i.e. 06 mx 0.9 mx 0.5=0.27 m?), where the term
“50% of the grille’s free area” was obtained from the DUCTELTQ.LB4 library (Walton et al 2000). Therefore, the grille area
used for the computer analysis refers to the ‘effective’ opening of the vent as opposed to the total physical dimensions of the
grifle/vent. Klote and Milke (2002) also note that determining a grille’s flow area is complicated as the grille’s surface is
usually covered with louvres or a screen (refer to Figure 6c) and so the flow area is less than the actual grille area. A value of
'50%’ of the grille’s area is therefore, considered to be a conservative estimate for the grille’s flow area.
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Figure 18. ‘Base’ building schematic, for one stairwell
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2.13m

d = 0.0762 m
0.00305 m

e
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Figure 19. ‘Base’ Building Stairwell Door Dimensions

This ‘base’ building does not have openable windows and the stair shafts are modelled
assuming that the stairs are a series of vertical zones connected by low-resistance openings.
Also, each floor is considered as a separate zone and the building layout is symmetrical (for
each stairwell), therefore, the results for one stairwell are assumed identical to the second

stairwell in the building.
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CONTAM's sketchpad was used to create a schematic representation of the ‘base’ building to

be modelled. This schematic is not a scaled drawing however; the flow paths, inlet and outiet

vents/dampers, etc., can be added onto the sketch. Refer to Figure 20.
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Zone: Ambt ) E Col1, Row 1 Level <GF>: 1 of 11

Figure 20. CONTAM'’s schematic of ‘base’ building

There is one foyer entrance door on the Ground Floor (i.e. L0O) leading into and out of the
building, on the East side. Each stairwell has a ground level exit door to the outside on the
North side of the building, and a ground level entrance door (from the foyer) on the South side
of the stairwell. Each level above LO has one stairwell door (per stairwell) providing access to

the occupied space (refer to Figures 21a-21d).
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Figure 21a. Sketchpad illustration of ‘base” building - Ground Floor (L0)
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Figure 21d. Sketchpad illustration of ‘base’ building - Roof Level (i.e. Level 10)

The floor plan on the occupied levels (i.e. Levels 1-9) is of open plan arrangement. This means
that there is limited obstruction to the natural airflow paths within the occupied spaces of the
building, as opposed to a floor space with high partitions and numerous internal offices,
whereby the airflow may be restricted because of the office barriers. For simplicity, the building
has been modelled excluding a mechanical ventilation system. This idea of not considering an
operational mechanical ventilation system is also consistent with Tamura’s (1990) field tests on
a SPS with over pressure relief, where the building’s AHU was shut down during fire mode, as

the AHU'’s influence was not being assessed.

In developing the ‘base’ building model described in this thesis, fixed values of leakage, wind
speed, temperature (internal and external) and SPF speeds were adopted and are considered
as the ‘standard’ conditions for the ‘base’ building model. The following sections further
describe these ‘standard’ conditions in more detail. Variations to the ‘standard’ conditions for

the purpose of determining sensitivity are discussed later in section 7.5. of this thesis.

The input data for the ‘base’ building model is given in Tables 8 and 9, in terms of the internal

design conditions.
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Table 8. (Internal) Zone Properties
Zone Internal Pressure Volume Floor Area Injection
Name Temperature Grille
Location
Rm 20 °C Variable 5,320 m° 1,400 m? Levels 1,5, 9
Lft 20 °C Variable 342 m° 9 m?
St1 and St2 20 °C Variable 45.6 m® each 12 m? each
inj 20 °C Variable 11.4 m®3® 3m?%
Rm occupancy area Lft lift shaft
St1, St2 stairwell shafts Inj (air) injection shaft for each stairwell

For Tables 9-14, refer to Appendix J for an explanation of the names listed in the ‘Element

Name' column.

3 |{ was assumed that the inlet air shaft (injection shaft) for the SPS was one quarter of the stair shaft's dimensions.
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7.4.2.1. ‘Base’ Building (standard) Leakage

Leakage values were assigned to the floors within the occupied spaces, the lift floors and roof,
the inlet air (injection) shaft floors and roof (for the SPS), as well as the stairwell shaft floors and
roof. The wall and floor construction for the ‘base’ building model was (initially) considered to
have ‘Average’ leakage which could correspond to a construction material consisting of a
combination of both concrete and masonry (Tamura 1994),45 (as opposed to ‘Loose’
[constructed totally of masonry], ‘Tight, etc.). It was considered that ‘Average’ leakage would
be representative of the type of construction present within Buildings 1 and 2 for the ‘base’

model, due the age of these buildings and the on-site observations (Fazio 2001).

When assigning floor leakage values for the floors (L1 and above) and the roof of the plant
room, the same leakage values were used for both as a ‘simplification’. This simplification is
based on Tamura’s comments (circa 1969), where “the leakage areas of first floor and
mechanical equipment floors usually differ ... but for ... simplification, all are assumed to be the
same.” It was also considered that the leakage areas are uniformly distributed around the

perimeter of the building.
Tables 10 and 11 specify the leakage values used.

Table 10. Input for Calculating Leakages

Element Name (Average) Leakage Length (m) Width (m)
Coefficient®
Wallext1 0.17 x 10° 20 3.8
Wallext2 0.17 x 10° 70 3.8
Stwallext 0.11x10° 3 3.8
Stwaliin1 0.11x10° 3 3.8
Stwallin2 0.11x10° 4 3.8
Lftwallint 0.84 x10° 3 3.8
Floorleak 0.52x10" 70 20
StrRooflek 0.11x10° % 3 4
InjSRflek 017 x10° ¥ 15 2
LftRflek 0.84x10° % 3 3

% The leakage values are based on eight building tests conducted in the United States.

6 ‘Average’ leakage values for building walls, internal stair walls, external stair walls, internal lift walls and floor leaks obtained
from Klote and Milke (2002).

47 ‘Average’ leakage values for stair roof leak and injection shaft roof Jeak obtained from ASHRAE (2003), as Klote and Milke
(2002) stated that roof leaks can be considered the same as wall leaks for shafts and the ASHRAE (2003) publication
considers shafts as part of the external building in terms of construction, respectively. Therefore, lift wall leakage is
considered equivalent to lift roof leakage.
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7.4.2.2. ‘Base’ Building (standard) Airflow Paths

An airflow path is a building component through which air can move between two adjacent
zones. For this ‘base’ building, the following airflow paths were identified; exterior walls, interior
walls, doors, floors, fans and shafts. Each airflow path is described in terms of its flow
characteristics. For example, horizontal and vertical airflow paths are specified where horizontal
paths include ‘large’ and ‘small’ openings such as doors and leaks in walls or closed doors,
respectively. Vertical paths also include ‘large’ and ‘small’ openings. Large openings are
considered as stair and lift shafts and small openings are considered as leaks between levels.
The CONTAM model was solved using one-way flow equations eg. as per Equation 1, as
opposed to the two-way flow equation option (i.e. where two-way airflow might occur through

open windows).

Note: In considering the flow paths it was assumed that there was no leakage between the walls and

floors, the walls and roof/ceilings or the walls and foundations.

The previous Tables 9 and 11 as well as the following Tables 12-14 further detail the airflow

properties assigned for the ‘base’ building.
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Chapter 7. THE INFLUENCE OF WIND, TEMPERATURE AND LEAKAGE CHANGES ON EFFECTIVENESS
(E-factors)

7.4.2.3. ‘Base’ Building (standard) Environmental Conditions

The ambient environmental data used in CONTAM was determined from the Bureau of
Meteorology website in Melbourne.** Appendix L describes in detail the values chosen for the
wind data. The terrain chosen was Category 1 (as suggested by Klote and Milke [2002)),
whereby 50% of the buildings are taller than 21 m — i.e. a large city centre. A local terrain
constant denoted as ‘urban’ with an ‘a’ value of 0.35, a wind speed profile exponent also of
Ay 0.35 (ASHRAE I-P 1989) was also chosen.

Wind pressure characteristics were chosen for elements for which a flow existed between
‘normal’ (i.e. occupied spaces) and ‘ambient’ zones, such as the outside of the building. A wind
pressure profile was also developed for the CONTAM model based on the wind pressure data
from AS1170.2 (2002) and was identified as ‘variable’. The corresponding wind profile
coefficients are in brackets, where relative North was chosen as 0° (0.8), East as 90° (-0.65),
South as 180° (-0.225) and West as 270° (0.65) [360° had a coefficient of 0.8). The ‘standard’
wind speed chosen over the height of the building was constant at 5 m/s (as discussed in
section 5.2. of this thesis). In Australia, and more specifically within the Melbourne central
business district (CBD), wind is not directly considered as part of the SPS design, unless the

building is extremely tall or is located in an unusual position.

Table 15 summarises the ‘base’ building environmental ‘standard’ conditions, eg. the standard

external temperatures and wind speed (SETW).

Table 15. ‘Base’ Building Environmental Conditions

Wind (m/s) External Fan Location
Temperature (°C)

‘Base’ Building (System 1 and 2) 5 20 Roof (Level 10)

7.4.3. Development of ‘Base’ Building for Systems 1 and 2

To some extent, the ‘base’ building design was developed via trial and error, in that one item
(variant; temperature, wind speed, etc.) at a time was modified to identify the effect the variant
had on pressures and airflows within the stairwell and the building. As an example, the
following items were initially modified in order to determine the ‘base’ building characteristics
noted in the previous sections. For example, Runs #1-57 in Appendix | show the differences
between multiple injection (on L1, L5 and L9) versus single injection (on L9), SPF speed

variations, modifications to the number of open doors in the stairwell (including which door is the

4® The Bureau of Meteorology website address is http://www.bom.gov.au/climate.
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adjacent® door to the fire floor when assessing the airflow velocity conditions detailed within

AS1668.1), changes to the injection grille/vent size (between the supply air shaft and the

stairwell) and changes to the (exhaust) relief grille/vent (on L9), etc.

This analysis was aimed at covering sufficient cases such that the ‘base’ building designs for
both System 1 (VSD and fixed relief) and System 2 could be specified to allow the SPS to
comply with the door opening force and airflow velocity conditions of AS1668.1. That is, with
these specific conditions, the designed systems have an effectiveness of ‘1’ (in the context of

this chapter).

The Heating, Ventilating, and Air-Conditioning Systems and Applications book (1987) states that
the buildings without a VSD to control the SPF speed (eg. System 2), the size of the constant
speed SPF should be chosen so that the fan provides at least the minimum air velocity when
the design number of doors®" are open. However, if all of the doors in the stairwell are closed,
the pressure differential between the stairwell and the occupied space will increase and a relief
path will need to be opened, albeit a bypass damper or relief barometric damper, resulting in the
bypass/relief air increasing, and so reducing the potential supply airflow into the stairwell. The
end result is that any excessive stairwell pressure differentials (due to the closed doors) are

reduced.

Using the above design principle, System 2 was initially modelled with a constant speed SPF
and a barometric relief damper. The fan speed (of 11,575 L/s) was eventually chosen (refer to
Appendix | for the computer simulations) so that the airflow velocity (i.e. with three doors open)
and the door opening force requirements (i.e. with no open stairwell doors), were separately
satisfied. When deciding on the SPF speed, the damper relief size was also varied in order to
find the effective area required (for the fixed SPF speed), depending on whether or not the
(required number of) stairwell doors were open or closed. For example, when (three) stairwell
doors were open, the effective size of the relief damper was at its minimum (i.e. 0.01 mz),
however when all of the doors were closed, the effective size of the damper was set to its

maximum opening size (i.e. 1 mz) for a constant speed SPF of 11,575 L/s.

The presence of a VSD within a SPS (as per System 1) can limit the fan speed during maximum
stairwell pressure conditions (i.e. when all of the stairwell doors are closed). As the doors are
opened, in order to maintain the required airflow velocities, the SPF speed is then increased but
not so much that the remaining door opening forces are exceeded. In the ‘real’ environment,
the VSD speed is modified based on the average pressure readings within the stairwell, over a
specified time period. However, as CONTAM uses steady state conditions, the ‘real’ averaging

measurements could not be modelled. To simulate modifying the SPF speed with a VSD, the

50 Note: The term ‘adjacent’ in this context, refers to the door immediately above or below the nominated fire floor. Once the
‘base’ building model was obtained, the ‘adjacent’ door referred to the door above the nominated fire floor.
51 ‘Design number of doors’ refers to the number of doors openediclosed as detailed within AS1668.1. For example, for the
airflow velocity assessment, there would be three open doors. See Table 5.
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SPF speed was initially varied between 10-50% of its maximum speed of 11,575 L/s. The range
of fan speeds chosen, therefore simulated the ramping up/down of a VSD to adjust the SPF

speed. These values are detailed in Table 16.

Table 16. System 1 SPF Speed Options

VSD setting SPF
Flow rate (L/s)
10% 1,157
20% 2,315
30% 3,472
40% 4,630
50% 5,787
100% 11,575

For consistency, it was decided that the same fan speed would be used for System 1 as that
adopted for System 2. This corresponded to a fan speed of 11,575 L/s; which was chosen as
the upper fan speed limit when assessing the airflow velocity condition. It is important to realise
that SPS incorporating a VSD may or may not have a fixed relief opening. However, if a fixed
relief opening is used, it allows more flexibility with the VSD should the stairwell or building
conditions change. Therefore, for this assessment a fixed relief was used in the design. Having
said this, the design conditions obtained for System 2’s airflow velocity assessment (in terms of
the relief opening [0.01 m2] and the fan speed [11,575 L/s]) could have been used for System 1
also. However, if this relief opening was used, the CONTAM simulations showed that when the
door opening forces were assessed (all doors closed), the reduced SPF speed would need to
be approximately 2,000 L/s or less (i.e. less than 20% of the upper fan limit of 11,575 L/s), in
order to comply with the performance condition of 110 N in AS1668.1.

It is not common practice to have the SPF speed at or so close to the minimum VSD setting,
therefore this fixed relief opening size was not adopted. If the VSD was set to its minimum
setting of 10%-20%, it would not be possible to reduce the fan speed further should the need
arise where the stairwell/building conditions have changed. Numerous simulations were
performed to assess the door opening force conditions at a low fan speed with and without a
fixed relief opening. It was found that at low fan speeds with no relief the door opening forces
were less than 70 N. Although this achieves the performance condition in AS1668.1, it was
more realistic to find a result closer to the performance condition of 110 N, as is typically the

case for ‘real’ systems.
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In order to provide the flexibility needed (as stated above), a realistic fixed vent opening was
chosen at 0.06 m?. Simulations were then performed where the fan speeds were varied to
identify if the fixed relief would achieve the door opening force condition and the airflow velocity
conditions at an upper fan speed of 11,5675 L/s. It was found that the lower fan speed was to be
3,473 L/s when all the doors were closed. It is important to note that if System 1’s fan and fixed
relief conditions had been analysed first, instead of System 2, the results presented in this

thesis (in terms of the fan speeds and relief sizes) would have been different.

7.4.3.1. Details of the Development of Solutions for Systems 1 and 2

This section gives the specific details regarding how the ‘base’ building solutions were obtained

for both Systems 1 and 2, including the results.

7.4.3.1.1. Door Opening Forces

Using the ‘standard’ conditions (see Tables 8 and 15), the door opening force pressures were
modelled, with all the stairwell doors closed. The resulting stairwell pressure calculated using
CONTAM was then the pressure required to be overcome, in order to open one of the stairwell
doors. That is, if the maximum pressure in the stairwell was less than the 110 N force
requirement in the Australian Standards, then it was taken that one door could be successfully
opened. Additional doors could also be opened, since opened doors provide additional relief
within the stairwell, resulting in a reduction in stairwell pressure. The building leakage values

were considered to be ‘Average’.

For System 2, it was found that the (exhaust) relief effective opening area necessary to open a
stairwell door while complying with the maximum 110 N force detailed within AS1668.1 and
AS1851.6, was 1 m2.>* The simulation results are presented in Figures 22a and 22b. For this
particular simulation case, the resultant maximum door opening force calculated was 97.1 N on

LO. Refer to Run #56 in the following graph legend.

52 Note: A relief size of 1.1 m* (Run #542 also does not exceed the maximum door force of 110 N, however, to err on the
conservalive side, a relief of 1 m? was chosen, as it resulted in a door opening force, being closer lo the maximum
limit of 110 N.
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Figure 22a. System 2 - Door Opening Forces for building levels using SETW and varied
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Figure 22b. System 2 - Enlargement (Figure 22a) Door Opening Forces for building levels

using SETW and varied Relief (R)
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In order for System 1 to pass the performance conditions when using a VSD, the VSD setting
had to be lower when assessing the door opening force conditions (i.e. with ail doors closed)
than when assessing the airflow velocity conditions (i.e. with three doors open). This is so that
the required airflows at the doors and the pressures in the stairwell were maintained when
additional doors were opened. As stated previously, the upper fan speed of 11,575 L/s was
chosen. Therefore, for the door opening force assessment (with all doors closed) the fan speed
would need to be reduced due to the build up of pressure. Figure 23 shows the results from this
simulation when the fan speed setting (as a percentage) and the effective relief (area) opening
size were considered. When the SPF speed was 10-20% of the maximum fan speed, no relief
was required” in the stairwell shaft, resulting in very low door opening forces. However, when
the VSD setting was increased to 30% of the maximum fan speed (i.e. 3,472 L/s), the optimum
effective (exhaust) relief opening needed was 0.06 m? (Runs #190, #281) in order to obtain a
door opening force reading, which was close to the maximum Australian Standard limit (i.e.
110 N). In this case, a maximum door opening force of 103.6 N was achieved for L9. The 10-
20% VSD settings (i.e. with no relief opening) were not used in this analysis (even though the
performance conditions were satisfied) because they would not allow the flexibility suggested

previously, should the stairwell/building conditions change.

= 0= =Run #275 10% R=0.06m2
——@— Run #276 10% No R
— =A— - Run #278 20% R=0.06m2
——— Run #279 20% No R

| — -0— -~ Run #281, #190 30% R=0.06m2

.:——..: S — - —.7“—.—_.—'_,_,—' & Run #183 30% No R

- = , O e e

- o . - - —_— 1 120

System 1 @ 20°C 5m/s
[Ave Leakage, varied Relief size R, varied SPF]

Forces (N)

20

LO L1 L2 L3 L4 LS L6 L7 L8 L9

Building Levels

Figure 23. System 1 - Door Opening Forces for building levels using SETW with varied
Relief (R) and VSD speed

% No relief was required, as the leakage within the building and stairwell shafts provided sufficient airflow to enable the_ SPE to
operate (as some form of relief is required for these systems [eg. building/stair wall leakage] when an area is being
pressurised).
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7.43.1.2. _Airflow Velocities

Once the compliant door opening force scenarios were obtain.ed for both systems, the airflow
assessment was modelled in order to comply with the 1 m/s airflow velocity measurement
through the nominated fire floor door with three open doors (refer to Table 5). Compared to
System 1, a smaller relief (exhaust) is required when the airflow measurements are modelied for

System 2 as the pressure in the stairwell shaft reduces with the opening of additional doors.

In order to find the required relief (exhaust) for System 2, an evaluation was performed whereby
the number of doors open in the stairwell was varied. Initially one door was opened, then two
and then three doors (where three are required to be open by the Australian Standard). This
sequence of opening doors is also representative of what may occur in a genuine building
evacuation where, one door and then multiple doors are opened. The results in Figures 24a
and 24b show that when the SPF supplies 11,575 L/s, as the number of open doors increase,
for the same effective relief opening size, the airflow velocity at the fire floor door reduces;
resulting in the relief vent needing to be reduced (in order to try and maintain the pressure and

the required airflow within the stairwell shaft). These results are also summarised in Table 17.

"—&—— Run #65 1dr R=0.01m2

Run #67 1dr R=1m2 System 2 @ 20°C 5m/s
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—3#—— Run #66 2 drs R=1m2 !

—#k——Run #43 3 drs No R
- - 3 - -Run #63 3 drs R=0.01m2 | 22
- - © - -Run #62 3 drs R=0.05m2 - * * 4 > - b 21
— e Run #61 Bdrs R=0.Im2 =T T ¢ : . = . L 20
— —+ — Run #60 3 drs R=0.25m2 _ _ . . S R . e 19
Run #59 3drs R=0.5m2 - - - = = = F 18
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Figure 24a. System 2 - Airflow Velocities for Fire Floor building levels using SETW with
varied Doors Open and Relief (R)
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Figure 24b. System 2 - Enlargement (Figure 24a) Airflow Velocities for Fire Floor building
levels using SETW with varied Doors Open and Relief (R)

Note: For Figures 24a and 24b (and subsequent airflow velocity figures), R refers to relief size and ‘1 dr, 2

drs and 3 drs’ in the graph legend refers to:

- ‘1 dr means that the stairwell door on LO from the occupied space into the stairwell is open,

when the nominated fire floor is LO;

- ‘2 drs’ mean that the main discharge stairwell door out of the building and the stairwell door
on LO from the occupied space into the stairwell are open, when the nominated fire floor is
LO; and

- ‘3 drs’ mean that the main discharge stairwell door out of the building, the stairwell door on
LO and the stairwell door on L1 from the occupied space into the stairwell are open, when

the nominated fire floor is LO.

The airflow velocity measurements on the remaining floors are when these stairwell doors
are closed (being non-fire floors) and therefore, the higher airflow velocity measurements

shown (i.e. greater than 4 m/s) are for the door gaps due to closed doors.
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Table 17. System 2 - Airflow Velocities for Varied Fire Floor Doors Open using SETW
and chosen Relief (R)

No. of Effective Run No. Airflow Airflow Velocity Remaining Door
Doors | Opening Relief Velocity rounded values Opening Forces (N)
Open size (m?) (mis) (m/s)
1 0.01 #65 5.05 5.1 433.7 - 543.9
1 #67 1.5 1.5 60.2 - 66.5
2 0.01 - #64 1.46 1.5 64.1 — 91.6
3 0.01 #63 1.01 1.0 56.4 - 81.9
0 #43 1.02 1.0 57.11 -83.3

Notes: 1. Where two results have been provided in the table above, the more onerous solution was
chosen, in bold.

2. For the three doors open scenario, the average difference in airflow results between an

effective relief opening area of 0.01 m? and 0 m®, is 0.005.

3. For System 2, in order to achieve the door opening force requirements with no doors open,
an effective relief opening area of 1 m’ is required (refer to Figures 22a and 22b). It is not
possible for a damper to completely close if air is supplied into the stair shaft therefore, a

minimum opening of 0.01 m? has been adopted (for assessing the airflow requirements).

4. The door opening forces coloured in red in Table 17, illustrate how excessively high the
remaining door opening forces are initially, with only one stairwell door open, that is until the
damper opens to it's maximum setting of 1 mZ. Of course, the door opening forces required
if no doors were open would be even higher. This illustrates how important it is that the

barometric damper operates correctly and rapidly when trying to open one or two doors.

For System 1, when the VSD setting was 30% of the maximum SPF speed (maximum speed is
11,575 L/s) an effective fixed relief opening area of 0.06 m? was used for the door opening force
assessment. A simulation was conducted with both the maximum fan speed and the chosen
effective fixed relief opening area, to assess whether the airflow velocity conditions were
achieved. Figure 25 shows that the airflow velocity conditions pass when each floor, in turn, is
nominated as the fire floor, for three open stairwell doors. Level LO just passes, when the
second decimal point value is rounded up (as described in section 7.3.2.2.), i.e. 0.97 m/s

rounded up to 1.0 m/s.
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System 1 @ 20°C 5 m/s
[Ave Leakage, R=0.06m’, 11,575 L/s - Overall Fire Floors Only]
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Figure 25. System 1 - Airflow Velocities for Fire Floor building levels using SETW

As with System 2 (Table 17), the remaining door opening forces for System 1 may initially be
high (when trying to open one or two doors) if the VSD setting and corresponding SPF have not
responded in sufficient time.

7.4.4. Summary of ‘Base’ Building Solutions for Systems 1 and 2

Based on the information obtained using CONTAM and the ‘real-life’ scenario sequence of
events (i.e. opening one door, then two doors, etc., in the stairwell), the following summary table

was developed to show what will occur for the simulations performed.
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Table 18. Summary of Sequence of Events for Systems 1 and 2 - ‘standard’ Conditions

Sequence of Events Syetem 1 System 2
Run No. Run No.

a. Initially all stairwell doors are closed, building operating
in ‘normal’/non-fire mode, (exhaust) relief or dump-back
damper closed for System 2 (i.e. at minimum 0.01 m?)
or fixed at 0.06 m*for System 1.

b. The FIP receives a fire alarm signal and the building
goes into fire-mode operation.

c. The SPS for System 2 turns on to max (11,575 L/s), all | Not modelled #68
stairwell doors are still closed, as is the effective relief
opening (i.e. open area 0.01 m?) resulting in excessive
pressure within the stairwell and preventing doors from
openings. In System 1 (relief area 0.06 m ) the fan
speed begins to increase.

d. A (very) short time later, the (exhaust) relief damper/ #281 #56
dump-back/bypass damper for System 2 opens to 1 m®.
In System 1 (relief area 0.06 m %) the SPF further
increases so that the design pressure limit does not
exceed the door opening forces.

e. An occupant then tries to enter the stairwell by opening | Not modelled #67
one door.
f. In order to maintain the airflow velocity and door opening | Not modelled #64

forces for the remaining closed doors, when another
door is opened (i.e. two doors open), the relief opening
is reduced to 0.01 m? (System 2). For System 1
(0.06 m ) as more doors are opened, the SPF speed
increases.

g. To maintain the airflow velocity conditions (when three #62A #63
doors are opened as per the Australian Standards) and
door opening forces, the rellef operiing remains at
0.01 m* (System 2) and 0.06 m ?(for System 1). The fan
speed reaches its maximum setting for System 1.

For the ‘base’ building conditions modelled, buildings with System 1 or System 2 have an

overall effectiveness of ‘1’ and the performance conditions of AS1668.1 are satisfied, when:
e System 1: Door Opening Forces (no doors open), Fan speed 3,472 L/s, Relief 0.06 m?
Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.06 m?
e System 2: Door Opening Forces (no doors open), Fan speed 11,575 L/s, Relief 1 m?
Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.01 m?

Note: Within the industry, it is also assumed that the above noted design specifications in terms of fan

limits and effective damper relief opening areas can be achieved.
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Failure of the SPS is therefore, considered to occur if the design specifications listed above for

Systems 1 and 2, or the performance conditions of AS1668.1 are exceeded (i.e. door opening

force exceeds 110 N, airflow velocity less than 1 m/s). Below are two examples of SPS failure:

System 2: if the door opening forces exceed the performance condition of 110 N, then
this would be considered as a failure of the system, since the relief damper could not

open further.

System 1: if the pressure in the stair shaft (and therefore, the associated door opening
forces) decreases, the fan speed will continue to increase until the maximum allowable
pressure within the stair shaft reaches the set limit (to avoid excessive door opening
forces) or the maximum fan speed is achieved. It is considered that the fan speed cannot
be reduced below a VSD setting of 30% (i.e. 3,472 L/s) due to the programming of the
VSD. Thus an increase in door opening force (i.e. pressure in the stairwell) at the lowest

fan speed will be considered a failure of the system.

The effects of varying temperature, wind and leakage parameters are now considered in this
thesis, noting that from hereon, the design specifications (bulleted on the previous page) for

both Systems 1 and 2, will be repeated in jtalicised brackets to remind the reader.

7.5. Sensitivity Study

An extensive sensitivity analysis was conducted (using CONTAM) in relation to ‘base’ Building

System 1 and ‘base’ Building System 2 where the following was considered:

o Variations in wind speed and direction;
o External temperature changes such as temperature increases [summer] and

decreases [winter]; and
o Potential leakage changes (i.e. increases in building leakage for walls, etc.).

This study was undertaken to consider the impact of such variations on the performance of the
SPS in terms of the conditions specified in AS1668.1 (in particular the door opening forces and

. - 54
airflow velocities).

The actual CONTAM analysis has been divided into various groups, which are referred to as

‘Study Groups’. The Study Groups are listed below:

5 Note:  The noise and restoration time performance conditions (as shown in Table 5) were not modelled using CONTAM,
however, they were assessed as part of the effectiveness model where ‘other factors' influencing the effectiveness
were studied (refer to Chapter 8).
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Study Group 1 ‘Base’ Building System 2 set-up at SETW *
Study Group 2 ‘Base’ Building System 1 set-up at SETW *
Study Group 3 Increased Wind Speed above 5 m/s
Study Group 4 External Temperature Increase and Reduction
Study Group 5 Combination Condition (Hot and Windy)
Study Group 6 Wind Direction Assessment
Study Group 7 Increased Leakage

Note: * SETW refers to standard external temperature (20°C) and wind (5 m/s)

Study Groups 3-7 refer specifically to the sensitivity analysis performed as part of this research.
7.5.1. Sensitivity to Wind

CONTAM was used to assess the influence of wind speed and wind direction on the
effectiveness of a SPS. These variables were chosen based on observations recorded by Fazio
(2001) for System 2 (also refer to section 5.4. of this thesis) and Hobson and Stewart’s (1972)
suggestion that winds greater than 5 m/s could affect the pressurisation system. Despite these
observations, British Standard (BS) BS5588.4 (1998) and NFPA 92A are the only standards,
which currently references that ‘adverse weather conditions’ should be ‘considered as part of

the design’. The following sections detail the CONTAM analysis findings.

7.5.1.1. Wind Speed

The first sensitivity study performed in this thesis was related to changing the external wind

conditions for both buildings.

The external wind speed conditions were varied from the ‘standard’ conditions of 5 m/s, to
15 m/s in increments of 2.5 m/s. This range of wind speeds was chosen based on the data from

the Bureau of Meteorology (http://www.bom.gov.au/climate) where the average wind speed is

measured over a period of 10 minutes. This range of wind speeds also aligns with Klote and
Milke’s (2002) suggestion of using the ‘mean average wind speed.” Appendix L explains how

these values were obtained in more detail.

The Bureau of Meteorology also measures wind speed in terms of “gusts” where the maximum
value obtained over a 3 second period is recorded. Bearing this in mind, a maximum wind
speed of 30 m/s was adopted for this thesis, with the aim of investigating the effects of short
(gust) or long-term high wind speeds. A secondary reason for incorporating high wind speeds
was that within the industry high wind speeds (or gusts) are considered to affect the

performance of SPS.
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7.5.1.2. Effect of Wind Speed

Using the ‘base’ building condition of standard external temperature (SET) at 20°C, the wind
speeds were varied and CONTAM analyses of door opening forces and airflow velocities were

performed as shown below.

7.5.1.2.1. Door Opening Forces

System 1's [fan speed 3,472 L/s, fixed relief 0.06 m’] door opening forces were assessed using
the CONTAM ‘base’ building model. The results of the analysis are presented in Figure 26 and
show that the door opening forces increase for each level when the external wind speed is
increased. The maximum door opening forces are also shown to occur on LO and L9. In all
cases, except for a maximum wind speed of 30 m/s, the door opening force limit of 110 N was
not exceeded. In the case of 30 m/s (Run #320A) a maximum door opening force of 114.7 N

was generated.

- = # - -Run #190 5m/s

System 1@ 20°C —E——Run #197 7.5m/s
[Ave Leakage, R=0.06m?’, varied Wind, 3,472 L/s] W |
- = 4 - -Run #200 15m/s
| —A—Run #320A 30MVs
I J—F 114 ’

+ 13
-t 112
-+ 111
- 110
-+ 109

- 108

Force (N)

——t 107
-1 106
~—t 105
1 104
L 103

-1 102

r 101

100

Lo Lt L2 L3 L4 L5 L6 L7 L8 L9

Building Levels

Figure 26. System 1 - Door Opening Forces for building levels using SET and varied
Wind

100



Chapter 7. THE INFLUENCE OF WIND, TEMPERATURE AND LEAKAGE CHANGES ON EFFECTIVENESS
(E-factors)

The results for System 2 [fan speed 11,575 L/s, relief 1 m2] as presented in Figure 27, were
similar to System 1, in that as the external wind speed increased, so did the door opening forces
for each level. The maximum door opening forces were on the lower levels (i.e. LO) and overall
reduced as the building height increased. System 2 did not pass the door opening force
requirement on LO when the maximum wind speed was 30 m/s (i.e. Run #122, L0 door opening
force 114.7 N), however, all other wind speeds modelled complied with the performance
condition of 110 N. If the relief could have been increased to 1.1 m?(see Run #123 in the graph
legend), the door opening forces would have passed for the maximum wind speed.

—a&— Run#565m/s

System 2 - Stairwell Shaft Door Forces @ 20°C b i |
[Ave Leakage, R=1m’, varied Wind, 11,575 L/s] | —+—FRun# 90 1om’s

—¥— Run#10112.5m/s

—¥— Run# 112 15m/s

—&— Run#12230m/s
| Run # 12330m/s

-

105

100

Force (N)

-1 95

90

85

80

Lo L1 L2 L3 L4 L5 L6 L7 L8 L9

Building Levels

Figure 27. System 2 - Door Opening Forces for building levels using SET and varied
Wind

7.5.1.2.2. Airflow Velocities

The results for the airflow velocity analysis for System 2 [fan speed 11,675 L/s, relief 1 m?],
show that as the external wind speed increases, the overall airflow velocities on the nominated
fire floors also increase for each floor (i.e. from LO to L9). These results are presented in
Figures 28a and 28b.

For the ‘base’ building case of wind speed 5 m/s, the airflow velocity was 1.0 m/s on L0, while
for a wind speed of 30 m/s (Run #124) the airflow velocity was 1.3 m/s for the same nominated
fire floor. Higher airflow velocities were obtained when the nominated fire floor was other than
0. On this basis, for a wind speed of 30 m/s, the nominated fire floor was considered for LO

only as it was recognised that this floor would have a lower airflow velocity than if the nominated
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fire floor was at other (higher) levels. The high wind speed simulation result (when only one

floor is nominated the fire floor), is also shown in Figures 28a and 28b. During the CONTAM

analysis for a high wind speed of 30 m/s, it was identified that although the airflow velocities

complied for three open doors; the Ground Floor foyer discharge door (on the East side, see

Figure 21a), had excessive door opening forces of more than 280 N. This was due to the

direction and velocity of the external wind. However, occupants could still enter the stairwell

doors when the fire floor was LO, despite not being able to use the Ground Floor foyer discharge

(Easterly) door.

System 2 @ 20°C

[Ave Leakage, R=0.01m?, varied Wind, 11,575 L/s - Overall Fire Floors
Only]

—&— Runs #63, 69-77 5m/s
—&@— Runs #80-88 7.5mvs
—&— Runs #91-99 10aVs
—¥—Runs #102-110 12.5nvs
|—M— Runs #113-121 15nVs
—@— Run #124 30nVs

85

-+ 79

-+ 5.9

T 4.9

Velocity (m/s)

s — ~t— —iif- o

LO t1 L2 L3 L4 LS L6 L7 L8

Building Levels

0.9
L9

Figure 28a. System 2 - Airflow Velocities for Fire Floor building levels using SET and

varied Wind
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—&— Auns #63, 69-77 5ms

System 2 @ 20°C |—8— Runs #80-88 7.5mVs
[Ave Leakage, R=0.01m?, varied Wind, 11,575 L/s - Overall Fire Floors —* funs 109 toms
only] —¥— RAuns #102-110 12,5mvs
—#— Runs #113-121 15m/s

—&— Run K124 30m's
T i

Velocity (m/s)

Lo Lt L2 L3 L4 L5 L6 L7 L8 L9

Building Levels

Figure 28b. System 2 - Enlargement (Figure 28a) Airflow Velocities for Fire Floor building
levels using SET and varied Wind

In System 1 [fan speed 11,575 L/s, fixed relief 0.06 mF], the results for the varied wind speed
analysis show that the airflow velocity just passed on LO (i.e. Run #62A). The airflow velocity
through the fire floor door was 0.97 m/s (rounded up to 1.0 m/s). In contrast, when modelling a
maximum wind speed of 30 m/s, the airflow velocity safely passed on LO. This outcome was not

analysed directly but interpolated from other analysis results (see Appendix M, Table M2).

7.5.1.3. Wind Direction

Using the ‘standard’ wind speed condition of 5 m/s, the wind direction was varied from an
Easterly direction to a Northerly, Southerly and then Westerly direction. This was done in order
to assess whether or not the wind direction affected the operation of the SPS during ‘standard’

conditions (i.e. SETW). Appendix L details the background behind the wind directions chosen.

7.5.1.4. Effect of Wind Direction

The influence that wind direction has on the effectiveness of the SPS was only modelled in

terms of the door opening force performance conditions (i.e. when all doors are closed).
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7.5.1.4.1. Door Opening Forces

Figures 29a and 29b illustrate the influence wind direction has on the performance of the SPS.
The results indicate that the East and West wind directions appear to have the greatest
influence on the door opening results, followed by the South and North directions. Therefore,
additional wind direction simulations did not need to be generated, as the Easterly wind
direction was originally chosen for the CONTAM scenarios. The Bureau of Meteorology data
(presented in Appendix L) however, shows that the North, South, West, and then finally the East
wind directions are the order of frequency. However, for this project the East wind direction was
maintained for the CONTAM simulations, as it displayed the highest door opening forces

(although marginally so).

Systems 1's [fan speed 3,472 /s, fixed relief 0.06 m2] East (Run #190) and West (Run #220)
simulations indicate that L1-L8 have practically identical door opening forces, while LO and L9
have the highest door opening forces. This is illustrated in Figure 29a. For System 2 [fan
speed 11,575 L/s, relief 1 mf], the East. (Run #56) and West (Run #221) results are also
extremely similar (refer to Figure 29b). The maximum door opening forces are on LO in this
case. The graphs displayed for both SPS are consistent with the door opening force graphs

presented earlier, in terms of the patterns produced.

[—&— Run #216 30% North 0

System 1 @ 20°C 5m/s —3%— Run #190 30% East 90
[Ave Leakage, relief size R=0.06m?, varied Wind direction, 3,472 L/g 4R #2!6 30% South 160

—#—Run #220 30% West 270

104

T 1038
z
()]
=
1102 L

L — + 101

& : ds 100

LO L1 L2 L3 L4 L5
Building Levels
Figure 29a. System 1 - Door Opening Forces using SETW and varied Wind Direction
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System 2 @ 20°C 5m/s Varied Wind Direction o e ¥ e RS ]

——&—Run #56 (B) East 30

[Ave Leakage, relief size R=1 mz, varied Wind direction, 11,575 L/s —2&——Run #219 (B) South 180 -
ge, y 11,
—6—Run #221 (B) West 270
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Figure 29b. System 2 - Door Opening Forces using SETW and varied Wind Direction
7.5.2. Sensitivity to Temperature

A sensitivity study was performed where the external temperatures were varied consistently
over the height of the building. These variations (generally) included external temperature
increases and reductions, while the remaining external environmental variables did not change.

That is, the standard external wind [SEW] speed of 5 m/s was used.

7.5.2.1. Temperature Increases

To assess external temperature variations on the performance of a SPS, the internal
temperature of the building was set to 20°C, while the external temperatures were increased
from 5°C to 30°C, in 5°C increments. Summer and winter conditions were replicated with
external temperatures of 25°C and 15°C, respectively. These temperatures were chosen with

use of data obtained from the Bureau of Meteorology (http://www.bom.gov.au/climate; see

Appendix L).

When external temperatures were greater than the internal temperature, the reverse stack effect

occurs and was modelled (refer to Figure 30).%°

% Note: The ‘Neutral Plane’ referred to in Figure 30, is where the inside pressure equals the outside pressure.
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Colder 7 o e i <+
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4> > < -« >
- = <« <
Shaft Shaft

(@) (b)

Figure 30. Stack Effect - (a) Normal and (b) Reverse

Note: —® refers to building airflow direction
—» refers to cool air flow direction

—» refers to hot air flow direction

7.5.2.2. Effect of Temperature Increases

7.5.2.2.1. Door Opening Forces

Figure 31 presents the results for the door opening force analysis for System 1 [fan speed
3,472 /s, fixed relief 0.06 mZ]. The results show that in all instances, the maximum door
opening force of 110 N is not exceeded for System 1, independent of the external temperature.
Figure 31 also shows that when the temperature increases from 5°C to 15°C, the door opening
forces reduce up until L4, at which time the door opening forces then begin to increase over the
height of the building as the temperature increases further. The SETW conditions (i.e. 20°C and
5 m/s), result in reasonably symmetrical door opening forces on either side of L4 (the middle
zone of the building). Further increases in temperature (i.e. 25°C to 30°C) result in an increase
in door opening forces from L4, as the building height increases. The door opening forces vary

in total by approximately 8 N.
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-« % « Run #1935C

System 1 @ 5m/s e
[Ave Leakage, R=0.06m>, varied Temp, 3,472 L/s] - - e - -Run 4191 15C
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| ——@——Run #187 30C |
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Figure 31. System 1 - Door Opening Forces using SEW and Increased Temperatures

The results for System 2 [fan speed 11,575 L/s, fixed relief 1 m?] presented in Figure 32, show
that the maximum door opening force of 110 N is not exceeded. This figure also shows that as
the external temperature increases the door opening forces reduce as the building height
increases, up to L9. That is, the lowest door opening force for each temperature scenario is
generally on L8. However, between L8 and L9, as the temperature increases from 25°C to
30°C, the door opening force on L9 is greater than on L8. For System 2, the door opening

forces vary in total by approximately 20 N.
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System 2 @ 5m/s

[Ave Leakage, R=1 m?, varied Temp, 11,575 L/s]
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Figure 32. System 2 - Door Opening Forces using SEW and Increased Temperatures

Note: In Figures 31 and 32 where external temperatures exceed the internal temperature (i.e. of 20°C),

the reverse stack effect phenomenon is displayed.

7.5.2.2.2. Airflow Velocities

The results for the airflow velocity analysis for System 2 [fan speed 11,575 L/s, relief 0.01 m?]
are presented in Figure 33 and Table 19. The results presented in this figure show each floor in

turn, nominated as the fire floor. In all instances, the minimum airflow velocity of 1 m/s on the

fire floor was achieved, independent of the external temperatures assessed. As the external

temperatures increase, the airflow velocities on the nominated fire floors were shown to also

increase for each floor.
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System 2 @ 5m/s
[Ave Leakage, R=0.01m?, varied Temp - Overall Fire Floors Only]
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| —&— Runs #127-135 5C

—— Runs #138-146 10C
—&— Runs #149-157 15C
—¥— Runs #63 69-77 20C
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Figure 33. System 2 - Airflow Velocities for Fire Floor building levels using SEW and

Increased Temperatures

Note: In Figure 33 where external temperatures exceed the interal temperature (i.e. of 20°C), the

reverse stack effect phenomenon is displayed.

Table 19. System 2 - Airflow Velocities through Fire Floor (L0) using SEW and
Increased Temperatures
External Airflow Velocity Airflow Velocity Run No.
Temperature (°C) (m/s) rounded values
(m/s)
5 0.9974 1.0 #127
10 1.0007 1.0 #138
15 1.0038 1.0 #149
20 1.0066 1.0 #63
25 1.0092 1.0 #160
30 1.0117 1.0 #172
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When System 1 [fan speed 11,575 L/s, fixed relief 0.06 m?] was assessed with increasing
external temperatures, the airflow velocity just passed on LO with 0.96 m/s rounded to 1.0 m/s at
5°C and 5 m/s (refer to Run #422 in Appendix I).

7.5.2.3. Negative Temperature Variations

The external temperature was reduced from 1°C to -15°C while the internal temperature
remained at 20°C. This analysis was simulated in order to assess the SPS during extreme
wintry conditions. The temperatures used were also assumed to be constant with time over the
height of the building.

When external temperatures were less than the internal temperature, the normal stack effect

occurs and was modelled (refer to Figure 30).

7.5.2.4. Effect of Negative Temperature Variations

Extreme wintry conditions were modelled starting with an external temperature initially of 1°C.
The normal stack effect was modelled when the external temperature was less than the

building’s internal temperature (i.e. of 20°C). The external wind remained at 5 m/s.

7.5.2.4.1. Door Opening Forces

System 2 [fan speed 11,575 L/s, relief 1 m’] was assessed with reduced external temperatures.
The results are shown in Figures 34a and 34b and illustrate that as the external temperature
reduces from 1°C to -10°C, the door opening forces increase per level until L7-L8 is reached, at
which time the door opening force reduces as the external temperature increases. The
maximum allowable door opening force of 110 N was not exceeded when the outside
temperature was 1°C and the internal temperature was 20°C (i.e. a temperature change of
19°C), refer to Run #303 in the graph legend. An assessment was then conducted to see
whether the results were dependent on the temperature difference as opposed to specific
internal and external temperatures. An external temperature of -15°C and an internal
temperature of 4°C was modelled (Run #304), resulting in non-compliant door opening forces
for LO-L2 inclusive, as illustrated in Figures 34a and 34b. These results demonstrated that it is
not simply the difference between internal and external temperatures that effects the internal

pressure state within the stair shaft, but the specific values of temperature.
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Figure 34a. System 2 - Door Opening Forces using Reduced External Temperatures

System 2 @ 20°C (inside) 5m/s
[Ave Leakage, R=1m’, varied outside Temp, 11,575 L/s]
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Figure 34b. System 2 - Enlargement (Figure 34a) Door Opening Forces using Reduced

External Temperatures
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System 1 [fan speed 3,472 L/s, fixed relief 0.06 mf] was also modelied with a selection of
(extreme wintry) external temperatures (Figure 35). The pattern of results obtained when
modelling System 1 were the same as those obtained for System 2, whereby the door opening
forces increase per level as the external temperatures reduce. The maximum door opening
force obtained was when the external temperature was 1°C. This occurred on L0, with a value
of 110.1 N. This just exceeds the maximum limit when the second value after the decimal point
is used, as per this study. Therefore, another simulation was performed with an external
temperature of 2°C and the door opening forces just complied (refer to Run #307A, door
opening force of 109.6 N on L0).

|—+—Run #305 -10C

SVStem 1@ 20°C (inSide) 5mls —&— Run #306 0C
[Ave Leakage, R=0.06m> varied outside Temp, 3,472 L/s] S i——

| —#—Run #307A 20

117.5

+ 115

1+ 112.5

1110

-+ 107.5
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-+ 102.5

100
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Figure 35. System 1 - Door Opening Forces using Reduced External Temperatures

For the normal stack effect (i.e. when the external temperature is less than the internal
temperature, 20°C), Figures 36 and 37 illustrate that in order for every floor to pass the door
opening force performance condition (110 N), the external temperature needs to be greater than

2°C for System 1 with a VSD however, for System 2, the external temperature can be 1°C.
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Figure 36. System 1 - Door Opening Forces when the Normal Stack Effect Condition

Occurs
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Figure 37. System 2 - Door Opening Forces when the Normal Stack Effect Condition

Occurs
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7.5.2.4.2. Airflow Velocities

System 2 [fan speed 11,575 L/s, relief 0.01 m’] was modelled using the same range of
temperatures adopted in section 7.5.2.4.1. of this thesis. Figure 38 illustrates that as the
external temperatures decrease, the airflow velocity on a nominated fire floor (with open
stairwell doors on LO, the fire floor and the floor above the fire floor) also decreases. The
simulation results of Runs #308 (1°C), #355 (0°C) and #365 (-10°C) in Figure 38 show that on
LO, the airflow velocity satisfies the performance condition of 1 m/s. Reducing the effective
relief opening to 0 m? (as opposed to 0.01 m2) was found to have some effect of increasing the
airflow velocity at LO. However, as explained previously, it is not possible for a barometric

damper to have a zero relief opening area.

Figure 38 also shows that when the external temperature is -10°C and the nominated fire floor is

L8, the required airflow velocity only just passes.

[—a—Runs #308-316 1C

System 2 @ 5m/s —8—Run#317 ICNoR |

[Ave Leakage, R=0.01 mz, Temp Reductions - Overall Fire Floors Only]i :2“"::§Z§f°:

—d&— Runs #365-373 -10C
e TTE .

1.10

+ 1.05

Velocity (m/s)

1 0.95

0.90

Lo Lt L2 L3 L4 Ls L6 L7 L8 L9

Building Levels

Figure 38. System 2 - Airflow Velocities for Fire Floor building levels using SEW and

Reduced Temperatures

Evaluation of System 1 [fan speed 11,575 L/s, fixed relief 0.06 m?] at 0°C shows that the airflow
velocity just passes on LO (airflow velocity 0.96 m/s [1.0 m/s]); Run #420, Appendix I. A
selection of other fire floors were also assessed under the same conditions and it was found
that System 1 can achieve the airflow velocity conditions during the normal stack effect

simulations modelled when the external temperature is 0°C (Appendix M, Table M2).
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7.5.3. Combination (Hot and Windy)

A hot (30°C) and windy (15 m/s) condition was modelled to assess the SPS’s sensitivity in terms

of the door opening forces and airflow velocities for this situation.

7.5.3.1. Effect of Combination (Hot and Windy) Conditions

7.5.3.1.1. Door Opening Forces

The results for System 1 [fan speed 3,472 L/s, fixed relief 0.06 m’] are presented in Figure 39.
The results show that when an external temperature of 30°C and wind speed of 15 m/s was
used, the maximum door opening force marginally exceeds the 110 N force conditions on L9
(i.e. Run #204, maximum door opening force 110.6 N). However, if the relief area could have
been increased to 0.075 m? at the said fan speed, the maximum door opening force would have
passed (i.e. Run #205, door opening force 103.2 N); alternatively the fan speed could have
been reduced. When the SPF speed was 10% - 20% of the maximum fan supply rate, a relief

opening area was not required.

- s : 60

. —3%— Run #201 10% No R
System 1 @ Hot & Windy it o
[Ave Leakage, varied relief R, varied SPF, 3,472 L/s] —%—Run #203 30% No R
‘—ﬁ—Run #204 30% R=0.06m2
|—&— Run #205 30% R=0.075m2
3 B V ] ‘7;_———/4;/—“ 150
— —— *— R
T — e 5 = e = ——1 135
e e S = 1120
110.6N A=0.06m*
R AR ey Sl A—f‘— 105
= ——— 3 ; * o % < 103.2N R=0.075m”
. e L y . ; -] 90 =
8
e = s === ——t 75 5
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Building Levels

Figure 39. System 1 - Door Opening Forces using a Hot and Windy Condition

115



Chapter 7. THE INFLUENGCE OF WIND, TEMPERATURE AND LEAKAGE CHANGES ON EFFECTIVENESS
(E-factors)

In the case of System 2 [fan speed 11,575 L/s, relief 1 n12], Figure 40 shows that the maximum

door opening force of 97.6 N was achieved on LO. This is less than the maximum limit (110 N)

of the Australian Standard and therefore, System 2 is considered to pass this hot (30°C) and

windy (15 m/s) simulation.

System 2 @ Hot & Windy —a—Run 4206
[Ave Leakage, R=1m?, 11,575 L/s]
= = === = = - — —_— -+ 110
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o
b e — - ——1 60 5
'8
{ N — S + 50
- — = e - 40
- — - — = — - 30
— — il 20
- - - - T 10
- - - - 0
LO L1 L2 L3 L4 L5 L6 L7 L8 L9

Building Levels
Figure 40. System 2 - Door Opening Forces using a Hot and Windy Condition

7.5.3.1.2. Airflow Velocities

Runs #207-215 in Figure 41 show the airflow velocity results for System 2 [fan speed
11,575 U/s, relief 0.01 m2]. In this figure, each floor in turn is nominated as the fire floor and the
results show that the airflow performance condition is achieved for each floor. The airflow
velocity increased with increasing building level, going from 1.1 m/s on LO to 1.5 m/s on L9.
This is consistent with the airflow velocity diagrams shown previously, showing that the closer

the fire floor is to the SPF, the higher the airflow velocities through the nominated fire floor door.
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System 2 @ Hot & Windy
[Ave Leakage, R=0.01m’ - Overall Fire Floors Only]

— Euns #207-215
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Figure 41. System 2 - Airflow Velocities for Fire Floor building levels using a Hot and
Windy Condition

When System 1 [fan speed 11,575 L/s, fixed relief 0.06 m?] was assessed the airflow velocity
passed on LO for the hot and windy condition modelled. This outcome was not analysed directly

but interpolated from other analysis results (see Appendix M, Table M2).

7.5.4. Sensitivity to Leakage

The leakage values for both Systems 1 and 2 were modified from being ‘Average’ values to
ranging between ‘Average’ and ‘Loose’ values as defined by Klote and Milke (2002). In
addition, values ‘1000% Leakier than the ‘Average’ values’ were considered for some of the
simulations. The remaining building variables were set to SETW. Appendix N details how the
following leakage values were obtained and Table 20 illustrates the leakage values used for the

various building elements.
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Table 20. Sensitivity Analysis - Leakage Data

Element Name (Quart) Leakage (Half) Leakage (3Quart) Leakage | (Loose) Leakage

Coefficient™ Coefficient® Coefficient®® Coefficient®”
Wallext1 2.15x10™ 26x10" 3.05x10™ 0.35x10°
Wallext2 2.15x10™ 2.6x10™ 3.05x10™ 0.35x10°
Stwallext 1.7 x 10 2.3x10" 29x10™ 0.35x10°
Stwallin1 1.7 x10™ 2.3x10™ 29x10* 0.35x10°
Stwallin2 1.7 x10™ 2.3x10* 29x10™ 0.35x10°
Floorleak 8.15x 10 1.11 x10™ 1.405 x 10™ 017 x10°
StrRooflek 1.7x10™ 2.3x10"* 29x10* 0.35x 10°

For some simulations, the leakages of the various building elements were modified consistently
(i.e. by the same proportion - hereafter referred to as ‘consistent’ changes). The effects of
these changes on the door opening forces and airflow velocities are considered in section

7.5.4.1. of this thesis.

Although such changes to leakage may occur over time, it is also possible that changes to
leakage may occur to the stair shaft or the outside building fagade to varying degrees. These

effects are referred to as ‘selected’ changes and are detailed in section 7.5.4.2. of this thesis.

7.5.4.1. Effect of ‘Consistent’ Changes to Leakage

Although the leakage values in a building cannot be easily modified or altered once the building
is constructed (eg. tightening the construction), the influence of increasing the leakage values
from the ‘Average’ values originally used, has been modelled. Initially, the building element
leakage values were proportionally increased from ‘Average’, ‘Quart’, ‘Half’, 3Quart’ to ‘Loose’
values, as listed by Klote and Milke (2002) for all building elements containing leakage with the
exception of the /ift wall leakage (Lftwallint), the injection shaft roof leakage (InjSRflek) and the

Jift roof leakage (LftRflek®®). Table 21 lists the simulation combinations performed.

56 ‘Quart’, ‘Half and ‘3Quart’ leakage values for building walls, internal stair walls, external stair walls, internal lift walls, floor
leaks, obtained from Klote and Milke (2002), i.e. between 'Average’ and ‘Loose’ values.

57+ oose’ leakage values for building walls, internal stair walls, external stair walls, internal lift walls, floor leaks, obtained from
Klote and Milke (2002).

% For this research, it was assumed that there was no leakage between the stairwell walls and the adjacent injection shaft, or
the injection shaft and the occupied space (or the exterior of the building).
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Table 21. ‘Consistent’ Leakage Combinations

Main Building Fagade Leakage Stairwell Wall Leakage
Average Leakage Average Leakage
Quart (25% Leakier) Quart (25% Leakier)
Half (50% Leakier) Half (50% Leakier)
3Quart (75% Leakier) 3Quart (75% Leakier)
Loose (100% Leakier) Loose (100% Leakier)
7.5.4.1.1. Door Opening Forces

Figure 42 illustrates the results obtained when System 1 [fan speed 3,472 L/s, fixed relief
0.06 m’] was assessed in terms of ‘consistent’ leakage increases using the SETW conditions.
This figure shows that in all cases modelled, the door opening forces comply with the
performance condition of 110 N. The door opening forces actual reduce as the leakage areas

increase.

————Run #190 30% Ave Lk R=0.06m2
—+—— Run #262 30% Quan R=0.06m2
——+—— Run #266 30% Halt R=0.06m2
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[varied Leakage, varied Relief R, 3,472 L/s]
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Figure 42. System 1 - Door Opening Forces using SETW and Varied Leakage
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For System 2 [fan speed 11,575 L/s, relief 1 m’] the results presented in Figure 43 also show
compliance with the door opening force conditions of the Australian Standards. In particular, the
door opening forces decreased in proportion to the increase in leakage from ‘Average’ to
‘Loose’. For example, the door opening forces for an ‘Average’ to a ‘Quart’ leakage increase,
have reduced by approximately 2 N, however, when the door opening forces are varied
between ‘Average’ to ‘Half’ leakage conditions, the results reduce by approximately 5 N.

When System 2 was modelled in terms of the maximum door opening forces for increased

leakage values, the resulting pattern displayed in Figure 43 is representative of previous door
opening force illustrations for System 2.

System 2 @ 20°C 5m/s —eo— Run #56 Ave LK
. 2 —— Run #222 Quart Lk
[varied Leakage, R=1m", 11,575 L/s] ipiisenmmy

— —¥— Run #242 3Quart Lk

@ -Run #252 Loose Lk

P - = - = 105

- 90

Force (N)

I 85

80
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LO L1 L2 L3 L4 LS L6 L7 L8 L9

Building Levels

Figure 43. System 2 - Door Opening Forces using SETW and Varied Leakage

7.5.4.1.2. Airflow Velocities

The results for System 2 [fan speed 11,575 L/s, relief 0.01 m?] at SETW conditions are
presented in Figure 44, where each floor in turn is nominated as the fire floor. For all the
‘consistent’ leakage variations modelled, the minimum airflow velocity of 1 m/s was achieved at
each fire floor door. Also, the airflow velocities were found to increase per level as the leakage

proportionally increases from ‘Average’ to ‘Loose’.
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Figure 44. System 2 - Airflow Velocities for Fire Floor building levels using SETW and
Varied Leakage

When System 1 [fan speed 11,575 L/s, fixed relief 0.06 m’] was modelled with ‘consistent’
leakage increases for the various building elements, the airflow velocity is shown to pass on the
nominated fire floor modelled, i.e. LO (refer to Runs #439, 447-449 listed in Appendix |).

7.5.4.2. Effect of ‘Selected’ Changes to Leakage

For ‘selected’ changes to leakage, two situations were considered. The first was where the
stairwell walls had their leakage values modified whilst those of the main building fagade
elements remained as per the ‘base’ building model. In this case, the stairwell leakage values
were varied between ‘Quart’ Leakier, ‘Half’ Leakier and ‘Loose’ (100% Leakier). The second
situation considered was where the stairwell wall elements remained as per the ‘base’ building
model, while the main building fagade leakage elements were varied using only ‘Loose’ (100%

Leakier) and ‘1000% Leakier than ‘Average’ values’.

These analyses were performed as the leakage associated with the stairwell walls and the main
building fagade elements may change independently of each other. Figure 45 shows the
‘selected’ building elements, where the stairwell wall elements (in green) were varied

independently to the main building fagcade elements (considered in black) and vice-versa. The
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elements noted with an asterisk (*) in Figure 45 did not have their leakage values varied from
the ‘base’ building model, i.e. ‘Average’ leakage.

StrRooflek

\ Strwallext

—4

Stairwell

Wallext?

¢ Injection Shaft

* injection shaft floor
leakage constant
(‘Average’)

Strwallin2 ~

* lift roof & wall
leakage constant
(‘Average’)

?

Wallext2

Wallext1 —» ¢ Wallext1

Strwallin1

floorleak

Figure 45. L5 Leakage Boundaries, Stairwell in Green (not to scale)

Table 22 below shows the leakage combinations modelled for ‘selected’ leakage variations and

the performance conditions modelled for door opening forces and airflow velocities.

Table 22. ‘Selected’ Leakage Combinations
Main Building Main Building Stairwell Wall Stairwell Walli Door Opening Airflow
Fagade Leakage Fagade Total Leakage Total Leakage Forces Velocities
Leakage Area Area (m?) Modelled Modelled
(m?) (Y/N) (Y/N)
Average 0.1175 Quart 0.0233 Y Y
Leakage (25% Leakier)
Average 0.1175 Half 0.0249 Y Y
Leakage (50% Leakier)
Average 0.1175 Loose 0.0281 Y Y
Leakage (100% Leakier)
1000% Leakier 117.534 Average 0.0217 N Y
than ‘Average’ Leakage
values
Average 0.1175 1000% Leakier 2.9448 N Y
Leakage than ‘Average’
values
Loose 0.2434 Average 0.0217 N Y
(100% Leakier) Leakage
Average 0.1175 Loose 0.0281 N Y
Leakage (100% Leakier)
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The simulation combinations noted in Table 22, were modelled using the environmental

conditions of SETW. Appendix O describes how the leakage areas were calculated.

7.5.4.21. Door Opening Forces

When the door opening forces (with no doors open) were assessed for both Systems 1 and 2, it
was identified that as the stairwell leakage increased (from ‘Quart’ to ‘Half’ to ‘Loose’) the door
opening forces consistently reduced and this performance condition passed. However, the flow
through the gaps around the door to the outside at the bottom of the stairwell (i.e. LO) increased.
The pressure on the Eastern exterior building wall at this level (LO) also increased. The results

are listed in Appendix I.

7.5.4.2.2. Airflow Velocities

In considering the effect on airflow for ‘selected’ leakage changes, two floors were nominated
as potential fire floors, LO and L9. LO was chosen as the simulations thus far have shown that if
LO passes the airflow velocity conditions, then the floors above this level would also pass these
conditions and L9 was chosen to confirm this. The simulation results for both SPS are
presented in Table 23, where the values in blue show a pass (minimum of 1 m/s), in terms of

the airflow velocity performance condition.

In brief, at SETW for System 2 [fan speed 11,575 L/s, relief 0.01 m2] the airflow velocity passes
for all levels when the stairwell leakage is tighter than the main building fagade (Runs #463,
465, 494, 534). The exception to this finding is when the main building facade or the stairwell
leakage is extremely leaky (i.e. ‘1000% Leakier than ‘Average’ values’, Run #455, 467); or when
the stairwell leakage is ‘Loose’ (100% Leakier) (Run # 459) and the main building facade is

‘Average.’

For System 1 [fan speed 11,575 L/s, relief 0.06 m?], the airflow velocity only passes for each
floor when the stairwell leakage is considered to have ‘Average’ leakage while the main building
fagade is considered ‘Loose’ (100% Leakier). Refer to the simulation Runs #464 and #466 in
Table 23.

These simulations also found that if the external fagade is extremely leaky then the outside wind

(as Easterly wind) will have a much greater influence on airflows within the building.
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Table 23. Airflow Velocities for ‘Selected’ Changes to Leakage
Fire Floor System 1 Airflow CONTAM Leakage Combinations
(S1y Velocity | Simulation [ gtairwell Walls | Main Building
System 2 (mls) Run # Fagade
(S2)
LO S2 0.9 459 Loose Average
(100% Leakier) Leakage
LO S1 0.9 460
L9 S2 1.2 461
L9 S1 1.2 462
LO S2 1.3 463 Average Loose
Leakage (100% Leakier)
LO S 1.2 464
L9 S2 21 485
L9 S1 2.0 466
LO S2 0.2 467 1000% Leakier Average
Leakage
LO S1 0.2 468
L9 S2 0.3 469
L9 S1 0.3 470
LO S2 0.8 455 Average 1000% Leakier
Leakage
LO S1 0.8 456
L9 S2 1.0 451
L9 S1 1.0 458
LO S2 1.0 494 Quart Average
(25% Leakier) Leakage
LO S1 0.9 508
L9 S2 NS NS
L9 S1 NS NS
LO S2 1.0 534 Half Average
(50% Leakier) Leakage
Lo S1 0.9 545
L9 S2 NS NS
L9 S1 NS NS
NS refers to No Simulation, i.e. no CONTAM simulation conducted
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7.6. Overview of Building Models Analysed

Table 24 summarises the cases analysed and the results obtained for each Study Group
described in section 7.5. of this thesis. These results are discussed further in section 7.6.1. of

this thesis.

The ‘base’ building model developed incorporated the typical features of Systems 1 and 2 (refer
to Chapter 3.) and was created such that the performance conditions, specifically in terms of
door opening forces and airflow velocities, complied with the design standard AS1668.1. In
brief, System 1 has a VSD to control the SPF speed as well as a fixed relief opening. System 2
has a dump-back damper for the constant speed SPF. Both forms of stairwell relief were
modelled via a grille/vent in the stairwell shaft located on L9. This relief (exhaust) grille vented

air from the stairwell shaft to the outside of the building.

Appendix | lists all of the CONTAM simulations performed and the airflow and maximum door
opening force results obtained. In total, more than 600 CONTAM simulations were conducted in

order to obtain the results presented in this thesis.
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Table 24. Study Group Simulations and Associated Variables
. X Temperature (°C
Study Group Wind Wind P re) Fan Speed (Effective) Relief
{m/s) Direction {Us) Leakage Damper (m?)
Internal External P
Constant
1 =
(Sys 2 set-up-SETW) 5 East 20 20 11,575 for external building Door Force = 1
Runs #56, 63, 69 — 77 wall, stairwell wall & Airflow Velocity = 0.01
door gap (closed)
(595 1 Se(_zup, SETW) ) Va1n'?§7(from Door Force = 0.06
Runs #275 — 298, 322, . to Airflow Velocity = 0.06
329 5.787) (for fan 11.5 i.e. like
Sys 2)
3 ] Vares
(Sys 2, Vary Wind) . . Door Force =1, 1.1
Runs #56, 63, 69 - 77, (from 5 11,575
79-121,122-123, to 15, Airflow Velocity = 0.01
124 30)
__________ I
Door Force = 0.06,
(Sys 1, Vary Wind) Varies (from 0.075
Runs #190, #194 - ’ : - ' 1,157 to . )
200, 318 - 321 3,472) Airflow Velocity = 0.06
(for fan 11.5 i.e. like
Sys 2)
(Sys 2 V‘z‘ary Temp Varies (from Door Force =1
> t “ -10, -8, -5, 0,
Up/Down) 5 1.5.10 to 11,575 Airflow Velocity = 0.01
Runs #126 — 180/ 15)/ 25, 30 (upper relief limit at
#299 - 373 i 25°C #169, < 0.05)
(SyS 1, Vary Temp Varies (from Door Force = 0.06
Up/Down) “ “ -10,0,1, 2, . L
Runs #1871 193 5.10to 15)/ 3472 A(Ifrg?gr\m/??gtsye_ l?kgs
/#305 - 307 25, 30 Sys 2)
5 Door Force = 1
(Sys 2, Hot & Windy) 15 ) - 30 11.575
Runs #206 - 215 Airflow Velocity = 0.01
. Door Force = between
(Sys 1, Hot & Windy) . . Varies (from i 0.06-0.075
Runs #201 - 205 1157 to Airflow Velocity = 0.06
3,472) (for fan 11.5 i.e. like
Sys 2)
6 Varies (from Sys 1, Door F
(Sys 1 & 2, Vary Wind Bldg 1= ys 1, Door Force =
Direction) N°£hs-ls°‘ghv 20 3,472 Bldg 2 . 0.06
Runs #56, 190, 216 - e Sat’)’ =11.575 Sys 2, Door Force = 1
221
’ Increases
‘consistent’ ch =
(;%yssl 2eLe:k:gne?se)s . East 11575 for external building Door Force =1
RuNS #56 63. 69-77 wall, stairwell wall & Airflow Velocity = 0.01
222 - 261,381 - 418 door gap (closed)
(Sys 1, Leakages) Varies Door Force =
Runs #262 - 274, 374 ’ - " 3,472 i ,0'06 )
-397, 419 - 453 Varies Airflow Velocity
=0.01, 0.06)
7 /ncreases
‘selected’ ch: =
fsy‘: ze‘ie‘;é';%z? ; East ‘ . 11575 for external building Door Force =1
Runs #4682 - 507 526 - ' wall, stairwell wall & | Airflow Velocity = 0.01
570 ' door gap (closed)
I e I I i
(Sys 1, Leakages) Varies Door Force =
Runs #455 — 481, 508 ‘ " 3,472 ) 0.06
-575 Varies Airflow Velocity
=0.01,0.06
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Results — Building Models Analysed

As presented previously in section 7.4.4. of this thesis, the ‘base’ building model at SETW

conditions of 20°C and 5 m/s, resulted in the following SPS designs:

System 1 Door Opening Forces (no doors open), Fan speed 3,472 L/s, Relief 0.06 m?
Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.06 m?
System 2 Door Opening Forces (no doors open), Fan speed 11,575 L/s, Relief 1 m?

Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.01 m?

(i.e. effectively closed)

From the sensitivity studies conducted (Study Groups 3-7) and the ‘base’ building system

simulations developed (Study Groups 1 and 2), the following can be concluded:

If the external wind speed increases from 5 m/s to 15 m/s, the door opening forces

and airflow velocity conditions pass for both Systems;

The maximum door opening force was 106.7 N at 15 m/s for System 1. Wind speed
increases assisted in achieving an airflow velocity of 1 m/s on the nominated fire floor,

the door opening forces also increased as the wind speed increased.

For the maximum wind speed of 30 m/s, the door opening forces only pass for System 1
on L1-L8. If the fan speed could have been reduced to less than 3,472 L/s (or the relief
increased), then the door opening forces for this particular assessment would have
passed. For System 2, the door opening forces were excessive on LO. For the airflow

velocity assessment, both Systems pass when the fire floor is considered to be on LO.
For varied wind directions the door opening force conditions pass for both Systems.

Note: Only the Easterly wind direction was (generally) considered in terms of the CONTAM

simulations.

If the external temperature increases from 5°C to 30°C (and for the reverse stack
effect), the door opening forces and airflow velocity conditions pass for both Systems.
The maximum door opening force obtained was for System 1 (108.3 N at 5°C). Overall,

increases in external temperatures assisted in achieving 1 m/s on the fire floor.

If the external temperature reduces (and for the normal stack effect) from 1°C to
-10°C (j.e. wintry conditions), the door opening forces pass for temperatures down to
1°C for System 2, while for System 1 the door opening forces pass down to 2°C. For
the airflow velocity assessment, System 2 passes at a minimum external temperature of

1°C and System 1 just passes at 0°C (i.e. 0.97 m/s became 1 m/s).
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* For a hot and windy condition, the door opening force did not pass for System 1 (on

L9) at the lowest fan speed setting of 3,472 L/s. The door opening forces pass for

System 2 with all doors closed. The airflow velocity conditions pass for both Systems.

= For ‘consistent’ leakage increases the door opening forces and airflow velocities pass

for both Systems.

Note: The stairwell leakage is approximately 1/5™ of the main building fagade leakage when both

are at ‘Average’ leakage conditions (refer to Appendix O for calculations).

* For ‘selected’ leakage increases the door opening forces pass for System 1 and

generally for System 2 (with some temperature limitations), however the limited airflow

velocities modelled generally do not pass for all nominated fire floor levels.

Table 25 summarises these findings.

Reverse

Table 25. Summary of Findings
Study Group Variable Door Opening Door Opening Airflow Velocity Airflow Velocity
Force Force Performance Performance Performance
Performance Achieved Achieved (1 m/s) Achieved (1 m/s)
Achieved {(max 110 N) & System 1 System 2
(max 110 N) & 1m? & 0.06 m? (fixed) &0.01 m?
0.06 m? (barometric)
System 1 System 2
1. SETW Y v
System 2
2. SETW v
System 1
3. 5m/s v v v LO just passes (0.967 v
Wind Increase m/s)
7.5m/s v v v v
10 m/s v v v v
12.5m/s v v 4 v
15 m/s v v v v
30 m/s L0, L9 does not pass LO does not pass v LO only fioor modelied ¥ LO only fioor modelied
(Main discharge door
force high)
5°C v v just passes on L0 (0.962 ] just passes on LO (0.997
4. m/s) m/s)
External 10°C Y Y 7 Y
Temperature 15°C v v v v
Increase S5°C - v 7 v
25°C v v v v
30°C v v v 7
[ 7™ Yo U I 72y (i Vi 2 gTTTTT
Stack Effect - 35°C - —
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Table 25. Summary of Findings (continued)

Study Group Variable Door Opening Door Opening Airflow Velocity Airflow Velocity
Force Force Performance Performance
Performance Performance Achieved (1 m/s) Achieved (1 nvs)
Achieved Achieved System 1 System 2
(max 110 2‘) & (max 1102 N) & & 0.06 m® (fixed) & 0.01 m?
0.06 m 1m (barometric)
System 1 System 2
2°C v NT v NS
4.
1°C LO does not pass v v just passes on LO (0.995
External (110.080 N) m/s)
Temperature 0°C LO does not pass LO does not pass just passes on LO (0.959 LO does not pass
. m/s)
Reduction -5°C NS LO does not pass NS NS
-8°C NS LO, L1 does not pass NS NS
-10°C L0 does not pass LO, L1 does not pass X L0, L7, LB, L9 does not
pass
-15°C NS LO, L1, L2 does not pass NS NS
BRGNS A A A 7
Normal 10°C 7 7 7 7
5°C v v v just passes on LO (0.997
m/s)
2°C v NS v NS
1°C LO does not pass v v just passes on LO (0.995
(110.080 N) m/s)
0°C LO does not pass LO does not pass just passes on LO (0.959 LO does not pass
m/s)
-5°C NS LO does not pass NS NS
-8°C NS L0, L1 does not pass NS NS
-10°C LO does not pass LO, L1 does not pass X LO, L7, LB, L9 does not
pass
L9 does not pass v v v
5. 30°C & 15
Combination Hot
& Windy ms
N v v NS NS
6.
Wind Directions S Y v NS NS
E % 7 7 v
W v v NS NS
7. Quart X v v v
Leakage Half X Y Y Y
X v v v
Increase 3Quart " . v v
{‘consistent’ Loose
changes)
7. v v (>= 15°C) X v (>= 0°C)
Loak Quart %
eakage v v (>= 10°C X
| g Half =100
ncrease
fouocted 3Quart NS NS NS NS
selecte
v v (>=0°C v X
changes) @ high Loose (=070
stairwell leakage 1000% NS NS limited analysis limited analysis
with respect to
‘Average’ main
building fagade
leakage
NS refers to No Simulation, i.e. no CONTAM simulation conductéd
X refers to Does Not Pass
v refers to Simulation passes performance condition
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7.7. Discussion of Findings (E-factors)

In this section of the effectiveness evaluation, it has been assumed that the SPS has been
properly designed and commissioned with respect to the ‘base’ building. The probability that a

SPS does not work is considered as part of the effectiveness assessment in the next chapter.

In order to assess the effectiveness of the SPS with respect to variations in wind and
temperature, it was necessary to also take into account the probability of having particular
values of wind and temperature. These have been calculated, based on the data obtained from

the Bureau of Meteorology (http:/www.bom.gov.au/climate) over a 12-month period for

Melbourne (see Appendix M, Table M1). In brief, if the door opening forces or airflow velocity
results obtained using CONTAM satisfied the performance conditions, then the SPS was
considered to pass for the condition modelled. If the simulation modelled passed, the
probability of occurrence in terms of the external weather data was then used so that this
component of the effectiveness assessment could be calculated. The temperature and wind
speeds were assumed to be independent of each other.

It was not possible to determine how likely and to what extent the building leakage would
change with time therefore, no attempt was made to determine the likelihood of any such

changes.

The results of these calculations, in terms of SPS effectiveness, considering the wind,

temperature and leakage variations (i.e. the E-factors) are presented in Tables 26a and 26b.

In the Table, an effectiveness of ‘1’ indicates that the performance condition has been achieved.
The effectiveness values for ‘1000% Leakier than ‘Average’ values’ were not caiculated in detail

as only two levels, LO and L9, were assessed in order to obtain an indication of its influence.

Table 26a. Effectiveness at Varied Conditions with ‘Consistent’ Leakage Changes

LEAKAGE EFFECTIVENESS at Varied Conditions (consistent)
SYSTEM 1 SYSTEM 2
Door Opening Airflow Door Opening Airflow
Force Velocity Force Velocity
AVERAGE (as assumed) 0.9981 1 0.9971 1
Quart (25% Leakier) 1 1 0.9998 1
Half (50% Leakier) 1 1 1 1
3/4Quart (75% Leakier) 1 1 1 1
Loose (100% Leakier) 1 1 1 1
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Table 26b. Effectiveness at Varied Conditions with ‘Selected’ Leakage Changes

THE INFLUENCE OF WIND, TEMPERATURE AND LEAKAGE CHANGES ON EFFECTIVENESS

LEAKAGE for Stairwell EFFECTIVENESS at Varied Conditions (selected)
walls SYSTEM 1 SYSTEM 2

(while main bldg remains at Door Opening Airflow Door Opening Airflow
Ave Leakage) Force Velocity Force Velocity
AVERAGE (as assumed) 0.9981 1 0.9971 1
Quart (25% Leakier) 1 0.3379 1 1
Half (50% Leakier) 1 0.1300 1 0.8435
Loose (100% Leakier) 1 0.0400 1 0.1300

As should have been noted throughout this chapter, it appears to be extremely rare that
changes to environmental conditions (wind and temperature) have any significant effect on the
CONTAM results for door opening forces or the ability to achieve the airflow velocity conditions
at a door. Accordingly, the effectiveness values with respect to temperature and wind speed

variations are ‘1’ or very close to this number.

This outcome appears to be in conflict with anecdotal evidence and personal experience

associated with SPS.

In Chapter 5, it was noted that it is common to avoid the testing of SPS on windy (gusting) days
as the system may be unstable and it may be difficult to obtain stable readings. These effects
appear to be related to the positioning of air intakes or dampers such that wind gusting has a
direct impact on their performance creating pressure fluctuations within the shaft. Such effects
could not be modelled with CONTAM and therefore, have not been assessed in this thesis.
Clearly if such effects are common, the effectiveness on windy days will be less than that

suggested in this chapter.

The location and shielding of the SPS equipment would appear to be an important design
consideration. This aspect is noted by Kiote and Milke (2002) and should be seen as a topic for

future research.

Table 26b shows that increased leakage of the stairwell can have a significant effect on the
ability of the SPS to achieve the airflow velocity criteria of 1 m/s. The apparently inferior
performance of System 1 compared with System 2 is due to the fact that System 1 has a fixed

vent size of 0.06 m® whereas for System 2, the damper can close to 0.01 m?.
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8. THE INFLUENCE OF OTHER FACTORS ON EFFECTIVENESS
(F-factors)
8.1. Introduction

The impact of ‘other factors’ (F-factors) on the effectiveness of stair pressurisation systems
(SPS) is now considered. Specifically, the influence of the uncertainties associated with these
factors on whether the SPS will achieve each of the performance conditions of Australian
Standard (AS) AS1668.1 is determined.

The evaluation presented in this chapter does not, of course, consider the impact of the factors
considered in the previous chapter as these were considered in that chapter. As noted in
Chapter 6, the effectiveness of SPS associated with the F-factors will be influenced by the
design of the SPS (adequate or not), the installation (addressed as part of commissioning) and

faults with the equipment which may develop over time (addressed as part of maintenance).

This chapter explains the development of a technical survey, how the fault tree (presented
originally in Chapter 6) was expanded and used as the basis for the effectiveness assessment,

as well as presenting the effectiveness results.

8.2. Survey Development

In general, reliability data is obtained as a result of testing whether or not a component will work.
This data is usually presented as a result of numerous tests on a component eg. a switch, within
a controlled environment, such as a laboratory. In order to obtain real ‘industry’ data associated
with the operational aspects and specific components of a SPS, a survey approach was
adopted. This was because such ‘industry’ knowledge associated specifically with (complex)
SPS is not readily available via (traditional) published means such as reference books, eg. Lees

(1980Db).

The survey questions used were based on the problems identified within the history profiles for
Systems 1 and 2 (refer to section 5.5 of this thesis) and the fault tree presented in the
forthcoming section. The survey was completed (via correspondence) by industry personnel
such as designers, maintenance contractors, etc., from organisations that are intimately

associated with SPS.

The aim of the survey was to try and obtain as much ‘industry’ knowledge as possible, in terms
of failure probabilities for all aspects of a SPS eg. faults associated with wiring, relays, dampers,

pressure sensors, variable speed drives (VSD), programming, etc.
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Since the survey was to be completed by industry participants experienced in visiting buildings

with  SPS to undertake commissioning or maintenance,®

the results are therefore, only
applicable to buildings which are visited for such purposes. Consequently, the data would be
expected to present an optimistic view for buildings that have never been commissioned and

are not maintained.

Once the survey was completed, it was returned to the author and the data was analysed (for
inclusion into the fault tree given in section 8.3. of this thesis). In total, 12 people responded to

the survey (out of a possible 51).
8.2.1. Survey Description

The survey questions relate to the ‘other factors’ (the F-factors), which could influence the
effectiveness of a SPS. The survey itself was divided into the following general categories, for

ease of data collection:

. Section A Power

o Section B Components

) Section C Commissioning

) Section D Other (i.e. Miscellaneous)

Each part of the survey had questions related to the probability of failure of an item or
component. This probability of failure was determined by requesting the survey respondent to
identify ‘how many times out of 100 inspections of a component (eg. the fire indicator panel
[FIP]), would the component fail'. By requesting the data in this manner, the benchmark was
always consistent (eg. 100 inspections) and the results could be averaged if required, and
collated in terms of a percentage. The data was based on “expert opinion” as opposed to
reviewing documentation related to failures, as such detailed information was not available via

the literature.

Section A (Power) of the survey, was concerned with the types of primary and secondary power
used for various components eg. the FIP, VSD, etc., as well as an assessment of their failure

probability.

* In terms of maintenance, this could either refer to routine (programmed) maintenance as per AS1851.6 or ‘soon to be
maintained’ systems, where the latter refers to a SPS which may not have been maintained previously, however a contractor
has recently been employed to start maintaining the system.
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Section B (Components) was further divided into:

- Wiring/Cabling issues - TheFIP

- Relays -~ Unimods/High level interfaces (HLI)
- Pressure sensors - Damper Motors/Actuators

- Dampers - V8D

- Stair pressurisation fans (SPF) - Doors

Each of the sub categories listed above were assessed in terms of the types of faults which may
render the SPS inoperable of achieving the particular performance conditions of AS1668.1. The
survey respondents were also asked when the faults were identified (eg. after installation,

during commissioning, during routine maintenance, during testing, by others, etc).

Section C of the survey related to Commissioning. Questions were related to how

commissioning is undertaken and what may/may not work for a non-commissioned system.

The final section of the survey, Section D (Other), was the smallest part of the survey and
questioned the respondent as to the frequency of occurrence for specific activities eg. additional
holes/leakages being identified in the stairwell shaft, etc., as well as a description of the most
reliable SPS (based on their experience). The actual survey responses are given in

Appendix P.

8.3. Fault Trees

Due to the complexity of a SPS, and in order to identify the various components of a SPS, a
fault tree was used to illustrate the operation of a SPS. Fault tree analysis represents a
deductive process where the basic underlying components related to the operation of a complex
system are represented. Each node in the tree represents an outcome. The top outcome is
then decomposed to sub outcomes, which have their own sub outcomes and so on. These sub
outcomes may either contribute solely to resulting in a failure (where they are considered as an
‘OR’ outcome) or may only result in failure if other parallel sub outcomes also fail (where they

are considered as ‘AND’ outcomes).

Once the probability data was obtained for the various components of the fault tree through the
survey and other sources (see section 8.4. of this thesis), the Gate-by-Gate (Guidelines for
Chemical Process Quantitative Risk Analysis 2000) technique was used to calculate the various
branches of the fault tree, culminating with the top outcome or event, for which the overall
probability of failure can be calculated for the SPS associated with Systems 1 and 2. The end

outcomes considered in this chapter are the specific performance conditions of AS1668.1.
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8.3.1. Fault Trees for Each System

The stair pressurisation and alarm systems in both Buildings 1 and 2 have been studied in great
detail in order to construct diagrams showing the interrelationship between the various
components associated with activating and operating a SPS. The interrelationship diagrams
were first presented in Chapter 3 (Figures 13 and 14) and are essential if potential fault sources
are to be identified for a complex SPS. The fault tree presented in Chapter 6, when the concept
of effectiveness was discussed is expanded in Figure 46 and represents the possible combined
elemental faults associated with both Systems 1 and 2. Each of the boxes in the fault tree
identifies a possible fault with the SPS, which could prevent the Australian Standard
performance conditions from being met. A description of each of the fault tree boxes is provided

in Appendix F.

The dotted boxes/lines shown in Figure 46 illustrate the components related to a building’s
smoke control system (SCS) if a zone smoke control system (ZSCS) is installed (as per
Building 2). This information has been included for completeness however, for the purposes of
this research and as previously stated, the building's SCS has been ignored and therefore, the
dotted boxes/lines are not incorporated in the fault tree calculations to follow (or subsequent

fault tree diagrams).

The boxes highlighted in grey relate to the factors considered in Chapter 7 (E-factors) where
their exclusive influence on effectiveness was considered on the basis of the CONTAM

analysis. As noted previously, this chapter only considers the influence of the F-factors.
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8.4. Fault Data

The following sections detail how the data associated with the failure probabilities was obtained

and subsequently calculated.
8.4.1. Published Data

Where reliability data could not be sourced directly from the survey results, published literature
(Cerward 1992, Lees 1980b) was consulted. In particular, published data was used for the
following components identified in the fault tree, which have been also referenced on the fault

tree diagram to follow (Figure 47):
- Power 1 failure (associated with mains power supply)

- Power 2 failure (associated with secondary power supplies eg. batteries,

uninterruptible power supplies [UPS])
- Power 3 failure (associated with secondary power supplies eg. generator)

- Transformer hardware failure

8.4.2. Survey Results

It is important to note that the answers for the survey were highly variable and only a limited
number of industry personnel responded. An example of the variability of the results is now

given:

Question B2 of the survey relates to the frequency of wiring faults associated with FIP and the
data obtained varied from 1, 2, 5 up to 60 times out of 100 cases. Due to the large variation of
results®® from some of the respondents, and because only 20% of the possible respondents
completed the survey (i.e. 12 out of 51), there is some degree of uncertainty associated with the
data obtained. Therefore, when calculating the probability of a fault for a component, if there
were extreme results for a question, the mean response was based on all of the ‘industry’
results for that question. Another calculation was then undertaken where apparent outliers were
ignored. An outlier was taken to be one which was extremely high or low in value as compared

to the respondent answers for each question.

The survey results were analysed (specifically for Sections A, B and D of the survey) such that
the mean failure probability and the failure probability ignoring ‘extreme’ responses were

assessed. This information was then added to the fault tree diagrams in the following section.

® Some respondents answered ‘N, ‘NA’, ‘blank, - or provided word answers such as ‘monthly’, ‘annual’, etc., where a
numerical answer was required. Therefore, for non-numerical responses (where one was required), the answers were not
included in the mean calculations.

Note: Respondents may have written ‘N' because either they do not come across this fauit or maybe that item is not part of
what they are contracted to maintain and therefore, they do not inspect it and are not aware of the item having a faull.
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8.4.3. Fault Tree Results

For each survey question requiring a numerical response, all the answers were collated and the
mean answer, with and without the outliers, was determined. The mean results calculated were
then used to determine probabilities of failure. The information gained from these data analyses
were added to the various branches of the fault tree using the Gate-by-Gate technique (as

detailed in Appendix P).

The factors in Figure 46 that are not considered in this thesis (such as the impact of the smoke
control system [SCS] on the SPS) have been removed, thereby creating Figure 47. There is
also no direct consideration of faults arising from inadequate design or during initial installation

in Figure 47.

The relevant probabilities of failure presented in Figure 47 cover the following:

. Systems 1 and 2 response (all survey data, shown in light blue)

o Systems 1 and 2 response (calculated using all survey data, shown in grey)

o System 1 response (‘extreme’ responses ignored, shown in

rangelpink)

o System 2 response (‘extreme’ responses ignored, shown in orange)

o System 2 response (calculated barometric damper response, shown in
green)

o System 2 response (calculated motorised damper response, shown in dark
blue)

As mentioned earlier, the calculations for the fault tree shown in Figure 47 are presented such
that the failures due to wind, temperature or leakage variations are ignored (the E-factors,

denoted by a grey box), as they were assessed in Chapter 7.
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Chapter 8.

The probability of failure calculations are summarised in Table 27. The overall main fault tree

branches associated with the performance conditions of a SPS (including commissioning [i.e. id

THE INFLUENCE OF OTHER FACTORS ON EFFECTIVENESS (F-factors)

boxes 6. and 7.]) are also included in this table.

Table 27.  Overall Probabilities of Failure
Fault Tree System 1 (% failure) System 2 (% failure)
Branch
(id box Using all data Ignoring BD/MD using all BD/MD BD calculated | MD calculated
number.) ‘extreme’ data data ignoring from all data from all data (id
‘extreme’ data (id box 42.) box 43.)
1 901 90.1 91.3 91.3 92.5 93.8
2 64.1 51.5 27.6 19.8° 36.6 475
4 4.6 12 4.6 1.2 4.6 4.6
5 9.8 101 13.3 13.3 13.3 7.9
6 5.6 2.2 5.6 2.2 5.6 5.6
7 01 041 0.1 a1 Q0.1 01
0 97.1 95.8 95.1 94.2 96.3 97.3

The id boxes in Table 27 represent the following outcomes (as detailed in Appendix F):

. Id box 0.
. Id box 1.
. Id box 2.
J Id box 4.
. Id box 5.
. Id box 6.
J Id box 7.

It can be seen in Table 27 that for the two most critical performance conditions of AS1668.1 (the
door opening forces and the airflow velocities, associated with id boxes 1. and 2., respectively),
the rates of failure would appear to be alarmingly high, particularly in relation to the door
opening forces being exceeded for both Systems. The calculations suggest that there is only
about a 1/10 chance of the door opening forces being less than 110 N.

airflow velocities at the fire floor door, the failure rates vary from approximately 20% to 65%

outcome)

Noise levels gréater than 80 dB(A)

Override controls do not work

Secondary power failure

Restoration times greater than 10 seconds

Door opening forces too high (i.e. greater than 110 N)

depending on the System and whether extreme responses are ignored.

consistently better than System 1 with respect to the airflow velocities though.

Stairwell does not achieve performance criteria of AS1668.1 (i.e. top

Airflow velocities through nominated fire floor door less than 1 m/s

In the case of the

System 2 is
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8.5. Discussion of Findings (F-factors)

The terms “commissioning” and “maintenance” are interpreted a couple of different ways,

where:

o a '‘commissioned’ system is one which has been tested and any deficiencies
identified have been corrected, so that the (whole) SPS complies with the
performance conditions of AS1668.1 [a ‘maintained’ system would be

corrected in terms of the requirements of AS1851.6]; or

o a system which has been tested and deficiencies identified have not

necessarily been corrected prior to occupancy (in the case of ‘commissioning’)

or before the next maintenance routine; and in fact, may never be completely

fixed.

If systems were commissioned in accordance with the first definition, then it can be assumed
that the SPS will operate as required after commissioning. That is, the SPS would have an
effectiveness of close to ‘1. If the latter definition was used however, the SPS may not
necessarily result in a compliant/operational SPS as required by AS1668.1 even though the

system is “commissioned” or “maintained”.

The fault tree results in Figure 47 imply that faults identified during those processes are not
being addressed to a high level, since they are based on responses from the industry involved
with buildings that have or are being “‘commissioned’ and “maintained”. Ideally, after
commissioning a SPS should have an effectiveness of close to 1’ i.e. it should work at the

completion of either commissioning or maintenance, if sufficiently exhaustive.

Using Figure 47, the commissioning and maintenance aspects described in the Australian
Standards have been colour-coded and presented in terms of the activities involved in
identifying and/or correcting (identified) faults.®'  This information has been detailed in
Figure 48 and both the mandatory (Level 1) and non-mandatory maintenance routines have
been detailed. This figure therefore, illustrates the extent of checking that is theoretically

undertaken for these systems.

" Note: The ability to detect a fault, is highly dependent on the thoroughness of the maintenance person. Therefore, even if a
system is being maintained, there is the possibility that the fault may not be identified.
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Chapter 8. THE INFLUENCE OF OTHER FACTORS ON EFFECTIVENESS (F-factors)

When asked (see Question C5 of the survey, in Appendix P) to rank the factors likely to lead to
failure of a SPS which has not been commissioned, contractors ranked the causes in the
following order: high door opening forces, low airflow velocities, excessive restoration times,
faulty sensors, incorrect VSD controls, excessive pressurisation, incorrectly configured electrical
interfaces, incorrect damper motor travel, incorrect location of pressure sensor, outlet grille
needs rebalancing and the set points need adjusting. It is interesting to note that this order is
the same as that identified for nominally “commissioned” and “maintained” systems from the

detailed fault tree analysis.

When initially viewing the results presented in the earlier sections of this chapter, it appears that
there is an extremely high probability that overall the SPS will not operate. This gives the
impression that SPS are highly unreliable. However, it must be remembered that this research
assessment is in terms of achieving the performance conditions of AS1668.1 for the whole
system (i.e. every single door). For example, each stairwell door must not exceed the door

opening force requirements, the airflow velocity conditions must be satisfied, etc.

As presented earlier (see section 8.4.3. of this thesis) the performance conditions which
dominate in terms of not achieving the Australian Standard criteria for both Systems, were the
door opening forces and the airflow velocities. Each of the performance conditions (detailed
within AS1668.1) and their associated effectiveness is now considered in terms of the leading
causes of failure and whether these causes of failure can be addressed during commissioning

and/or maintenance.

Door Opening Forces (id box 1.) Systems 1 and 2:

The risk with having high door opening forces (eg. Table 27 shows a 90.1% failure for System 1
and a 91.3% failure for System 2), is that the situation may arise where occupants cannot enter
the pressurised stairwell due to difficulty in opening the door, thereby impairing the safety of the
occupants. However, in reality a SPS may in fact generally pass the performance conditions of
AS1668.1, except for say two doors, as an example, as opposed to every door. In this case, the
stairwell may still provide a safe egress route for occupants (depending on the severity of the
non compliant two doors), however in terms of the criterion adopted in this thesis, such a

system would not pass, because every door did not pass.

It should also be noted that initially when a SPS is commissioned, every door is tested however,
subsequent (annual) maintenance only requires a selection of doors to be tested in terms of the
door opening force performance criteria (providing there have been no changes to the system in
the preceding 12 months). The selection of doors chosen is usually based on the extremes of
the performance criteria (refer to Appendix D for more detail). The responses obtained from the
survey assume that the above has occurred. This means that the doors not tested as part of

the maintenance inspections, may not necessarily fail.
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In reference to Figure 47, in terms of door opening forces for both Systems, the main causes in

order of dominance are:

the SPF supplies too much air (id box 8.)

- there are faults with the stairwell door (id box 9.)
- there is restricted pressure relief within the stairwel| (id box 12.) and

refurbishments block the relief (id box 28.)

All of the above sub outcomes are considered as part of the commissioning process (see
Figure 48) except for id box 28. (refurbishments blocking the relief).  Therefore, if
commissioning is correctly performed, then initially there should not be a fault with these items.
However, if commissioning is not performed correctly or if a fault presents itself after
commissioning, then it is possible that branch 9. (fault with the door) for example, may be
identified during maintenance, as part of a maintenance routine. For the item mentioned in id
box 9. the fire door standard (AS1851.7 1984) requires monthly inspections and AS1851.6

(1997) requires quarterly inspections.®

Id boxes 12. (restricted pressure relief within the stairwell), 8. (SPF supplies too much air) and
28. (refurbishments blocking the relief), might be identified on a quarterly basis when other
systems are being maintained or during trouble-shooting activities. Noting that the latter id box
would generally only be an issue once the building has been occupied and during the life of the

building (as opposed to necessarily being a concern at the commissioning stage).

Once faults are identified it is important that they be corrected as quickly as possible. It appears
in Table 27 that this may not be the case, due to the high door opening force failure rates (eg.
90.1%, id box 1.).

Door Opening Forces (id box 1.) System 2:

In addition to the above noted causes for high door opening forces (for System 1), id box 43.
(motorised damper not opening enough — which is also a sub outcome of id box 12.) is also
identified as a dominant factor for System 2. This item is part of the commissioning process.
Six-monthly inspections are also recommended for the dampers when these dampers are
considered as ‘fire mode air dampers ..., as in AS1851.6, however, if the damper is not
considered as such then the damper may not be inspected until a much later date (i.e. the two-

yearly non-mandatory maintenance).

Assuming that the door opening failure causes listed above for both Systems are each

independently effective (i.e. 100% reliable), the resulting influence on the door opening force

% These inspeclions are more or less visual and operational inspections, i.e. door forces are not actually measured during this
maintenance routine.
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effectiveness can be calculated (refer to Appendix P; Note, for System 2, the barometric damper

[BD] data has been used for the calculations).

As seen in Table 28, the most significant improvement with regard to the door opening forces

for both Systems is when the SPF is not over pressurising the stairwell.

Table 28. Door Opening Force Effectiveness with Dominant Causes Removed

Door Using all Ignore id box | Ignore id box | Ignore id box Ignore id box Ignore id box
Opening fault tree 8. —usingall | 9.-usingall 12. - using 28. - using all 43. - using
Force branches — data data all data data all data
Effectiveness usingall |- oo .
data SPF notover | No faulty No restricted | Refurbishments | No motorised
pressurising doors pressure do not block damper
relief relief problems
System 1 0.10 0.40 0.17 0.14 0.13 NA
System 2 0.08 0.30 0.13 0.14 0.10 0.10
with BD
NA refers to Not Applicable

Airflow Velocities (id box 2.) System 1:

As shown in Figure 47, the main causes for System 1’s airflow velocity failures, in order of

dominance are:

the SPF is not working as required (id box 14.)

- the VSD is not operating as required (id box 39.)

- there is a VSD microprocessor output error (id box 57.)

- the FIP microprocessor output is in error (id box 62.) and
- the output from the pressure sensor is in error (id box 59.)

Referring to Figure 47, the above listed causes are part of the commissioning process so if
commissioning is conducted correctly then ideally there should be no initial problems and the
effectiveness should be ‘1’. However, these causes could also result in a fault at some time
after commissioning. There is regular maintenance for two of the above five causes, so ideally
these faults would be identified and corrected during maintenance. For example, id box 14.
(associated with the SPF) requires quarterly maintenance (as per AS1851.6), while id box 62.
(associated with the FIP) requires weekly, monthly and annual maintenance in accordance with
AS1851.8. However, there is no formal maintenance associated with the remaining three faults
(i.e. the VSD and the pressure sensor), unless specified in the manufacturer’s instructions.

Therefore, these items may become faulty after commissioning or during the life cycle of the
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system. It is possible however, that these faults may be addressed on a quarterly basis when

other components are being maintained or during trouble-shooting activities.

Each of the failure causes listed were then considered to be 100% reliable. Table 29 shows the
modified effectiveness associated with the airflow velocities. For example, when the highest
failure item (id box 14.) contributing to low reliability of the airflow velocities, was considered
100% reliable, the dominant cause for this particular high failure was due to the VSD (i.e. id
box 39.), as shown in Figure 47. When the faults related to the VSD were removed (i.e. id
boxes 56., 63. and 64.) so that the VSD was effectively 100% reliable, the reliability associated
with the airflow velocities improved. For example, the failure probability for id box 2. was

originally 64.1% and it reduced to 52.5% for System 1 (refer to calculations in Appendix P).

As seen in Table 29, the most significant improvement with regard to the airflow velocities is

when the FIP microprocessor output is not in error (for System 1).

Table 29. Airflow Velocity Effectiveness with id boxes removed
Airflow Using all fault Ignore id box Ignore id box Ignore id box Ignore id box
Velocity tree branches 14. — using all 62. - using all 59. — using all 13. = using all
Effectiveness — using all data data data data
data (ool
SPF working as FIP Pressure Not too much
required (i.e. microprocessor | sensor output pressure relief
VSD is reliable) output not in not in error (i.e. dampers
error effective)
System 1 0.36 0.48 0.52 0.44 NA
System 2 0.63 NA NA NA 0.84
with BD
NA refers to Not Applicable
BD refers to Barometric Damper

Airflow Velocities (id box 2.) System 2:

For System 2 and referring to Figure 47, the main causes for non compliant airflow velocities at

the nominated the fire floor door, in order of dominance are:
- motorised damper not closing enough (id box 43.)
- barometric damper not closing enough (id box 42.) and
- having too much pressure relief (id box 13.)

All of the above listed causes are part of commissioning. They also have routine maintenance
activities associated with the items eg. the dampers (id box 43. and id box 42.) require six-

monthly inspections (when they are considered as ‘fire mode air dampers’ as detailed in
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AS1851.6), while having excessive pressure relief (id box 13.) would be inspected as part of
AS1851.6 on a quarterly basis (it is important to note that having too much pressure relief [id
box 13.] is a result of the damper not closing enough, independent of the type of damper).
Therefore, should a fault occur subsequent to commissioning, it should be identified and

corrected as part of routine maintenance practices.

When the dominant causes listed above are assumed to be 100% reliable, the resulting effect
on the airflow velocity effectiveness is increased. When the damper is considered effective, the

effectiveness increased from 0.63 to 0.84 (see Table 29).

High Restoration Times (id box 5.) System 1:

Using the survey data for System 1, high restoration times are due to sub outcome id boxes 66.
(PS hardware is faulty) and id box 56. (VSD hardware is faulty) in Figure 47. Both of these sub
outcomes are part of the commissioning process, so there should not be any problems if
commissioning is conducted correctly. If these faults were to occur at a later stage, they may

not be identified as there is no formal maintenance for these items.

High Restoration Times (id box 5.) System 2:

Using the survey data for System 2 (with a barometric relief damper), high restoration times are
due to the dominant sub outcome id box 46. (barometric damper hardware failure) in Figure 47.
This item is inspected as part of commissioning however, a fault could occur some time after
commissioning. The maintenance associated with this item should identify subsequent faults,
during the six monthly maintenance (as per AS1851.6), providing the damper is associated with

the maintenance frequency of ‘fire mode air dampers ...." as stated in the standard.

Override Controls do not work (id box 6.) Systems 1 and 2:

The dominant factor contributing to the override controls not working is predominantly due to
sub outcome id box 22. (SPF hardware failure). This item is to be checked as part of the
commissioning process and should a fault occur during the life of the system, the maintenance

contractor could correct defects on a quarterly basis as per AS1851.6.
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High noise levels (id box 4.) Systems 1 and 2:

The dominant factor contributing to high noise levels is id box 18. (SPF hardware failure). This
item is to be checked as part of the commissioning process, however, this fault could occur at
some time after successful commissioning. The maintenance inspection conducted on a
quarterly basis (AS1851.6) should correct any deficiencies identified with the hardware
associated with the SPF. Actual noise measurements are not recorded as part of this

maintenance, therefore noise corrections would only be performed on an intuitive basis.

Secondary power failure (id box 7.) Systems 1 and 2:

The dominant factors contributing to secondary power failure are equally due to sub outcome id
boxes 7a. (battery failure) and id box 7b. (generator failure). Both of these items are part of the
commissioning process and therefore, if commissioning is performed correctly, then initially,
there should not be a fault with these power supplies. Although both secondary power supplies
have equal failure probabilities, the generator is only inspected annually while the batteries are
maintained on a quarterly, annual and two-yearly basis (AS2676.2 1992). Therefore, it is more
likely that a fault with the batteries would be identified earlier as the maintenance routine is more

frequent than that of the generator.
8.6. Other Findings

During the assessment of the F-factors, the following additional findings were noted (refer to the

fault trees, Figures 47 and 48, associated with the commissioning and maintenance activities).

Airflow Velocities (Systems 1 and 2):

Two additional faults identified which could influence the airflow velocities for both Systems 1
and 2 are id boxes 37. (SPF switch locked off) and id box 35. (SPF switch isolated by MSSB).
These items are addressed as part of the commissioning process, however there is no formal
subsequent maintenance for these items (the keylock devices or isolations associated with the
switches are a direct result of human intervention). Therefore, if switches are turned to the
isolate or “OFF” position and are not inspected, it may be some time before these faults are

identified and could result in the SPS not operating when required.
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Dampers

A barometric damper was shown to be more reliable than motorised dampers, where a
barometric damper had a failure probability of 24.9% while a motorised damper was shown to
have a failure probability of 37.8%. This finding is consistent with the theory that motorised
dampers have more components and therefore, more potential fault items than barometric

(simpler design) dampers.
8.7. Conclusions

Overall, System 2 was found to be marginally more reliable than System 1 (refer to Table 27).
Using all of the ‘industry’ survey results (which assumed a maintained or soon to be maintained
system), the lowest overall failure probability for System 1 was calculated to be 97.1% (for a
SPS with a VSD) as compared with 95.1% for System 2 (independent of the type of relief

damper).

These results illustrate that there needs to be a stronger focus on correctly commissioning the
SPS as many of the potential faults could be corrected at this stage of the process. The
maintenance program (in terms of actually rectifying problems) also needs to be considered
more seriously, as items identified as requiring corrective action, need to be corrected soon
after identification, so that the faults do not remain for extended periods of time. The majority of
the branches presented in Figure 48 are associated with the mandatory (Level 1) maintenance
routines and therefore, should be detected. Other faults may only be identified during the non-
mandatory maintenance routines (eg. the override control switches for the FFCP, the restoration
time, etc.) whereby if these higher levels of maintenance are not conducted, a fault may be

present for a long period of time, before it is identified, if ever.

Some of the faults identified may also go unchecked as they are only assessed during the
commissioning stage after which time there is no formal maintenance, for example, the keylock
switches associated with the SPF and the MSSB. Therefore, if the item is not commissioned
correctly then the component may never work as intended. It is important then, to be reminded
that currently the design standard (AS1668.1) details more criteria for compliance than the
maintenance (or even commissioning criteria), as illustrated earlier in Table 4. Therefore, any

item listed as part of the design shouid really have a maintenance routine associated with it.
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9. EFFECTIVENESS OF STAIR PRESSURISATION SYSTEMS

The effectiveness of a Stair Pressurisation System (SPS) can now be assessed since the wind,
temperature and leakage influences, referred to as the E-factors, as well as the ‘other factors’

(the F-factors) presented in Chapters 7 and 8, have been evaluated.

Chapter 7 considered the effect of environmental (wind and temperature) influences and
potential leakage variations on the effectiveness of SPS in relation to achieving the AS1668.1
performance conditions that could be affected by these factors (i.e. door opening forces and
airflow velocities). These ‘E-factors’ were evaluated assuming that hardware faults (‘F-factors’)

nad no influence.

In Chapter 8, the influence of the F-factors on effectiveness, in relation to all of the performance

conditions of AS1668.1 was determined.

The above factors (i.e. the E- and F-factors) were considered separately in order to assess the
impact of each. A complete assessment of effectiveness would utilise the complete fault tree
(see Figure 47) with the calculated failure rates for all factors (E- and F-factors) being
considered. However, such a more complete analysis is not necessary due to the dominant

influences of the F-factors.

Chapter 7 found that the variations in wind speed, temperature and leakage had little effect on
reducing SPS effectiveness. This was evidenced by the high effectiveness results calculated in
Table 26a, which were close to ‘1’. It is only if the stairwell leakage increases with respect to
the main building facade, that the effectiveness associated more specifically with the airflow

velocities, reduces (see Table 26b).

The findings of Chapter 8, which considered the influence of the F-factors, showed that these
factors appear to significantly impact the ability of SPS to achieve the AS1668.1 performance
conditions. The performance conditions least likely to be achieved were the door opening force
and the airflow velocity conditions. The overall effectiveness (i.e. considering all performance

conditions) was found to be 0.03 and 0.05 for System 1 and System 2, respectively.

Due to the dominance of the F-factors, if the results associated with the E-factors were added to
the grey boxes in the fault tree presented in Figure 47, and the Gate-by-Gate technique was
used to calculate the combined overall failure probability, it is found that the effectiveness
results presented in Chapter 8 do not vary'significantly as the variations to wind, temperature

and leakage [generally] do not influence the effectiveness of the SPS.

The poor effectiveness associated with SPS is dominated by the door opening forces being
excessive and to a lesser extent by an inability to achieve the airflow velocities required by

AS1668.1.
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In a real fire situation, doors may be opened by more than one person or a stronger person but
the fact that excessive door opening forces is a dominant cause of failure is of great concern

because it may not be possible for occupants to enter the stairs.

As concluded in Chapter 8, there needs to be a stronger focus on correctly commissioning and
maintaining SPS such that problems identified are addressed as soon as possible and not

merely deferred. The other conclusions of Chapter 8 should be noted.
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10. CONCLUSIONS

The aim of this research was to study the effectiveness of Stair Pressurisation Systems (SPS)
appropriate for multi-storey office buildings, by considering component uncertainty and the
uncertainties associated with construction, commissioning, maintenance and variations in
external weather conditions. An assessment considering SPS and their components,
interrelationships, etc., has been considered whereby detailed fault tree diagrams illustrating the
complex sub components and their relationship to a SPS achieving the Australian Standard
(AS), AS1668.1 performance conditions, has been presented. The design criteria for these
systems (such as pressures, flows, etc.); as well as the commissioning and maintenance
requirements have also been presented in a unique manner. This was done by considering the
Australian Standard requirements as well as historical data associated with two representative
SPS, one of which has a variable speed drive (VSD) to adjust the pressure within the stairwell
(i.e. System 1), while the other has barometric dampers to enable pressure relief within the

stairwell (System 2).

The effectiveness assessment for the SPS was conducted considering the influence of wind,
temperature and leakage variations, as well as ‘other factors’, associated with reliability. The
former three aspects (referred to as the E-factors in this thesis), were investigated using the
CONTAM computer software such that the performance conditions of AS1668.1 were achieved
for the whole system i.e. every door. The ‘other factors' (F-factors) were assessed where
commissioning and maintenance are the norm. The data associated with assessing the
F-factors was obtained through a survey completed by industry personnel who are intricately

associated and involved with SPS (typically, with the maintenance of these systems).

An attempt to look at SPS reliability in relation to whether a signal is received by the fan and
damper, was undertaken by Zhao (1998) who used simplified fault trees to assess the reliability
of a single fan system. He endeavoured to look at the effects of commissioning and
maintenance on system reliability even though there was limited data available at that time.
Zhao, however, did not consider whether the door opening forces were likely to be excessive,
the airflow through the doors adequate or whether any of the AS1668.1 performance conditions
would be achieved. This research utilises a more complex approach where wind, temperature
and leakage variations, as well as equipment reliability, and the inherent influences of design,
commissioning and maintenance are considered; for more complex SPS found in high-rise

office buildings.

The buildings chosen, and the SPS associated with these buildings, are representative of those
within the Melbourne Central Business District (CBD) and consequently their historical profiles

can be used as a tracking mechanism for problems/issues associated with SPS.

CONTAM was used to develop the design characteristics for both types of SPS (i.e. one with a
VSD and one without) which complied with the performance conditions of AS1668.1 (i.e. the
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door opening forces and airflow velocity conditions). In particular, System 1 (with a VSD) and

System 2 (with an adjustable relief damper) were modelled as follows:
e System 1 Door Opening Forces (no doors open), Fan speed 3,472 L/s, Relief 0.06 m?
Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.06 m?
e System 2 Door Opening Forces (no doors open), Fan speed 11,575 L/s, Relief 1 m?

Airflow Velocity (three doors open), Fan speed 11,575 L/s, Relief 0.01 m?

(i.e. effectively closed)

When assessing the effect of E-factors on the effectiveness of a SPS, a sensitivity study was
conducted modelling variations to wind speed (including a high wind condition), temperature
changes (predominantly and external to the building), and building leakage (such as leakage
increases across the fagade of the building versus the stairwell shaft). These influencing factors
have been identified in the literature (Klote and Fothergill 1983) and from anecdotal evidence,
as likely to effect the performance of SPS. Due to the extreme difficulty in utilising real test data
to investigate the influence of variations of the E-factors alone, it was decided to utilise the

computer program CONTAM to analyse these effects.

The results of the CONTAM analyses found that variations in temperature or wind had little
effect on system effectiveness.  Accordingly, the effectiveness values with respect to
temperature and wind speed variations were ‘1’ or very close to this number. However, it is
known from anecdotal evidence and personal experience that SPS are not tested on windy
(gusting) days, as the system may be unstable, making it difficult to obtain stable readings.
These effects would appear to be related to the positioning of air intakes or dampers such that
wind gusting has a direct impact on their performance creating pressure fluctuations within the
shaft. Such effects were not modelled with CONTAM. The location of shielding for the SPS
would appear to be an important consideration and should be seen as a topic for future

research.

Increases in stairwell leakage were, however, found to have a significant impact on the ability of
a SPS to achieve the airflow velocity criteria of 1 m/s. This is a direct result of the design and
standard of construction (i.e. workmanship) of the SPS but also of future changes to the
building. For example, for Systems 1 and 2, the effectiveness (with respect to airflow velocity)
reduced to 0.04 and 0.13 respectively, when the stairwell leakage was increased from ‘Average’
leakage conditions to ‘Loose’ (100% Leakier) conditions. The inferior performance of System 1,
compared with System 2, is due to the fact that System 1 has a fixed vent size of 0.06 m?,

whereas for System 2 the damper could close to 0.01 m?.

The majority of the results associated with the F-factors influencing effectiveness, were obtained
through a survey completed by industry personal directly involved in a “hands-on” sense with

the detailed aspects of SPS. This survey considered the parts and potential faults of a SPS in
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detail. This approach differed from the previous approach of Zhao (1998), which utilised a

greatly simplified model and used failure rate data only from the literature.

It was found that the order of dominance in terms of not achieving the performance conditions of

AS1668.1 was generally:

. high door opening forces,

o low airflow velocities,

. override controls not working,

o restoration times being excessive,
o high noise levels and

o secondary power failure.

The issues identified during the historical review also correlated with the data obtained from the
detailed survey, in terms of the most likely components to not achieve the performance

conditions (prior to commissioning).

For System 1 (with a VSD) the dominant factors generating high failure probabilities associated

with the door opening forces and airflow velocities were, respectively:

- The stair pressurisation fan (SPF) supplying too much air into the

stairwell
- The fire indicator panel (FIP) microprocessor output being in error

For System 2 (with a barometric damper) the dominant factors generating high failure

probabilities associated with the door opening forces and airflow velocities were, respectively:
- The SPF supplying too much air into the stairwell

- The relief damper not closing enough, resulting in too much pressure
relief and therefore, low airflow velocities in the stairwell (Zhao also

had identified the damper as the key cause of uncertainty)

Table 30 illustrates the effect of removing the above-noted dominant factors when all the survey
data is used and also when the ‘extreme’ (outlier) data is ignored. System 2 is considered with

a barometric damper (BD).
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Table 30.

For Systems 1 and 2

CONCLUSIONS

Effectiveness associated with Door Opening Forces and Airflow Velocities

Effectiveness Door Opening Force Airflow Velocity
Using all Ignoring SPF not Using all Ignoring FIP Relief
fault tree | ‘extreme over fault tree ‘extreme’ micropro- damper
branches ‘data pressuris- | branches data cessor operating
— using ing - using output not correctly
- using all data in error
all data . — using
all data — using all
all data
data
System 1 0.10 0.10 0.40 0.36 0.49 0.5 NA
System 2 0.08 0.08 0.30 0.63 0.30 NA 0.84
with BD
NA refers to Not Applicable

As can be seen from Table 30, the effectiveness values are low, especially when compared with
Zhao's (1998) conclusion that the reliability of a signal being received by the fan and damper is
90%. However, Zhao merely considered whether the signal would be received for the above-
noted components, not whether the specific performance conditions of AS1668.1 could be
achieved. Moreover, Zhao's model of the complexity of the SPS and its operation is quite

limited.

Referring again to Table 30, when the dominant factor associated with the performance
condition of door opening forces (i.e. the SPF not over pressurising) was considered 100%
reliable for both Systems, the effectiveness improves from 0.01 to 0.40 for System 1 and 0.08 to
0.30 for System 2. In terms of the airflow velocities, when the dominant factors were removed

the effectiveness for this performance condition also significantly improved.

Many of the sub outcomes presented in the fault tree diagrams leading to high door opening
forces or low airflow velocities, are inspected as part of commissioning, however there are no
subsequent maintenance inspections for many of these items (eg. the VSD, the pressure
sensor, etc.). Therefore, if the component is not commissioned correctly, these items may
never work as required. Alternatively, these items may become faulty at some stage after
commissioning (eg. the override switches, the isolation switches, etc.) rendering the SPS
inadequate. The latter fault is also a direct result of human intervention and as it is not required
to be inspected as part of the mandatory maintenance routine this fault could go uncorrected.
Therefore, the items currently lacking a maintenance program should have a maintenance

program devised and adhered to, as maintenance is designed to identify (and correct) faults.
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In the case of relief dampers, if these dampers are considered as the dampers listed in
AS1851.6, then their faults may be identified during the six-monthly maintenance routine,
however if not, then faulty dampers may go unnoticed for quite some time, thereby reducing the

effectiveness of the SPS.

The reason for the high probabilities of component failure (and therefore, low effectiveness

values) could be attributed to either one, or combination of, the following:
) The SPS may not have been commissioned;

o The SPS may not have been maintained previously (i.e. only now has a

maintenance program been developed for the system); or

o The faulty item(s) identified may not be fixed prior to the next maintenance

inspection, if ever.

If the system is not commissioned (correctly), this will have one of the greatest influences on the
probability of failure, especially as some of the dominant factors effecting the reliability do not
have specified maintenance protocols (i.e. they are only addressed/assessed as part of the
commissioning process). This aligns with Moore and Timms’ (1997) findings as well as those
obtained as part of the survey (i.e. where door opening forces and airflow velocities were
identified as being the dominant factors which may not work after installation of the SPS

components).

To improve the overall reliability of the SPS, maintenance contractors and personnel need to be
familiar with, and aware of, potential issues associated with the equipment as a fault may be left
undetected for some time and therefore, the SPS may not operate in accordance with
AS1668.1. If faults identified during commissioning and maintenance are properly fixed rather
than just being noted, it would be expected that the effectiveness of the SPS would be
significantly improved. Commissioning also must be performed completely and correctly prior to
maintenance so that the SPS has the best chance of functioning as per the design and

performance conditions of AS1668.1.

In terms of the effectiveness of the SPS, the F-factors (issues related to commissioning,
maintenance and operation of the SPS, etc.), were identified as being the dominant factors
leading to failure as compared with the E-factors (i.e. influence of wind, temperature and
leakage variations). Having said this, the results generated indicate that overall SPS are not
very effective in terms of achieving the performance conditions of AS1668.1 for the whole

system.

It should be noted that failure to meet AS1668.1's performance conditions may not always mean
that the SPS will not operate satisfactorily in a real fire. It may not be necessary to achieve an
airflow velocity of at least 1 m/s to keep smoke out and the stairwell doors may still be able to be
opened even when the force required is greater than 110 N. However, the performance of SPS

with respect to real fire scenarios is outside the scope of this thesis.
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As demonstrated in this thesis, the key factors associated with the successful performance of
SPS have been known since the first Australian Standard related to SPS was published in
1974. These factors have been integrated into the commissioning and maintenance protocols
incorporated in latter versions of AS1668.1 and AS1851.6. To assist in the conduct of
meaningful commissioning and later maintenance, particular information is meant to be provided
at the building and be accessible to persons undertaking the work. Such information includes
the instructions on how SPS and their associated equipment operate and are designed to
function in fire mode, but is rarely provided; thereby making it more difficult to undertake

successful commissioning and maintenance.

The commissioning and maintenance procedures, if followed correctly and acted upon, should
result in a significant improvement in the effectiveness of SPS compared with that found in this

thesis.
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Appendix A Nomenclature associated (Figures 13 and 14)

BMS Building Management System

DDC Direct Digital Control

FAR Fire Alarm Relay

HLI High Level Interface

OAD Qutside Air Damper

PID Proportional-Integral-Derivative control(ler)
RA Return Air

sd Smoke Detector

setpt Setpoint

Spill D Spill Damper

spr Sprinkler

VAV D Variable Air Volume Damper

UPS Uninterrupted Power Supply — a form of emergency power
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Appendix B Anomalies with Australian Standards

Discrepancies exist between the airflow velocity and door opening force test requirements as
detailed within the design standard AS1668.1 (1998) and the maintenance standard AS1851.6
(1997); specifically for zone smoke control systems (ZSCS) (eg. as per Building 2). That is, the
design standard states one approach (which is what a designer designs in accordance with)
and then the maintenance standard contradicts and offers another approach. This makes
maintenance/testing confusing as the system should be tested in accordance with how it has

been designed, i.e. not tested against different requirements.

For example; the design standard AS1668.1 (1998) specifies requirements for ZSCS vs
Purge/Shut down systems, while the maintenance standard does not discriminate between

these two types of systems (refer to the underlined items in the table below):

Table B1. Differences between the Design and Maintenance Standards

Type of Test Design Maintenance
AS1668.1:1998 AS1851.6:1997

(Level 2 — Annual)

Airflow Velocity Section 9.3.1 a) ii) Section B10.2 b i)

Testing

Purge/Shut down 3 doors open - not stated

(main door + test door (ff) +
adjacent door)

ZSCS 2 doors open ‘implied’ same as Purge i.e.
3 doors open, though neither

(main door + test door (ff)) system type is specified

Door Force Testing Section 9.3.1 b) ii) Section B10.2 b ii)
Purge/Shut down 1 door open (test door) - not stated
Z5CS 2 doors open (adjacent door+ test | ‘implied’ same as Purgei.e. 1
door (ff)) door open, though neither system
is specified
OR 1 door (test door (ff)) HREEEEOl

ff refers to ‘fire floor
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Appendix C  AS1851.6 (1983) Maintenance Levels

APPENDIX C

The information below relates to the levels of maintenance to be performed, depending on the

results of a Level 1 maintenance inspection, as well as the frequency intervals for the level of

inspection associated with SPS, detailed within the standard.

Table C1. Maintenance frequencies (1983)
item Description | Routine Frequency
Level 1 Level 2« Level 3« Level 4=
Fans Air B2 Quarterly Half-yearly Two-yearly Only if
pressurisation necessary
Motors, induction Fan drives, B3 Quarterly Half-yearly Two-yearly Only if
test and necessary
emergency
use only
Batteries for Lead-acid or
fi control
irefsmoke contro Alkaline » Refer to Australian Standard ASXXXX
services
Fire mode air dampers for smoke-spill, B5 Half-yearly Yearly NA Only if
fresh air and recycle air, complete with necessary
their automatic gear
Air-handling changeover under B12 Monthly Yearly NA Only if
fire/smoke conditions necessary
Fire-isolated escape routes protected by B13 Monthly Yearly Two-yearly Only if
air-pressurisation systems necessary
< Levels 2, 3 and 4 maintenance routines are for information only
L] refers to Australian Standard ASXXXX
NA denotes Not Applicable

More specifically, the various routines identified in Table C1 above, have been detailed below.

174




Chapter 13. APPENDIX C

Fans Routine B2
Level 1 - check bearings for noise and overheating

- check fans for excessive vibration
- check guards and other safety features for satisfactory condition
- check fan belts for wear

- check flexible connections, where fitted, for leaks, tearing or fraying

Level 2 - check lubrication of bearings and apply as necessary
- check fan belts for correct tension
- check couplings for tightness
- on fan energisation, operation and de-energisation, check that the flexible

connections are not overstressed owing to fan movement

Level 3 - check pulley wheels for alignment
- check couplings for alignment

- measure and record fan output

Level 4 - check casing and impeller for corrosion and treat as necessary
- check balance of impeller if work carried out on it
- regrease bearings if applicable
- check fan belts if applicable
- check reassembled unit for excessive vibration
- check that guards and other safety features are satisfactory
- check for correct rotation
- measure and record fan output

- repair or replace flexible connections as necessary

Motors, Induction Routine B3
Level 1 - check for noisy running

- check for excessive vibration

- check for excessive heating

Level 2 - check that external ventilation airways are clear

- apply lubrication if necessary
Level 3 - measure and record insulation resistance of stator windings

- measure and record running current

- check starter, protection settings and contact where appropriate
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Level 4 - overhaul or replace with exchange unit
- measure and record thermistor resistances where fitted
- testrun

- measure and record insulation resistance of stator windings

Fire mode dampers Routine B5

Level 1 - inspect for obstructions

- ensure drive force is available to motors

Level 2 - ensure damper(s) moves to its fire mode position upon removal of drive force

- check that there is no excessive leakage past dampers when in the closed
position

- check and adjust all motor drive linkages and ensure no ‘slippage’ or excessive
hysteresis is occurring

- check linkage and damper bearings and lubricate as necessary

- ensure that any damper position indicators are operational and correctly
positioned where fitted

- if motors are pneumatic, check for air leaks in the air lines and connections

Level 3 Not applicable

Level 4 - replace as appropriate

Air-handling changeover under fire/smoke conditions Routine B12

Level 1 - simulate® fire/smoke situation (for each system when separate) to effect
changeover

- check that there is an appropriate direction of airflow between designated areas
(if applicable)

- switch system back to ‘normal’ and check that all equipment is in the correct
designated mode

- check that appropriate indicating lights signify normal operation

® ‘Simulate’ refers to replicating an alarm eg. smoke detector activation, without physically triggering' the alarm ie. yvith smoke.
This simulated alarm could be performed at the FIP in order to check the functioning of the air-handling equipment and
associated dedicated smoke detector circuits, as opposed to the smoke detector itself.
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Level 2 During simuiation of fire/smoke conditions, check that:

- each item of equipment and any associated indicators have operated correctly
and that fans are running or are shut down in accordance with the correct
operational sequence for the air-handling system(s) concerned

- motorised dampers and their associated motorised outside-air, recycle-air and
spill-air dampers are operating correctly

- the operation of the manual switch provided for fire brigade personnel de-
energises supply-air fans

Level 3 Not applicable
Level 4 - adjust or repair as necessary
- carry out the Level 2 routines
Fire-isolated escape routes protected by air-pressurisation systems Routine B13
Level 1 - simulate® initiation of operation of all systems
- while air-pressurisation systems are operating, check the following for each
system:

= excessive noise

. ease of opening doors

. movement of air from each pressurised area through a selected open
door
Note: Use the same door every time

- switch all systems back to normal
Level 2 - check that the fans of all air-pressurisation systems start when:

* the building fire alarm is actuated by the automatic fire sprinkler system
of the building, or by any smoke/thermal alarm group forming part of the
building automatic fire detection system

* any recycle-air sensor group, or any supply-air sensor group is actuated
and

* any recycle-air sensor group and supply-air sensor group are actuated

- check that when the smoke sensor group of any air-pressurisation system is
actuated, the associated pressurisation fan is shut down
- check that operation of the manual switch provided for fire brigade personnel de-

energises fans supplying air to the pressurised fire-isolated escape routes
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Level 3 - with all air-pressurisation and other systems required to operate in the smoke-spill
mode operating simultaneously, measure and record for each air-pressurisation
system:

» the average flowrate through a selected open door, when the doors
leading from every stairway to two selected successive storeys and the
main discharge doors are fully open simultaneously
Note: Use the same door every time

» the force required to open each door

= the time taken for conditions in the first two bullet points above to be
restored after opening and reclosing up to three doors and

* the noise level at doorways identified as subject to the highest noise
level, at the relevant points of entry into fire-isolated escape routes,
with the associated door open

- with all air-pressurisation and other systems operating simultaneously, check
that any specific air relief is fully operational and enables the required airflow from

pressurised areas to be sustained

Level 4 - repair or replace any items not capable of being adjusted for satisfactory

performance
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Appendix D  AS1851.6 (1997) Maintenance Levels

The information below relates to the levels of maintenance to be performed, depending on the
results of a Level 1 maintenance inspection, as well as the frequency intervals for the level of

inspection associated with SPS, detailed within the standard.
Note: The B2, B3 and Level 4 routines of maintenance are identical to those detailed in Appendix C.

The table below only illustrates the changes from the previous 1983 maintenance standard

employed (i.e. AS1851.6). These changes predominantly refer to frequency changes.

Table D1. Maintenance frequencies (1997)

Item Description Routine Frequency

Level 1 Level 2= | Level 3= Level 4«

Fans Air Yearly Yearly
pressurisation
Motors, induction Fan drives, test

and emergency

use only
Batteries for Vented cells Refer to Australian Standard AS2676.1
fire/smoke control
m contro Sealed cells Refer to Australian Standard AS2676.2
services
Fire mode air dampers for smoke-spill, BS

fresh air and recycle air, complete with

their automatic gear

Air-handling changeover under B9 Quarterly

fire/smoke conditions

Fire-isolated escape routes protected by B10 Quarterly

air-pressurisation systems

< Levels 2, 3 and 4 maintenance routines are for information only

More specifically, the various routines or variations identified in Table D1 above, have been

detailed below.
Fire mode dampers Routine B5

Level 2 - if control system is pneumatic, check for correct operation of air compressors,

filters, dryers and pressure reducing systems (additional item)
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Air-handling changeover under fire/smoke conditions Routine B9
Level 1 - simulate® fire/smoke situation (for each system when separate) to effect

changeover or shut down as appropriate
- switch system back to ‘normal’ and check that all equipment is in the correct
designated mode

- check that appropriate indicating lights signify normal operation

Level 2 During automatic® activation of the fire/smoke conditions, check that:

- each item of equipment and any associated indicators have operated correctly
and that fans are running or are shut down in accordance with the correct
operational sequence for the air-handling system(s) concerned

- motorised outside-air, recycle-air, air-control and spill-air dampers and their
associated motors are operating correctly

- the operation of the manual switch provided for fire brigade personnel de-
energises supply-air fans

- the system performance criteria of zone smoke control systems should be verified
between each zone
Note: If there have been no building changes since the last test, approval may be

given to testing less than all zones and if a standby power generator is
provided, this level of maintenance should also include testing of the

standby power to verify fire mode performance
Level 3 Not applicable

Level 4 - adjust or repair as necessary

- carry out the Level 2 routines

™ ‘Simulate’ refers to replicating an alarm eg. smoke detector aclivation, without physically triggering the alarm i.e. with smoke.
This simulated alarm could be performed at the FIP in order to check the funclioning of the air-handling equipment and
associated dedicated smoke detector circuits, as opposed to the smoke detector itself. o ] )
Automatic’ activation refers to checking the functioning of the air-handling changeover system via activation of a field device.
That is, a heat, flame or smoke source is used to activate a detector or flow water to reduce the pressure to operate a
flow/pressure swilch, for the sprinkler system.
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Fire-isolated escape routes protected by air-pressurisation systems Routine B10

Level 1 - simulate® initiation of operation of all systems
- while air-pressurisation systems are operating, check the following for each
system:

" excessive noise (refer to AS1168.1)

. ease of opening doors

. movement of air from each pressurised area through a selected open
door
Note: Use the same door every time

- switch all systems back to normal

Level 2 - check that the fans of all air-pressurisation systems start under automatic®
activation when:

* the building fire alarm is actuated by the automatic fire sprinkler system
of the building, or by any smoke/thermal alarm group forming part of the
building automatic fire detection system

* any recycle-air sensor group, or any supply-air sensor group is actuated
and

* any recycle-air sensor group and supply-air sensor group are actuated

- with all air-pressurisation and other systems, required to operate in the fire mode,
operating simultaneously, measure and record for each air-pressurisation system:

* the average flowrate through a selected open door, when the doors
leading from every stairway to two selected successive storeys and the
main discharge doors are fully open simultaneously

* the force required to open each door

= the time taken for conditions found in the first two bullet points above to
be restored after opening and reclosing up to three doors and

= the noise level at doorways identified as subject to the highest noise
level, at the relevant points of entry into fire-isolated escape routes, with
the associated door open

- check that when the smoke sensor group of any air-pressurisation system is
automatically actuated, the associated pressurisation fan is shut down
- check that operation of the manual switch provided for fire brigade personnel de-

energises fans supplying air to the pressurised fire-isolated escape routes
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Level 3 - simulate® activation of all air-pressurisation and other systems required to
operate in the fire mode, and while operating simultaneously measure and record
the following for every door:
* ambient noise level
* door opening force
= air velocity through door
Note: If there have been no building changes since the last test,
approval may be given to testing less than all doors and these

test doors should be selected based on the extremes of the

performance criteria
- with all air-pressurisation and other systems operating simultaneously, check that

any specific air relief is fully operational and enables the required airflow from

pressurised areas to be sustained

Level 4 - repair or replace any items not capable of being adjusted for satisfactory

performance
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Appendix E  Measurement of Air Velocity Through a Doorway

When measuring the air velocity, a time averaged reading is taken as opposed to spot readings
of a few measurements. Also, obstructions of an open doorway either by people or other
objects are not permitted; as it is also possible to increase the air velocity across a stair door by

blocking off other doors (eg. people standing in the doorway of an adjacent door).66

The two main approaches are described below:

Time average method

Equipment:

A vane anemometer or other digital device (capable of averaging wind speed over a period of

time).
Optional
A watch with a readout in seconds.

The air velocity is to be in metres per second (m/s). And as such, the test is to take not less
than 1 minute when traversing the open doorway. To time-average the air velocity through the

door opening, make traverses of the open doorway by:

- making a steady (i.e. 0.5 m/s) horizontal serpentine sweep traverse of the doorway and
then

- make a steady (i.e. 0.5 m/s) vertical serpentine sweep traverse of the doorway.

If after completion of these two sweeps, one minute has not expired, continue the horizontal and

vertical sweeps until one minute has elapsed.

Instantaneous readout average method

Equipment:
A device providing an instantaneous air velocity at the point of use eg. hot wire anemometer.

Divide the doorway into a minimum of 18 imaginary squares and take a reading in the centre of
each square. Add all the readings together and divide by 18 for the average measured

instantaneous air velocity.67

% This is especially relevant to the ground floor doors for base-injected fire-isolated exil pressurisation systems in buildings with
a 'Purge’ system. ) )
In some instances there will be a negative air velocity which must be deducted from the total, therefore this method is not as
accurate or reliable as the time average method, especially where the air velocily probe used is not sensitive to the direction
of air movement.
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Appendix F  Description of |d Boxes in Fault Tree

The acronyms are detailed in the Nomenclature at the start of the thesis.

0.

The stairwell performance criteria, has been assessed against the current standard’s
performance conditions i.e. Australian Standard 1668.1 (1998). This is because when
stairwells are assessed now days, more often than not, they are assessed against the
most recent standard (i.e. the 1998 edition), as this standard is said to be more stringent
than the standard at the time of construction and therefore, if the stairwell passes the
1998 performance conditions, it more than likely will also pass the (possible)
requirements at the time of construction. The only exception to this rule is noted with id

box 3. below.

The door opening force performance condition of 110 N (i.e. 11.2 kg) has not been

achieved, that is, the door opening force is greater than 110 N.

The airflow velocity performance condition through an open door of 1 m/s has not been

achieved, that is, the airflow velocity through an open door is less than 1 m/s.

The pressure difference performance condition (i.e. between the stairwell and the
occupied space, with the door closed), is a performance condition of the design standard
AS1668.1 for ZSCS. Therefore, it has not been considered as part of this research and is

presented for background information only, hence the dotted boxes/lines.

The noise performance condition of below 80 dB(A) within a stairwell (with the stairwell
doors closed) and the occupied spaces (with the stairwell door open on the fire floor) has

not been achieved.

The reduced restoration time of less than 10 seconds, as stated in AS1668.1 has been
exceeded. This is a performance condition of the standard to ensure that the system is

sufficiently responsive and therefore, has been included in the fault tree assessment.
Note 1:  The 1979 edition of this standard required a 15 — 60 second restoration time.

Note 2:  This id box has been included as it required as part of design and

commissioning.

The override controls for the FFCP do not work and/or are faulty and therefore, the SPF
cannot be manually controlled on/off. Non-compliance may result in the fire brigade not

being able to control the SPF.
Note 1:  Thjs id box has been included as it required as part of commissioning.
The secondary power supply fails (eg. either the batteries, UPS or generators).

Note 1:  The requirement for secondary power supply functionality is a requirement for

commissioning only.
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7

7

10.

10

11.

12.

13.

14.

15.

(a). The secondary power supply to the pressure sensor i.e. the battery, fails.

(b). The generator is also a form of secondary power and been denoted with a ‘3". In

this case, the generator fails.

The SPF supplies too much air into the stairwell i.e. this may be because the SPF has
been oversized for the design resulting in a fan of greater capacity than required. That

is, the assumed fan size was too large for what is required.

Faults with the stairwell door are attributed to the door itself and/or the door
attachments, hardware faults, etc., resulting in door opening forces exceeding the

110 N maximum force.

External outside conditions, eg. variations in wind speed, temperature variations (across
the height of the stairwell), etc., result in fluctuating pressure variations within the

stairwell which can cause the door opening forces to exceed 110 N.

(a). Leakage associated with the building walls may change (over time) eg. service
holes may (inadvertently) be cut into the stairwell walls, increasing the leakage or
existing leakage may be blocked due to refurbishment works thereby reducing the

available leakage so the door opening forces are exceeded.

The building’'s AHU in the remainder of the building and/or the ZSCS operation can
influence the performance of the SPS. This influence can sometimes result in either a
positive or negative effect. However, the influences of these additional mechanical
ventilation systems installed within the building have not been considered as part of this
research i.e. these systems are assumed to be non-operational for this study and has

been presented for background information only, hence the dotted boxes/lines.

If the pressure within the stairwell cannot be relieved, the pressure inside the stairwell
will build up, resuiting in the door opening forces being excessive, i.e. greater than
110 N.

Too much pressure relief within a stairwell may result due to cracks in the stairwell
construction, service holes being cut into the stairwell shaft, (closed) door gaps being
larger than required, etc., or because the stairwell is leakier than the assumed value. In
this case, because of ‘high’ leakage, the airflow velocity of 1 m/s across an open door

cannot be achieved, as too much air is ‘escaping’ from the stairwell.

The SPF is not operating as required in terms of supplying sufficient air and therefore,
the stairwell is not pressurising adequately as per the design, in terms of achieving the

required airflow velocity of 1 m/s.

External outside conditions, eg. variations in wind speed, temperature variations (over
the height of the stairwell), etc., result in fluctuating pressure variations within the

stairwell which can cause the airflow velocity conditions of 1 m/s, not being achieved.
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15

16.

16

17.

18.

19.

19

20.

21.

22.

(a). Leakage associated with the building walls, may change (increase) over time eg.

service holes may (inadvertently) be cut into the stairwell walls, increasing the

leakage so that the airflow velocities are not achieved.

External outside conditions, eg. variations in wind speed, temperature variations
throughout the height of the stairwell, etc., result in fluctuating pressure variations within
the stairwell, such that the required pressure difference is exceeded. This id box has

been presented for background information only, hence the dotted boxes/lines.

(a). Leakage associated with the building walls, may change over time eg. existing
leakage may be blocked due to refurbishment works thereby increasing the
pressure differential for a ZSCS. This has been included for background

information only, hence the dotted lines/boxes.

If the pressure within the stairwell cannot be relieved, the pressure inside the stairwell
will build up, resulting in differential pressures exceeding the design limit, i.e. refer to id
box 12. and its associated dependents. This means that the performance condition
required as part of standard has not been achieved. This has been included for

background information only, hence the dotted lines/boxes.

Hardware faults of the SPF (eg. faulty belts, blades break, mechanical fan faults, etc.),

may result in excessive noise limits being exceeded within the stairwell.

Note 1: The building’s AHU is not considered to work and therefore, it's potential noise

contributions are not included in this research.

Note 2: The noise occupants may make is not considered as part of the noise level, as

noise measurements are conducted when the building is not occupied.

The local wind effects such as gusting may result in fluctuating pressure variations

within the stairwell, whereby the restoration times (i.e. stabilisation times) are exceeded.

(a). Leakage associated with the building walls, may change (over time) eg. service
holes may (inadvertently) be cut into the stairwell walls, increasing the leakage so

that the restoration times are exceeded.

Hardware faults denoted by * i.e. for the VSD, the pressure sensor and the dampers,

could contribute to the restoration times being exceeded also.

The FFCP override switch (which can be used to turn the SPF on or off) is faulty, and
so the SPF does not correctly respond when this switch is used. This means that the
performance condition specified in the Australian Standard is not achieved and the fire

brigade personnel may not be able to control the SPF if required.

Hardware faults of the SPF (eg. faulty belts, blades break, mechanical fan faults, etc.),

may result in the SPF not working as required when the override switch is turned either

on or off.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

Hardware faults associated with the stairwell doors eg. the latches, door handles, the
self-closing mechanism of the door, door strikes, etc., result in the door not being able

to be opened without a force exceeding 110 N.

The stairwell door is damaged in service over time (eg. contractors carry equipment up
the stairwell and damage/knock the stairwell doors, latches, hinges, etc.), such that the

force required to open the door is greater than 110 N.

The stairwell door is locked, so occupants cannot get inside the stairwell at all, again

resulting in a force of greater than 110 N while trying to open the door.

The door fitting itself may initially interfere with the opening of the stairwell door or when
a stairwell door is replaced, eg. it could be jamming, etc., and therefore, the force

required to open the door is greater than 110 N.

The stairwell construction, form of construction, workmanship and/or material used
results in a stairwell being ‘tighter’ (i.e. not very leaky), than the design of the stairwell
allowed. Therefore, the pressure cannot be relieved and the pressure builds up,

contributing to excessive door opening forces.

The relief required in the occupied spaces has been blocked/(excessively) restricted
and therefore, the pressure builds up within the stairwell, resulting in excessive door

opening forces.

The actual leakage within the stairwell is significantly less than the design assumption,
and therefore, the pressure in the stairwell increases and the pressurised air cannot
escape, resulting in excessive door opening forces. This factor is considered as part of

design and for simplification, is considered to have an effectiveness of ‘1’ for this study.

The Bypass/Relief dampers do not operate as required for the design i.e. the damper
does not open enough to relieve the pressure. As dampers can be either barometric or
motorised, there are two possible paths which can be followed from this id box. Refer

to Block A for more detail.

Note: If following path for System 1 with No Relief dampers (i.e. fixed opening), then

id box 30. and its dependents is ignored.

The stairwell construction, form of construction, workmanship, large door gaps and/or
material used results in a stairwell being ‘leakier’ (i.e. not very tight/sealed), than the
design of the stairwell allowed as compared with the main building leakage. Therefore,
the pressurised air is ‘lost’ from the stairwell and the airflow velocity of 1 m/s cannot be

achieved.
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32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

The actual leakage within the stairwell is significantly greater than the design
assumption, and therefore, the pressurised air escapes from the stairwell and the
airflow velocity of 1 m/s cannot be achieved. This factor is considered as part of design

and for simplification, is considered to have an effectiveness of ‘1’ for this study.

The Bypass/Relief dampers do not operate as required for the design i.e. the damper
does not close enough to restrict the pressure loss. As dampers can be either
barometric or motorised, there are two possible paths, which can be followed from this

id box. Refer to Block B for more detail.

Note:  If following path for System 1 with No Relief dampers (i.e. fixed opening), then
id box 33. and its dependents is ignored.

Hardware faults of the SPF (eg. faulty belts, blades break, mechanical fan fauits, etc.),

may result in the SPF not operating as required for its design.

The SPF switch on the MSSB has been switched to OFF/isolate and therefore, the SPF

does not start/operate when required.

The SPF switch on the FFCP has been switched to OFF/isolate and therefore, the SPF

does not start/operate when required.

The SPF keylock switch adjacent to the actual SPF, has been locked OFF and

therefore, the SPF does not start/operate when required.

There is complete (i.e. primary and secondary) power failure to the SPF and therefore,

the SPF does not operate as required.

The VSD is not operating as required, and therefore, the SPF does not respond and

operate/start when required. Refer to Block C for more detail.

The primary power supply to the SPF i.e. the mains fails, however, there is the option of

the secondary power supply.
The secondary power supply to the SPF i.e. the generator, fails.

Note: It is assumed that if the secondary power supply is being used, the primary
power supply has failed, unless the secondary power is only being used for

testing purposes.

If the Bypass/Relief damper installed (eg. either within the stairwell or as part of the SPF

bypass) is a barometric damper, follow the dependent boxes with yellow highlights.

If the Bypass/Relief damper installed (eg. either within the stairwell or as part of the SPF

bypass) is a motorised damper, follow the dependent boxes with green highlights.

(a). The weights on the barometric damper need adjusting so that the damper is lighter
and opens more easily, as the damper was not opening enough to be able to

relieve the pressure.
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44

45.

45

46.

46

47.

47

48.

48

49.

49,

(b).

(a).

(a).

(a).

APPENDIX F

The weights on the barometric damper need adjusting so that the damper is
heavier and is therefore, harder to open, as the damper was not closing enough to

be able to maintain the pressure.

The local wind effects such as gusting may result in fluctuating pressure variations
within the stairwell, whereby the opening operation of the barometric damper is

restricted and therefore, pressure cannot be adequately relieved.

. The local wind effects such as gusting may result in fluctuating pressure variations

within the stairwell, whereby the closing operation of the barometric damper is

restricted and therefore, excessive pressure is lost.

. Hardware faults associated with the barometric darnper results in the damper

jamming and/or sticking and so the damper does not open enough to relieve the

pressure inside the stairwell.

. Hardware faults associated with the barometric damper results in the damper

Jamming and/or sticking and so the damper does not close enough to maintain the

pressure inside the stairwell.

Hardware faults associated with the motorised damper (eg. the blades stick/jam,
the actuator is faulty, the actuator has not been adjusted correctly, the motor runs
backwards, the fuse is incorrect and/or has been installed incorrectly, etc.), result in

the damper not opening enough to relieve the pressure inside the stairwell.

. Hardware faults associated with the motorised damper (eg. the blades stick/jam,

the actuator is faulty, the actuator has not been adjusted correctly, the motor runs
backwards, the fuse is incorrect and/or has been installed incorrectly, etc.), result in

the damper not closing enough to maintain the pressure inside the stairwell,

. The motorised damper wiring is incorrect eg. it may be wired back-to-front,

resulting in the damper closing more when it should be opening more and so the

pressure cannot be relieved.

. The motorised damper wiring is incorrect eg. it may be wired back-to-front,

resulting in the damper opening more when it should be closing more and so the

pressure cannot be maintained.

The motor for the motorised damper is not large enough to control the damper and
therefore, there is insufficient torque to open the damper more and relieve the

pressure.

. The motor for the motorised damper is not large enough to control the damper and

therefore, there is insufficient torque to close the damper more and maintain the

pressure.
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50.

1.

51

52.

52

53.

54,

55.

56.

57.

58

There is complete (i.e. primary and secondary) power failure to the motorised damper

and therefore, the damper does not open more when required, to relieve the pressure.

Note: There is no 50 (b). specifically, because it is assumed that if there was absolute
power failure, the damper would revert to the closed (failure) position, as
described in AS1668.1.

(a). The output from the pressure sensor is in error that is, the pressure reading is
incorrect i.e. reading a lower pressure than what is in the stairwell and so the

motorised damper does not open more, to relieve the pressure.

(b). The output from the pressure sensor is in error that is, the pressure reading is
incorrect i.e. reading a higher pressure than what is in the stairwell and so the

motorised damper does not close more, to maintain the pressure.

(a). The programming (as part of the programmable logic circuit, PLC) between the
pressure sensor and the motorised damper is incorrect/faulty and therefore, the

damper does not open more, to relieve the pressure.

(b). The programming (as part of the programmable logic circuit, PLC) between the
pressure sensor and the motorised damper is incorrect/faulty and therefore, the

damper does not close more, to maintain the pressure.

The primary power supply to the motorised damper i.e. the mains, fails, however, there

is the option of the secondary power supply.
The secondary power supply to the motorised damper i.e. the UPS or battery, fails.

Note: It is assumed that if the secondary power supply is being used, the primary
power supply has failed, unless the secondary power is only being used for

testing purposes.

There is complete (i.e. primary and secondary) power failure to the VSD and therefore,

the VSD does not operate as required, in terms of altering the speed of the SPF.

Hardware failure faults associated with the VSD eg. faulty relays, incorrect wiring,
microprocessor faults, etc., result in the VSD not operating as required, in terms of

altering the speed of the SPF.

The VSD microprocessor output is in error and therefore, the VSD does not operate as

required, in terms of altering the speed of the SPF.

The local wind effects such as gusting may result in fluctuating pressure variations

within the stairwell, such that the VSD cannot respond in time when required.
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59

60.

61.

62.

63.

64.

65.

66.

67.

The output from the pressure sensor is in error that is, the pressure reading is incorrect
i.e. reading either too high or low than what is actually in the stairwell and so the VSD
‘sees’ the incorrect pressure from the pressure sensor, and the resulting fan speed is

incorrect also.

The primary power supply to the VSD i.e. the mains, fails, however, there is the option

of the secondary power supply.

The secondary power supply to the VSD i.e. the uninterruptible power supply (UPS),

fails.

Note: It is assumed that if the secondary power supply is being used, the primary power
supply has failed, unless the secondary power is only being used for testing
purposes. In terms of probability of failure, data related to battery failure has

been used as UPS have batteries.

Incorrect signal from the FIP (eg. the wrong detector alarms, refer to Figures 13 and 14
or the ACF microprocessor is in fault), whereby the corresponding signal to the VSD is

incorrect, resulting in the wrong SPF speed.

The VSD program has been changed/altered from the original design/commissioning

information, without approval, and so the resulting VSD speed is incorrect for the SPF.

Note:  This box is assumed to equal id box 64. in terms of the probability of failure, due

to the wording of the questionnaire.

The VSD has been mis-programmed i.e. the program was incorrect from the beginning,
and so the VSD is sending the incorrect message/signal to the SPF in terms of the

required speed.

The differential pressure (DP) seen by the pressure sensor (PS) is either not
established (eg. the pressure inside the stairwell fluctuates too much) or the range of
the PS is incorrect (eg. the range is too large for the available pressures inside the
stairwell resulting in the pressure sensor being insensitive, etc.), resulting in incorrect

readings from the pressure sensor.

The hardware associated with the pressure sensor is faulty (eg. the sensing tubing is
blocked, there is an electrical malfunction, the supply voltage has been applied to the
output of the sensor, instead of the input, the pressure reading is non-repeatable, there
has been a calibration shift, etc.), and so the pressure sensor does not 'see’ the correct

pressures.

The transformer for the pressure sensor is faulty and therefore, does not operate as

required.
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68.

69.

70.

71.

72.

73.

74.

75.

76.

The secondary power supply to the pressure sensor i.e. the battery, fails.

Note: It is assumed that if the secondary power supply is being used, the primary
power supply has failed, unless the secondary power is only being used for

testing purposes.

The primary power supply to the transformer for the pressure sensor i.e. the mains,

fails, however, there is the option of the secondary power supply.

Hardware faults associated with the transformer, result in the transformer not operating

as required, in terms of ‘transforming’ the mains power supply.

The FIP program has been changed/altered from the original design/commissioning
information, without approval and therefore, the resulting signal/message for a particular

operation for the VSD, is incorrect.

There is complete (i.e. primary and secondary) power failure to the FIP and therefore,
the FIP does not operate as required, in terms of sending a signal to the VSD and other

associated equipment for smoke control.

The FIP has been mis-programmed i.e. the program was incorrect from the beginning,

and so the FIP is sending the incorrect message/signal to the VSD.

Note: This box is assumed to equal id box 64. in terms of the probability of failure,
even though VSD were agreed to be difficult to set up (especially in the past),
the FIP despite its long existence has multiple areas which need to be

configured also, therefore, adding to its complexity.

Hardware failure faults associated with the FIP (eg. faulty microprocessor, incorrect
wiring, faulty fuses/relays, etc.), result in the FIP not operating as required, in terms of
sending the correct signal/message to the VSD and other associated equipment for

smoke control.

The primary power supply to the FIP i.e. the mains, fails, however, there is the option of

the secondary power supply.
The secondary power supply to the FIP i.e. the battery backup, fails.

Note: It is assumed that if the secondary power supply is being used, the primary
power supply has failed, unless the secondary power is only being used for

testing purposes.
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Appendix G Conversion of Mass Flow Rate to Airflow Velocity

Computation example for converting the mass flow rate in kg/s to an airflow velocity in m/s.

Velocity, m | s x Crack area for cross sectional opening in door, m* x Density, kg /m* = Mass Flow Rate, kg/s

Equation G1

Since 1 kg of airis = 1 m>, the expression above becomes:

Mass Flow Rate, kg /s

Velocity, m/s = p
Crack area for cross sectional opening in door, m* x Density, kg / m’

So, where the crack area for the cross sectional opening of the door is 0.96915 m? (for an open
door) and 0.023 m? (for a closed door) (refer to Chapter 7, Table 9), the equivalent airflow

velocity (i.e. in m/s) to a said mass flow rate of 1.1907 kg/s is:

Mass Flow Rate, kg /s

Velocity, m /s = . . ;
Crack area for cross sectional opening in door, m* x Density, kg /m

1.1907, kg /s

0.96915, m*x I kg /m’
1.1907, m/s
0.96915

= [.2286m/s

This methodology described above, was then used throughout the mass flow rate conversion
segment of this research in order to assess compliance with the airflow velocity condition of
1 m/s in AS1668.1. That is, the mass flow rates generated by CONTAM for the various
simulations were converted as above, to enable comparison with the Australian Standard

requirements.
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Appendix H  Door Opening Force Calculations

The maximum door opening force was calculated in terms of pressures using Klote and Milke
(2002).

Firstly, the variables listed in Equations H1 and H2 below, have the following values:

F, =5.65N% Ka =1
W =213m A =213mx0.91 m=1.9383 m?
d =0.0762m F  =110N

In order to find the maximum door opening force in terms of pressure (i.e. Ap), Equation H1 is

rearranged to find the moment of the door closure and friction:

Jo— Equation H1
r=s—— uation
(w—a) auat
M=FW-d)
= 5.65(2.13-0.0762)
= 5.65(2.0538)
= 11.6040 Nm
Substituting this value M, into Equation H2 gives:
/4 ,
M+ Ka A Ap [7J—F(W—d):0 Equation H2

11.6040 +(1x 1.9383xAp)-[%J—110-(2.13—0.0762)=0
11.6040+(1.9383x Ap)-(1.065)—225.918 =0
2.0643x Ap = 225.918 — 11.6040
2.0643x Ap=214.314
Ap=103.8197

=103.82 Nm® (or Pa)

Therefore, the maximum pressure differential across the door (i.e. between the stairwell and the
occupied space) using a door closure moment force of 11.6040 Nm (i.e. M,) is 103.82 Nm? (Pa).
Providing this pressure differential value is not exceeded means that the door opening forces
within the stairwell comply with the performance conditions of AS1668.1. In practical terms,

when performing the CONTAM simulations with all stairwell doors closed, if the upper pressure

% Klote and Milke (2002) state that the force at the door knob (F;), needed 1o overcome the hinge friction, is between 2.3 to 9 N,
therefore, the median value was chosen for this calculation.
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limit of 103.82 Pa (inside the stairwell) is not exceeded, this means that the door opening force
is not greater than 110 N and so the occupants could enter the stairwell when the SPS was
operational in fire mode, i.e. pressurising the stairwell, as per the Australian Standard

requirements.
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Appendix | CONTAM Simulations Performed

Below is the list of all of the CONTAM simulations performed, including the door opening forces
and airflow velocity results. The file names are also listed for each simulation. The list below is

referred to as Table I1.
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Chapter 13.

Appendix J

APPENDIX J

‘Element’ Name Descriptions

The ‘Element Name’ columns listed in Tables 9-14 and used as part of the CONTAM model,

refer to the following:

MBldgexitdrc

Stdropin
Stdrclin

Stdropext

Stdrclext

Lftdrcl

StReliefGr1

InjGrille_H

Wallext1
Wallext2
Stwallext

Stwallin1

Stwallin2

Lftwallint
Floorleak
StrRooflek
InjSRflrek
LftRflek
Litfloorlek
InjSflrlk
Stfloorlek

SPF_x

main building foyer exit/entrance door (on east side of building) and is closed
stairwell door open between the occupancy and the stairwell
stairwell door closed between the occupancy and the stairwell

stairwell door open between the stairwell and the outside of the building,
Ground Floor (L0)

stairwell door closed between the stairwell and the outside of the building,
Ground Floor (LO)

lift door closed

the relief/bypass damper between the stairwell shaft and the outside of the

building, Level 9

the injection grille between the (air) injection shaft (which supplies air via the
SPF) and the stairwell: Levels 1, 5 and 9

the short length of the external building wall
the long length of the external building wall
the short length of the stairwell shaft external to the building

the short length of the stairwell shaft inside the building near the occupancy

area

the long length of the stairwell shaft inside the building near the occupancy

area
the internal lift wall near the occupancy area
the leakage between the occupancy floors

the stairwell shaft roof leakage

the roof leakage from the (air) injection shaft
the roof leakage from the lift shaft

the floor leakage within the lift shaft

the floor leakage within the (air) injection shaft
the floor leakage within the stairwell shaft

the SPF located on the Roof Level, Level 10
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Chapter 13.

APPENDIX K

Appendix K Calculation of Leakage and Cross-Sectional Areas

The leakage areas were obtained from Klote and Milke (2002) and are detailed in the table

below.

Table K1. Typical Leakage Areas of Commercial Buildings for C = 0.65

Construction Element Tightness Area Ratio
A/A,
Exterior Building Walls Tight 0.50 x 10
includes construction cracks, cracks Average 0.17x 107
around windows and doors Loose 0.35 x 107
Very Loose 0.12 x 10
| Stairwell Walls Tight 0.14 x 10™
includes construction cracks, but not Average 0.1 x 107
cracks around windows or doors Loose 0.35x 107
Elevator Shaft Walls Tight 0.18 x 107
includes construction cracks, but not Average 0.84x 107
cracks around doors Loose 0.18 x 10™
A/A¢
Floors Tight 0.66 x 107
includes construction cracks and Average 0.52 x 10™
gaps around penetrations Loose 0.17x 107

A

refers to flow area
As refers to floor area
Aw refers to wall area

The subsequent cross-sectional areas for the various components specified in CONTAM were

then calculated using (Equation K1) the above ‘Average’ values and the measurements detailed

within  Table 11 of this thesis. For example:

Length x Width x Leakage Coefficient = Area (m?) per item

Equation K1
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Wallext1

Wallext2

Stwallin1

Stwallin2

Stwallext

Lftwallint

Floorleak

StrRooflek

injSRflek

LitRflek

Stdropin

Length x Width x Leakage Coefficient = 20 x 3.8 x 0.17 x 1073
=0.01292 m?per item

Length x Width x Leakage Coefficient =70 x 3.8 x 0.17 x10°3
=0.04522 m2per item

Length x Width x Leakage Coefficient =3 x 3.8 x0.11x103
= 0.001254 m2per item

Length x Width x Leakage Coefficient = 4 x 3.8 x0.11x1073
= 0.001672 mZper item

Length x Width x Leakage Coefficient =3 x3.8 x0.11x1 03
= 0.001254 mZper item

Length x Width x Leakage Coefficient =3 x 3.8 x 0.84 x 1073
= 0.009575 mZper item

Length x Width x Leakage Coefficient = 70 x 20 x 0.52 x107
= 0.0728 m?per item

Length x Width x Leakage Coefficient =3 x4 x0.11x 1073
= 0.00132 m?per item

Length x Width x Leakage Coefficient =1.5x2x0.17 x1073
= 0.00051 m?per item

Length x Width x Leakage Coefficient = 3 x 3 x 0.84 x 1073
=0.00756 m2per item

0.91x213
Length x Width = =—————=0.96915 m?

APPENDIX K
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Chapter 13. APPENDIX L

Appendix L Weather Data from the Bureau of Meteorology

The external weather values were obtained from the Bureau of Meteorology website

(http://www.bom.gov.au/climate) in terms of the temperature and wind data.

Both the daily temperature and wind data were collected for the months of July 2003 to June
2004, inclusive, in order to identify typical annual averages. The temperate daily values were
collected from the Melbourne Regional Office {i.e. station 086071}, which is equivalent to the
Melbourne CBD as the elevation of this weather observation station is 31.2 m (which is very
close to the height of the ‘base’ building model i.e. 34.2 m used for the CONTAM analysis). The
wind observation values were taken from the Essendon Airport {i.e. station 086038}, with an
elevation of 78.4 m (as wind data is not collected at the Melbourne Regional Office and the
Melbourne CBD has poor wind exposure because of the buildings).69 The longitude and latitude

values are presented below for both weather stations.

Table L1. Weather Station Location Details

Station Location. Latitude Longitude
Regional Office - station 086071 - 37.8075 S 1449700 E
Essendon Airport - station 086038 -37.7278 S 144.9064 E

The weather data collected at the stations is subdivided into 9 am and 3 pm readings, as
opposed to an average value over a day. The mean (average), maximum and minimum values
were then calculated for each month in terms of the wind and temperatures for both 9 am and
3 pm values. The wind speed data (including directions) collected by the Bureau of
Meteorology is measured and averaged over the 10 minutes prior to 9 am and 3 pm. The

maximum wind gust’® data was also analysed.

Table L2 lists the data collected for the various months and shows how the average, maximum
and minimum values were chosen for each month. The temperature and wind speed values are
presented for the 9 am and 3 pm readings, and so too is the wind gust data (referred to in the

thesis as the maximum wind speed).

* The city site has poor wind exposure because of the city buildings’ (correspondence from climate.vic@bom.gov.au,
14/07/2004) -
The Bureau of Meteorology defines ‘wind gust' in terms of the speed of lhe strongest wind gust in the 24 hours to midnight.
More specifically, the maximum wind gusts are measured using rolling 3 second wind gusts, which are then calculated every
minute. The maximum wind gust is usually the maximum gust in the 10 minutes before the hour (correspondence from

climate.vic@bom,gov‘au, 26/07/2004).
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Chapter 13. APPENDIX L

Although the data for the 12-month period of July 2003-June 2004 shows that there is more
likely to be a Northerly (21%), closely followed by a Southerly_ (18%), then Westerly (6%) and
finally Easterly (4%) chance in wind direction, the CONTAM scenarios were modelled with an
Easterly wind. This was because when the wind directions were varied for the ‘base’ building
(ie. with an internal and external temperature of 20°C and a wind speed of 5 m/s), the
simulation results indicated, that in relation to the door opening forces, the Easterly and
Westerly wind directions had (marginally) the greatest influence (that is, these wind directions
resulted in higher door opening forces due to higher differential pressures in the stairwell),

This was seen in the CONTAM
simulations #56, #190 and #216-221 (refer to Appendix |). Therefore, it is considered that by

followed then by a Southerly and then Northerly wind.

modelling the scenarios with an Easterly wind, a more conservative analysis was obtained.

Table L3. CONTAM Wind Direction Influences on Door Opening Forces
Wind Fan Speed 3,472 L/s (System 1) Fan Speed 11,575 L/s (System 2)
Direction Relief = 0.06 m? Relief = 1 m?
Maximum Maximum Run Id Maximum Maximum Door Run Id
Pressure | Door Opening Pressure Opening Force
(Pa) Force (N) (Pa) (N)

East 974 104 #1390 81.0 97 #56
North 96.2 102 #216 87.5 94 #217
South 97.3 103 #218 80.5 96 #219
West 97.5 104 #220 80.6 97 #221

The table below, details the data for the 12-month period which was used to identify realistic
temperature and wind ranges, so that the sensitivity study could be conducted. The winter and
summer average temperatures were also then analysed resulting in 15°C and 25°C,
respectively.

Table L4. Annual External Weather Data
Min Max Max 9 am 9 am Wind 3 pm 3 pm Wind
Temp Temp Gust Temp (m/s) Temp (°C) (m/s)
(°C) (°C) (m/s) (°C)
Mean 11.3 20.3 13 14.3 5.2 18.9 6.5
Lowest 2 11.2 0 3.7 0 9.3 0
Highest | 26.4 40.4 29.7 30.2 12.8 39.6 15.8
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Chapter 13. APPENDIX L

Based on Table L4 (and more specifically the highlighted cells), the following range of external
temperatures and wind conditions were adopted and used in the sensitivity study. Such a
sensitivity study was performed (as opposed to only performing analyses with a single external
temperature and wind of 20°C and 5 m/s, respectively), as the building’s SCS may be activated
at any time and therefore, the conditions may be different to that observed during
commissioning or testing. Therefore, a range of values were modelled and are detailed in

Chapter 7 of this thesis.

Table L5. Sensitivity Data Ranges for Temperature and Wind

i Comments Temperature (°C) Wind (m/s) Comments
-10
-8
-5
0
1
Close to the minimum value 5 5 Note 2
10 7.5
15 10
Mean maximum value 20 12.5
25 15 Maximum gust at 3pm
Value occurred more often 30
than maximum value
Notes 1: It was assumed that the temperatures and wind speeds were constant over the height of the

building.

2:  The minimum wind speed of 5 m/s was chosen at 9 am as commissioning is typically
performed early in the morning preferably on a calm/still day. Therefore, a wind speed of 5

m/s (which is representative of a calm day) was realistic.

Throughout this thesis the wind values obtained from the Bureau of Meteorology have not been
modified/adjusted as detailed within AS1170.2 (2002), which is the standard designers of
structures use when the structure is subject to wind action. The aforementioned standard states
in the preface that at the time of drafting, there was “insufficient evidence to indicate any trend in
wind speeds due to climatic change” and that the values of wind speed are determined using
the annual probability of exceedance (i.e. the probability that a value will be exceeded in any

one year).
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Chapter 13. APPENDIX L

The other reason for not modifying/adjusting the wind data, is because based on the
interpolations in Table 4.1(A) of AS1170.2 (2002), the modifier for a Category 4 terrain (i.e.
comparable to the Melbourne CBD) is 80% of what the modifier would be for a Category 2
terrain (which would be the terrain for where the wind data was actually obtained, i.e. at the
airport) for the height of the wind data collection station. Therefore, it was determined that the
data obtained from the airport weather station for wind, was representative of the data which
could have been obtained from the regional weather station (if such data was available), and in
any case, the airport wind data provided a more conservative analysis for this research,

therefore, the values were not modified.
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Chapter 13. APPENDIX M

Appendix M Probability of Occurrence (E-factors)

Based on the data obtained from the Bureau of Meteorology and as presented in Appendix L, it
was calculated that the following probabilities of occurrence would occur for the various wind
speeds and temperatures over the 12-month period (July 2003 —~ June 2004). Refer to
Table M1.

Notes: 1. A temperature of 20°C refers to a temperature range of greater than or equal to 17.5°C and
less than or equal to 22.4°C.

2. A wind speed of 12.5 m/s includes wind speeds in the range of greater than or equal to

11.3 m/s and less than or equal to 13.7 m/s.
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Chapter 13. APPENDIX M

The information in Table M1 shows that the occurrence of a temperature less than 5°C within

the 12-month data range is zero. The results of Table M1 are graphically represented as

follows.

Figure M1. Temperature Probability

Figure M2. Wind Speed Probability




Chapter 13. APPENDIX M

Referring to Figures M2 and M3, the probability of having a 5°C and a wind speed of 10 m/s is:

=0.02x0.09
=0.18%

Table M2 to follow, was used to calculate the probability of occurrence for the various wind
speeds and temperature combinations for the 12-month study period of data (where
temperatures were greater than or equal to 5°C (as temperatures less than this value did not
occur and have therefore not been represented). This table also incorporates the pass/fail
results (denoted by a Y’ for passes and a ‘N’ for fails) for the CONTAM simulations at varied

leakage combinations.

Values of ‘Average’, ‘Quart’, ‘Half’, '3Quart’ and ‘Loose’ results are indicated in bold and refer to
an actual CONTAM simulation, while results not in bold have been interpolated based on the
trend in data and the neighbouring results. The probabilities of success have then been

calculated, for example:
Using the Average (Ave) Leakage data (for the Stairwell and the Main Building Fagade) —
Probability of 20°C and 5 m/s at SETW conditions

Prob =0.23x0.37

20°C,5m/s
=0.0851%

Therefore, if there is a “Y’ in the column for door opening forces and/or velocities, the probability
of occurrence is carried through to its associated probability of success column, however, if
there is a ‘N’ in the column, the probability of success is 0. Table M2 helps to illustrate that
according to the CONTAM simulations, the performance conditions could be achieved for either
the door opening forces only, the wind speed only, both conditions, or neither. Accordingly, the
probability of success columns are then added whereby, the effectiveness values have been
calculated, at the base of the column. That is, effectiveness in terms of wind, temperature and
leakage changes have been calculated for the door opening forces, the velocities and both

conditions being achieved.

The data detailed in Table M2 are applicable for when the Ground Floor (LO) is considered as
the fire floor, for the airflow velocity assessment. This table details the effectiveness results for

the E-factors.

255



Cnapter 13.
Syt IProb of Success -
Prob, Of
Occunrence with Velocity with
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Chapter 13.
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Pass of Fall - Systam 2 (S P e’
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Chapter 13. - APPENDIX N

Appendix N  Leakage Calculations for Sensitivity Study

Detailed below are the calculations used for the varied building and stairwell leakages, as part
of the sensitivity study. Using the ‘Average’ leakage values and knowing what the ‘Loose’”"

values were (refer to Table K1 of Appendix K), the ‘Quart’, ‘Half’ and ‘3Quart’ Leakier values

were calculated, where:

- ‘Quart refers to 25% of the difference in value between ‘Average’ and ‘Loose’ leakage,

- 'Half' refers to 50% of the difference in value between ‘Average’ and ‘Loose’ Ieakage,
and

- ‘3Quart’ refers to 75% of the difference in value between ‘Average’ and ‘Loose’ leakage.

For example:
Table N1. Data for Sensitivity Study for Leakage
Element Average Loose (100%) Difference
Leakage Leakage between
Coefficient Coefficient Average and
Loose
Fagade Walls 0.17 x 107 0.35x 107 1.8x10™
Stair Walls/Stair Roof 0.11x 107 0.35x 107 2.4 x107
Floor 0.52 x 10 0.17 x 107 1.18 x 107

Using the ‘Difference’ column in Table N1 and the fagade wall element, 25% of the Difference

value was added to the ‘Average’ value:

Quart Coefficient = Average Leakage +(25%x1 8x107* )
=0.17x107 +4.5x107°
=2.15x107

And similarly for the ‘Half and ‘3Quart’ values:

Half Coefficient = Average Leakage + (50%x1.8x10™%)
=0.17x10°% +9x107°
=2.6x1074

" Note: ‘Loose’ also refers to 100% leakage, i.e. maximum leakage, where the wording may be used interchangeably.
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3Quart Coefficient = Average Leakage + (75%x1.8x1 0'4)
=0.17x1073 +1.35x10™
=3.05x107

This process was continued throughout for the stair and floor elements (in Table N1), until all

the coefficients were calculated, as presented in Table 20 of the thesis.
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Appendix O

APPENDIX O

Leakage Variations for ‘Selected’ Components

Assuming only one floor of the building eg. L5 (with all stairwell doors closed), and assessing

the available leakage paths through the walls of one of the stairwells versus the main building

facade elements, we have:

StrRooflek

Wallext2

A
Strwallinz = i Injection Shaft
: injection shaft floor 20m
i leakage constant
...... ' (‘Average’)
Lift
Wallext1 —» T Wallext1
Stwalint e « lft roof & wall
leakage constan
floorleak (Average’)t
v
¢ 70m ? —>
Wallext2
Figure O1. L5 Leakage Areas, not to scale (stairwell in green)
Notes: 1. For Figure O1 above, when the leakage values were increased only the values associated

with the stairwell walls in green, were changed, as the assessment assumed there was no

leakage between the stairwell wall and the adjacent injection shaft (see thickest lines in

Figure O1 above).

2. The external stairwell wall (i.e. to the outside of the building) is part of the building’s

external construction and therefore, if the outside main building fagade leakage changes,

so too does the external wall of the stairwell (i.e. Strwallext).

Average Leakage Areas: Stairwell
Stwallin1 (x1side) >
Stwallin2 (x1 side) 2>
Door Leakage (closed) 2>

Adding the areas we get:

0.11x103 x3x3.8 = 0.001254 m?
0.11x102 x4x3.8 = 0.001672 m?
(0.00305x2) M? +(0.00636 x2) m2

0.021746 m?
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Average Leakage Areas: Main Building Fagade

Wallext1 (x2 sides) > 0.17x107 x20x3.8 = 0.01292 m?x2
Wallext2  (x2 sides) > 0.17x1073 x70x3.8 = 0.04522 m?x2
Stwallext1 (x1 side) > 0.11x10"3 x3x3.8 = 0.001254 m?
Adding the areas we get: 0.117534 m”

Where the ratio between the ‘Average’ main building fagade and one of the stairwells is:

Main Building Facade _ 0.117534 m”

Stairwell ©0.021746 m?
=54

i.e. approximately 1/5". The stairwell leakage is approximately 1/5" of the main building fagade

leakage when both are at ‘Average’ leakage conditions.

Various other leakage combinations were assessed and as calculated below (where 1000%

Leakage refers to the leakage being 1000 times leakier than the ‘Average’ leakage values

used):

1000% Leakier Areas: Stairwell
Stwallin1  (x1 side) > 0.11x103 x1000x3x3.8 =1.254 m?
Stwallin2  (x1 side) > 0.11x1073 x1000x4x3.8 = 1.672m?
Door Leakage (closed) = (0.00305x2)m? +(0.00636x2) m?
Adding the areas we get: 2.94482 m*

1000% Leakier Areas: Main Building Facade

Wallext! (x2 sides) 5> 0.17x10°3x1000x20x3.8 =12.92m?x2
Wallext2 (x2 sides) S5 0471073 x1000x70x3.8 = 45.22 m?x2

Stwallext1 (x1 side) > 0411073 x1000x3x3.8 = 1.254 m?

Adding the areas we get: 117.534 m’
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Loose (100% Leakier) Areas: Stairwell
Stwallin1  (x1 side) >
Stwallin2  (x1 side) 2>

Door Leakage (closed) >

Adding the areas we get:

APPENDIX O

0.35x107° x3x3.8 = 3.99x1073 m?
0.35x1072 x4x3.8 =5.32x1073 m?

(0.00305x2)m? +(0.00636x2) m?

0.02813 m?

Loose (100% Leakier) Areas: Main Building Facade

Wallext1 (x2 sides) -
Wallext2 (x2 sides) -

Stwallext1 (x1 side) >

Adding the areas we get:

Half (50% Leakier) Areas: Stairwell

Stwallin1 (x1 side) >
Stwallin2 (x1 side) >

Door Leakage (closed) >

Adding the areas we get:

0.35x1072 x20x3.8 = 0.0266 m2x2
0.35x1072 x70x3.8 = 0.0931m2x2

0.35x103 x3x3.8 = 3.99x1073 m?2

0.24339 m?

2.3x107* x3x3.8 = 2.622x103 m?2
2.3x107% x4x3.8 = 3.496x103 m?2

(0.00305x2) m? +(0.00636x2) m?

0.024938 m?

Half (50% Leakier) Areas: Main Building Fagade

Wallext1 (x2 sides) -
Wallext2 (x2 sides) =

Stwallext1 (x1 side) >

Adding the areas we get:

2.6x107% x20x3.8 = 0.01976 m2x2
2.6x107% x70x3.8 = 0.06916 m2x2

2.3x107% x3x3.8 = 2.622x103 m?2

0.180462 m?
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Quart (25% Leakier) Areas: Stairwell
Stwallin1 (x1 side) > 1.7x10™ x3x3.8 =1.938x1073 m?
Stwallin2  (x1side) - 1.7x10™ x4x3.8 = 2.584x10 m?

Door Leakage (closed) - (0.00305x2)m? +(0.00636x2) m?

Adding the areas we get: 0.023342 m?

Quart (25% Leakier) Areas: Main Building Fagade

Wallext1 (x2 sides) > 2.15x10™ x20x3.8 = 0.01634 m%x2
Wallext2 (x2 sides) - 2.15x10™ x70x3.8 = 0.05719 m?x2
Stwallext!  (x1side) - 1.7x10™ x3x3.8 = 1.938x1073 m?

Adding the areas we get: 0.148998 m?

The leakage ratio combinations assessed and modelled using CONTAM are detailed in
Table O1.

Table O1. Leakage Ratio Combinations
Main Building Facgade Stairwell Wall Leakage ~ Ratio (Main
Leakage Building Fagade/
Stairwell)
Average Leakage Average Leakage 5
1000% Leakier than ‘Average’ Average Leakage 5,400
Leakage
Average Leakage Loose (100% Leakier) 4
Loose (100% Leakier) Average Leakage 11
Average Leakage 1000% Leakier than ‘Average’ 0.04
Leakage
Average Leakage Half (50% Leakier) 5
Average Leakage Quart (25% Leakier) 5
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Appendix P Survey Results (including mean calculations and Gate-by-
Gate Analysis)

Following is a copy of the survey and the raw data obtained from the industry survey
participants.
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QUESTIONNAIRE - Stair Pressurisation Systems (SPS) Purge/Shutdown

Al.

systems

Section A POWER

Please nominate (tick) the power supplies, which are connected to the following for a general SPS:

Item

MAINS BATTERIES GENERATOR Other

(please state)

FIP (fire indicator panel)

12 9 3(+1if battery backup

avail/specified)

SPF (stair pressurisation fan) 11 4 (essential

power) (+1 if

avail/specified)

MSSB (mechanical services 8 4 (+1if
switch board for SPFs) avail/specified)
VSD (variable speed drive) 11 5 (if avail) (+1 if

avail/specified)

Pressure Sensors (in stairwells, 10 UPS? 4 24V, maybe

on bypass fans, etc) pneumatic,

control circuit

A2b.

Is it normal to undertake steps to check other forms of power supply (eg. batter., etc) work? Y x7 Nx5

If Y, what steps do you take? eg. how do you know that the batteries work? Generator tests, battery
test buttons or switch off A/C power for short time while metering batteries, only if there are issues, load

testingx2, operate with mains power isolated (check functions only)

For how long do you test the other forms of power supply? 120, variesx2, 60, as required minutes

When do you take these steps? Annuallyx2, as stipulated by Australian Standards/reg'n/owner’'s
requirements x2, monthly, prior to testing, routine maintenance (monthly-1/4ly), at initial test if required,

3monthly or 6monthly

For the Items listed in A1 above, please state what the secondary power supplies are (i.e. other than

mains supply) AND if you test the items using only the secondary power supplies.

Please also indicate the frequency that this might be done. Eg. if doing 100 checks of FIPs, how many
times out of the 100 checks would the operation of the FIP be checked with secondary power sources

only? and similarly for each of the other elements of hardware.

Note: If there is no secondary power supply for the Item, please write NA
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Item What is the Tested Frequency | Tested
Secondary using
(out of 100 | o after installation (before
Power Secondary
‘; checks) commissioning) (bc),
Supply? Power?
e commissioning (c),
(Y/N) ¢ during routine maintenance (rm)
i.e. AS1851.6,
e other? (please state)
Batt
FIP (fire indicator panel) attery x 4, Yx5 Annually, Rm x 5, bc, ¢
essential, 20, 10, 99,
Gen x 2 0
SPF (stair pressurisation Gen x4, Y x4 20,10, 0, Rm x 5, bg, ¢, annual test
fan) essential, annual, 25
MSSB (mechanical services Gen x3, Y x4 20, 10, 25, Rm x 5 (3times a yr), bc, ¢, annual
switch board for SPFs) essential, 0 test
VSD (variable speed drive) Gen x4, Y x4 20,10, 0, Rm x 5, be, ¢, as part of SPF
essential, monthly, 25
Pressure Sensors (in Gen x3 Yx2 20,25,0 Rmx3, bc, ¢, as part of SPF
stairwells, on bypass fans,
etc)
A3. Have you come across batteries being connected in reverse? N x10 (fire contractorx?)

If Y, out of 100 checks, how many times would this occur? eg. if checking 100 batteries how many

times would the wires be reversed?
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Section B COMPONENTS

WIRING/CABLING

B1. Do you come across loose wiring? Y x8 Nx3

B2. Indicate what the loose wiring is associated with, the frequency of occurrence AND when it's

identified. Once again, frequency should be understood as follows:

- out of 100 checks of the wiring of FIPs, how many of these checks would identify loose wiring
during routine maintenance? during commissioning? etc;
- in the case of SPFs, if you checked 100 SPFs, how many of these 100 checks would have loose

wiring?, etc

Note: If fault is identified during more than one testing routine, indicate frequency for each

Call separate trades as required (¢ and rm)

Wiring fault1 associated with ... Y/N Frequency Identified

(out of 100 « after installation (before commissioning) (bc),
cases) ¢ during commissioning (c),

¢ during routine maintenance (rm) i.e.
AS1851.6,

« by others (bo),

o other? (please state)

Yx7 5,2,2,1,10, Rm x3, bc, ¢
FIP (fire indicator panel) X
60, 2
SPF (stair pressurisation fan) Y x3 3,50,2 Rm x2, ¢
MSSB (mechanical services Y x8 2,4,2,5,10, Rm x4, cx2 (b/c of moveable devices), bc
switch board for SPFs) 2,801
VSD (variable speed drive) Y x6 1,5,5,10, 2, Rm x5, cx2 (internal failure of printed circuits)
15
Smoke/other detector Y x2 2,552 Rm x2, ¢
Other? (please state) Rm x2
DDC Y 30-40 Rm x1 (poor terminations, all joins are possible
failure points eg. screws)

RELAYS
B3. Do you come across faulty72 relays? Y x 11 N x1
B4. Indicate what the faulty’ relay is associated with, the frequency of identification AND when it is

identified. [f not applicable then write N/A.

Note: If fault is identified during more than one testing routine, indicate frequency for each Veryrare

72 Faulty — this term refers to the item not working as designed to work.
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Relay fault1 associated with ... ‘ YIN ‘ Frequency Identified

(out of 100 » after installation (before commissioning)
cases) (bc),

¢ during commissioning (c),

¢ during routine maintenance (rm) i.e.
| AS1851.6,

: | « by others (bo),

s other? (please state)

FIP (fire indicator panel) Yx8 2,2,4,4,2,1, 30, Rm x4, relays not faulty only logic, t, cx2
10

SPF (stair pressurisation fan) Yx3 1,1, 30, 10 Rare, rm, ¢

MSSB (mechanical services switch Yx9 3,2,10, 1,50 10, Rm x5, cx2

board for SPFs) 80, 2

VSD (variable speed drive) Yx2 1,10 C

Other? (please state) DDC | Y 30-40 Rm (output modules)
PRESSURE SENSORS
B5. Do you come across faulty’ pressure sensors? Y x 10 N x2
B6. In the following table, please note the frequency you would come across the following faults’

associated with pressure sensors (given stable external conditions, eg. not windy, etc).

The above frequency should be interpreted as follows, Given 100 checks of transducers, estimate the
number of times incorrect sensors have been identified?, blocked tubing has been identified?, etc and

place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks there
were no faults with the pressure sensor), then the number given against each possible fauit listed in

the table, should add up to the fault estimate in the shaded box. eg. for this example that would be 10.

Note: If fault is identified during more than one testing routine, indicate frequency for each
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Fault' with pressure sensor Frequency Identified

« after installation (before commissioning) (bc),

¢ during commissioning (c),

¢ during routine maintenance (rm) i.e.
AS1851.6,

s by others (bo),

¢ other? (please state)

S

Incorrect pressure sensor
installed (eg. out of range, low 51,4,2,5,3,50,30,5 Rmx4, ¢, not capable of total fan disc static, bc

pressure sensitivity)

Blocked tubing

2,2,2,10,5,0,2,10 Rmx2, usual after painting, holes not tagged in

stair, because

Electrical malfunction

3,4,1,5,10,10,2,10,5 rm x5, bc
Supply voltage applied to
output 4,2,0 Rm
Pressure reading not stable,
non repetitive (*) 1,2,15, 15, 0,10, 15 Rmx3, ¢
Calibration shift due to
overpressure 10,10,5,0 C
Differential pressure location .
not establishedl/incorrect 8,5,2,4,1,5,17, 30,50 Rm x5, ¢, bc (sensor located in wrong part of
stair)
All of the above
Yes
Other? (please state)
10 Rm

Total Fault estimate out of 100

19%, 6%, 14%, 43%, 30%, 30%, 56%, 80%, 75%

cases

B7. What would happen to the operation of the SPS if the faulty' pressure sensor was not
detected/repaired? not function to spec x4, operate at wrong pressure or not respond to airflow changes x2,
door pulls too high stopping use as escape pathx2, test fails, no control set point, depends on fault eg. won't
start or will start and it's not controllable, SPF doesn’t achieve required airflow velocity, door-opening force

B8. (*} Where ‘non-repetitiveness’ of the pressure sensor is an issue, does this cause a problem in relation

to ‘telling’ the bypass/relief dampers to drive open/close? Y x6 N x1

f Y, Why?If N, Why?  system operation not reliable, stair pressure too high or dampers not closing fully to
achieve max airflow thru doors, if goes out of range - damper may overreact or not react enough, if pressure
inside stairwell isn't stable then no part of test will be stable/repeatable, Y = VSD controlled fan or electrical

controlled fan (won't be reliable operation b/c of inconsistency in response), damper or VSD output is erratic

so performance of SPF is erratic

DAMPERS for Stair Pressurisation Systems (SPSs) only (i.e. not referring to dampers associated with a ZSCS)

B9.

B10.

Do you come across faulty'dampers in SPS’s? Y x 11 N x1

In the following table, please estimate the number of times (out of checking dampers 100 times) that
you would come across the following faults® associated with dampers, also state the type of damper,

its use (i.e. relief in stairwell or bypass for SPF) AND when the fault’ is usually identified.
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The above frequency estimate should be interpreted as follows, Given 100 checks of dampers,
estimate the number of times the damper does not close (more) when required?, the damper is

jammed?, etc and place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks there
were no faults with the pressure sensor), then the number given against each possible fault listed in

the table, should add up to the fault estimate in the shaded box. eg. for this example that would be 10

Note: If fault is identified during more than one testing routine, indicate frequency for each

Fault' with damper Type of damper Use of Frequency Identified
eg. barometric - damper
. . e after installation (before
weight adjusted eg. relief o b
commissionin c),
(W), pneumatic (R) or fan . ' . 9) (be)
(P) or electric bypass (F) * commissioning (c).
motor (E) » during routine maintenance
(rm), i.e. AS1851.6;
e testing (t),
¢ by others (bo),
» other?
Damper does not close
{more) when required E x5, w x4, Px2 R x6, Fx4 20, 20,15, 0, 10, Rmx7,¢cx3,t
20
Damper does not open
{more) when required E x5, wx3, P R x5, Fx4 15,1,15, 20 Rm x5, ¢, t
Damper jammedi/sticking
E x5, Wx7, Px2 R x8, Fx3 5,10, 10, 10, 15, Rm x 10, bc, t, ¢
20, 13, 20, 20,
Y Y
10
Damper not operational
because of actuator fault' Ex 8, Px4 R x7,F x6 10,5,5,5, 1,8, Rm x 8, bc, cx2, t
2,20
Damper does not open
beca’;se installed mc’:tor Ex5 Rx2, Fx4 55,1,1,0 Cx2, bc, Rmx3, t
has insufficient torque
D ight d
asz;?:,g welghts  nee Ex2, Wx6 R x8, Fx3 5,15, 15,15, 20, Cx2, Rm x5, t
10
Other?
Wiring
E R, F 10 rm
Total Fault estimate out of 100 50%, 20%, 20%, 40%, 48%, 44%, 45%, 70%,
cases 80%, 10%
B11. What would happen to the operation of the SPS if the faulty' damper/s was/were not detected/repaired?

Poor performance and not to code x4, overpressure or inadequate airflow x 2, lose control of pressurisation,
doesn't pressurise as designed x2, test fails — Pressurisation would be too high if damper shut and too low if

damper open x2, SPF would not achieve required performance — doorway airflow velocity or door opening force
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SPFs

B12. Do you come across faulty' SPFs? N x 4

B13. In the following table, please estimate the number of times (out of 100 checks of SPFs) you would

come across the following faults' associated with the SPF not operating when required.

The above frequency estimate should be interpreted as follows, Given 100 checks of the SPFs,
estimate the number of times the SPFs have broken blades?, the MSSB switch for the SPF has been
isolated?, etc and place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks of the

SPFs there were no faults with the SPF), then the number given against each possible fault listed in

the table, should add up to the fault estimate in the shaded box. eg. for this example that would be 10.

Note: If fault is identified during more than one testing routine, indicate frequency for each

fan doesn’t run

SPF does not work because .... Frequency Identified
¢ after installation (before
commissioning) (bc),
e commissioning (c).
¢ during routine maintenance
(rm), i.e. AS1851.6;
e testing (1),
e by others (bo),
e other?
Broken fan blades
0,0,1,0,50 Rm
MSSB has isolated the SPF to be off, so fan doesn’t
run 1,1,2,1,rare, 1,0, Rm x6, tx2, ¢
10, 10
FFCP (fire fan control panel) has overridden the SPF
to off/stop, so fan doesn’t run 0,1,1,rare, 0,0 Rmx3,t ¢
Keylock itch (i.e. isolator switch) at SPF is off, so
eylock switch (i.e. isolator ) 0.0.2.0,2, 30,0 Rmx2

Power failure to SPF (note type of power)

0,1,1,2,2,40,0

Mainsx3, rmx3 blown fusesx2

SPS with VSDs and the VSD is faulty’ (eg. not sending

correct signal to SPF, so fan speed’s not correct) 0,1,5,1,50, 4,20, Rm x6, 1, ¢
20,10
Slipped fan belts 0,0,2,0,0 Rm
SPF’s shaft/keyway sheared 0,0,1,0,0 Rm
::::ddli)sec:;a);?s damper/bypass damper closed (when 2.0,10,1,10,2. 2,15 Rm x5, t, ¢
Other? 75 Poor design, incorrectly located

sensors, inadequate fan sizing,

leaky shaft, leaky doors, etc

Total Fault estimate out of 100

cases

6/%, 1%, 17%, 11%, 60%, 9%, 41%, 100%, 100%
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FIPs

B14. Do you come across faulty' FIPs? Yx9 N x2

B15. In the following table, please estimate the number of times (out of 100 checks of FIPs) you would
come across the following faults’ associated with FIPs.
The above frequency estimate should be interpreted as follows, Given 100 checks of the FIPs,
estimate the number of times the FIPs have faulty'microprocessors?, no power to the FIP?, etc and
place this number in the shaded box.
Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks of the
FIPs there were no faults with the FIP), then the number given against each possible fault listed in the
table, should add up to the fault estimate in the shaded box. eg. for this example that would be 10.
Note: If fault is identified during more than one testing routine, indicate frequency for each

FIP does not work because .... Frequency Identified

« after installation (before
commissioning) (bc),

e commissioning (c),

¢ during routine maintenance
(rm), i.e. AS1851.6;

o testing (t),

» by others (bo),

o other?
Mi essor inside FIP does not work
reroproe 2,2,5,5,15, 0,10 Rm x 5, x2, bo, cx2
FIP’ h h ed since commissionin
$ program has chang g 3,10, 5,10, 1, 40, 40, Rm x 6, tx2, cx2
10
No power to FIP 0.1.1.10 Rm.

Other? (please state)
faulty override switch

board faults 10 m
water damage

B16.

1 bo
rm
Total Fault estimate out of 100 5%, 12%, 11%, 16%, 10%, 3%, 55%, 40%, 30%

cases

What would happen to the operation of the SPS if the faulty’ FIP were not detected/repaired?

Fan doesn’t work x6 (no signal to HLI), depends on fault but system won't perform as expectedx2, fans may

not initiate an alarm signal x2 (1668 & controls), failure

UNIMODS/HLIs (high level interface)

Function:

B17.

To provide an interface between the FIP and the incoming alarm/device signal. It is a ‘translater’ so that
the FIP can ‘see’ the incoming alarm, in order to interpret what to do. It can also have pre-programmed

functions.

What power supplies (eg. mains, batteries, generator, other) normally power a Unimod/HLI? All of

above, mains x1, powered through FIP — mains/battery x3, essential mains x2, generator
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B18. Can a Unimod/HLI become ‘de-programmed’? i.e. lose its programming Y x3 Nx2
N = program contained in FIP’s programming

If Y, How? not sure - memory held in eeprom, card shorted out/corroded, interference/power disruption, lose

of power

DAMPER MOTORS/ACTUATORS

Function: Can be either electrical or pneumatic in nature. Based on a signal from a pressure sensor, a relief

damper (or fan bypass damper) is ‘told’ to open or close (more) via the operation of the actuator/motor.

B19. In the table below, state whether or not the following are problems (also add to the list, if possible),

when these problems are identified AND the frequency of occurrence out of 100 cases.

The above frequency estimate should be interpreted as follows, Given 100 checks of the Damper
Motors/Actuators, estimate the number of times the Damper Motors/Actuators have motors running

backwards?, fuses incorrectly installed?, etc and place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks of the
Damper Motors/Actuators there were no faults with the Damper Motors/Actuators), then the number
given against each possible fault listed in the table, should add up to the fault estimate in the shaded

box. eg. for this example that would be 10.

Note: If fault is identified during more than one testing routine, indicate frequency for each

Damper/Actuator does not work Motor Type eg. Frequency Identified

because .... electrical (E) or . .

. ¢ after installation (before

pneumatic (P) o
commissioning) (bc),

e commissioning (c),

¢ during routine
maintenance (rm), i.e.
AS1851.6;

¢ testing (t),

¢ by others (bo),

e other?

d

Motor runs backwards Ex8,P 1,5,2,2,2,1,15,0, Rm x 5, cx2, bcx2, t
50,0
Fuses incorrectly installed E x4, P 12.0.5.0 Rm x3, box2.
Incorrect Fuses E x5, P 2,2,1,0,50 Rm x3, bcx2, ¢
?:::ea;g; ;z?t::;ltzr;lsm has not been E x8, Px3 10,2,2,10, 1, 40, 5, Rm x6, bex2, t, ¢
5, 30, 25
Y

Other? (please state)
Seized damper 2
No control signal E x1 5 Rm x 2
Actuation time too slow, actuation at 5
fault due to control fault Y 75 c

Total Fault estimate out of 100 | 14%, 5%, 6%, 4%, 16%, 3%, 55%, 10%, 65%, 30%,

cases 100%
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VSDs

Function:

B20.

B21.

B22.

B23.

Provides power to the SPF to either ramp up (increase fan speed), ramp down (reduce fan speed) or
Stay at set speed.

It is understood that the new VSDs need to have their input cables separated from the output cables
because of the associated interference. Is this true? Yx8 N Don’t know (x 2) -

depends on manufacturer x2

Out of 100 checks of the VSDs, how many times would you come across this interference? 1%x3, 5%,
rare, 50%, (old site pre 2000, all of the time)

When would this type of fault' be identified? i.e. by others, during routine maintenance, testing,
commissioning, after installation (before commissioning), other? Commissioning x5, all of above x2,

when it does not control, after installation, routine maintenancex2, testing after upgrade

In the following table, please estimate the number of times (out of 100 checks of VSDs) you would

come across the following faults’ associated with VSDs AND when they would be identified?

The above frequency estimate should be interpreted as follows, Given 100 checks of the VSDs,
estimate the number of times the VSDs have been mis-programmed/programmes altered?, faulty

microprocessors?, etc and place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks of the
VSDs there were no faults with the VSDs), then the number given against each possible fault listed in
the table, should add up to the fault estimate in the shaded box. eg. for this example that would be 10.

Note: If fault is identified during more than one testing routine, indicate frequency for each

Find that when VSD has 'no power’ in normal mode the programme reverts to default when powered up once

a year. Can be a problem on certain model drives.

286



Chapter 13. APPENDIX P

Fault' with VSD Frequency Identified

* after instailation (before
commissioning) (bc),

e commissioning (c),

e during routine maintenance (rm), i.e.
AS1851.6;

e testing (t),

¢ by others (bo),

environment

e other?
Algorithm mis-programmed/altered in VSD
1,5,15,30,0,10,5 Rm x3, ¢x2, be, t
Power failure to VSD (note type of power) |
0,0,2,1(mains), 5,5,0 Rm, c
Microprocessor fault’ with VSD
1,0,2,2,1,3,3,5,5 Rm x 3, c
Relays/contacts not operational in VSD
0,0,3,50 Rmx2,t, ¢
VSD faults’ due to humidity of environment
0.0,1,0,70 Rm
VSD faults’ due to high temperature
0,0,1,0,0 Rm

Other?
Ramping time inappropriate
Max speed limited

20

Total Fault estimate out of 100 cases

2%, 5%, 2%, 4%, 15%, 4%, 33%, 8%, 25%, 100%

B24.

B25.

DOORS
B26.

What would happen to the operation of the SPS if the faulty' VSD were not detected/repaired?

not operate as required x 8, may not bypass safeties in fire mode, SPS would not perform at required

airflow/response time/door force
Please list any problems you have encountered with VSDs:

during Commissioning? Not properly commissioned for fire mode and AS1668 compliance, undersized for
fan installedx2 and control not wired to correct terminals, faulty VSDs, incompatible BMS interface, no power,
controls not working, op. parameter not setup/not setup correctly, incorrect speed limit (upper or lower) and

incorrect ramping time to full speed

during Routine Maintenance? Often when VSDs are replaced, different model/style used, sometimes wiring
is altered or run modes accidentally lost/changed, fault trip, PLC cards have burned out, wiring sheared or
disconnected and built up of dirt, fire signal not given to VSD and safety trips still active in fire mode and
incorrect perimeters, blown units, non operation in fire mode/ramping time drifted/auto safety still in

circuit/speed no longer correct, had 1.4 VSDs fail in 100 inspections.

Other? Wrong VSD installed now b/c of bypass/lockout/safeties

Do you come across faulty’ stairwell doors? Yx11 N x1
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In the following table, please estimate the number of times {out of 100 checks on the stairwell doors)

you would come across the following faults' associated with stairwell doors AND when it would be

identified?

The above frequency estimate should be interpreted as follows, Given 100 checks of the stairwell

doors, estimate the number of times these doors have been poorly fitted, have had faulty door closure

devices, etc and place this number in the shaded box.

Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks of the

stairwell doors there were no faults with these doors), then the number given against each possible

fault listed in the table, should add up to this fault estimate in the shaded box. eg. for this example

that would be 10.

Note: If fault is identified during more than one testing routine, indicate frequency for each

Fault' with stairwell doors

Frequency Identified

« after installation (before
commissioning) (bc),

e commissioning (c),

¢ during routine
maintenance (rm), i.e.
AS1851.6;

¢ testing (t),

¢ by others (bo),

¢ other?
Poorly fitted doors i.e. rubbing against door frame
10, 20, 10, 3, 0, 20, Rmx4, c
1,1,0
Faulty’ door closure device
10, 15, 20, 30, 15, 5, Cx2, rm x8, t
5,10,13,5,4,25
Door forces too high because of external environmental
conditions (**) 10, 2,20, 10,0, 0, 3, C.rmx6
53
Other? R
Faulty door hardware (strikes, handles, latches) m, bo
Damaged 15, 30 Rm
Locked
Gap too large under door 20 Rm
10,10 T,c,rm
5 rm

Total Fault estimate out of 100 cases

20%, 57%, 80%, 50%, 55%, 8%, 5%, 27%, 15%,
8%

28. (**)

How do you know the door forces are too high because of external environmental conditions?

Measurements, assumption based on previous experiments/results and observation of ambient

conditions, Return Air on floor too high — press diff in stair high, visible

Never come across external problems — but control and building operational issues eg. SAF not

supplying enough and SFs drawing insufficient or excess air (building (internal) pressure has large

influence over the success of the test)
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A test and operating the door normally, air intake on wrong side of building or on one side of building

only. Door test results and observations outside
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c1.

C2.

c3.

Ca.

Cs.

Cé6.

C7.

Section C COMMISSIONING

During commissioning Stair Pressurisation System (SPS) with VSD controlled SPFs, is it reasonable
to assume that when all the stairwell doors are closed (i.e. maximum pressure in the stairwell), that
the SPF’s low speed setting is 30% of the maximum VSD fan setting? (i.e. doors can be opened in the
stairwell)? Y x3 N x5

If N, what figure should be considered to be reasonable? Varies from stairwell to stairwell x4, depends

on fan volumes, usually set to 20Pa in stairs, 5% min and 100 % max

How often out of 100 Commissioning cases) would you have to install a bigger relief grille/vent in the
stair shaft (as a form of over pressure relief) than originally anticipated by the designer? eg. for a SPS

without a VSD some should have but never done — fan usually repatched, 20, 5, rare, never
Is it normal to fill out commissioning worksheets? Yx9 N
If Y, could you please provide a copy of the blank worksheet (and attach it)? Y x3 N x1

Standard NEBB sheet, see AS1668.1

In your experience (of 100 cases), if you Do Not commission a SPS, how often would the following
items pass (i.e. in accordance with AS1668.1 and AS1851.6)?

Eg. if doing 100 checks of SPS, how many times out of 100 would a Non-Commissioned SPS have
door forces less than 110N?, velocities greater than 1ms?, and then similarly for each of the other
elements listed below. All systems must be commissioned, variable (for all listed below), (we test during

maintenance and assume all are commissioned)

Item Frequency (out of 100 cases)
Door forces less than 110N 80, variable, 0, 30, 25, (20 est), 0
Airflow velocity at door greater than 1 m/s 30, variable, 0, 20, 25, (10 est), 0
Noise measurements within limits of AS1668.1 90, variable, 50, 5-10, 80, (10 est}, 0
Restoration times within limits of AS1668.1 90, variable, 0, 30, 20, (1 est), 0
Manual fan override controls work 100, variable, 0, 5 (FFCP), (10 est), 0

Please list what might not work correctly on a day after installation of the SPS, but before
commissioning? door forces (high/low)x2, air velocities x3, restoration times, sensors, variable speed
controllers, pressurisation, temp control, initiations, electrical interface not configured correctly, all of above (i.e.
in C4), damper motor travel incorrect, VSD max/min speed incorrect, control pressure limits incorrect, pressure

sensor in wrong place, controls not calibrated, door closers too strong, outlet grille needs re-balancing, set

points

Do you measure and record external temperatures and wind speeds as part of Commissioning?

Yx1 Nx7 Not usually — unless readings are affected x2

If Y, what do you measure/record?  Wind speeds, external temperatures but yes, if extremely windy or

bleak day

Do you measure and record external environmental conditions as part of routine maint.? Y Nx7

If Y, what do you measure/record?
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Section D OTHER

D1. How often (out of 100 cases) would you come across the following: when AND what effect would it
have on the SPS’s performance?
The above frequency should be interpreted as follows, Given 100 checks of SPSs, estimate the
number of times additional holes/leakages have developed in the stair shaft?, the stairwell has been
tighter in construction than originally anticipated by the designer?, etc and place this number in the
shaded box.
Eg. if the total fault number estimated is 10 (that means that on 90 occasions out of 100 checks there
were no faults with the SPS as defined in the table below), then the number given against each
possible fault listed in the table, should add up to the fault estimate in the shaded box. eg. for this
example that would be 10.
Note: If fault is identified during more than one testing routine, indicate frequency for each
ltem Frequency (out | Identified Effect on SPS
of 100 cases) performance?
» after installation (before commissioning) (bc),
e commissioning (c),
» during routine maintenance (rm), i.e.
AS1851.6;
e testing (1),
¢ by others (bo),
o other?
Additional 5,2,10,2,4,10, | bcx2, ¢ x3, rmx6, tx2 Can't meet
holes/leak in stair ,20,20,15,2 . erform. With
olesfleakages in s 0 - shear bolt hole into lift shaft P
shaft respect to press
and flow x 2,
failure, min, not
able to meet KPls,
inadequate airflow
velocity
Pressure too high in 20,5,5,15,10 - tenancy carpet fitted and no clearance under Door opening
stairwell, tight stairwell doors, rmx3, but o/c? with VSD force excessive
Relief on occupied | 50,30, 1, 40, 5, Rm x7, tx2, tenancy glass doors fitted Failure, profound,
floors 20,20,25,6 not able to meet
blocked/restricted KPls, inadequate
airflow velocities
Building itself, is too 2,5,0,10,0 Rm x3, t failure
leaky for SPS
Total Fault estimate out of 100 cases 5%, 80%, 12%, 55%, 10%, 40%, 40%, 55%, 18%
D2. In your experience, please describe the most reliable SPS you have come across and its

components? eg. it has a VSD, supply air shaft, multiple injection, etc. Please attach extra paper if

required.
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Consider ‘reliable’ in terms of maintenance, operation, etc.

1. VSD + supply air shaft + multiple injection + unitory controller

2. Barometric (due to lack of parts i.e. very little to go wrong), only problem is after time they tend too jam and

need to be lubricated/adjusted. Also, need to be sized and positioned correctly (set and forget!).

3. Single speed axial fan supply ducted to grilles on each floor landing & balanced + barometric relief grille

near fan to correct size (happened once — simple system).
4. Renaissance House ~ supply air shaft + SPF + exhaust fans (full 1668 controls initiated from FIP)

5. Reasonably tight stairwell + good door closing +VSD on fans +multiple injection and building system in
correct mode under fire control (I believe that sandwich systems have too much complexity and too many

moving parts to be a fail safe reliable system)

6. VSD (set at min speed to hold 25-30 Pa with all doors closed, thereby stopping ‘hunting’ of VSD in doors

closed situation, i.e. stable system) + even air injection to stair + stair pressure set to 20Pa

7. Torn between barometric (70% and KISS) and motorised/electric dampers; VSD is a complicated device in
terms of programming, as there are many VSDs on the market, maintenance personnel need to be

competent in working with VDS equipment

8. VSD — 1 fan up to 8 levels and 2 fans 9-30 levels; Stair Pressurisation shaft desirable above 30 levels

THE END

& THANK YOU AGAIN FOR YOUR TIME
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As seen from the survey answers on the preceding pages, each question has numerous
responses. In order to actually use the information obtained from the industry respondents, the
mean was calculated for each survey answer using all of the data for the specific question. As
some questions had ‘extreme’ results compared with the other respondents who answered the

question, another calculation was performed for each question, where the ‘extreme’ data was
ignored, in order to avoid any bias.

Below is an example of how these mean results and the results ignoring the ‘extreme’ data were
calculated.

Failure Rate Calculation (Mean)

Referring to Question B13. in the survey, we have the following ‘industry’ results for:

MSSB has isolated the SPF to be off
‘industry’ results (out of 100): 1,1,2,1,1,0,10, 10
Theretfore, using all the data, the mean is calculated as:

+no ...
p=ariete Equation P1

nn
where:

u = mean

n = number of data points

Therefore, we have

J 1+1+2+1+1+0+10+10

8
_26
H=7g
u =325

So, if the mean is 3.25; out of 100 cases (as stipulated in the question), we have a probability of
failure of 0.0325 (rounded up to 0.033). This data is illustrated in light blue in Figure 47.

Ignoring the extreme ‘industry’ data results, i.e. data points which are approximately ten times

greater or less than the highest or lowest ‘industry’ result, respectively, we have a modified

mean of:
1+1+2+1+1+0
v= 6
_6
=%
=1
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So, if the modified mean is 1, out of 100 cases (as stipulated in the question), we have a

probability of failure of 0.01. This data is illustrated in orange brackets in Figure 47.

In order to calculate the various ‘OR’ and ‘AND’ gate branches presented in the fault tree

diagram (Figure 47), the Gate-by-Gate technique was used, whereby the following formulae
were adopted.

Gate-by-Gate technique to Calculate Failure Probabilities along the Fault Tree Branches

OR gate: PAOR Pg P(AORB) = 1-(1-Pp)(1-Pg) Equation P2
=Pp + Pg -PaPg
=Pp + Pg
AND gate: PaAND Pg P (A ANDB) = PpPg Equation P3
Examples:

Referring to Figure 47, to calculate id box 9. we have an ‘OR’ gate made up of boxes 23., 24,
25. and 26. where the probability of failure using all the mean data is 0.144, 0.2, 0.1, 0.072,
respectively. Using Equation P2 we have:

Probability of failure for id box 9. (using all data):

P9. > P (23.0R24.0R25.0R 26.) = 1-(1-Pog )(1-Pp4 )(1-Pog )(1-Pog.)

1-(1-0.144)(1-0.2)(1- 0.1)(1- 0.072)

0.428

Referring to Figure 47 as an example, to calculate id box 38. we have an ‘AND’ gate made up of
id boxes 40. and 41. where the probability of failure using all the mean data is 0.066 and 0.026,

respectively. Using Equation P3 we have:
Probability of failure for id box 38. (using all data):

P38. > P (40. AND 41.) = Pyg P4y

0.066 x 0.026

0.002

However, if the extreme data results were not used, the probability of failure for id box 40. would
be 0.01, not 0.06.
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Probability of failure for id box 38 (ignoring extreme data):

P38. > P (40. AND 41.)

Pao.Par.

0.01x0.026

0.0003

This methodology was then continued for all of the branches of the fault tree.

following spreadsheet for the probability of failure for the various branches.

Refer to the
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Chapter 13. APPENDIX P

The probabilities of failure associated with Power 1, 2 and 3 were calculated as follow (using the
previously listed reference material):

Power 1

Using a mains supply of less than 600 V, with a median failure probability of 0.0335 per million
hours demand-kms, we have:

00335 8760hrs
1,000,000~ year

Power 1 =

= 0.00029346

Power 2

Using a battery (wet), the probability that the battery will fail to provide the proper output in
standby mode is 3x10%/hr, resulting in:

3x1076 8760 hrs
1hrs year

Power 2 =

= 0.02628
Power 3

Using a standby diesel generator (with a range of 250 kW - 3.2 MW), operating 30 — 50"

hours/year, the failure rate is 660 per million operating hours, resulting in:

660 40 hrs
X
1,000,000 hrs = year

Power 3 =

= 0.0264

™ Note: 40 operating hours was used for the calculation, as this is between 30 — 50 hours.
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