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INTRODUCTION
1. . .

I+ is common to think of mechanical ventilation as simply & process for providing fresh
air and removing contaminated air. The process can be and is used in more sophisticated
applications, for exaﬁple in the control of airborne bacteria in hospitals and cbnoxious fumes in
laboratories. The application of ventilation to the control of the movement of smoke in the event
of a fire has also been practised, in particular it has been applied to the removal of smoke from
fires below ground level. More recently the use of mechanical ventilation has been advocated
for keeping escape routes in buildings clear of smoke and toxic gases in the event of a fire and

“such schemes are now in existence. This technique has a number of advantages but this is an
application where the safety of life is at stake and the ventilation system serving this purpose
must meet this obligation under emergency conditions. The design, constructional and operational

requirements for such systems neéds then to be clearly defined.

The technique of keeping escape routes.clear of smoke and toxic gases by mechanical
ventilation as discussed irn this paper has acquired the title of "pressurisation" and the systems
performing this function are being called "pressurisation systems'. This terminology arises
because the flow must always be away from the escape routes and to achieve this they must be at a

higher pressure than surrounding areas.

The Joint Fire Research Organisation (JFRO) and others have demonstrated that uni-directional
air flow in buildings can control smoke movement; the application of this to buildings requires a
knowledge of all the forces that can influence air distribution patterns under emergecy conditionms.
The HVRA became involved in an =é hoc way in this problem through our studies of air m&vement in
tall buildings under the action of wind and buoyancy (stack) effects. At this time proposals
were being advanced for putting mechanical pressurisation systems in new buildings and a need for
more specific design requirements for these seemed apparent. The HVRA put to the Department of
- the Environment a proposal to study pressurisation and prepare a set of design requirements for
pressurisation systems. The DOE accepted this proposal and this study was undertaken between

Oetober 1970 and July 1972 under the terms of Research Contract CR 10248,

In carrying cut this task we have looked at the following problems:

(i) The pressures acting on and in buildings which can influence the internal
air flow patterns and hence the efficacy of pressurisation.

(ii) The influence of mechanical ventilation plant, other than pressurisation
systems, on internal air flow patterns.

{111) The air leakage characteristics of building construction so that the
_air supply requirements for pressurisation could be determined.

{iv) The requirements of air distribution plant for pressurisation to
achieve the design objectives.

(v} The reliability of pressurisation systems.

We tackled (i) and (ii) by theoretical means using an HVRA computer program, CRKFLO, to
study the behaviour of buildings under the actions of wind, stack and fire effects and also of
ventilating or air conditioning plant. For item (iii) we have checked published data on air flow
around closed doors, windows and through masonry structures and we amplified this information
with site measurements in typical situations. We have examined the technical and economic
requirements for distributing air to pressurised escape routes and have drawn on our own studies
of plént reliability to comment on the probable availability of mechanical pressurisstion plant

and sfandby needs in an emergency. We have visited completed buildings which have pressurisation
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systems installed and have measured their performance and compared these with the specification.

The results of our study of these problems are set ocut in this report and we have

concluded the report with a concise set of design requirements for pressurisation systems.

1.1 Priﬁciples of Pressurisation

Recognition of smoke and toxic gases as major hazards to life in building fires
{1,2) has contributed to current attitudes towards controlling smoke movement, alongside
more traditional ideas of limiting fire spread. Movement of air, under the influence of
tenperature and pressure, is the vehiele for smoke spread, Pressuri§ation therefore
involves the control of air movement such that flow is alwvays away frbm areas required
to be maintained smoke-free. '

In practice this may be achieved by the use of mechaniecal ventilation plamt to
inject sufficient air to maintain the area at a higher pressure than adjacent zones,
relying on natural leskage through gaps around doors to non-pressurised zones to create
an outward air flow from the pressurised area. Generally escape routes are the areas
required to be kept smoke free so that flow should typically be from stairwells to lobby
or corridor to mccommodation space and atmosphere. The excess pressure necessary for
pressurisation is deemed to be that providing protection when adverse conditions induced
by external and internal influences, e.g. wind and fire pressures, act against the needs

for air movement to be always cutwards from the escape routes.

The principles behind pressurisation are established procedure in other fields
vhich require controlled alr movement, such as explosion protectior in hazardous
industries and prevention of cross-infection in hospitals. In fact the first known
feasibility study in Britain by DOE Fire Branch in 1959 was based on the earlier work
of James Ferguson and Ian Mackenzie, DOE engineers engaged'on the control of radio-active

contaminated atmosphere through doors and other openings.

1.2 Background to HVEA Contract

During the late 1950's and early 1960's, & rapid increase in the number of high

rise buildings highlighted the inadequacy of existing "means of escape” regulations.
Following the lead of London County Council the lobby approach staircase gained
acceptance as a means of providing both a bridgehead on each floor for fire-fighting

operations and an added precaution against smoke entering-the staircase.

This trend placed severe restrictions on architects who, wanting to put available
letting space to the best economic use, were instead confined to staircases and lobbies
.on external walls for the provision of the necessary natural ventilation. Against a
background of econcmic¢ pressure for internal staircases, various ideas for mechanical
or natural ventilation as an alternative were tried. This led to natural vent shafts or
mechanical extraction from staircases but these posed the problem of encouraging smoke
movement towards the staircases. Consequently the idea of pressurisation of escape
routes by the mechanical introduction of air was evolved.

Meanvhile parallel developments in Canada, Australia and U.8.A., where concern over
the evacuation time required for tall buildings was felt, were serving as guidelines for .
new techniques being introduced iﬁ the U.K. Some tests-at a new department store (3)

involving JFRO showed that positive pressurisation of @ stajrcase wes a feasible means of
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keeping such an escape route clear of smoke. Following this, investigations by JFRO
using a four storey tower building demonstrated the practicability of pressurisstion in
& real fire situation. A report of this work (4) was included in a Symposium on The
Movement of Smoke on Escape Routes, at Watford, 1968, which stimulated interest in

pressurisation.

Cn the basis of JFRO's work, some new buildings were constructed incorporating
pressurised staircases but a lack of design information for the mechanical ventilation
systems required was apparent. Uncertainty as to the relevancy of Canadian methods and
design information in this country led to the commencement of this study by HVRA under
contract to DOE in 1970.-

Objectives of HVRA study

These were to produce such information as would enable pressurisation systems

to be accurately and economically designed, and t¢ show that this information could lead

to satisfactory designs in practice.

To achieve these objectives, the proposed study was” to include the following
aspects: ‘
1) Collection of data on alr leakages through doors and structural elements so
that the air flow reguirements for pressurisation can be established.
‘A search of available literature and other sources of information was proposed
to obtain air leakage characteristics of such building components that are

likely to be found in lobbies and stairwells.

2) Site tests to establish air leakage characteristics of actual lobbies. The
purpose of these tests was to assist in relating information fram 1) abave

to actuael situations.

3) Study methods of distributing air vertically in buildings and to compare their
technical and economic aspects. {This would include an assessment of the
contribution that may be made by ventilation plant installed for occupants or

equipment in buildings).

L) Examine, using computer techniques, the effect of temperature differences and
wind pressures on the performance of pressurisaticn systems. This would
show how temperature and wind may affect the distribution of air from a

mechanical system.

5) An assessment of the reliability of different methods of operating

pressurisation systems and advising on the need for standby plant.

6) Investigation of the site performance of two or three systems in operation

to Bssess their beheviour in the light of information collated by this study.

Survey of other work on pressurtsation

Prior to the commencement of study of the aspects listed in 1.3, a survey vas made
to determine the'existing statelof knowledge and practice of pressurisation both in this
cbu.ntry and abroad. Further information also came to light later in the course of the
project. A summary of this information given below represents the bulk of publiéhed and
unpublished work from the United Kingdom, USA, Caneda and Australia, though studies of

smoke control problems have been made in other countries, including Japan and France.
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" Imited Kingdom

Preliminary experiments with pressurisation were carried ocut by the Joint Fire
Research Organisation and the Buildiné Research Station (3) on the 3-storey staircase of
a new department store. Pressurisation of the staircase was varied and, using a portable
smoke genérator, it was found that a pressure difference of just under 0.03ip;
wg (7.5 N/m?) was sufficient to prevent the entry of smoke through the door gaps. It
was suggésted that this value be increased to 0.05 in. wg (12.5 N/m?) to cater for poor
fitting doors, and that higher values yet would be required for systems coming into
operation on demand, to e?sure fairly rapid clearance of smoke already in the escape

route.

In subsequent tests at JFRO on an experimental four storey building, Butcher et ii
(4) demonstrated the effectiveness’ of pressurisation in preventing smoke from an actual
fire entering the stairecase.™ In addition they measured the pressure differential developed
across the top - of the staircase door, while smcke and hot gases flowed into the staircase.
it was concluded that pressuriéation‘of 0.1 - 0.2 in. wg (25-50 ¥/m?) was necessary to

override pressure differences produced by both this and adverse weather conditions.

U.S. A

In 1964, the San Diego and Los Angeles Fire Departﬁent investigated the use of
mechanical ventilation in smoke-proof enclosures (i.e. lobby approach staircases). They
found that the best system was to pressurise the stairshaft to 0.05 in. wg (12.5 N/m?)
above atmospheric pressure, with the lobby maintained at a pressure not less than 0.1 in.
wg below that of the stairshaft. A'minimum discharge of 2500 ¢fm is required from the
top of the.stairshaft_to_ensure adequate air movement., These pro;isions were subsequently
written into the Uniform Building Code (7)and are illustrated in Fig. 1. The lébby is

deéigned to act as a smoke- and heat-trap.

Further tests were carried cut by the Los Angeles Fire Department (B), which

‘resulted in their adding fefinements to the above system (9). These include provision

for & minimum exhaust of 2500 c¢fm from guch of three lobbies while the doors from them to
the stairease are held open, and mechanical devices to control the air flow in the lobby.
The Ios Angeles system has been eriticised recently (10) as being unnecessarily

complicated.

Canada
An extensive programme of research into problems of smoke control in tall

buildings has been undertaken by the National Research Council of Canada. A critical
look at the evacuation time required in the event of fire in;such buildings in relation
to the speed of smoke spread {11) highlights the concern felt. Full scale measurements

of the pressure differences caused by wind (12), temperature differences (13,1L4) and

‘mechanical ventilation {13) were made in several buildings, the air leakage characteristics

of which were derived. From experience gained in these measurements, a computer analysis
of pressurisation (15} and smoke movement (16) under various conditions was made. It was
concluded from the latter that the major influence on smoke spread in the event of a fire
was stack effect which, because of the very low temperatures sustained in Canadian
winters, could produce smoke logging of upper floors within a short period of time. In
addition to the work on mechanical pressurisation, studies have been made of the use of

natural venting to control smoke movement (17,18}.
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The, culmination of the Canadian work was an explanatory document {19) setting out
the principles of smoke coﬁtrol, and the requirements for seven alternative methods of
achieving them in practice. These range from natural ventilation to fully pressurised
buildings. Pressurisation requirements are given in terms of the air supply necessary,
but the general aim is to provide a pressure difference of 0.1 in. wg (25 N/m?) across
closed doors (20)., Since an emergency opening of at least 20 ft2 (2m?) is required at the
bottom of stairwells, the air flow rates needed to pressurise stairwell enclosures are
rather large. Where the lobbies adjoining stairwells are pressurised instead however,

the vent serves to keep the lobbies at a higher pressure than the stairs.

Australia
Although no work appears to have been published, the Commonwealth Experimental
Building Station (21) has carried out some experiments with pressurisation in a test

building similar to that used by JFRO. In addition a draft document (22) of the

Standards Association of Australia lays down requirements for pressurisation systems.

These provide for a positive pressure difference between an escape route and adjacent
areas of not more than 0.2 in. wg (50 N/m?) when all doors to the escepe route are closed
and secondly an average air velocity of 250 fpm {1.3 m/s) through the doors, when not less

than 10% of them are open.

Current trends in pressurisation design in the U.K.

At the start of the contract several new buildings incorporating pressurisation
systems were under construction and two of these, a tall office block in Cardiff and
new legal offices in London, came into operaticn shortly afterwards. In both of these,
staircases in a central service core were pressurised at two levels, a continuous low
level for normal operatiocn, boosted to a higher one under emergency conditions. In the
first case the design was based 'on empirical air change rates, not related to any specific
pressure difference. The staircases at the law courts building were designed to be
pressurised to 7.5 N/m? continucusly during the day and boosted to 25 W/m? in an emergency,

the latter figure to be achieved while one of the doors to the staircase was held open.

Several other buildings with pressurisation have reached completion more recently.
Performantce tests on three of these are described later. In general the design
pressurisation of staircases, lobbies or both was 50 N/mZ under fire conditicns. Design
figures were based on the work of JFRO, whose advice was usually socught by the local fire

authority in the initial stages of development.'
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PRESSURES ACTING ON AND IN BUILDINGS

S

Major tnfluences on pressures

The four main influences on pressure which provide the motive force for air
movement within buildings are fire, stack effect, wind and mechanical ventilation. It is
necessary to consider the effect that each of these, or a combination, will have on the
pressure distribution within a building in order to assess the requirements for an

economical pressurisation system.

The building can be considered as a series of spaces each at a specific pressure
with air movement between them from areas of high to areas of low pressure. While in
practice it is possible for pressure gradients to exist in large vertical spaces such as
stairwells, the significant pressure differences can generally be considered as occurring
across the major separations of the building structure, i,e. doors, windows, walls and
This is due to the resistance to air flow through them and hence the pressure

differences need to be significant to sustain the air flow.

The function of pressurisation is to establish an excess pressure in the area to be
protected from smoke, such that air movement into the area under adverse conditions due to
the factors mentioned is prevented. It is'qonvenient'to consider the pressure differences
produced by such conditions, so that the pressurisation finally selected will be high

enough to override them.

Pressure differences arising from temperature differentials

Stack effect

Stack or chimney effect are the names given to the air movement resulting from the

difference in density between two interconnected columns of air at different temperatures.
The buoyancy of the warmer'sir in one column causes it to rise, colder more dense air
being drawn, in at the bottom from the other colum to replace it. A building fits this
configuration, in winter the building contains the warm column of air and the atmosphere
the cold coctumm. In such a system the air préssure in the cold colum is greater than in
the warm one at the base. and is less at the top. Thus a pressure gradient is set up
across the barrier separating the two columns. At some intermediate point between top and
bottom the pressure is the same in both columns, and this is called the neutral pressure
plane. The position of this plane, which depends on the distribution of openings in the

barrier with height, is given by McGuire (23) as

2

hy A5 T
2

by A T

Ay snd A, are the areas of openings whose heights from the neutral plane are h; and hjp
respectively (see Fig., 2}. T is the absolute temperature of the warm column, TO the

absolute temperature of the cold column.

Applying this concept to a heated building in winter gives rise to a system of air
flows and pressures illustrated in Fig. 3. It will be seen that in practice A; and 4,
consist of several openings to each floor below snd above the neutral plane respectively. "
Vertical air movement within the building oeccurs principelly in vertical shafts, i.e. 1lift
and stairshafts, air flowing into the shaft at the bottom and out at the top. In the
summer when external air may be warmer than internal air, the pattern of air movement can

te reversed.

.
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The height of the neutral plane is determined by the relative leakage areas of the
buildings structure at high and low levels. Generslly these are about equal in typical
buildings so that the neutral plane is ai or near mid-height.

It is possible by providing sufficiently large openings at the top or bottom of a
buildiqg to shift the neutral plane close to the position of the opening. This is the
underlying principle behind natural venting to control smoke movement. Assuming winter
stack conditions, the pressure in a top vented shaft will be less than that on each floor
of the building. Air flow is into the shaft at all levels and out of the vent, so forming
a smokeshaft. Similarly the pressu}e in a bottom vented shaft is higher than that in the
rest of the building, and air flow from stack effects is always from the shaft to
accommodation afeas. Smoke is prevented from entering the shaft, which is effectively
pressurised. The success of such methods is obviously dependent on there being favourable

weather conditions.

Pemperatures - U.K.

The design outside temperatures for heating end ventilating installaticn given by
the IHVE Guide are -1°C in winter and up to 28°C in summer. An internal temperature of
219¢ is common practice for design purposes. Clearly the largest temperature differential
is likely to ocecur in winter. - The winter design figures are optimistic when considering
stack effect since instantaneous temperatures should be considered rather than the daily
average temperature &s-a suitable basis for designing systems whese purpose is to preserve
life of building occupants. The range of mean minimum monthly temperatures is given by
Quenzel {35) as -10% o +29°C. A survey of minimum temperatures from Met. office data
appeared to bear out the use of the more critieal vinter temp. (-10°C) as a suitable basis
for calculating likely extremes of temperature difference between inside and outside of

mﬁlﬁﬁy in the U.K.

Pregsure differential due to stack

The pressure difference due to stack is given in the THVE Guide as:

ap = 31;6211(% - -% ) H/m? : 2.1
where h = dist:nce from neutral plene, m.

To = gbsolute temperature outside, °k.

T = absolute temperature inside, ®k

For a temperature difference of 31°¢ (TO = 263OK, T = 29hoK) the pressure

gradient caused by stack is 1.l N/m? per metre vertical distance from neutral plane.

It can be seen that the maximum pressure difference across the enclosure due to
stack effect can be doubled if the neutral plane is moved from mid-height to the top
or bottom of the building.

The pressure differential due to stack distributes itself across the external

and internal separations in proportion to relative flow resistances.

Presgure déveloped by a fire

Erpansion .
Alr movement in the neighbourhood of a fire is produced by two mechanisms,

expansion due to temperature rise and stack effect. Firstly as the temperature within

a fire compartment rises, the gases expand in direct proportion to their absolute
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temperature. Two to three volumes of hot gases may be displaced from the room depending
on the maximum temperature attained by the fire. Increasses in pressure are smsll in
comparison to absolute pressure since the expansion process is relieved by the flow of
gases out through the normal leakage paths of the room. In an explosive situation, the
pressure rise would be much larger and fairly rapid and would clearly result in windows

and doors being blown out.

Stack effect

For doors separating escape routes from corridors and accommodation areas the
pressures developed due to expansion can be neglected in relation to the second mechanism,
stack effect. This is becsuse expansion of gases from the fire zone can take place into
the remaining area of that floor of the building producing & minimal pressure change.

If the fire developed fully over the floor aresa the high temperature may lead to failure
of the external facade, alternatively the natural leekage of the facade would relieve

the internal pressure. The stack effect also acts across separations like closed doors
where the two sides are at different temperatures; this happens when a fire occurs on
,one side of the door. Typically smoke and hot gases flow out of the gap at the top of a
door to be replaced by cool air, drawn in through the gap at the bottom. The adverse
pressure difference developed at the top of the door is proportional to the distance from
the neutral pressure plene, as given by equation 2.1. The maximum value which can be
attained in & single floor is obviously limited very much by the height of the compart-
ment. For an 800°C temperature @ifferential (fire temperature 1100°K), the pressure
difference at the top of a normal door could theoretically reach 17 N/m? if the neutral
pressure plane were at floor level. In practice however, only_&bout half this velue will
be obtained since the neutral plane is likely to be nearer the centire of the door.

Higher tempersture differences do not slter this figure significantly.

Some practical measurements have been made of the pressures developed by fires.
In Los Angeles a series of experimental school fires were made (2h) in 1959. The maximum
pressure increase in a staeir enclosure was 37.5 §/m?, corresponding to 12.5 N/m? per
‘storey height or 6 N/m? at the top of a door. This value was considerably reduced when
windows or doors were cpen to the atmosphere. More recently Butcher (k) found that the
pressure difference across the top of a door to a stairway due to fire on one side never
exceeded 7.5 N/m?. The temperature reached by the fire was 800°C and at this stage the
top of the door was beginning to burm away, increasing the size of the gap there.

.

The stack effect for underground buildings at normal temperatures is negligible.

Wind Effecte on Buildings

Nature of Wind

The surface of the earth gives rise to frictional drag on wind and hence the

wind speed near the surface is considerably reduced and a boundary layer is formed giving
g vertical gradient of wind velocity. The height of the bowndary layer is reached when
the frictional drag forces of the earth's surface are balenced by the movement due to the
earth's rotation. The gradient height and velcecity profile depend on the roughness of the
underlying terrain, the gradient height varies from about 300m in flat open country to

about 500m in urban areas.

Opinion is divided on the best mathematicel expression for variation of windspeed

with height (25), the use of a power law being the simplest, i.e.
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v ( E )a . .

Vlo = — 2.2
where Vi3 is the meteorologlcal wlndspeed usually quoted for a standard height of 10m above
gromnd. The value of the exponent a depends on the type of terrain and also the windspeed
averaging time used. Many estimates of suitable values for ¢ have been made, and are given
for example in the IHVE Guide. Appropriate valueé of o for mean windspeeds in U.K. are
0.17 and 0.35 for open country and ufbaa areas.respectively (26,27).

Design Wind Spéed

As with temperatures, the averaging time of meteorological observations is an
important factor in the choice of a design figure. The maximum hourly windspeed and
3-second gust speed exceeded once in 50 years are commonly used. These are relatively
infrequent and for present purposes, the mean annual maximum hourly windspeed is more
appropriate. Values are given for over 70 sites in the U.K. (28}, mostly in open country,
and these do not generally exceed a figure of 20 m/s (45 mph) at 10 metres sbove ground ..
{apart from some of the more exposed coastal sites). Mean windspeeds in urban areas are
somevhat lower than in correspondlng country area, although this difference becomes less
marked with lncre351ng height. A reductlon of 4 'm/s (10 mph) has been suggested at 10 m
he1ght (26) and is borne out by recent results of Helliwell for London (29).

Although providing some guidance for average situations, figures given in
preceding paragraphs should be used with caution. Maximum hourly windspeeds may be mich
higher for coastal or mountainous areas. Although mean windspeeds are reduced by wooded
and built-up areas funnelling effects in valleys and between buildings can produce high
local velocities. When buildings are being considered in such localities it is advisable

to consult the Meteorological Office.

Wind pressures on buildings

The slewing down of wind by an obstruction, i.e. building, in its path creates a
build up of pressure on the windward face. The wind is deflected and accelerated around
the sides and over the roof of the building, creating an eddy behind the building and

exerting a negative pressure or suction on all areas other than the windward face(s).

The pressure distribution on the surface of a building due to wind is far from
uniform and depends on such factors as direction of wind, shape and height of building,
shielding effects of local obstructions to flow. The distribution is conveniently
expressed in terms of pressure coefficients Cp, which relate the actual pressure on the
surface to the velocity or 'dynamic' pressure of the wind, i.e.

wind pressure = Cp x pv? I /m? 2.3
2

where p = density of air, kg/m?

v = wind velocity, m/s

The pressure around tall buildings is difficult to prediet accurately. Average
pressure coefficients for the main surfaces of a building are given in the B.S. Code of
Practice on Wind Loads (30). Model and full scale tests are increasingly used to obtain
a more detailed picture of wind effects on buildings (31,32,33). From these it appears
that the maximum pressure difference across a building is approximately 1.2 times the

velocity pressure, consisting typically of coefficients for the windward and leeward

faces of +0.8 and -0.4% respectively.



Fig. b shows the pressure distribution on ta&ll rectangular buildings in an urban
area from the results of an earlier study (3l) in terms of the velocity pressure of the
wind at the height of the top of the building. The primary effect of such a distribution
on internal air movément is to produce a horizontal air flow through the building from
windward to leeward. Some vertical movement also occurs in the building due to increasing

pressure on building faces with height and negative pressure on the roof.

The wind effects on underground buildings are limited to pressures on openings and

vents at or above grouﬁd level.

Ventilation system pressures

Air movement produced by mechanical ventilation sets up pressure differences in =

building in a similar manner to and superimposed on those due to natural forces.

In addition the building as a whole may be at a greater pressure than gmbient air
due to the current practice of supﬁlying air at a higher rate than it is extracted (or the
reverse may occur in certain applications). It is becoming more common for buildings to be.
pressurised, i.e. at a positive pressure with respect to external conditions, particularly
with the inereasing use of sealed windows., This has the advantage of limiting air

infiltration caused by wind and stack effects.

.-]o_
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AIR LEAKAGE CHARACTERISTICS OF BUILDINGS

Importance of air lealéagé characteristics

Reference has alregdyubeen ma@e (section 2.1) to the resistance to air flow through
the major separations of a Buiiding -fhiéh results in zones of different pressure being
set up.. Air flows from high‘pyessure to low pressure through leakage paths and the amount
of air moving will depend on the resistance offered by the séparations In practice the
separations are doors and w1ndows and ‘the leakage paths are the gaps arcund these. Leakage
flow can also occur through floor and wall constructions where these are of a pervious
nature. To pressurise a particular zone in a building to a specified level by means of
mechanical ventilation the rate of input air is determined by the resistance of the leskage
paths, hence & knowledge of fhe behaviour of these leakage paths is the prime requirement
for estimating the capacity of pressurisation systems for buildings. This section covers
existing knowledge of the leakage characteristics of doors, windows and building

construction and sets out the results of some site tests which extend the published data.

Nature of air’leakage

A general expression relating leakage flow rate @ to the static pressure differential

across an individual lesakage component is:

1
N - .
2@ = K (ap) &/s - '
where Ap is in N/ﬁz
K is the leakage coefficient of the compeonent

i.e. it is the value of Q when Ap is 1 N/m2.
It is more commenly quoted in terms of the "crack cecefficient” C for

unit length of crack (/s per metre per N/m?) muitiplied by the crack
length L, i.e. K = (L.

For small leskage openings as represented by cracks and pervious structures the
value of N varies between 1 and 2. For very small dimensioned openings the Reynolds No.
( !%Q ) is low and the flow resistance is mainly due to viscous forces, hence N will
approach 1. For larger openings the Reynolds No. increases (since it is proporticnal
to the characteristic flow dimension d) and the resistance will be mainly due to inertia
forces in the turbulent flow and N will approach 2. In practice this means that the
following values of N are typical of normal consiruction,

' Leakage component =~ N

Brickwork
Window crackage
Door crackage

N o= —

The leakage characteristic of a component can also be expressed in terms of an
equivalent ares of opening A. If the coefficient of discharge for the opening is taken

as 0.65 (IHVE Guide, Section A.4) then for ambient conditions equation 3.1 becomes
2 : ]

Q = 827 A {ap)V u/s
If leskage through perviocus structures is ignored and N is approximated to 2 then
this becomes , _

Q = 827 A {(ap)? "2/s — 3.2
Where several leakage components are in parallel and the pressure drop across each is

the same the total rate of air flow is given by -

Q =87z A @Bp)? ofs —_— 3.3
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where T A = A) + Ay + Ay + Peerrean.
and Ay, Az, Az, --n... ... are the equivalent areas of opening of the individual leakage
components.

For several components in series, as often occurs, the air flow through each is the

same, i.e.
' :
Q =827 &) (apy) ? =827 4 (8py) ¥ = «.nn...
The total pressure drop Ap = Ap; + Apz + Ap3 + .......
Thus the effective equivalent leakage area A of components in series is given by
1 1 1 1
w2 = T 4'—2 +—2+ Jeeresanaes ———---——3.1&
A Al AZ A3 .

For just two components in series

Al XAZ %
Q=327<———;"‘ Ap
A2+ a2}
From equation 3.4 it can be seen that the effective equivalent area A is strongly
dependent on the smallest of the individual openings that are in series and it is always
less than this, the smallest value. If the smallest of the openings in series is less than

one quarter of any other opeﬁing then only the smallest need be considered and equation

3.2 can be used.

It is possible to produce more general relationships between Q, A and Ap using
particular values of K and N but since nearly all internal building flows are controlled
by door and window cracks the above equations are sufficiently accurate for most

applications where manual calculations are used.

Literature survey on air leakage data

An extensive survey, inc}ﬁding a literature search and enquiries to appropriate
bodies, was made with a view to assembling existing data on air leakages into a
compfehensive guide. The survey was less fruitful than anticipated however and the
results are summarised below under the three main categories of component, windows, doors
and structures. Leakage studieéAseem to have traditionally been orientated towards
assessing heat losses due to the infiltration of cold air, and have conseguently
concentrated on windows. Externel wall construction and doors have been considered to a

lesser extent.

Windows

Early studies of air infiltration through windows were made in the U.S.A.
(36,37,38,39,40,41), and more recently further work has been reported (42,43). 1In the
U.K. Dick and Thomas (hk4) investigated the effect of gap size on window leakage and in
recent years this has been followed up at the Princes Risborough Laboratory of the
Building Research -Establishment (49). With increasing emphasis being placed on the
ﬁerformance of individu#l building elements, a standard for testing the weather-tightnegs
of windows now exists (45). A draft standard for the grading of window performance (kﬁj
recormends that air leakage rates should not exceed 3.3 2/s/m at 100 N_/m2 pressure

difference.

Two sources (47,48) containing the most comprehensive test results were selected
for more detailed_analysis, in view of the wide range of window types and fiﬁures
reported. To simplify the presentation the data was grouped firstly into that for

windows with weatherstripping and without weatherstripping, and secondly eccording to the
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type of opening arrangement, as follows:

(i) pivoted windows, non-weatherstripped
(ii) pivo?ed windows, weatherstrippgd
(iii} sliding windows, non-weatherstripped
(iv} sliding windows, weatherstripped.

There was found to be no significant difference between groups (iii) and {iv) and these
were subsequently combined. Leakage rates varied between maximum and minimum values
observed by a factor of approximately 15 for non— weatherstripped and L0 for weather-—

stripped windows. Typical figures are given in Table 3.1,

Two difficulties experienced in making this analysis should be mentioned.
Firstly a constant value of N was assumed for equation(3.1). In practice this is often
only true over a limited pressure range since gap size may vary with pressure difference
across the window. Secondly infiltration data was used. Recent studies have shown that
centre pivoted windows excepted, leakage in the direction of opening (usually

exfiltration) is approximately five times leskage against the direction of opening.

Doors,

Existiné experimental data on air leakage through doors was found to be very
limited. Test results on full scale door cracks are reported by Min (50). From earlier
work on stack effect in high buildings {13,1k}, Tamura {16) has estimated the equivalent
leakage areas of stairwell doors (single leaf}and 1ift doors as 0.022m2 (0.2 ftz) and
0.05km2 (0.5 £t2) respectively. Tests at Princes Risborough Laboratory (53) on external
doors with sills indicated a leakage rate of 11 £/s/m at 50 /m?, or about five times
that of.unsealed windows. The equivalent leakage area deduced from the latter tests by
equation 3.2 is 0.001% m?/m length. ‘

In view of the lack of experimental information, it is appropriate to consider
existing standards relating to the permissible sizes of gaps around doors. For fire-
check doors to BS 459 {51) the width of the gap hetween door edge ‘and frame should not
be more than 3mm (}"). HNo regulation of gap between door and floor, which is usually
the largest, is made however. BS 2655 {52) for lifts requires any gaps in landing
entrance deors to be not wider than S mm (3/16"). Leskage rates based on these clearances

are included in Table 3.1.

Structure ]

Based on work by Houghton and Larson et al {54,55,56,57), the ASHRAE Handbook of
Fundamentals {58) gives defails of air leakage through various types of wall constructien.
Figures for brick walls, which are the most appropriate to the U.K., show that leakage is
greatly influenced by both quality of materials and workmanship. In addition the leakage
through brickﬁork which has a plaster finish is approximately 1% of that through untreated

brick, while the reduction due to painting one surface may be only 50% or less.

From studies of tall buildings in Canada, Tamura and Wilson (14} have measured
leakage rates through several types of external curtain wall construction with sealed

glazing. Figures have alsoc been derived for some internal walls and floors(16).

Results of Survey
Windows are fairly well documented as regards air leakage rates. Such information

as exists for doors and structures suggested that, in most practical situations where

walls are plastered on at least one side, air leakage through them could be neglected in
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Table 3.1 Summary of atr leakage data for building compcnents taken from various sources

o Reference Average leakage in /s Value ofr
Component Description source for Ap = 25 N/m2 index N Remarks
Windows Pivoted 47,48 1.60 per metre crack 1.6 Leskage range 0.42-5.7
Pivoted & weatherstripped 47,48 0.22 per metre crack 1.6 Leakage range 0.035-1.5
Sliding 47,48 0.61 per metre crack 1.6 - | Leakage range 0.15-2.3
Proposed exposure grade .
Sheltered 46 1,40 per metre crack 1.6
Moderate 46 1.08 ‘per metre crack 1.6
Severe L6 0.91 per metre crack 1.6 '
Doors Single stairwell door 16 75 2
Lift door 16 200 2
Ext. door with sill 53 : 8 per metre crack 2
Standard fire stop 51 13 per metre crack 2 computed value
door with }" {(3mm) gap
Lift door with 3/16" 52 21 per metre crack 2 computed value
(5mm) gap
Brick and 83" (216mm) plain brick 58 0.76 per m? 1.15
Masonry - 831" (216mm) plain brick 58 0.0068 per m? 1.15
with plaster .
13" {(330mm) plain brick 58 0.68 per m? 1.15
13" (330mm) plain obrick. 58 0.003k per m? 15
with plaster .
External walls ik 1-2 per m? for curtain wall| 2 The leakage through
Internal walls - 6 - 200 per flasr unplastered -?ompleteddszrugtures
lo per floor plastered 15 assumed Lo be
through cracks, hence
value of B = 2
Floors 16 1 per m? 2
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relation to that through door cracks. A need for more reliable information on the

magnitude of door leakages to be found in practice was indicated, and this aspect was

consequently investigated in some detail in subsequent site tests.
Typical air leskage rates arising out of the survey are given in Table 3.1.

Air lebkage site tescts

The purpose of these tests was to establish the air leakage characteristics of
actual lobbies, stairwells and corridors, emphasis being placed on the measurement of
leakage rates for doors since the literature survey findings showed that this was where

confirmatory date was most needed.

It was not practicable under site conditions to measure leakage rates through
individual components directly. Such information was obtained however by a method of
differences, i.e. successively sealing off individual components and chserving the

resultant difference in pressurisation when using a known air supply to the enclesure.

Test method

Pressurisation of & selected enclosure was achieved 5y use of a portable centri-
fugal fan rated at 570 &/s (1200 ¢fm). The restriction on the fan size arose from the
requirement of being portable and being operated from a single phase 13 amp 230 v supply.
The size of enclosure which could be satisfactorily pressurised with this size of fan was
limited by the number of doors forming leakage paths from the enclosure. This did not
prove to be too serious a limitation but did mean that the tests were mainly carried ocut

on lobbles with only a few on corridors and stairwells. A temporary door, erected in one
of the entrances to the enclosure, was fitted with the inlet orifice for the

pressurisation air supply {Plate 1).

The rate of air supply could be varied over the fan output range and the volume
flow was measured from the static depression at a 60° conical inlet to BS 8.8 positioned
on the fan inlet. Precautions were.taken to minimise unwanted air leakage from the fan

rig and temporary doer (Plate 2):

During the tests the static pressure difference zcross each door was measured by
means of an electronic micromanometer and a probe specially designed +to fit round a deor

(Plate 3).

Anglysis of the test results into a logarithmic form of equation 3.1 gives a
linear relationship between Q and Ap, from which values of K and@ N for each test run are
more easily derived, i.e.

log @ = logK +%log (ap)

Providing the resistance to air leakage beyond each door from the enclosure was
relatively small, the static pressure difference was nearly the same across each door.
This condition could be obtained by opening a few windows in the appropriate places, and
ensured that the resistance meﬁsured was that of the doors only. In the lobby or similar
situation where the doors are acting as parsllel leakage paths, the leakege rate of a
particular door can be deduced from the difference irn the value of K obtained before and

after sealing the door cracks.
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.pressurisation system after a building is complete and its "leakiness" assessed.

Test results

Tests were carried out in five buildings giving leskage rates for a total of
thirty doors. The mean leakage rates and the range of results are shown in Table 3.2 for
four fairl& distinct categories. All single and double leaf doors had rebated frames.

Office doors were found to have substantislly lower leakage than other single leaf
swing doors, indicating & generally better fit in their frames. This is probably due in
part to the fact that they are retained in the shut position in closer proximity to the
frames by the action of the door cetch. In the limited sample tested, no significant
difference in leakage was observed between double leaf doors with & centre rebate and
those without one. The value of the exponent N ranged from 1.5 to nearly 2, with an

average value of 1.7.

It is interesting to compare the leskage rates per unit length of crack with those
obtained in the literature survey. Test values correspond closely to the maximum gap,
or slightly above, allowed by the relevant British Standards. Office doors are a sig-
nificently better fit althoughlthere is no present standard for these. Other single
door and lift door figures are.in reasonable agreement with total leakage rates calculated

from Tamura's eqivalent leakage areas.

Whilst the agreement between the measurements obtained from the site tests with
the dats of Tamura (16) and that implied in the British Standards (5%, 52)
is good this does not automatically ensure that in practice actual situations will always
accord with the mean data. There is no apparent control during building construction te
ensure that these leskage data will be typical, yet it 1s not economic to size a
Hence
the control of the fit of these doors {and windows) which play a part in the effectiveness
of pressurisation in controlling smoke movement forms an integral part of pressurisation
system design., This point must not be lost sight of in specifying pressurisation system

performance,

Table 3.2 Results of air leakage tests on installed doors

Mean leakage| Range of Standard Mean leakage Computed | Equivalent
Door type rate measured |deviation of| per metre of | gap width leakage
/s st Ap = Jeskage |measurements openable mm - ' area
25 N/m? rates L/s joint ¢/s.m m?
Single leaf door
(a) office door
with catch Lk 30 - 61 7 8 1.9 0.01
{(b) doors with-~
out catch 86 79 - 98 7 15 3.7 0.02
Double leaf With
or without centre 123 ol - 164 29 13 3.2 0.03
rebate)
Life landing 195 157 - 2551 29 2l 5.9 0.05
entrance
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REQUIREMENTS FOR PRESSURISATION

Introduction
This section deals with pressure differentials, air flow rates and venting
requirements for pressurisation systems, which can be summarised as follows:

(i) Pressure differentials

An excess pressufe must be maintained in an escape route so that flow
is always outwards, preventing the entry of smoke under adverse conditions.
(ii) Air flow rates
The rates of air flow from the escape route necessary to achieve the
pressure differences of (i) must be determined from the leakage character-
isties of the escape route, so that the capacity of the mechanical
. ventilation plant required can be correctly determined.
(iii) Venting
The air introduced for pressurisation must be able to escape from the
building after leaking from the escape route. There will be a minimum
leakage area in terms of window leakage rates or special vent sizes
required to ensure the release of a given quantity of pressurisation air

to the atmosphere.

A study has been made of these requirements using a computer and the results are

desecribed below. ,

Computer study of pressurisation requirements

A digital computer program (CRKFLO) has been developed at HVRA for an earlier
study of natural ventilation in tall buildings (34). It was equally suited to the
present study in that it enabled a variety of specific ventilation conditions and their

effect on pressurisation in a building tc be investigated.

Alr movement within a building is simulated by the CRKFLO program as a pipe network
problem. Air flow paths between a series of inter-connected nodes or spaces in the
building are represented by a set of non-linear simultaneous equations of the form
eguation 3.t. Values of K and ¥ are specified for each path in the data input. A
solution is approached by making successive approximations tc the unknown pressures,
starting from known values, until a flow balance is achieved. "Inflow" or "outflow",
representing net air supply and extract rates for mechanical ventilation, may also be
specified in the data input at any node for which the pressure is not known. The prin;—
out of results of the computer calculation includes tne flow rate and direction and

pressure loss for each path. ' ’ -

Using this program, the sensitivity of a pressurisation system to the following
parameters was investigated: '

(i) vbuilding plan

(ii} leakage characteristics of building structure
(ii1) external weather conditions

{iv) other mechanical ventilation

(v) open windows and perimeter venting

The study was made in two parts, firstly considering a single floor of a building
to look at aspects (i) and (ii} and then using a multi-storey model to consider the

remaining aspects. Heights of 6, 18 and 30 storeys were used for the latter. In the

- 17 -



2.1

h,o.2

main the study looked at pressurisation in vertical escape routes, i.e. stairshafts, but

guidance is given concerning the application of the results to horizental escape routes.

Building plan

Two hypothetical building plans (see Fig. 5) both having centrally situated service
éores but incorporating a numbér of different lobby/staircase arrangements were devised
for the study. Pressurisation was simulated in the staircases in each plan and in the
main 1ift lobby of Plan 2. The computer analysis showed that these pressurised areas were

not equally sensitive to changes in leakage parameters (see 4.2.2) or to the external

* ¢limete. The general air movement pattern in.these buildings is an outward one from the

central core to atmosphere via the accommodation area. Any increase in the leakage
resistance of external or corridor walls (or the introduction of internal walls into an

open piaﬁ building) tends ‘to push more pressurisation air towards the 1lift shafts,

" reducing the effective pressurisation of staircases adjacent to them (see Table k.1).

Positive wind or stack pfessures on the outside of the building produce a similar effect.
Since 1ift shafts, which are normally associated with staircase cores, can act as
pressure relief points, their positien on the building plan should be considered with

regard to their possible effect on pressurisation.

Building plan and leakage characteristics are closely interlinked in their.
influence on air movement within a building. The overall pattern is determined by the

resistance to flow of components in series and parallel with each other in the total

building network.

Leakage characteristics

Table 4.1.shows the change in pressurisation produced by varying individual leskage
rates of windows and doors over approximately the same range of values described in
section 3, other factors remaining censtant. These results relate to the pressure-
difference between escape route and corridor. This value is less than that across the
door immediately protecting the escape route in the eveﬂt of air flowing into the 1lift

shaft via the lobby.

In plan 2, (Fig. 5) window leakage is the most significant parameter affecting
pressurisation in stair A and 1ift leobby C. This is not surprising since a much wider
range of leakage rates exists for windows than for other components. The pressurisation

of lobby C is similarly affected by changes in 1ift door leakage.

In plan 1 (Fig. 5) the main 1ift shaft is not protected by a pressurised lobby.
Thus air is able to escape freely into the lift shaft and pressurisation of the stairs
is insensitive to changes in window and lift door leakages. Opening door F in plen 1

{Fig 5.) results in & large flow of air round one limb of the corridor, adversely

affecting the pressurisation of the opposite stair/lobby arrangement.

v
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Table 4.1 The effect of varying leakage parameters on pressurisation

Pa;amefer Leskage rate [ " * - % change in pressurisation -W
varied (from range o
in Section 3} Stair A Stair B 1Tt Stair D Stair E
lobby C
Windows 10% open + 177 "0 + 62 + L + 2
' ) max. + 1} 0 + 55 T +3 + 1
‘min, v - 63 "0 - 107 -3 -2
| office . max. - 0 0 5 e + 1
D .
oors min., o - 0 - 8 -1 -1
Lift max. .2 0 - by -2 0
Doors - min. 1+ 0 +97 ©  +3 0
Lobby - open - 3 0 + L -3 - 21
Door F .
- min. - + 1 0 0 + 2 + 17

In Table 4.7 pressurisation of 'stair B is independent of changes in the various
leakage parameters since excess air has no other means of egress from the staircase than
through the lobby. Cumulative leakage areas on the floors of a multi-storey building

would determine the proportions of air flowing through-each lobby in practice.

The main conclusion from the computer. analysis was that window leskage is essential
for the release of pressurising air to the atmosphere unless alternative means of egress
are provided. In addition doofs fo éscéﬁe rouﬁeé have a direct influence on pressurisa-—
tion; a 50% increase in leakage area apprdximately halves the pressurisation attained by
a given supply rate. This .indicates a need for stricter control over the fit of doors

in their frames.

L.2.3 External climate

The computer program was used to investigate the pressure differences produced
by-the external climate, i.e. wind and stack forces within buildings of varying heights
with the same plans used in L4.2.1. Extremes of metecrological conditions, as discussed
in section 2, were used in this study, that is a meteorological windspeed cof 20 m/s and
an external winter temperature of -10°%c. Wind and stack forces were considered both

separately and together, though such a-combingtion would cecur very infreguently.

Presaure differences due to wind and stack are shown diagrarmatically in Figs. 6(a)
and (b) for a 30-storey building. The results given are average pressures over 5 storeys
and show a maximum adverse pressure difference for the staircase of 12 N/m? due to stack
effect and 7.5 N/m? due to wind. Fig. 7 summarises the results of the computer analysis,
showing the maximum adverse pressure difference across a stair door on any individual
floor. It was found that stack effect generally predominated cver wind effect in tall
buildings; the pressure differences are entirely due to stack for buildings over 90 o
high in Fig. 7. Below 90 m the combined inflqence of wind and stack 1s greater than that
of stack alone, due to a significant upward movement of éir within the buildingtcaused by
negative wind pressures on the roof. For instance yind forces contribute 5 N/m2 and

3 N/m? to the total pressure difference for buildings of 25 and 50 m height respectively.
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The above figures were computed for buildings with windows of average leakage,

"i.e. 0.12 &/s.m.N/m2. In view of current trends towards better weather seals and window

design generally, it is expected that pressure differences will be lower thean these in

modern buildings.

Horizontal and vertical escape routes

The pressure differences due to the external climate given above apply to vertical
escape routes and to lobbies giving access to them only. Other horizontal escape routes,

i.e. lobbies and éorridors, are affected differently by climatic forces, in that they can

" be seriously affected by wind pressures but are relatively insensitive to stack effect.

The pressure differences across a door due to stack effect in & single storey does not

exceed 1 N/m? for normal temperature differences (i.e. execluding fires).

Horizontal escape routes can form a "through route" for wind induced air movement
from the windward to the leeward side of a building, e.g. stair lobby in plan 1, and aré
particularly prone to wind action when the lobby or corridor present the path of lowest
resistence to air flow across the building. This aspect was not studied in great detail
in the computer analysis, but the pressure difference across a door to a "through route"

due to wind can be calculated approximately'from the relative leakage areas of internal

.»and external walls and the.total pressure head of the wind.

A 2.
: Ap=P = )
i.e.
(AD

where A p = pressure difference developed across lobby door
P = total pressure head due to wind (see section 2}
A = effective leakage area of walls and doors in
series across the building (see section 3)
AD = leakage area of lobby door.

The value of A p is not likely to exceed 10% of the total head providing windows are
kept closed in the building.

It is concluded that pressures in horizontal and vertical escape routes are affected
mainly by wind and stack forces respectively, though wind éannot be neglected in relatién
to vertical shafts. The leskage resistences to horizontal and vertical air movement
determine the extent to which pressurisation systems are influenced by prevailing weather
conditions. The approximate ratio of 1:2:5 for steircase, external end internal wall

leakage areas used in the computer analysis is felt to be typical of the sort of building

studied, though inevitably a wide range of values will exist in practice.

Open windows and perimeter venting

Windows opened at random in a building cen unbalance a pressurisation system by
allowing air to flow more easily through one entrance of the escape route at the expense
of the pressurisation scross the other entrances. This depends on the prevailing weather
conditions and also the relative leakage of closed windows in the rest of the building.
Openings at low level in winter increase the adverse effect of stack (Fig 6c), unless the

windows are well sesled (Fig. 6d). If the latter condition is met, venting can be used to

‘ aid pressurisation and therefore smoke control. By venting the fire space adequately the

outflow from the staircase on thet floor would be increased, with a reduction on other
floors. This gives added protection to the escape‘foute cn the fire floor. Since the
behaviour of occupants is often unpredictable, the design of pressurisation systems must
allow for an adverse arrangement of open windows to exist in the event of a fire. The

worst situation, windows open at low level in winter, can give rise to an adverse
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pressure difference of 10 N/m? at the bottom of a pressurised staircase for = building

height of 100 m with an opening 1% of the storey wall area.

Other mechanieal ventilation

The computer analysis showed that ventilation to the accommodation areas at a net
supply rate of 1 or 2 air changes per hour (i.e. supply rate less extract rate) does not
affect pressurisation adversely. These rates are typical of present practice. A
necessary provise is that, should the extract system shut down, the supply ventilation

could create pressurised zones in direct competition with those of the escape routes.
Uncontrolled opening of windows would also be a serious problem with normal
ventilation running. Fig. 6(e) shows how venting at low level upsets the balance of

the pressurisation system in favour of the vented floor.

Use of normal mechanical ventilation to eentrol smoke movement

Fig. 6(f) illustrates that without staircase pressurisation, continued running
of normal supply fans in conjunctiog with venting specific floor areas could control
smoke movement. By venting the fire space the mechanical ventilation may be.sufficient
to maintain this space at a lover pressure than the remainder of the building, so that air
movement is always towards the fire. With well sealed windows, a supply rate of 2 air
changes per hour produces an "effective pressurisation” of 1lift and stair shafts of

30 — L0 W/m2 on the vented floors.

This suggests that building pressurisation and smoke control may be achieved by

.nermal air conditioning plant. The limitation on developing such schemes is the require-

ment for the sustained integrity of the system in the event of a serious fire. The idea
is attractive but a detailed study of system reguirements and construction is first

necessary.

Pressure requirements

‘Under fire conditions pressurisation must be suffieient to overcome pressures
developed in the building by fire, wind and stack effects. Further it must be sufficient
1o overcome the possible application of all three effects acting against pressurisation
at the same time sc as to maintain outward flow from the escape route. The pressure
developed by a fire across the top of a closed door was discussed in section 2, the
pressures developed by wind and stack effect in section 4.2.3 (Fig. 7). The overall
pressure requirement for stairwells extending through the height of the building, with a
safety margin to include the adverse effects on pressurisation.of random window opening,
is given in Table 4.2. It will be noted that the recommended pressurisation levels have
been rounded off to two values, 25 and 50 N/m?2. This is because an increase in pressuris-—
ation from 25 te S0 N/m? constitutes only a U0% increase in the air flow reguirement,
and hence further subdivision would result in very marginal increments in air flow.
Underground buildings would normally fall into the lower pressure category (25N/m?) since
the stack and wind effects.in these buildings should be small.
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Table 4.2

Minimun pressures required for pressurisation of stairwells in buildings

Building height Fire pressure Wind and stack | Recommended total pressure
nm N/m? effect including safety margin
' N/m? N/m?

5 8.5 8
25 8.5 10.5 25
50 . ‘8.5 13
100 8.5 19.5 50
150 8.5 29.5

It 1s important that pressurisation should not hinder the opening of doors on
to escape routes during evacuation. Whilst an average adult can applyaforce of about
180N (%0 1bf) to open a door (71), scme people would not be able to exert this force and
a recommended maximum opening force of 90N is suggested. Allowing for a pull of 4SN to
overcome the doors self-closing mechanism then the force available to open a door against
pressurisation is LSH. This is equivalent to a uniform pressure of about 50 N/mZ on a

typical door and this is recommended as the maximum level for pressurisation.

Various methods for countering stack effect and hence reducing the pressure
requirements for smoke control have been suggested. Two of these are:
' (1) the subdivision of vertical shafts to limit the total compartment height over

which stack effect can act, 'Canééian practice is to divide stairshafts into
5 storey compartments, under UK winter conditions the equivalent limitations
would be about T-8 storeys. Limiting stack effect by compartmentalisation
cannot normally be applied to lift shafts.

{2) use of separate pressurisation systems to serve éach floor of a building.

The economic aspects of this form of system are discussed in section 5.

Atr flow requirements
Cloged doors

The air flow rate for pressurisation will normally be assessed on the pressure

é¢ifferences required across closed doors and the associated leakage rates. During the
normal passage of people through a doorway, the momentary loss of pressurisation does not
seriously reduce the effectiveness of the pressurisation system. It has been found that
smoke tends to be held back by the outflow of air through the cpen doorway and pressurisa-
tion air quickly clears small amounts of smoke which do filter through when the door is

closed again (5).

Large openings

Smoke and hot gases can infiltrate onto an escape route against an outward flow of
air due to the action of buoyancy forces across a large opening e.g. an open doorway {72).
Such infilt%ation can be curbed by maintaining an outward velocity of sufficient magnitude
to overcome the buoyancy effeqt, the required velocity being proporticnal to the tempera-
ture difference across the opening (see Fig. 8). Although it has previously been stated
that pressurisation design will be based an closed door leakage rates the above relation-
ship can be used to assess whether smoke will be kept back i the event of a door being

opened. A veiocity of 1 m/s, corresponding to a 20% temperature daifference, should
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meet most purposes during the evacuation period, though it may not be sufficient to

counteract flows arising from building wind and stack effects. It should be noted that

the flow stratification of hot gases and backflow in a corridor is considerably more

complex and cannot be treated in this simple way.

Caleulation of atr flow rates for pressurisation sygtems

In the straightforward case of a lobby or staircase, the air flov rate is simply

the sum of leakage allowances at the desired pressurisation. Two examples are given

below of more complicated situations occurring quite frequently.

Example 1 Pressurised lift lobby on each floor of a 5-storey building

Lift _
___.._] Lobby

Lift

8N

Design pressurisation = 25 N/m?

Leakage rate into the lift shaft depends on the

leakage area of ventilation opening to the shaft
,and the lift doors in series.

Vent area = 0.1 m? per lift

Lift door leakage area = 0.05 m? per door

Total leakage area into each shaft = 0.25 m?

From equation 3.4, the effective leakage area of each shaft is

L
A2 (0.25)2
A

= 0.093 m?

.2
* Toon?

(Note: For 8 or more storeys, A would be
approximately 0.1 m* 1i.e. just the
area of the vent)

Air leakage per shaft at.25 N/m? = 827 x 0.093 x (25)i (Eqn 3.2)

= 385 &/s or 77 2/s per floor.’

Leakage rates per lobby:

Double leaf doors
Lift shafts

Total

= 2 x 123 = 246 /s
= 2 x 77 = 154 &/s
400 2/s

Total air supply rate per lobby required for pressurisation

= 400 /s

Example 2 Two _systems serving to produce different pressures in

adjacent_areas

Staircase

Lobby

Venting requirements

10 storey staircase, adjoining lobby on each floor,
Design pressurisation: staircase 35 N/m?
lobbies 25 N/m?

a}) Staircase

Pressure difference between staircase and lobby
= 10 N/w?
Leakage rate per double leaf door at 10 N/m2 = 78 %/s

Total staircase supply rate = 78 x 10 = 780 /s
b) Lobby

Leakage rate from lobby: ‘
2 double leaf doors at 25 N/m = 123 x 2 = 246 /s
Leakage rate into lobby from stairs = 78 &/s from (a)

246 - 78
168 2/s per lobby

Total lobby supply rate required

Fresh air introduced into the building for pressurisation must escape again other-

wise the complete building becomes pressurised and the internal air flow patterns and

hence smoke movement are no longer under control. The high and low pressures would no

longer be clearly defined.

The venting of pressurisation air is then as an important

_23_



h.s.q

L.s5.2

part of pressurisation as the controlled supply of air.

The position of pressure relief points is also important in controlling the
internal air flow pattern. Vents must be provided to relieve pressure from each floor
served by & pressurised staircase or-from each room served by a pressurised corridor to
ensure that the required pressure differentials are achieved across all entrances or

exits of the escape route.

Methods of venting

Practical methods by which air may egress frombuildings incorporating
pressurisation systems are:

(i) leakage past cracks formed in openable {but normally closed)
windows

{i1) wvents in the external walls
(iii) mechanical extract systems

(iv) natural ventilation systems

Window leakage

The leakage characteristics of windows were discussed in section 3. In naturally
ventilated buildings there is normally sufficient leskage past window frames for the
pressurisation air to escape and further venting measures may not be necessary. An
assessment can be made as to whether there is sufficient window crackage to provide the
required peripheral leakage area. Using typical window leskage rates from section 3,
Table 4.3 gives the required crack length in terms of the net volume rate of pressurisa-
tion air supplied to the floor QN /5. QN will be less than the total pressurisation
volume rate where 1lift shafits and other defined routes contribute to the total leakage

from the building.

Table 4.3 Recommended minimm window ecrackage to relieve pressurisation

systems
Window Typical air legkage rate Recommended crack length
type /s. m. N/m? in metres
Pivoted To0.21 1.2 QN
Sliding ©0.082 3.0 Q
Pivoted and
weather~ 0.030 4.3 QN
stripped

Non-weatherstripped windows will normally provide sufficient crackage for
peripheral leakage. The figures in Table 4.3 indicate that additional venting by one of
the methods described below will be necessary to suppiement leakage through weather-
stripped windows, where these provide insufficient crackage on their own. Use of
sliding windows may also necessitate extra venting, since they normally incorporate

some form of weatherstripping.
In assessing the required crackage per building floor, window crackage on one side

of the building should be discounted to allov for the possibility of adverse wind

conditions.
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Peripheral vents

In this proposal vents are spaced uniformly in the external walls and these are

released in the event of the pressurisation system being activated. These vents would be

more effective if they had noen-return characteristics to prevent back flow under adverse

wind conditions. 'This method achieves the leakage requirement when the building facade is
particularly airtight, e.g. when the glazing is sealed. The effective open arez on a
floor to be provided by the vents has been shown by the computer analysis to be QN/2500 m?
vhere QN is the net volume rate in /s of pressurisation air to the floor as defined in
4.5.2. The effective area is that which can be considered unaffected by wind pressures,
hence vent areas on a windward face must be discounted. In assessing the minimum vent
areas required the above criteria must be met with the vents on any one side of the

building not being effective.

Mechanical extract

If the mechanical extract system 1n an air conditioned or mechanically wventilated
building can be run in the event of a fire then this is an effective way of removing

pressurisation air from the accommodation.

The minimum extract required on each floor is the pressurisation supply to that
floor if the air conditioning or ventilating supply is stopped. If the extract rate on
the fire floor can be increased over that on other floors in a sealed building then this
has a considerable advantage in reducing the fire floor to a minimum pressure area. The
extract points must not be positioned within pressurised areas nor in such areas adjacent

to pressurised areas that would prevent flow to the accommodation (e.g. internal toilets).

There are practical difficulties involved in this method of venting. The extract
system must be able to.handle very hot gases {although the temperdture will be reduced by
dilution with air extracted from other floors). Heat or smoke actuated fire dampers must
be omitted otherwise the venting would be stopped when most needed. Such an arrangement
would confliect with present regulations but it is possible that shunt duct connections
cn each floor might be an acceptable way of preventing fire being transmitted to other
parts of the building by the extract duct. Electriecally operated dampers under the control

of the fire brigade are ancther alternative.

Natural extract systems

This is an qlterdative to the above and has a potential application in sealed
buildings of open plan layout. The most economical arrangement is likely to be a
vertical vent shaft running the height of the building with openings to each floor.
These openings would normally be closed by a damper but in the event of a fire the
damper would be opened on the fire flocor. This opening could be achieved by an auto-

" matic smoke detector system. Alternatively it could be made by the release of a fusible

link although this is less satisfactory since considerable smoke could be generated before

the damper is released.

The only openings to the shaft that occur are at the top of the shaft and on fire
floors. The size of the opening to a fire floor must be sufficient to vent all -the
pressurisation air supplied to that floor plus some pressurisation air from other floors.
This is to ensure a.general air movement to the fire floor. The sizing of the vent and

shaft shall be as follows:

Z oy -



L.6

Net vent area (room to shaft) A, = —SH_ m2

where QN = net.pressurisation floor supply %/s

Vertical shaft size = 3 A m2

The area of the opening at the top of the.shaft shall not be less than the area
of the sharft itself.

Underground Butildings

Pressurisation ecan be applied to underground buildings and in the case of

extensive or deep accommodation it is perhaps the only practical measure for smoke

control.

Stack effects are negligible underground and apart from the possibility of
wind-induced cross flow near ground level the wind effects are not great. The

pressures required are thean only those for low level buildings, i.e. 25 N/mz.

Venting of potential fire spaces is essential and is normally achieved by natural
ventilation shafts (4.5.5.}. . These need not be sited at the periphery. These vent
shafts can be smaller than those normally specified for naturally smoke vented under-
ground buildings since the pressures developed by the plant can aid egress through the

shafts.

Care 1s necessary in the design of the terminal to the shafts to ensure adverse

wind pressures are not generated.
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MECHANICAL PRESSURISATION SYSTEMS

The objective of a pressurisation system is simply to provide sufficient clean air
at the required pressure level to the escape routes to keep them clear of smoke and
toxic gases. It needs to perform this function in the event of ﬁ fire for a sufficient
length of time for the occupants to escape or seek a safe refuge and to aid the fire-

fighting team in their attack on the fire.

The mechanical design of a pressﬁrisation system should meet all the technical
requirements needed for this objective as economieally as possible. The economics will be
influenced by the schedule of operaticn of the system, that is whether the plant is idle
except for an emergency or whether it runs continuocusly and if so at what level of

performance. The operational requirements are discussed in detail below.

Operational schedules for pressurisation systems

The three basic modes of operating pressurisation systems are:

{a) pressurisation plant normally off. In the event of a fire the plant is
switched on to its full duty.

(b) pressurisation plant runs continuously at full duty during all hours of
occupancy ,

(c) pressurisation plant runs continuously at reduced capacity during all hours
of occupancy with a boost to full duty in the event of a fire.

The adventages and disadvantages of these three modes are discussed in detail in

the following notes.

Plant off except in an emergency

The strict reguirement for pressurisation is fully met by this mode of operation.
The basic weakness is that there can be a delay between the start of a fire, its discovery
and notification  and the starting of the pressu.risatiém plant. During the early stages of
a fire it is possible for large quantities of smoke to be generated through incomplete
combustion and hence the operation of pressurisation during the early stages i1s important.
If an automatic smoke detector system is installed and the alarm alsc initiates the
pressuri;ation plant this weakness is met. This is not likely to be the case in typical
office accommodation which constitutes the bulk of tall buildings: Whilst site tests have
shown (5, 6) that pressurisation can quickly and effectively cleaf escape routes if
smoke does infiltrate on to them this could still be a hindrance during the early stages
of evacuation. This mode will then rely on an early discovery of a fire for the system

to fulfil all its duties.

Plemt rmumning continuous Ly
This meets the objective of the availability of pressurisation during the early stages

of a fire but this mode has the disadvantages of relatively high running costs and of
difficulty in providing adequate environmental conditions on the escape routes during

normal occupancy.

The high running costs arise through:

(i) continuous running of the pressurisation fans

{ii) supply of heat to temper the pressurisation air in cool weather
(iii) in air conditioned buildings the use of refrigeration to

counteract the direct introduction of cutside air into the building.
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It was apparent from the site visits to existing installations that the
environmental conditions in pressurised areas were distinctly uncomfortable when the
pressurisation systems were operating at full duty. The causes were strong draughts
and excessive noise and these were due to the substantial air volumes being circulated
in the stairwells and the lobbies. These existing systemé vwere not intended to operate
continuously and it would be feasible, but difficult, to disperse the momentum of the
supply air without causing objectionable draughts if continuous running was requested.
The modifications needed to reduce the possibilities of draughts and noise would add
substantially to the system costs, There are special cases where continuous runhing of
the pressurisation would be warranted, an example is a building where known toxic gases
would be generated by a process if a fire oceurred. 'Otherwise the additional costs are
excessive to cater for the possibility of some smoke infiltration onto escape rdutes

prior to the alarm being raised.

Plant running continucusly at reduced capacity except in an emergency

"This mode seeks to overcome the objection of possible smoke infiltration on to
escape routes before the fire alarm is raised by_supplying sufficent air to limit the
smoke movement towards the escape routes and to dilute any smoke that does actually
enter them. The cost saving of operating pressurisation schemes at reduced capacity

is quite substantial.

A particular reason for advocating running the pressurisation systems continuously
at reduced capacity is that they would serve the dual purpose of some smoke control
facility at all times and of providing the normal fresh air ventilation requirements for
internal spaces. The ventilation requirement for internal corridors as recommended in the
IHVE and ASHRAE Guides is 1.3 £/s per m? of floor area. Considering a typical pressurised
lobby of SO m2 floor area with two double exit doors end two 1lifts, this would need an
input of about 500 %/s, that is 10 /s per m?, to produce a pressure differential of
25 N/m?2. 1In this case the level of pressurisation produced by the normal ventilation

requirement is,

(1:3y° = 0.k2 N/m?
TN x 25 = 0.k2 N/m

This is insignificant in terms of commonly occurring pressure fluctuations within
a building, hence the ventilation needs do not contribute to the pressurisation

requirements. However a common system to serve both needs is quite feasible.

A more realistic estimate of the level of pressurisation needed during the very
early stages of a fire {before the alarm is raised) should be based on the following,

(i) pressures developed in the early stages of a fire

(i1} wind and stack effects that are not commonly exceeded

(iii) smoke dilution capabilities of the pressurisation air.

In section 4 it was shown that a fully developed fire on one side of a closed door
could produce a pressure differential at the top of the door of 8.5 N/m?2. If the fire
is not fully devcloped then the pressure differential is less. A typical test (73)
indicates that the room temperature is likely to réach about 200°C during the early stages

of a fire. The pressure difference developed across the top of a closed door at this

~ condition is about 4.5 N/m2.
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In the analysis of wind and stack effects in section b extreme climatic conditions
have been assumed to exist when a fire develops. In fact for most of the year the wind
and stack effects are significantly less. The IHVE Guide, Book A, gives 90% of all days
at temperature of 4°C and above and coincident wind speeds at the low temperature are
rarely above T.5m/s {for London). Hence a stack effect arising from an cutside temperature
of just hOC, inside temperature 21°C, and neglecting the wind effect would cover eventua-
lities on 90% of all days. The stack effect for this condition is a function of the
building height as given below.

Building height Stack effect
m N/m2
5 0.5
25 2.5
50 5.5
100 10,5 i
150 16

Hence the pressure and flow conditions given in Table 5.1 would meet most
conditions occurring during the early stages of a fire whilst operating at a lower

level of pressurisation.

Table 5,1 Recommended reduced pressurisation levels

Building | Reduced fire | Reduced stack Reduced Recommended | Approx. % reduction
height pressures effect pressurisation levels in flow over full
m W/m? N /m? level N/m2 N/m? capacity
5 ks 0.5 5:0 7.0 50
25 h.5 2.5 7.9
50 \ 4.5 5.5 10.0 15 5
100 k.5 10.5 15.0 '
150 4.5 16 20.5 20 40

4
The operating costs for a system running at half capacity are gbout one third of

those for continuocus operation at full capacity.

Application of operating schedules

The choice of preferred operating schedule will be influenced by the probability
of early detection of & fire. Automatic smoke detector systems or a reasonably dense
cccupancy level should ensure early detection, but where sleeping accommodation is
involved or the occupancy density is very low detection could be delayed and theioperation

must take this ipto accownt. The following arrangements of operation are suggested.



Table 5.2 Economic duct velocities in vertical ducts (m/s)

Building Oceupancy Alarm System ' Mode of Operation

Typical office . Manual or.automatic Plant normally off. Operates

accommodation . on alarm being raised

With sleeping Automatic smoke Plant normally off. Operates

accommodation detectors on activation of alarm.

Manual alarm Plant at reduced capacity.

Boost te full capacity on
alarm being raised.

5.2 Bagtie Mechanical Systems

The . component parts of a pressurisation system are:

(1) Plantroom, housing fresh air intskes
fans and associated controls
heater batteries and filters
interconnecting ductwork

(2} Distribution systems comprising ducting supply systems
terminal diffusers
venting arrangements

(3) Building venting arrangements {see section b).

5.2.1 _ Plantroom
Certain specific requirements apply to the plant, its positioning and its
protection in case of fire. The major requirements are:
(i) that the air intake shall be in a position free from smoke
logging and physical obstruction -
(ii) the plantroom sﬁall be constructed of materials giving a minimum
one hour fire resistance ’

(i1i) the reliability of the plant items shall be high.

A plentroom at or near ground level has the advantages that the intake should be
relatively free from smoke logging (since hot smoke and gases rise) and also it is readily
accessible to the fire-fighters. An additional point is that power supplies need not be

run extensively within the building.

. Past practice has shown a preference for positioning plantrooms at roof level
(see section 7). This position presents a possibility of smoke and toxic gases being
drawn into the air intake since these contaminants will tend to cling to the building
facade while rising and, depending on the wind direction, some can be trapped over the
roof. The possibility of this influencing the quality of the fresh air intake can be
reduced by providing two intakes spaced apart and facing different directions. This

arrangement is recommended for all plantrooms placed at high level.
The air intakes should be ducted to the fan inlet. This measure is necessary to

prevent the pressurisation fan reducing the pressure in the plantroom below atmospheric

pressure and hence inducing flow from the building towards the plantroom.
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The reliability of the plant items are discussed in section 6.

Where an emergency power supply is provided (other than from batteries) then the
pressurisation’ fan should also be connected to this supply. The load that can be taken
on the emergency power supply may influence the sizing, and hence the power requirements,

of the pressurisation fan.

5.2.2 Dretribution arrangements
The purpose of the distribution system is to convey the air to the escape routes in

the event of a fire and to do this economicelly. The escape routes in general consist of
lobbies and staircases and these invariably repeat themselves at the same position at each
floor level for at least a number o% successive floors. Distributing to these areas with
a minimum length of ducting can be achieved by:
(a)} A single plant serving a vertical duct with short horizontal branches to
each floor.
(b) System (a) but with plants at various levels so as to restrict the
length of duct run served by a single planﬁﬁu
oo (¢] Individual plants serving each floor. ' .

These methods are shown schematically in Fig 9.

If arrangements {a) and (b) are compared it is apparent that (b) does not present
any particular economic advantages unless the Tuilding is very tall and ducting is a
major part of the system cost. Taking the cost of the vertical ducting as wniform per
unit surface area and the cost of the horizontal branch connections and fittings being

25% of the total ducting cost then the capital cost ratios are approximately.:

No. of plants Relative distribution Relative plant
and vertical costs room costs
ducts .
1 1.0 1.0
2 0.89 1.6
3 0.82 2.1

These figures do not take full account of the floor sSpace saved by running

smalled ducts vertically when more than one plant is used.

There is a technical reason for limiting the vertical distance served by any one
pressurisation system. This is the need for a design which inherently meets the
requirement for uniform (or.set) discharge at intervals along the vertical length.
This is more easily achieved as the number of branch outlets is reduced (section 5.2.4).

_ ’

It is more difficult to quantify the cost comparison between systems (a)} and (c).
Provided system {a) has branches of limited length and complexity this method will
almost always be cheaper in the case of a multistorey building since the recommended
requirements for {c) would, in the case of internal pressurised areas, include:

(i) individual fan units with controls duplicated at building entrance .

(ii) horizontal ducts spanning the building width so that air intakes could

be in two alternative positions

. {ii1) enclosure of fresh air ducts to give them the necessary fire resistance.
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The advantages of (c) are that the vertical shaft is eliminated and net floor

space can be incressed.

Ductwork construction .

‘'The constructional requirements of ducting are for integrity in fhe event of a

fire and long life at a minimum cost.

These properties for common duct materials are summarised qualitively in Table 5.2.

Table 5.2
Duet Maximum operaging . Resistance to
material temperature C atmospheric Relative cost
corrosion
mild steel 500 poor 1.00
galvanised ‘ ’
mild steel 500 ‘ good 1.25
aluminium 250 ‘ good 1.60
B.V.C. 60 . excellent ‘ 1.90
stainless : '
steel 600 excellent g
brick .
c:;:re:: 1000 - good low since struc-
tural shaft is
normally required.
Extra cost is for
sealing.

The economic choice. is between galvanised mild steel ducting and builders work.
The latter is probably slightly cheaper (Appendix A), but the necessity for completely
sealing the surfaces, and preferably the internal surfece, of builders work ducts is
very important. Brick ducts should not be used for pressurisation without an internal
lining or rendering of the surface. Experience has shown that without sealing the loss

through leakage can be high {20 - 50%).

The cost of rectangular sheet metal duct is significantly influenced by the hesign
operating condition, that is with fen operating at maximum capacity. Current construc-
tional specifications (67, 68) distinguish between low velocity ducting at pressures up
to 500 N/m? and high velocity ducting at pressures over 500 N/m?. The latter is approx-
imately 25% dearer (61). Since ducting constitutes about 50% of the total system cost,
the differencg represents about 12% on capital costs. For circular sheet metal ducting

there is little difference in cost between low velocity and high velocity ducting.

Pressurisation ducting must be run in a protected shaft but it does provide a
vertical duct connecting with all floors. Whilst this would normally require fire
dempers it is recommended that these be omitted so as to eliminate the possibility of a
malfunction of a damper shutting down the pressurisation system in an emergency. With
the system running at full capeacity the pressure developed by a fully developed fire
would not be large enough for the fire to enter the duct and hence spread of fire through

the ductwould be prevented,
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5.2.4

Duct sizing _

Experience gained from the site ;isits (Section T) indicated that many systems
were initially well out of balance and considerable adjustment at the terminals was
necessary io approach the discharge conditions specified. In cne case the systemwas
incapable of being balanced in its installed form. This situation is not acceptable when
the correct distribution of air is a prime requirement for the system. The mal-distribution,
which was common, need not arise if suitable procedures are adopted to size the distribution
system. Two design procedures which produce an inherently. balanced distribution system
for long ducts with uniformly spaced ocutlets are:

(a) the static re-gain method for variable section ducts

(b) the manifold design method for constant section-ducts.

{(a) Static regain method

The desigﬁ pilosophy of this method is that for a duct with multiple outlets
spaced along its length the static pressure at entry to each branch shall
remain constant. This can be achieved by balancing the static pressure gains
and losses between the branch take-offs, i.e.

Static pressure regain due to lowering of velocity after a branch = friction

plus other losses in main duct up to and including next branch.

The method sizes the duct so that this equation balances. Provided that the
veloeity pressure in the main duct does not contribute significantly to the
flow in the branch this method of duct sizing should ensure approximately

uniform outflow.

Standard charts (69) are available for computing the size of ducts to achieve
this balance. The method has one particular limitation, if & main.duct of
constant cross—section is chosen then the deéign solution gives an eguivalent

duct diameter of about-E%a where £ i1s the duct length. This solution may be

neither practical nor economic. .

(p) Manifold design method

The solution to sizing ducts of constant cross section appears in many texts,
a simplified solution which can be readily adapted to sizing pressurisation
systems for multistorey buildings where the flow to each floor is equal is
given by Haerter (70). A balanced flow situation can be achieved if:

(i) the main duct is madé very large in relstion to the branch ducts

(ii) the resistances of the branches are relatively hi

Where the equivalent diameter of the main duct does not exceed 7%
then these two requirements can be quantified by the equation,

nA < 0.7 A Ve

b
or Ab < 0.7 A /Cb
n
where Ab = ¢.s. area of each branch duct, m2
A = c.s. area of main duct, m?
n = number of branch ducts
Cb = total resistances factor for branch duct
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C. o total resistance of branch duct, N /m?
b velocity pressure in branch duct, N/m?

Total resistance of branch duct = branch entry loss + branch duct frietion

loss + branch duct fittings loss + terminal loss.
This simplified solution to sizing of main and branch ducts is not valid
if the take-offs at each floor differ substantially.

5.2.5 - Economic duct velocities

The economic duct velocity is that veloecity which produces the lowest annual
operating cost for the pressurisation system. The cost factors involved in conveying

air for pressurisation through buildings are:

(i) plant capital costs
(ii) ducting costs
{(iii) plant operating costs
" (iv) space costs,
A simplified analysis of these costs is presented in Appendix A.
Considering only the main vertical distribution duct this enalysis (equation 8) gives the

mean values of Table 5.2 for a typical distribution system handling 1 - 10m3/s.

Table 5.2 Economic duct velocities in vertical ducts (m/s)

Annual plant

. Duct space rental £ /m? /Annum
running hours

i 0 20 50
2600 12 17 21

0 : 20 27 . 33
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6.2

6.3

6.3.1

6.3.2

RELIABILITY OF PLANT FOR OPERATING PRESSURISATION SYSTEMS

Introduction

The reliability of mechanical ventilation in comparison to natural ventilation is
one of the main points in favour of pressurisation. The possibility of & breakdown
oceurring in mechanical plant must however be considered since safety of life may be
dependent on the plant. A separate study has been made by HVRA of the reliability of
heating and ventilating equipment (62) and use has been made of data collected in this
study to assess the likely performance of pressurisation systems. The need for standby
plant has been considered in the light of failure rate data and the frequency of fire
outbreaks ir buildings. The type of standby plant, where it is required, has also been

considered.

Concept of reliability

Relimbility is the probability that an item will perform a required function under

stated conditions for a stated period of time. Tf n items out of N are still serviceable
n

i
related exponentially to the failure rate A (number of failures per unit time), making

after this period, the reliability R= Hence if no failures occur, R = 1. R can be
the simplification that A is constant with time.

The criterion of reliability can be used to assess the performance of systems.
Where the plant is run continucusly, the eriterion is the probability of a failure within
a given period of time. Alternatively where a system only operates at any required
instant, e.g. emergencies, then availability {ratio of time in working condition to total

time) is the correct criterion.

Failure rates for mechanical plant

Items of plant to be considered in an assessment of reliability of pressurisation
systems are fans and their motors, various controls including switches, failure sénsing
devices where standby plant is to be provided, filters and ductwork including grilles.
Failure rates where available and estimates of the useful life of these items are given
in Table 6.1. Failure rates are given as the average number of faults per year requiring
unscheduled maintenance action. A failure rate of 0.5/yr is eguivalent to one failure
every two years. Electrical faults include power failures due to power cuts, although the
HVRA survey did not include data for the two winters 1970/T1 Qnd'1971/72, when extensive

power cuts occurred, No data was available on the reliability of standby generators.

Fan systems

It can be seen from Table 6.1 that fans and motors are the major sources of failure,
and rates are independent of size {motor kw) and the ratioc of operating/calendar hours.
Common causes of failure are bearings in both fan and motor, and drive belts for centri-

fugal fans. A direct driven axial fan has a greater inherent reliability than a centri-

- fual fan due to the elimination of some fan bearings and the drive belts. Not all faults

result in total loss of capability, the percentage that do being considerably greater for
axisl fans than centrifugal (68% as opposed to 23%). 'This is due to the difficulty of
regularly inspecting installed direct driveén axial fans. The average time tO repair &

fault is 12 hours for both types.

Controls

Failure rate data for controls is rather scanty. The figures given in Table.6.1 are
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not specifically for ventilation plant. Electrical faults in starter switches, etc. are
included- in the fan motor rates. 15% of all centrifugal fen faults were electrical ones

in the data used.

Table 6.1 Failure rates for mechanical ventilation plant

Ttem Failure rate/yr. | Estimated useful life
years
Axial fan ¢.052 15 = 20
comprising fan 0.002
motor 0.05
Centrifugal fan 0.5 15 - 20
corprising fan 0.25
. motar 0.25 : .

_Controls

pneumatic 0.68 15

electrical _ 15
Automatic filters negligible 10
Duectwork negligible Life of building
Grilles, diffusers negligible 15 - 20
Fresh air screens negligible 15 - 20

and louvres

‘

Fire statigstics

The probability of an outbreak of fire per building per unit time is the frequency
of outbreaks divided by the number of buildings at risk. The frequency of outbreaks in
bgildings of various occupancies are published in the annual fire statisties for the U.K.
{63). The number of buildings in these groups can be obtained from rating information (6h),
also available annually. An estimate of the probability of a fire outbreak for some
building occupancies has been made along the lines used by Baldwin (65) but using data

from these 2 sources for 1968 (see Table 6.2),

Table 6.2
Occupancy P?obability'of'an outbreak of
fire per bullding per year.
Offices 0.0016
Private dwellings 0.0023
Shops 0.0056
Hotels 0.025
Education establishments 0.039
Industrial . . 0.089
Local government 0.39

Fire sfatistics used are based on the number of fires large enough for a fire
brigade to be called. In some buildings several outbreaks may be experienced.in one year,
in others none at all. The occupancy classification varies slightly between the 2 sources,
as the population is not strictly the same. Nevertheless the figures serve as a useful
approximate guide. In this light office buiidings present relatively low risk, hotels
medium and local government buildings high-
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6.5

6.6

The need for standby plant

Provision of both main and standby plant for pressurisation systems is an obvious

way of increasing system reliability. To provide a rational basis for deciding whether
the extra expense of providing standby plant is justified, a statistical approach has
been initially taken but this must be tempered by the emotional considerations associated

with thé safety of life in the final analysis.

The chance of a fire outbreak and pressurisation plant failure ceoinciding
The probabilities to be considered are that a fire may occur during breskdown or
vice versa. The probability of 2 separate events occurring together is given by the

product of their separate probabilities.

Consider the worst combination from the data in Tables 6.1 and 6.2, a centrifugal
fan operating a pressurisation system in a local government building. The mean time the
fan would be inoperative if failure occurred is 12 hours. Hence probability that fan is

inoperative for any 12 hour period in a year is

0.5 _ =4
m- 6.9 x 10

Probability of fire outbreak in any 12 hour period in a local government building
is

0.39 _ _
2 x 365

Probability of a plant failure coinciding with an outbreak of fire is therefore

3.7 x 10 .

5.3 x 1074

This is extremely small and does not appear to justify provision of standby plant.

This is not to say that standby plant is not necessary at all, just that the need
for standby plant is very small. Where lives are possibly at stake there is a strong
desire on the part of authorities to ensure maximum safety. Reliability of 1" is not
attainable but by providing standby plant the reliability can be improved. Various
forms of operating pressurisation plant with standby provisions are considered in the

next section.

Operation of standby plant

Reliability figures, based on failure rates from Table 6.1, are given for the

following configurations of standby in Table &.3,
1) Single fan and motor, i.e. no standby.
?2) Two fan and motor sets in parallel (both operating).
3) Fan and motor, standby fan and motor,
4) Fan, motor and standby motor.

Relisbility of standby and parallel systems are given by Ireson (66).l
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6.7

Table 6.3

System Reliability
Arrangement M = motor (subscript s
F = fan for standby)| - 'Fan type
Axial Centrifugal
1 Mo F 0.949 0.607
M'I F'Il
2 | 0.997 0.579
M2 F2
M F
3 U Il 0.998 0.910
M [:l
s
s
- M F
s

The overall reliability figures for arrangements (3) and (h) assume reliabilizy

R = 1 for switches and -failure sensing devices that operate standby plant.(this

reliability is not reached in practice). These figures show that a considerable increase
in reliability is gained by having a standby fan and motor, though, in the case of an
axial fan, little extra is gained by having the fan itself, the standby motor being
sufficient.

A parallel system where both fans operate simultaneously and one would continue to
run at reduced load if the other falled, .appears to be significantly less reliable than a
single fan and motor of centrifugal type due presumably toa greater inherent failure rate,

i.e. more components to go wrong.

Conelusions

Mean failure rates for mechanical plant are low, the main causes being fan and fan
motor. Axial fans are more reliable than centrifugal ones. The risk of a breakdown
eoineiding with a fire is apparently very small, though where a life support system is
concerned, reliability is of paramount importance to continuing safety of occupants and
warrants the provision of standby plant. In particular a standby motor and/or fan
improves potential reliability considerably. However, thé general conclusion is that
standby plent is not objectively necessary to achieve a ﬁigh level of plant availability

in the event of a fire.
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PERFORMANCE OF EXISTING PRESSURISATION SYSTEMS

Introduction

At the present time there are at least ten known completed buildinge in this country
with pressurisation systems and undoubtedly many more are planned or under construction..
Noné-of the operational ones has been put to the test by a significantly real fire
situation yet, so in a sense their design criteria and performance has not been completely
proven. However smoke tests %nd variocus measurements have Efen made which demonsgtrate their
effectiveness in sipulate@ f;re conditions. Two site tests have been carried out by JFRO
(5, 6} using a densitx of smoke camparable with fire conditions, but the accompanying
temperature rise has been rather small because of the practival difficulties associated
with simulation of fire 'in completed buildings. The results of these tests are summarised

below.

Pearl Assurance Howse, Cardiff

This 26-storey office block has a centre service core containing two staircases with
a 1lift lobby in between them. In normal operation air is supplied to the staircases at
the rate of 4 air changes per hour and to the lobbies at B air changes per hour. Air is
extracted from the‘stai}cases, alsc at 4 air changes per hour, to provide a balanced
ventilation system. .In Ah emergehcy ihe staircase supply is boosted to 16 air changes an

hour, extract and lobby supply remaining the same.

Although the pressurisation obtﬁined was fairly low (5 N/m? across stair door and
7.5 N/m? across lobby door) because of the low air flow rates and the extraction from the
stairs, smoke tests in both stairs and lobby showed that the system was capable of keeping
smoke out of them when the doors were closéd and the outside weather conditions were

typical.

Royal Courts of Justice, London

This is a 1b-storey block consisting mainly of office accommodation. Twin stair-

cases in the central core were to be provided with continuous pressurisa;ion to 7.5 N/m?
during office hours. In the event of a fire, pressurisation was designed to be increased teo
a level of 25 N/m?, this pressure being maintained while a door to the staifcase was held
open.

The design figures were adequately met. OSmoke tests were carried ou? under normal
and. emergency conditions, smoke being generated in one of the office areas, The perform-
ance of 'normal' pressurisation was rather inconclusive, possibly due to ambient
conditions at the time of the test. Emergency pressurisation was capable of preventing
smoke entering the staircase and lobbies, although some smoke spread to other parts of the
building, possibly via the ventilation ductwork, was observed. This was thought to be due

to the air tightness of the external wall construction.

Stte. test programme

#n investigation of some existing systems (other than those menticned above) has
been made to assess their performance and to examine practical problems arising in their
design and operation. In the light of the previous work further smoke tests were
considered unnecessary. A quantitative_assessment of performance of three systems was
made by the—fbllowing measurement s:

{i} the measurement of the air supply rate to the enclosure by the pressurisation
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7-3.1

system. Direct reading anemometers and hoods were used to measure the air
Tlow at each inlet grille.

‘{i1)} the relative pressures attained in the pressurised areas. Pressure differences
across separating doors were measured using a mlcromanometer and the pitot
described earlier (Plate 3).

The precision of measurement (1) was subject to certain limitations. In each case
site conditions ruled out the possibility ¢f in-duct measurements, which are inherently
more accurate, for both the branch ducts and the fan discharge. Hence neither the fan
performance nor duct losses could be measured. In addition the grille measurements made
could have been suspect due to non-uniformity of flow at the érille face in some cases.
Nevertheless some conclusions can be drawn about the standard of ductwork from a com-

parison of design and actual air flows.

The buildings ,
Deacon House, Sheffield

An office building forming an L-shape, one leg of which rises to 8.storeys. A

design pressurisation of 50 N/m? was specified for the main staircasg and 1lift lobby areas.
Some openable windows were provided in these areas but these were under the control of the

fire brigade. The pressurisation system is single stage, coming into operation on demand

{emergency) only. See Fig. 10 and Plate L.

Based on a leakage allowance of 75 /s per single leaf déor and 550 t/s per lift
shaft, a design air flow of 5135 &/s (10,880 cfm) was calculated. 'The plhnt room is at
roof level. It contains an axial fan rated at 5665 £/s and mounted at the top of a
vertical builders duct whieh has branches to each lobby and to the staircase at alternate
floof'levels. The fresh air intake is in. the side of the plant room and is not connected

directly to the fan. The design supplies were:

staircase 225 g/s at each of 4 levels

lobbies 520 &/s each, except ground floor = 595 &/s
for combined entrance hall/lift lobby.

Apart from mechanical extraction from the teilets, the building is naturally
ventilated. Air leakage from the pressurised areas is via windows in offices, stairs
and lobbies, extract ducts in toilets, 1ift shafts and an exit door at ground level from
the staircase.

Tests were initially carried out before the building was fully completed.
Temporary doors were still in place and the floors were unfinished. In view of the
low pressure differences obtained tests were repeated on completion of the building to

see what improvements had been made.

Comments

The site measurements are set out in Tables T.1 and 7.2. A marked improvement in
pressurisation was achieved in the second set of measurements (Table 7.2). With & mean
value of 60 N/m?, the final pressure difference between lobby end offices was higher than
the design figure, despite the total air flow being lower by some 40% than required. This
can be explained by the fact that pressure differences across other deors, for which full
allowance has been made, were considerably smaller, indicating a significant resistance

to leakage of air from toilets.
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Overall the pressurisation was balanced between staircases and adjoining lobbies.
This is not surprising in view of the positions of the respective supply grilles on
adjacent sides of the pressurisation duct at the same level. Ideally the staircase would

be maintained at a slightly higher pressure than the lobbies.

Table 7.1
Deaeon House: Site measurementg on pressurigation system

before completion of the building.

Floor Staircase Lift lobby
"Air supply | Pressurisation | Air supply | Pressurisation
/s w.r.t. lobby L/s w.r.t. offices
N /m? N/m?2
G + 25 t Not measured _
1 115 - -2.5 145 + 20
2 - T.5 170 + 12.5
3 105 - 2.5 260 + 20
L ' -5 ) 270 + 20
5 85 - 2.5 300 + 30
6 - 7.5 265 + 20
7 105 _ -5 285 + 25
*rotal 410 1695

* ..
Estimated@ leakage through the toilets was 140 /s giving an
apparent system supply of 2245 &/s.

+ Pressure difference across door to outside,

Table 7.2

Deacon House: ' 5ite measuvements on pressurisation system
after completion of building.

Floor Staircase Lift lobby
Air supply | Pressurisation | Air supply | Pressurisation
/s w.r.t. lobby L/s w.r.t. offices
N /m2 N/m?
) : t q
G + 2.5 525 + 30 (+105)
1 160 - 7.5 250 + 82.5
2 ‘ - 7.5 270 + B7.5
3 176 + 5 . i90 + 52.5
b +5 305 + 60
5 185 - 2.5 210 +52.5
6 ~ 2.5 300 + 60.
7 125 0 265 + 32.5
#
Total 640 2315

®
Estimated leakage through toilets wes 100 /s giving an apparent
system supply of 3055 &/s.

tAcross two sets of double leaf doors in series.
Pressure difference across each set is half this value.

JAcross main entrance door to street



7.3.2.

During the tests a positive airflow from the toilet next to the duct into the lobby
was noticed. It was discovered that the toilet extract ducting was situated inside the
builders work pressurisation duct, and that pressurisation air was leaking into the
toilets as a result. The estimated leakage is thus included in the total preséurisation

supply.

Due to the suction of the fan, a negative pressure difference was created across
the plant room door at the top of the stairs, and is the most likely cause of the

reduced pressurisation at Tth. floor level.

Dyson House, -Sheffield

This is a 9-storey office building (10 at the rear), the main staircase and lift

lobby enclosure forming an internal service core at the inner angle of the L-shaped
block. A pressurisatiog system providing a positive pressure of 50 N/m? in the staircase
and lobbies was installed and comes into operation only in an emergency.

+ The plant room and air intake are at lower ground level., Two axial fans, main
and standby, each rated at 7360 £/s (15,600 cfm) are provided to distribute pressurisation
air via a single vertical riser (consisting of sheet trunking inside & builders duct }
to each lobby except the lower ground and the staircase at each half-landing. In addition
a smaller fan supplies warmed eir via the same ducting -to lobbies and staircase during
normal office hours. At ground floor level a fan rated at 1040 /s (2,200 cfm) has been
mounted in the external wall of the main entrance lobby to cope with the increased

volumé of that space. This fan is linked electrically to the main pressurisation system.

Design air supplies for the main system, based on the same allowances as Deacon
House, were 1660 &/s for the stairs and 5665 &/s for the lobbies. No other mechanical
ventilation is provided in the building. Air leakage from the pressurised areas is via
windows in office and toilet areas, 1ift shafts, main entrance and rear exit from the

staircase at lover ground floor.

Tests were carried out on completion of the building but before it was occupied.

Plate 5 and Fig. 11 show the building and 1ts layout.

Comnents
A summary of the site test results is given in Table 7.3. A mean pressurisation of
70 N/m2 was achieved in the lobbies, significantly more than required. The corresponding
figure for the staircase is 17.5 N/ﬁ? with respect to the lobbies, so that the total
staircase pressurisation is effectively the sum of these values. These figures are
surprising considering thaet the total airflow is approximately 35% less than the design,
but can be explained by two factors:

{i} the lobby and staircase entrance doors were clearly a much better fit
than average. Further leakage tests which were made reveated a mean
gap width about 1.5 mm, or half the average value. Carpet tiles laid
on the lobby floor probably contributed significantly towards this low
value.

(ii) resistance to eir leakage through the toilet windows increasing
pressure in toilet areas.

The size of the main duct was relativelysmall causing a Vvery high air veloecity

(approximately 20 m/s) at entry on full flow. The effect of this was apparent from the
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staircase measurements where extraction of mir from the stairs took place at the lower
5 grilles.

Table 7.3
Dyson House: Site measurements on pressuﬁsation system.
Floor - Staircase . Lift lobbies
Air supply | Pressurisation | Air supply . Pressurisation
t/s w.r.t. lobby 2/s w.r.t. office N/of
¥ /m? Door A Door B
LG =115 " | Not measured* § + 10% . q
G - 80 _ +35 - 350 + 20  +52.5 (+U47.5)
- 25
1 - 80 +5 L65 + 75 + 75
2 -3 +2.5 k6o + 75 .+ 2.5
3 90 +17.5 Lgs + 65 + 67.5
L 180 + 7.5 505 + 75 + 77.5
5 180 + 12.5 L9s +T5 + 75
6 200 +17.5 L30 ‘+ 67.5  + BT.5
T 175 + 17.5 380 + 65 + 67.5
8 205 + 15 K00 + 17.5 -+ T7.5
Total 695 . 3980

¥ See plan -
door to outside
§ across main entrance door to street

§ does not include additional fan input in ground floor lobby.

-The volume of the pressurised enclosure only affects the air flow requirement in so
far as the leakage characteristics may be changed; It is evident from the test results
that there'was some justification on this basis for the installation of the extra fan in

the entrance hall.

Bastldon Hospital

The tests at Basildon were concerned with a tower block containing office and
residential accommodation and rising 9 storeys above the rest of the hospital. A central
service core contains the staircase, of which the lobby was required to be pressurised to
50 N/m? on each floor. MNetural ventilation was provided for the staircase by a louvred

window and a louvred door, both at the top of the staircase. Apart from pressurisation,

mechanical ventilation is only provided in the toilets. Plate 6 and Fig. 12 shows details

of the tower block.

The plant room for the pressurisation system is on the 8th floor. Air intakes were
situated on thé roof above the plant rcom and were sheltered somewhat by a high parapet
wall. A centrifugal fan rated at 2125 &/s (4500 cfm) supplies air to the lobbies via a
singie vertical builders work duct. The system only comes into operation in an ‘emergency
and & standby motor can be brought in manﬁally if required.

A design supply of 235 &/s per lobby was based on an allowance of just over 75 Lfs
per single leaf door. The inlet grille is situated at low level at one end of the lobby.
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Alr leskage takes place through lift shafts and windows, staircase entrance and vents to )
the atmosphere. |

Two sets of measurements were made; firstly with the stair vents open and secondly
with the vents temporarily blocked off. Sealing in the latter case was not perfect by

any means, but the results show some improvement over the previous situation.

Comments

The site test results are summarised in Tables T.4 and 7.5. With the stair vent
open, a mean lobby pressurisation of 19 N/m? was measured, considerably less than required.
Total airflow was 30% less than design, which is not enough to account for the low
pressurisation. A total of spproximately 2UT0 £/s or 90 &/s per door is calculated to

achieve 50 N/m2. This clearly reflects on the over size of the door gap.

Air distribution from this system is fairly uniform, 9th floor being an exception.
The lobby grille on this floor is almest directly opposite the fan outlet connection.
to the main duct, resulting in a relatively high flow to the lobby.

"In view of the low pressures and the airflow into the staircase at ground level
the staircase vents were blocked off and the tests repeated. The effect of this was to
increase the pressure difference between iobby and corridor (mean value 24 N/m2) at the
expense of 8 lower pressure difference between lobby and staircase. The staircase is
pressurised with respect to outside air by leakage from the lobbies to a limited extent.
The higher stair pressure observed in the second tests reduces the possibility of any

smoke which does enter the lobby being driven onto the stairs.

Table 7.4
Bastildon Hospital: Sitg test measurements with
gtatrcase vents open,
Floor | Air supply Lobby pressurisation N/m2
He w,r.t. stairs w.r.tiF corridor +
door A door B
o - 6.5" -6.5" -6.5
1 165 + 23 + 22 + 25
2 165 + + 16 + 16
3 165 + 15 + 1l + 12.5
h 150 + 15 +17 + 18
5 165 + 16 + 20 + 18
6 175 + 21 + 22 + 20
7 185 + 26 + 23 + 18
8 150 + 15 +10 + 10 )
g 205 Not measured
Total 1525
see plan

stair door to outside
9 stair door to main entrance hall

§ stair door to changing room



T.4

Pable 7.5
Basildon Hospital: Site test measurements with
- - stair vents blocked :
Floor | Air supply Lobby pressurisation N/m?
t/s w.r.t. stairs w.r.t. corridor
T Tt
-door A door B
G + 22" +16" - 4168
1 165 + 12 + 32 s 30
2 165 + 5.5 +21 . +22
3 165 + b +23 + 21,
4 150 + k.5 + 21 o+ 22
5 165 + 7 + 27 + 25
6 175 + 10 + 26 S+ 2
7 185 + 13 + 28 + 23
8 150 -1 + 17 + 18
9 205 Not measured ,
Total 1525

t see plan
¥ stair door to outside
7 stair deor to main entrance hall

§ stair door to changing room

General conclustons

A properly sized ductwork system is cléarly needed to achieve the required air
distribution {see section 5) and in particular to avoid the sort of suction effect near
the fan {reference Dyson House), It is important that a check of the fan and system

performance can be made and the system should be designed with this in mind,

Although no direct check was made, it is expected that leaky ductwork contributed
to the low airflows in each case. The siteé tests implied that the builders ducts were
the main culprits and these should be rendered if it is intended to use them unlined for
pressurisation. In any case an allowance for ductwork losses should be made at design

stage.

Variation in the fit of doors is a major factor in attaining a specified pressuri-
sation.  It.can be seen from the site tests that high pressuré differences do not neces-
sarily correspond to areas with high air supply rates. The only way in which an accurate
design can be made-is by fairly precise control over the size of door gaps to the

pressurised enclosure.

In two of the buildings the fan was not directly connected'to_the air intake and
this created a negative pressure in-the plant room in relation to the rest of the
building. There is a danger that smoke could be drawn into the plant room and_?istributed
with pressurisation air to the escape routes. It is recommended that a ducted”connection

be used from the air intake to the fan inlet.

Pressurisation of staircase lobbies can provide an effective means of keeping smoke
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out of the staircase too, although the staircase is necessarily at a lower pressure and
this may be considered an inferior smoke ponfrol system to positive pressurisation of the

staircase. Providing the staircase is not vented, leakage from the lobbies pressurises
the staircase to a limited extent.
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DESIGN INFORMATION FOR PRESSURISATION SYSTEMS

This section sets out as concisely as possible the design data required for pressurisation,

vwhich has been extracted from sections 1-7., BReference to the appropriate subsection for more

detail is given wherever possible.

8.1 Space pressurisation requirements
The level of preSSu;isation should not be less than the appropriate value for the
building ﬁeight given in Table 8.1 or greater than 50 N/m? with all doors to the -
pressurised zone closed (4.3, 5.1.3).
o Table 8.1
Building height Pressurisation level, N/ﬁ2
metres Emergency operation | Reduced capacity operation
S'Qr under - 25 T
' ground
- 25 ’ : 25 T
50 50 15
100 50 15
150 50 20
The figures in Table 8.1 do not apply to buildings on coastal or other exposed
sites i.e. those experiencing minimum temperatures less than -1006 or maximum hourly
wind speeds greater than 20 m/s. A pressufisation of 50 N/m2 will normally be regquired
for exposed sites to overcome wind effects. Meteorological data for the expo;ed site
should be considered to ensure that local conditions are taken into account (2.4.2).
8.2 Air leakage characteristics of buildings
Table 8.2 contains values of air leakage rates for doors (3.4.2) and windows
(3.3.4) to be used in conjunction with the pressurisation requirement in calculating air
flow rates for pressurisation. The leakage rate Q ai other pressure differences, Ap,
can be calculated from the leakage rate K at 1 N/m? using the appropriate value of N in
Table 8.2. from 1
e=xx (p) /s
Table 8.2
Cémponent Type Crack Leakage rate t/s Index | Equivalent
R : length Pressure difference N/m? N leakage
m 1 7 15 20 25 50 ares m
Windows |- Pivoted 1 0.21  o0.71 1.3 1.37 1.60 2.12] 1.6
‘. Pivoted and
weather stripped 1 0.030 0.10 0.16 0.20 0.22 0.35] 1.6
Sliding 1 0.082 0.28 0.5 0.53 0.61 0.94) 1.6
Doors Single leaf
e 35?&32? 5.5 9 24 3% 39 W 62| 2 _‘0-0‘
b) doors without :
catch 5.6 17 ks 67 77 86 -122| 2 0.02
Double leaf
(with or without 9 a5 66 95 110 123 17h| 2 0.03
centre rebate) . .
Lift entrance 8 39 103 151 Atk 195 276 2 0.05

_hT_




8.3 Caleulation of air volﬁmes for pressurisation (4.4.3)

Procedure

(i)

(ii)

(iii)

Consider building layout, confirm area{s) to be pressurised and decide on

system of operation (5.1) to be used.

Select pressurisation levels for emergency and if necessary reduced capacity

.

operation from Table 8.1.

Determine the component air leakege rates from each area at the required

pressurisation as follows:

a)

b)

e)

‘area of 0.1 m

Single components

For individual dcors and windows, use the leakage rates in Table 8.2,
For other openings calculate the leakage rate Q as,
Q=827 A (Ap)% /s ‘
Where A is the effeétive legkage area of the opening in m2,
Ap is the pressurisation in N/mZ,
For single openings‘Aris the net free area. The effective leakage area

of several components in series is,

I - a
™2z T e Y Tz Y Tanr torereeee

and the effective leakage area of several components iﬁ éarallel is

Lift Shafts

The effective leakage area and hence the leskage rate of lift shafts
should be computed from the respective leakage areas of lift doors,
ventilation and other openings to the shaft using the above equations.
For shafts in which the only openings are the doors and the minimum vent

2 per lift required for ventilation purposes (Th), the

total leakage rate into the shaft is,

QD XK]
where Q, = 1lift door leakage rate from Table 8.2,
K = & factor for the number of floors (i.e. number of lift

1
doors to the shaft) from Table 8.3.

Table 8.3

Number of floors served K
by 1lift shaft

1 1 o9

2 1.4
L 1.8
8 or more 2.0

Toilets adjacent to a pressurised zone

For toilet and other areas which are directly connected to a pressurised
zone and have mechanical extract systems, the leskage rate into them
is either '

a) the extract rate in &/s when the extract fan is running,

or b) Q x Ks £/s, with the extract fan off,

where @ = the door leakage rate in /s at the design pressurisation
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from Teble 8.2, unless specific grilles or gaps are
provided for air flow, in which case
1
- Q = 874y (sp)? u/s

Ay

K> = factor from Table 8.4 for the ratio of —

An = door leakage- area including air flow grilles etc, m?.
For ordinérf crackage around the door, a typical value
for Ap is 0.02 m?.

Ap = Minimum cross section erea of extract branch duct in m?.

Note: This may occur at a balancing device i.e. orifice

or damper.
Table 8.4
) "
AD
4 or more 1
2 0.9
1 0.7
0.5 0.45
0.25 or less 0.25

d) Large openings {(4.L.2)

Design pressurisation cannot be meintained if large cpenings exist between
pressurised areas and neighbouring spaces. If openings arise intermittently
then design pressurisation levels are not continuously maintained but smoke
can be kept back from the opening for short periods of time if the.egress
velocity from pressurised spaces is sufficiently high. A minimum egress
velocity of 1 m/s is recommended. The average air velocity through the
opening can be assessed from the air supply rate to the pressurised space
cand the area of the opening by assuming all the air flows out through the
opening.
{iv} Determine the total air leakage rate as the sum of 1eakage rates through single
components, 1ift shafts and toilets {iii).
(v) Determine the total rate of mechanical extraction, if any, from the pressurised
spaces (other than toilet extraction inecluded in (iii) ).
(vi) The total fan capacity required is the sum of air flow rates from (iv) and (v),
plus an allowance for duct leosses as given in 8.L.3.
(vii) Supply rates at terminals to individual pressurised spaces are in the proportion

of leakage and extraction rates from each space to the total fan capacity.

8.4 Plant and plantroom requirements (5.1)

The following recommendations cover the number and extent of pressurisation systems

for servicing escape routes in buildings.
. (&) A separate pressurisation system should be provided for each stairwell.
(b) A single pressurisation plant and distribution system may serve a stairwell

and its associated lobbies where both are pressurised.
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8.k.2

8.4.3

{c) Where more than one stairwell has access to a common lobby separate pressurisa~
tion systems should be provided for each stairwell as specified. in (a). All or

any of these stairwell pressurisation systems may also supply.the common lobby.

The recommended operating procedures for pressurisation systems are summarised

in the following table.

Table 8.5
Building details " 1 Operating schedule for pressurisation
plant
Accommodation Fire alarm Normal duty Emergency duty
system
Occupied buildings Automatic or Plant off Plant runs at full
without sleeping manual capacity
accommodation -
Occupied buildings Automatic Plant off "Plant runs at full
with sleeping . ~ capacity
accommodation )
Manual Plant off in Plant runs at full

daylight hours. . capacity

Plant runs at '

reduced capacity

during silent

hours

The reduced capacity level for plant operation in the case of buildings with

sleeping accommodation should be S0 - 55% of the full air flow duty requirement. Where

_an automatic fire or smoke alarm system is installed this is assumed to initiate the

pressurisation system when the alarm is made.

-

Plantroom loecation (5.2.1}

The preferable location for plantrooms housing pressurisatibn equipment is at or

near ground level. They should not be placed near potential fire hazard areas, e.g.

‘a boiler house.

Plantrooms caﬁ also be positioned at roof level or an intermediate level but these
should inelude dual air intakes to ensure that at least one is clear of smoke. These
intakes should face in different directions and if placed near the side of the building
they should have smoke operated dampers in each inlét duct to prevent smoke circulation

by pressurisation systems.

A system of pressurising each floor individually is feasible but msy be more

expensive.

. .Plantrcom construction

The structure of pressurisation plantrooms should be of materials having a minimuii

fire resistance rating of one hour. Plantroom access doors should be self-closing.

Plant (5.2)

The basic plant requirements are a fan and distribution system. If the same

system is used to supply the normal ventilation requirements to pressurised areas

during occupied hours a heat exchanger &nd filter are likely to be included. These
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8.bh.b

8.5

latter items can, be by-passed for emergency operation.

The required fan duty shall be assessed from the following:
Volume flow rate = Aggregated supply to all pressurised areas (see 8.3)
+ 10% for possible leakage. ’

Total resistence of distribution system PLUS

Fan total pressure

emergency pressurisation level (see 8.1),

1]

Fan static pressure Fan'total pressure — velocity head at fan discharge,

For normal applications a standby pressurisation fan should not be necessary

(see section 6.).

The ductwork systems should generally conform-to BSCP 413 - Ducts for Building

Services.

Plant supply and eontrols

Where an emergency power supply is provided for the building (other than by

accumulators) then the pressurisation fan should also have a connection to this supply.

The following control arrangements are recomﬁended:

{a) The fan shall be energised from an sutomatic smoke or fire detector system
vhere this is fitted. The fan shall be switched off independently of the
detector system. .

{b) Manual start/stop contro%s-shall be placed in the following positions,
(i) in the central building services control room .

(i1} in the pressurisation plantroom if this is remote from the
central control room .
(ii1) near the building entrance in a position agreed with the

local fire authority.

Distribution system (5.2.2, 5.2.3)

For multistorey buildings the preferred arrangement of a pressurisation distribution

system is a vertical duct running adjecent to the pressurised spaces. This arrangement

has advantages of low cost and minimum exposure of ducting in the event of a fire.

The distribution ducting should generally conform to BSCP 413. For the arrangement
outlined above the latest draft of this Code of Practice calls for fire dampers where
the branch ducts penetrate the wvertical protective structural shaft. The operating
conditions for pressurisation systems during the evacuation period should not lead to
closing of such dampers, but they could creste a hazard in the case of pressurised
lobbies if a random mechanical failure of a fusible link occurred when the pressurisation
fan started. To avoid this happening it is recommended that permission be scught to omit
these fire dampers (fire dampers can be avoided if the duet is situated wholly within a

protected enclosure).

The recommended forms of constructien of the distribution system are,
(i) galvanised mild steel ducting run in protected shafts. The sheet
metal construction ghould be to the HVCA specifications DW/121 or DW/132
(ii) brickwork ducting used solely for air distribution and with the internal
surface rendered to limit air leakage
(iii) concrete ducting used solely for alr distribution with all joints sealed.
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Scme leakage will occur with ducting made to these specifications. The air
leakage can be limited to about 10% if care is taken to seal all obvious cracks and
penetrations.

8.5.1 Duct sizing procedures (5.2.4.)

The basic requirement is to get the correct air distribution et minimum cost. A

cost factor of some importance is the time spent in balancing an installed system, hence

the system should be sized to give an approximately correct balance.

The two techniques that can be used to achieve an approximately correct balance
at the design stage for a vertical distribution duct are,
(i) for a stepped duct, the static regain method

{ii) for a constant section duct, a manifold design method.

8.5.2 Statie regain duct gizing method

This method seeks to achieve a uniform static duet pressure in the vertical duct at
each branch take—off. The technique is to balance the static pressure recovery after a
take-off to the friction losses up to the next take-off. The duct sizes are chosen to

meke this balance.

Charts which simplify the computation are given in ASHRAE Guide and' Data Book (69)
and in other publications. These should be referred to in actusl duct sizing operations

-

end a static regain factor of about 0.75 is recommended. °
Where losses are given in terms of equivalent lengths these may be obtained from

the following formula,

Equivalent length of fitting = 55k x No. of duct diameters

where fitting loss = k x 1 pv2
¥V = duct velocity

duct diameter = 4 x duct area
duct perimeter

8.5.3. Manifold sizing method

A simplified solution to this is given in (70). If the main duct area is selected

then the maximum branch area is given by,

o.'rAJt‘:TD
SRl

If the branch area is chosen then the minimum area of the main duct is given by,

2 A

A=
0.7/C,
where A = minimum c.s. area of main duct, m?
Ab = meximum c.s. srea of branch duct, m?
n = number of evenly spaced similar branches
- Cb = resistance factor for branch duct

= gummation of 'k' values for branch duct.
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can

be . determined as follows,

e L

Branch duct k factor Area correction | Area ‘corrected
element for element factor k value
branch conneetion ky 1 Xy
y . 2
duct resistance £ _a . fi A'b :
d A‘b 4 \ a
branch fittings ko a

2
terminal 2 AE 2 AE A‘b
: p v p V (a )
C,D = sum of area corrected k values

The area correction is applied if the branch duct changes its cross-sectional

area (from say Ab'to a).

£ =

= duct element length, m.

La

duct friction factor, approx. 0.018

= duet diameter (oT perlmefer), m

Ap =

Some

Kl

¢.s. area of duct fitting or length, m? -
terminal pressure drop, N/m?

nominal velocity at duct. terminal, m/s.

logs factors for t;rpical branch connections are shown in Table 8.6

The losses in the straight through section of a branch fitting are relatively small.

Velues for a typical range of fittings are given in Table 8.7.

Table 8.6 Branchk lossea (k) for typieal duct fittings

Branch loss k =

Enﬁva2

‘Velocity Rectangular duct fittings. . Fig,Nos. refer to Circular duct fittings. Fig.Nos.
ratio HVCA Duct Spec. DW/121 (67) s refer to HVCA Duct Speec. DW/132 (68)
A = S |=
7 N Vi W ¥
" Fig.9 ‘granch Fig’fo3 Branch . ’ N
ducts up to 400 | ducts over 100 Comical tee | Straignt tee.
L 0.2 ' 18.0 22 22
0.3 8.5- 10.0 10 10
0. k4 4 €.3 6.3
0.5 2.3 k.3 L3
0.6 1.5 ' 3.2 2 3.2
0.7 1.0 2.5 1.5 2.5
0.8 0.7 2.1 1.2 2.1
0.9 0.6 1.7 0.95 1.7
1.0 - 0.5 1.5 0.8 1.5
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8.6

Table 6.7 Straight-through losses for typieal branch fittings

Straight through loss K = —2B—
3pv,2
Y, — - Va
Velocity Loss factor k
ratio - - -
Vo ) Rectangular duct Circular duct
W |
0.4 0.12 0.36
0.5 0.09 ‘ 0.25
0.6 0.06 016
0.7 0.03 " o.10
0.8 _
0.9 0.0 0.0
1.0

Venting requirements (4.5)

The requireménts of cne of the following four methods should be used to ensure
adequate venting. Alternatively, if more than one method is to be used, the requirement
of individugl methods may bé reduced in proportion to the amount of venting provided by
each one. Q’N is the net volume rate of pressurising asir leakage to the floor (i.e.

excluding the air leakage to atmosphere via 1lift shafts and toilets) in 1/s.

Method
(a) Window leakage {L4.5.2)
Tahle 8.8

Recommended minimum window erackage for relief of pressurisation systems

- Typical air leakage rate | Recommended crack length
Window type ¢/s. m. K/m? metres
Pivoted, no weather | 0.21 '1 5

stripping . i ) QN
Sliding 0.082 3.0 Q
Pivoted and weather

stripped 0.030 8.3 QN

In assessing the available crackage, one face of the bﬁilding shauld be discounted

because of possible adverse wind conditions.
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8.7
8.7.1

(b) Peripheral venting {4.5.3)
Vents should be provided on all sides of the building, but one side should be

discounted in assessing the effective open area to allow for adverse wind

conditions. The efg:ctive open area per floor should not be less than
|
—_ 2
2500

.

{c} Vertical shafts (4.5.5)

The recommended minimum sizes of shaft and vents are as follows:

. w2 :

2000

Net vent area (room to shaft) Ay =

Shaft size =

34, m?

Top vent (shaft to atmosphere) =

3Avm2

(@} Mechanical extract (4.5.4)
The extract rate per flcor should not be less than QN %/s5. BSuitable precautions

should be taken to ensure that the system.will withstand high temperatures and

that smoke will not be spread to other floors via the ducting system.

Table 8.8 Guide to the choice of venting system

Building layout Windows |Ventilation Venting system
Main method | Additional methods,
if required
Open plan Openable, Natural (a}
non-weather ’
stripped
Openable, Natural or (a) or (e} {v) or {d)
weather- ‘Mechanical
stripped
Sealed Mechanical * {c)
_Compartmented Openable, Natural ()
non-weather
stripped
QOpenable, Natural or
. d
weather— Mechanical (a) or (v) (c) or {d)
stripped .
Sealed Mechanical (b)

Site testing of pressurisation systems

General econditions of testing

Tests should be carried out to check the performance of pressurisatioﬁ systems after
completion and before occupation of the building. It is particularly important that the
proper doors and windows are fitted and are in the closed position before air flow and
pressure difference measurements are made. Vents to veritical shafts and on the leeward .
sides of_ the building that are required for pressurisation relief should be open. T?sts
should not be carried out in winds stronger than S m/s (11 mph)}, since it would be
difficult to allow for the adverse effects of wind on pfessurisation. An allowgnce may be

made for stack effect however as indicated in 8.7.3.
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8.7.2

8.7.3

8.7.4

8.7.5

Measurement of air flow rates

Provision should be made for the measurement and regulation of the total sir flow
rate in the main duct near the fan and the air flow rates in the branéhes near each
terminal in accordance with theigenerai guidelines set out by the IHVE Commissioning
Code (75). The layout of the plant room and air distribution system should be designed
with these measurements in mind. It is recommended that actual alr flow rates to each
terminal be measured, since these are eritical to pressurisation, rather than proportional
measurementslat_the terminals suggested by the Code.

-

Measurement of pressure differences

Pressure differences should be measured across each floor from the pressurised zone
giving access to the accommedaticn area. Plate 3 shows suitable portable apparatus for
these measurements. The design pressurisation level should be achieved on each floor of
the building. In practice however stack effect.may act to modify the pressure differences.
Table B.10 gives maximum recommended values for the reduction in pressurisation due to
stack effect which may be allowed in assessing whether the system meets design require-
ments. In winter the greatest reduction occurs on the lowest floor level of the building,
becoming successively less at each floor-up to the neutral pressure plane level. Above the
neutral plane the sctual pressure differences become succeséively greater than the design

pressurisation at each floor.

Toble 8.10
Building height | Maximum allowable reduction in pressurisation
metres due to stack effect for testing purposes. N/m?
Indoor/outdoor temperature difference
10 20%
5. 1 1
25 2 . 3.5
50 3.5 6.5
100 6.5 12.5
150 9.5 19

Alarm system test

Tests should be made to ensure that the pressurisation system is brought into
operation by manual and autometic alarm systems i.e. the pressurisation fan(s) are
started, or are boosted to full capacity when reduced level pressurisation is provided.

In addition cancellation of the alarm should not shut dewn pressurisation fans.

Maintenance
The operation of pressurisation systems including all starting controls should
be tested, in conjunction with fire alarm tests, at regular intervals not more than

12 weeks apart to ensure that systems are maintained in working order.
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FUTURE RESEARCH INTO SMOKE CONTROL WITHIN BUILDINGS

During the course of this project certain problems have been seen to be much deeper

than the scope envisaged and problems in other related fields have also been apparent.

These areas which in our opinion need further consideration and research are briefly

reviewed below.

(a)

{v)

(a)

An assessment of the evacuation of a building and its influence on the

efficacy of a pressurisation system.

A pressurisation scheme for escape routes is most effective when there are
barriers which impede the escape of the pressurising air. However, dnfing
evacuation there will be intermittent opening of doors between stairwells and
lcbbies and further the ground floor deor leading from the stairwell may be
open for a considerable period. Hence pressurisation air will be dispersed
through these openings with a substantial reduction in pressurisation level.
The influence of such events or the movement of smoke within the building does
requirg further consideration. The problem is not simple, the influence of
wind and stack effect with an open ground floor door could conceivably increase

the pressurisation of stairwells.

Use of normal air conditioning and ventilating systems for smoke control,

We have shown that with a well-sealed building facade that the excess air
supplied for air conditioning or ventilating purposes is adeguate to pressurise
the building. It is thern feasible for such systems to overcome the pressures

developed by fire, wind and stack effects by simply venting (i.e. lowering the

pressure) of the fire space. There are many attractions to such a scheme but

much more detailed consideration needs to be given to the mechanics and
protection of the mechanical systems to ensure their operation and reliasbility

under emergency conditions.

Methods of venting,

The report has high-lighted that venting is an integral part of pressurisation.
Methods of venting buildings have beer outlined but apart from the case of the
building with a sufficient number of average quality opengble windows a simple
miversal solution to venting potential fire spaces is not apparent. All the
methods advocated (section 4.5) have limitations in application or conflict

with existing regulations. There is a need for detailed consideration of

methods of venting well-sealed building that will lead to hardware specifications.

Unusual applications.

The design procedures put forward in this report are based on studies of
buildings of simple shape and layout subjected to design wind and stack effects
and as such are generally spplicable to most modern building designs. The wind
effects can however be different for unusually shaped buildings or special
locations and this may warrant & separate study being made in such cases. The
computer program CRKFLO used in this project could with some medification be
made more efficient for studying the influence of a range of conditions or .
building parameters on. the pressurisation requirements of special applications.

This program would be complémentary to the proposed design procedure.
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An analysis of the economic velocities in ducts was made by Swain et al (60) a
few years ago and thelr data confirmed the then existing practice.

repeated here using more up-to-data figures and applying the study to a simple vertical

APPENDIX A

ECONOMIC VELOCITIES IN VERTICAL DISTRIBUTION DUCTS

pressurisation distribution system.

The cost factors involved in assessing the economics are,

(i)

amortisation of the plant costs

(ii) amortisation of the ducting costs
{iii) running costs of the plant
(iv} cost of floor space occupied by ducting.
Symbols
Air volume Q m3/s
cost of ducting /m? o £/m? of surface area
length of small side of duct a l '

duct aspect ratic

1]

mean duct veloeity v

friction factor. f

air density o

equivalent duct dia. b = f—iz*

snnual fan running hours T

unit electricity charge ] £ /kwh .
fan efficiency nj

motor efficiency ny

floor rental value R £/m?

pressure drop . : D

For a given design the system factors influenced by the duct velocity are the size
and resistance of the main duct since the branch conditions will be common to all floors.

Hence a single length of ducting can be analysed and this has been taken as unit length.

The cost factors are quantified below.

(i)

Plant costs

Assume that plant costs are given by the formula
Cost = b3 + cQp, where b and ¢ are constants.

If the pressure loss in the main duct at the branch is neglected,

2
p = friction loss = %(39‘!)
T !1+s}ev2
bas
Taking £ = 0.02 and with a2 = fQ
' vs

Capital cost C)

bQ + 0.005 ¢@ {1 +s) o 1_!_53%
5 Q

0.0125 cp (1 + s) Qs v3)%

s

46
dv
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(ii)

(1ii)

{iv)

If p = 1.2 kg/w®
¢ = £0.07 {taken from typical plant costs),
dc 1.0 1
1 ) 5 1+ 8 ( 3)% (1)
av 103 s/ lasv

The amortised cost is taken over 10 years at a rate of interested of 10%, this
then gives

1. 71 1 +3 (st3)% —— (2)
B ()

Ducting costs
The alternatives are (a) sheet metal duct in brick shaft {two extra brick

walls required)

(b) concrete duct.

At current building prices,

(a) o =. 5.4 (sheet metal) + 3 (brick)
= £8.4/m?
(b) a =. £8B.0/m?
Taking option (b) then ducting cost is,
C; = o X perimeter
= 8 x 2a(1 + s)
= 16 (1 +s) /Q
sV
ac,

dT -8 (1 + s) ‘4_33_ )

The amortised cost is,

1.3 (1 + s) (;QT)% (h)

Running costs
For unit length of duct annual running cost,

€3 = _T¢ , _Qp
ning 1000

Ifna, = 0.7, np; = 0.8, T = 2600, ¢ = £0.0087,
Cy = o0.0kok Qp

,
= 0.040L @ | 0.005 x 1.2 {1+s (ﬁ ¢
. s Q

1
= 2.4 q {1+ s) xfg) Z
0% s Q

dt3 = 6 1 +s (Qsv3)? —————— {5)
av TEF ( 5 )

Space rental
Assume that space taken up is duct c.s. area plus 150 mm on all sides.

Floor area lost = a?s + 0.3a(1+s) + 0.09
1

Q +o.3(1+s)(_0,_)’" + 0.09
v Ys
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If the floor height is taken as 3 metres then unit length has a rental
value of %’

.
. . R : 2
.". Rental cost ¢, = 3 [% + 0.3 {1+s) (_?rs_) + 0.09]

oo [%[ + 0,15 (14s) (ﬁ;)ﬁ] — (6)

Minimum system costs occur when

0.163?_0_1-_4. 0.‘]63 EC_Z + .d;c_s + Ei = 0
dv dav - av av
That is, - -
1
1.71 {1 +s nd ' 2 6 14s 313
(L) et s v () e () e

. 2
_I;Ji.{-o.osa (1+s)(£3,) -0
or %P— (—1—;-5—) (st3)% = (1.3 + 0,05R)(1+s) (;%_) 3 . g—%z- o

The solution of this minimum cost equation is not very sensitive to s.

Hence assuming s = 2 then, .

. . R ] :
; 2
1;gh (av3)2 = (2.75 + 0.106R) (J;'?) H%T —

Using appropriate values of R and Q gives the most economical velocity in the

"

main duct.

- 60 -




10.
11.

12.

13.

1h.

15.

16.

17.

18.

20.

21.

22.

23.
ok,

References

J. H. McGuire, "Smoke movement in buildings", Fire Technology, 1967, 3, p.163.

A. 5ileock, "A critical look at the current problems of escape route plenning and a glimpse
of the future", JFRO Symposium No. b, Movement of smoke on escape roules in buildings,
Paper 1, Watford, 1969.

H. L. Malhotra and N. Milbank, "Movement of smoke in escape routes and effect of pressuri-
sation. Results of some tests performed in a new departmental store", JFRO Fire Research
Note No. 566, 1964.

E. G. Butcher, P. J. Fardell and J. Clarke, "Pressurisation as a meens of controlling the
movement of smoke and toxic gases on escape routes", JFRO Symposium No. 4, Movement of
smoke on escape routes in buildings, Paper 5, Watford, 1969.

T. H. Cottle, T. A. Bailey, E. G. Butcher and C. Shore, "Smoke tests in the pressurised
stairs end lobbies in & 26 storey office building", JFRO Fire Research Note No. 850, 1970.
E. G. Butcher and M. Hall, "Smoke tests in new law courts building", JFRO Fire Research
Note No. 889, 1971. . .
Uniform Building Code, Vol. .3, 1970, Housing, Section 3309, "Smoke proof enclosure#".
"Vertical enclosures", A study by the Los Angeles Fire Department, 1966. _ o
"Mechanically ventilated smoke proof enclosure", Los Angeles Fire Department, {970,.City
of Los Angeles BFP & PA Requirement No. 56. )

J. G. Degenkolb, '"Smoke proof enclosures”, ASHRAE Jnl, April 1971, 33.

M. Galbreath, "Time for evacuation by stasirs in high buildings", Fire Fighting in Canada,
1969, 13, No. 1. ’

G. T. Tamura and A. G. Wilson, "Pressure differences caused by wind on two tall buildings",
ASHRAE Trans., 1968, 4, II, 170. '

G. T. Tamura and A. G. Wilson, "Pressure diffefénceé for a 97§torey building as'é result
of chimney effect and ventilation system operation”, ASHRAE Trans., 1966, 72, I, 160.

G. T. Tamura and A. G. Wilson, "Building pressures caused by chimney effect in 3 high

_ buildings", ASHRAE Trans., 1967, T3, IT, 1.1.

G.T. Tamure and A.G. Wilson, "Building pressures caused by chiﬁney action and éechanical
ventilation", ASHRAE Trans., 1967, 3, II, 2.1.. _ '

G.T. Tamura, "Computer analysis of smoke movement in tall buildings", ASHRAE Trans., 1969,
15, II, 81.

G. T. Tamura and A. G. Wiléon, "Natural venting to control smoke movement in buildings
via vertical shafts", ASHRAE Trans., 1970, 76, II, 279. )

G. T. Tamura, "Analysis of smoke -shafts for ceontrol of smoke movement in 5uildings",
ASHRAE Trans., 1970, 76, II, 290, .
National Research Council of Canada, Associate Committee on the National Buiiding Code,
"Explanatory paper on control of smoke movement in high buildings", NRC No. 11413, 1970.
G. T. Tamura; J. H. McGuire and A. G. Wilson, "Air handling systems for control of smoke
movement", ASHRAE Jnl, November 1970, 37. ' '
Commonwealth Experimental Building Station, "CEBS Researches and Facilities - Fleme
spread and smoke tests", RF No. 35, February, 1972. )

Standards Association of Australia, Committee BD/41 Ventilation and Air Conditioning,
"Draft Australisn Standard Code for mechanical ventilation and air conditioning-in
buildings. Part 2, Fire precautions in buildings with afr‘handling systemé", May 1970.
J. H. McGuire, "Control of smoke in buildings", Fire Technblogy, 1967, 3, p.281.
"Operation school burning", Official report on tests conducted by the Los Angeles Fire

Department, 1959, NFPA.

- 61 -



25.
26.
27.
28.
29.

30.
31.

32.

33.

3h.

35.
36.

37.
38.
39.
ko.
L1,
k2,

43.
4y,

bs,
L6.
L7,
L8,

hgh
50,

V. B. Torrance, "Wiﬁd profiles over a surburban site and wind effects on a half full-
scale model building", Building Seience, 1972, 7, 1-12.

H. C. Shellard, "The estimation of design wind speeds", NPL Symposium No. 16, Wind
effects on buildings and structures, 1963, Vol. 1, Paper 1.

A. G. Davenport, "The dependence of wind loads on meteorological parameters", Int.
Research Seminar, Wind effects on buildings and structures, Canada, 1967, Vol. 1.
Meteorological Office, "Tables of surface wind speed and direction over the United
Kingdom", 1968, M.0. T92. '

N. C. Helliwell, "Wind over London", 3 Int. Conference, Wind effects on buildings and
structures, Vol. 1, Tokyo 1971. '

BSCP 3, Ch V, Part 2, "Wind Loads".

R. E. Whitbread, "An aerodynamic investigation for the L37 ft. tower block proposed for
the Albert Embankment, Vauxhall, London", NPL Aero Report 1032, 1962.

M. A. Packer, "Wind pressure measurements on a model of building bloek F in the Barbican,
London", NPL Aero Report 1086, 196L.

C. W. Newberry, K. J. Eaton, J. R. Mayne, "Wind lcading of a tall building in an urban
envircnment. A comparison of full scale and wind tunnel tests', Symposium on wind
effects on buildings and structures, Vol. 1, Loughborough, 1968.

P. J. Jackman, "A study of natural ventilation of tall office buildings", HVRA Lab.
Report 53, 1969. ’

K. H. Quenzel, "Meteorological data", Forster-Verlag AG, ‘Switzerland, 1969, blL-L6.

F. C. Houghton and C. C. Schrader, "Air leakage through openings in buildings", ASHVE
Trans., 1924, 30, 105. ’
F. ¢. Houghton and M. E. O'Connell, "Air leakage through a pivoted metal window",
ASHVE Trens., 1928, 3h, 519.

F. C. Houghton and M. E. 0'Connell, "aip leakage studies on metal windows in a modern

office building", ASHVE Trans., 1928, 3b, 321.

W. M. Richtman and C. Braatz, "Effect of frame caulking and storm windows on infiltration

around and through windows", ASHVE Trans., 1928, 34, shT,

.G. L. Larson, D. W. Nelson and R. W. Kubasta, "Air infiltration through’ double-hung

wood windows', ASHVE Trans., 1931, 37, 57t.

D. 0. Rusk, V. H. Cherry and L. Boelter, "Air infiltration through steel-framed windows",
ASHVE Trans., 1933, 39, 169.

J. R. Sasaki end A. G. Wilson, "Air leakage values for residential windows", ASHRAE
Journal, 1965, 11, II, 81.

W. J. Grubbs, "Leaky prime windows", ASHRAE Journal, 1967, 9, (1), 109.

J. B. Dick and D. A. Thomas, "Air infiltration through gaps around windows", JIHVE,
1953, 21, B85.

BS 4315: Part 1: 1968, "Methods of test for resistance to air and water penetration:
Windows and gasket glazing systems”.

DDh: 1971, "Recommendations for the grading of windows. Resistance to wind loads, air
infiltration and water penetration and notes on window security”. British Standards
Institution. )

P;ivate communication from Building ﬁesearch Station, 19T1.

Private communication, Princes Risborough Laboratory, 1972.

Private communication, Princes Risbdrough Laboratory, 1972,

T. C. Min, "Winter infiltration through swinging door entrances", ASHRAE Trans.,

1958, 64, L21,

- 62 -




o1,

52.

5k,
55.
56.
57.
58.
59.

60.

61,
62,

63.

6l
65.

66.
67.

68.

69.
T0.

1.
T2.
73.
Th.

5.

BS 459: Part 3: 1951, "Doors: fire check flush doors and wood and metal frames (half-
hour and one hour types)".

BS 2655: Part 1: 1970, "Specification for lifts, escalators, passenger conveyors and
paternosters: general requirements for electric, hydraulic and hand-powered 1ifts",

Private comminication, Princes Risborough Laboratory, 1972.
HENE I

F. C. Houghton and M. Ingels, "Infiltration through plastered and unplastered brick walls",
ASHVE Trans., 1927, 33, 377.

G. L. Larson, D. W. Nelson and C. Braatz, "Air infiltration through various types of
brick wall construction", ASHVE Trans., 1929, 35, 183 and 1930, 36, 99.

G. L. Larson, D. W. Nelson and C. Braatz. "Air infiltration through various types of
wood frame construction”, ASHVE Trans., 1930, 36, 397. ’

F. C. Houghton, . Gutbeelet and C. A. Herbert, "Air leakage through various forms of
building construction”, ASHVE Trams., 1931, 37, 177.

ASHRAE Handbook of Fundamentals, 1967, Ch. 25.

BS 848: Part 1: 1963, "Methods of testing fans". _

C. P. Swain, D. L. Thernley and R. Wensley, "The choice of air conditioning systems",
JIHVE, 1964, 32, 1.

Private communications from contractors.

A. Hasan, "The occurrence of faults in heating and air conditioning equipment",

HVRA Lab. Report 68, 1972. '

"United Kingdom fire and loss statistics 1968", Min. Tech. and Pire Offices Committee,
JFRO, EMSO, 1970.

"Inland Revenue statistics, 1970", p.190, HMSO.

R. Baldwin, "The chance of an outbreak of fire and the likelihood of lérge fires in
various occupancies"”, JFRDO FR Note No. 745, 1969.

W. G. Ireson, "Reliability handbook", Ch.lt, McGraw-Hill, 1966.

HVCA Specification for sheet metal ductwork, DW/121, low veloecity low pressure air
systems.

HVCA Specification for sheet metal ductwork, DW/132, high veloecity high pressure air
systems. '

ASHRAE Guide and data book, Systems and equipment, 1967, Ch, 3.

A. A. Haerter, "Flow distribution and pressure change along slotted or branched ducts",
ASHRAE Trans., 1963, 69, 12h.

R. E. Barrett and D, W, Locklin, "Computer analysis of stack effect in high-rise
buildings", ASHRAE Trans., 1968, T4, II, 155.

B, H. Shaw, "Heat and mass transfer by natural convection and ccmbined natursl convection
and forced air flow through large rectangular openings in & vertical partition", Heat
and Fluid Flow, 1972, 2, No.2, T4-83.

Private communication, JFRO.

"The Building Regulations 1972, Part E, Structural fire precautions", Statutory
Instruments No. 317, HMSO. l 7 ' o i

"Commissioning Code, Series A, Air distribution systems, high and low velocity" IHVE,

1971.

- 63 -



Plate 1 Temporary door installed in lobby
door-way for air leakage tests

Plate 2 Fan unit used in air leakage tests
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FIG.4 WIND PRESSURE COEFFICIENTS C, FOR A TALL BUILDING.
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Flc.?  PRESSURE DIFFERENCE ACCROSS STAIR DOOR
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Fic 8 OUTWARD VELOCITY OF AIR TO PREVENT INFILTRATION OF
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