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ABSTRACT

A pilot study was carried out to examine the influence of fire safety requirements and external wind on the
performance of naturally ventilated multi-storey buildings in which the external envelop is dynamically
insulated. Fresh air was supplied to the building through the envelope by depressurisation, using a fan-driven,
ducted extract system. Prototype 3, 4, 5 and 10 storey buildings, all sharing the same rectangular floor plan,
were studied using a spreadsheet model. From the analysis the effects of wall porosity, depressurisation level
extract system deployment, occupant density and distribusion, and building orientation have been quantified I
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INTRODUCTION & BUILDING DESCRIPTION

Dynamic insulation describes a class of construction materials that provide heat insulation and which are also
Permeflble to the passage of gas and vapour (Taylor and Imbabi, 1998a. Bartussek, 1989). The use of dynamic
insulation in small buildings is relatively straightforward (Taylor and Imbabi, 2000). The practical
consequences of instelling dynamic insulation in larger, more complex buildings are less obvious, however.
The question of ventilation analysis and design for a dynamically insulated multi-storey building, taking nto
consideration the extreme conditions of fire and the pressure variations on the external envelope caused by
wind, is addressed in this paper. Unlike single storey, single zone low occupancy buildings (Taylor and
Imbabi, 1998a), smoke control in large multi-zone buildings is a complex matter. Wind and smoke control

strategies are essential factors in determining the depressurisation level of the building and the air permeance
of the wall.

A simple layout of rooms arranged to either side of a central corridor that opens on to a stairwell, typical of
many office buildings, is assumed - see Figure 1. A fire door leading to the stairwell at the end of the corridor
defines this suite of rooms as a fire zone. The materials forming the envelop include plasterboard, thermal
block, fibreboard, cellulose-based insulation, etc, and were assigned measured values of thickness, density,
permeability, permeance and pressure drop reported in (Bartussek, 1989. Taylor et al, 1996). The building was
assumed to have 50% glazing, and door panels were assumed to be 2.0 x 0.9 m. In assessing the influence of
wind on ventilation, buildings of 3, 4, 5 and 10 storeys have been investigated. The floor to floor distance
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perween the stories is taken to be 3.6 m and the internal floor to ceiling height is 3.0 m. The gross plan area
¢
of the building is 34.0 x 14,0 m.

With dynamically insulated buildings it should be feasible to eliminate extract d\fct\vork by using the corridors
an0 smirwells for venting air, provided it is not contamma'te.d by smoke frgm fires or cigarettes, and toxic or
ant chemicals. For a speculative multi-storey building, however, it can be sh‘ow.n that the strategy
results in an uneconomical loss of floor space. In our analysis, the fgllpwmg ven.tlla.non' and_ﬁre safety
strategy has been adopted. It will be shown that in order to ensure the minimum ventilation is 'fxchleved, e'ac.h
coom needs be depressurised to approximately —100' Pa. The extract ducting arrangement required fgr this is
shown superimposed in Figure 1. In order to avoid proble.ms? with the opening gf doors th.e cs)rndor and
ser well will also be depressurised. These ducts feed ventilation shafts in the .staur\vell. _This high level of
dcpmssurisation is also required to overcome the pressure loss in the extract ducting and wind loading,
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Fig. 1. Floor plan of the building.

FIRE SAFETY CONSTRAINTS

The fire authority, insurance companies, property developers, financiers and the building control authority
require that measures be taken to ensure that escape routes are maintained free of smoke. In addition,
insurers and owners will wish to confine the fire within specified zones, for obvious economical reasons. An
important question is whether the methods of fire control and smoke venting employed significantly assist in
reducing the spread of fire pending the arrival of the fire brigade. In addition, would the means of escape of
persons within the building be assisted by the latter (CIBSE, 1986)? In the United Kingdom guidance is
provided in Fire Precautions in the Design of Buildings, BS 5588 Part 3: Code of Practice for Office Buildings
(BSI, 1983), and Part 9: Code of Practice for Ventilation and Air Conditioning Ductwork (BSI, 1989).

The rate of smoke generation, even by a small fire, is considerable. The mass flow of smoke, M, generated by
flames at temperature T (K) from a fire with perimeter P (m) is (Butcher and Parnell, 1979)

%
M =0.096Pp,y” (g%—j ©)

where p,, T,, are the ambient air density and temperature respectively, and y the height of the bottom of the
smoke layer above the floor. The volume rate of production of smoke from a fire at a temperature of 1100 K
ina waste paper bucket (0.3 m diameter) in a room 3.0 m high is initially 10,000 m’/h. For a tabletop fire, the
rate of production will easily be three times greater. These rates are far in excess of what the ordinary extract
vent system is designed to handle, and so its continued operation will not halt the spread of smoke to other
patts of the building. The extract vent system must therefore be shut down in case of a fire. In an airtight
room, the fire would soon extinguish itself. With air permeable walls, however, the fire could continue to be
supplied with oxygen and burn for longer.
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Any method for smoke control that is proposed must meet the basic criteria that everybody must pe able 1o
0

get into a protected escape route within 2 minutes. The designer must ensure that vent air MOVemen; &
8

away from escape routes, to prevent smoke from obstructing the exit of occupants. In a building with s,

high ceilings, the corridor itself could be used as a smoke reservoir (Butcher and Parnell, 1979), but if £06 R 5
are accessible only from one cor idor, that corridor should not be used to vent air. The use of motorised ﬁ“:

dampers in ventlation ducts allows the Fire Brigade to choose whether to vent smoke or not.
another way of ensuring stairways remain free of smoke during a fire is to maintain the staicwell
pressure with respect to the rest of the building (BSI, 1978). Reversing the ventilation fan dir
feeding the air only into the staicwell and corridors could be used to achieve this, provided th
isolating each room remain shut with no leakage.

Howcva-‘

In order for the doors to be easily opened, this positive pressure would be limited to 50 Pa. To limif the

leakage of air directly to the outside the stairwell and the corridor walls would have to be of low
conventional consteuction. The air supplied to the corridors must pass easily out through the external walls
so that the major pressure drop occurs across the room doors, to prevent leakage of smoke into the cornidor.
With a 15 Pa buoyancy pressure generated by the fire (Zickerman, 1992) a reasonable design objective wouki
be to try and achieve a 45 Pa pressure drop across the door and the balance (5 Pa) across the external wall. In
a room without a fire the flow of air around the door and through the wall is given by (Awbi, 1991)

Q=KL -RJ* =K AP, e
where P, and I?, are the corridor and room pressures respectively, (K,) the permeance, (4,) area of wall, (K)
leakage coefficients and (L) cumulative perimeter length for the doors. This can be re-arranged to

os [ K, A,
(£-P) _(T,L]P' =0 3
which can be solved by iteration. Equation (3) has solutions for P.of under 5 and 10 Pa for raw values of P
o'f 2Pa®*and 1 Pa® respectively. This can be used to calculate the required leak tightness of the door for :my’
given door size, permeable wall area and wall permeance. Thus, if the corridor is pressurised at 50 Pa, the door
perimeter is 5.8 m, permeable wall area 10 m” and wall permeance 0.1 m*/m?hPa, the doors leakage coefticient
needs to be less than 0.16 m®/mhPa’® for 10 Pa pressure drop across the wall.

Permeable internal walls would not provide acceptable fire barriers. The buoyancy pressures (15 Pa)
‘generat.ed by a fire in a sealed room would force hot, toxic gas through into adjacent rooms at ceiling level,
increasing the ease with which fire will propagate. Although a permeable wall would filter out the relatively
large particles (~10 pm diameter) which are characteristic of smoke (Taylor and Imbabi, 1998b), invisible
toxic gases could still overpower occupants in adjacent rooms. It may be that even air permeable extecnal
walls would need a means of excluding external air. To do this in a practical way means bring the air into the
wall at a limited number of points rather than over the whole external surface. This would increase the
pressure drop of the air supply system, adding to cost and complexity.

A ducted extract system is the only feasible option in a dynamically insulated multi-storey building. Such
buildipgs need to be depressurised to -100 Pa or higher to ensure that air flow is inwards through the wall at
all points in the envelope, to meet ventilation requirements. The absolute value of the depressurisation will
increase as the building height and ambient wind speed increases, and requires a ducted system, since using
corridors would make airflows and pressures difficult to control as people use the building. The choice of air
permeance for the walls is confined to a narrow range. [t transpires that the materials that could be used in
pejrmezable wall (Barjtussek, 1989. Taylor et al, 1996) will result in an overall wall permeance of between 0.1
m’/m*hPa and | m*/m’hPa. For simplicity and economy of construction, the permeance of the envelope
needs to be uniform, and this has been assumed in the current model.

THE EFFECTS OF WIND

Changes in wind direction will naturally affect performance. To quantify the effects of wind speed, building
height and the air permeance of the walls on depressurisation and occupancy pattern within the building, the
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sure coefficients were calculated using the Swami and Chand a (1988) correlation for tall buildings. The
rc:sure coefficient was calculated at the midpoint of each external wall for every room. The external
g::ssute P, at that point is readily calculated from the wind speed at roof height I/} using

p=c,(3on) @

with V, estimated from standard expressions (Awbi, 1991) for wind speed as funct'ion of heigi}t and local
tecrain - assumed to be utban in this case. The wind speed at the reference site, /5 is measured in flat open

country. Thus, fora building of roof height z,

1 z 0.25
Fal —h) v, ©
0.67\ 10

The airflow through the wall varies in direct proportion to the pressure difference across the wall, and the
internal pressure P, is arranged to be the same in every room.

RESULTS

CIBSE recommend a minimum ventilation rate of 8 1/s/person. The spreadsheet model used assumes single
occupancy offices are located on the leeward side of the building. Pressure at the centre of an externa} wall
panel is assumed representative of the external pressure for that room for airflow f:alcfulatlons. The maximum
number of occupants is given by the airflow rate through the wall divided by ventilation rate per person. The
maximum number of occupants for each location is summed to give the total nuTnbei_' of occupants for Fhe
whole building. Wind speed at Aberdeen that is likely to be exceeded 50% ofthe time is 5.5m/s. For design
purposes, it is necessary to calculate the required depressurisation at the higher wind speefi of 10 m/s to
ensure surplus capacity. The results of such calculations are shown in Table 1. At lower wind speeds b'oth
occupant density and depressurisation levels are reduced, more so for higher permeance construction.
Dynamically insulated buildings in excess of 10 storeys are not likely to be a practical proposition because of
the very excessive depressurisation required.

Table 1. Occupant densities and depressurisations for a wind speed of 10 m/s.

Permeance Maximum no  Depressurisation
(m’/m*hPa) of occupants (Pa)
10 2862 -98.7
36.0 (10 storeys) 01 332 1213

1.0 1030 -66.2
18.0 (5 storeys) 0.1 142 -99.3

1.0 722 -57.5
144 (4 storeys) 0.1 110 -95.0

1.0 454 -47.5
0.1 82 -90.0

Building height (m)

10.8 (3 storeys)

Table 2 shows the number of occupants in each room of a 10-storey building with 0.1 m®/m’hPa wall
permeance at a wind speed of 5.5 m/s. Note that room 2 on the 9th and 10th floors can only support 4
occupants in this configuration, and the total number of occupants is thus reduced to 188. The average space
allocation is 18 m® per occupant, which is generous by office standards. The extravagant space allocation of
72 m® per occupant for the largest ooms is clearly uneconomical.

Table 2. Pattern of occupancy in 10-storey building,

Room 1 2
No of occupants 5 1
m?/occupant 12 10 72
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The Yentlla.uon per occupant supplied to each room can be determined in a similar manner, F 2
buuldlng \vn-th a wall permeance of 0.1 m*/m*hPa the depressurisation required at 10 n;/ ?ra l(.) Storey ]
ventilation is -121 Pa. At the same time, the maximum ventilation rate per person increases f; > or minimum S
I/s/person, and the average air change rate for the entire building increases from 0.39 to 0 62:’02\ gl
modest 4 storey building the depressurisation required for the same conditions is .-95“[’. o
dgpressunsat:on could be achieved by employing an external wall of permeance 1 m’/m’h :
with the permeance of insulation would provide the perfect solution in this case.

n fora a
A I&S{t ;‘« 3
Pa. Masonry blocks =

The dgpressurisatis)n that can be practically achieved depends on the design of the extract ventilatt
Assuming a duc_t air speed of 1.5 m/s for the cases under consideration, the duct sizes on each floor would

04 ant;l 0.3 m diameter on the windward and leefvard sides respectively. The entire network could [\)\;O(l; . be
by a smglle extract f:'m, thJt the duct supplying such a fan would be of the order of 1. m diameter. vat
pressure losses remain at less than 0.08 Pa/m, providin, od flexibility in desi i b
at higher air speeds and therefore smaller duct sizes. = S sdihepumad

To recap, the design issues highlighted when designing a dynamically insulated multi-storey building are:

= With large depressurisation the env i i
elope needs to be exceptionally air and waterti
. . tight. A y
water penetrating the envelope will be blown indoors. ! ¢ ouch e
- Ch)ccupancy a.nd usage of space within.the building will be constrained by the available ventilation theough
’tr e \valls,.\vh.mh in turn depend on building geometry and prevailing wind conditions. %
thhedve.ntllatl.on provided t}u:ougb the wall is only an exact match to the ventilation required in a room at .
; ;. 351gn wmc.i sPecd afld.dlrectlon. At other conditions, the majority of rooms will be over-ventilated.
€ depressurisation within each room needs to vary with wind speed and direction. This is relatively

§a§l}:i to ac.hle\.re whep the building is small and encloses a single open space. In compartmentalised
l.JEl ings, it will require the dampers in the extract ducts to be controlled by a transducer measucing the
differential pressure across the external wall(s) of the room. £

ss:;n;;: of the Im;ll:‘:}nons can be overcome. Enclosing the building within a wind barrier would eliminate the
v aid ;la’ressurcldx terences that occur over the envelope, and stop rain penetrating the envelope. Channels
couid be provided through the building, for example in the floor, to equalise the pressures on windward and

leeward sides of the building. Such measures invaciably | i 1 i
A b EEE vanably lead to increased complexity of design and cost, and

DISCUSSION AND CONCLUSIONS

Fire sa}fety copsiderations suggest that a ducted extract ventilation system would be more appropriate than
:;glng] tS he ctl)c;'rldors foF most building types. In case‘of a fire, the damper in the ventilation extract from each
o ould automatically shut. Although .the ventilation extract plays no part in smoke control, the extract
sgitr'1 i gna room cannot be plgced.m the optimum position for ventilation, which is opposite the external wall
: € must c.onsnder the implications for human safety. Therefore, a compromise position for the extract
grille would be in the centre of the room. Air permeable internal walls are unsafe because they will not
prevent the spread of hot, toxic gases during a fire. e Ry

f::e]s;:ep:'c‘:yinolt"hzc:'ral:ltru%ulon, tlhg permeance of the external wall should be the same over the whole
i il E:mi. to |. m’/m*hPa. _ \X/md.ows must always remain shut. This is essential for the
it g CyOUId Elnsu atlolrll and desunb!e in bylldmgs w}.lcre' physical security is important. The
e el e crptrobeq manually if required, by adjusting the extract duct damper, but the
0 e m;)m.rl'l:.l in a building which lnhe.rently provides a high quality indoor environment.
sl t;e U’lr hlng need also to be leak-tight, so shoFt of using an airlock, revolving doors
oy e ot;, tiu! ?:.ﬂ ere are Other important benefits in using dynamic insulation. Air permeable
e urbal; env.a ilter particulate pollution and redu.ce outdoor noise (Taylor and Imbabi, 1998b).
o ! environments windows can be kept closed in summer without compromising ventilation
quality, to provide a quiet and clean work environment for occupants and sensitive oftice equipment

cking -
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pynamic insulation also provides outside air without draughts.  This is useful in winter, but its efficacy in
P&,viding a fresh atmosphere in summer remains to be established.
The narrow building form examined in t.his paper could be easily ventilated by opening \vir.xdows. In a deep
hn building using dynamic insulation, air would need to be' ducted from rooms at the periphery to ‘those at
the centre. us, rooms at the periphery must be pollution free and with low occupation density. An
amngement that overcomes these restrictions is use of a porous ceiling, with air distr bgted through floor or
celing voids. The ventilation systems described are 100% fresh aic systems. There is no opportunity to
recycle a proportion of the warm air around the building to reduce ventilation heat loss and remove internally
generated particulates from the air. These desirable features could be incorporated if the building were fitted
with a cavity, requiring additional outer cladding. This would not be as efficient as an internal ducted re-
arculation system, since the warm air would lose heat to the outside via the uninsulated cladding,

The findings show how dynamic insulation could be applied in a cellular multi-storey office block and
highlight the design considerations of fire safety and wind loading. The building height is limited by the
depressurisation to around 10 storeys, depending on the local climate and topography. The locason of
occupants and work processes is also determined by these external factors, which constrain how space within
the building is used. Also, ventilation performance could be adversely affected by developments on adjacent
sites, over which the building user and owner often have little or no control. However, there are a number of
advantages. In city centre environments, chemical pollution and noise from motor vehicles and other sources
require buildings to be sealed, and air to be supplied and filtered by mechanical systems. Air permeable walls
can Rlfil both of these requirements with less plant and lower energy requirements when compared to air
conditioned buildings, reducing the initial and running costs.
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