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The objective of this publication is to provide technical

data and guidance for defining a robust, appropriate

and acceptable design fire for the fire safety engineering

design of a building. It explains:

* what a design fire is

* how it can be determined

* its limitations

* the experimental data (where available)

* current calculation methods used for defining a design
fire.

Depending on the geographical location of a building,

its legislative fire safety requirements may be achieved in

a number of ways. Fire safety engineering is a generally

accepted approach for demonstrating that the legislative

fire safety requirements of a design have been achieved.
A building design which is supported by a

performance-based fire safety engineered solution

comprises a number of components. One of these

critical components is the selection of an appropriate

and relevant design fire. In a performance-based fire

safety engineered solution the design fire will determine a

number of important parameters for a given space, which

include:

* the quantity of heat released

* the quantity of smoke produced

* the composition of the smoke

¢ the fire size

* the temperature of a smoke layer

¢ the time to involvement of all exposed combustible
materials

* the fire duration.

Based on the values determined for the parameters, a fire

engineered analysis can establish:

* if predetermined tenability criteria are exceeded

e if further fire protection measures are required (eg a
smoke control system)

* the specification of such fire protection measures.

Clearly, there is great significance associated with the
selection by the fire safety engineer of an appropriate
design fire to ensure it is representative of the situation
considered to fulfil the life safety requirements. In
addition to this, it is important to determine if the fire
safety measures proposed by a fire safety engineered
solution are proportionate (ie not overly onerous, resulting

in unnecessary expenditure), but nevertheless capable of
meeting the life safety requirements to avoid potentially
life-threatening omissions.

There are a number of different approaches to defining
an appropriate design fire ranging from calculation based
on fuel load surveys of real buildings and quantification to
experimental determination. These different approaches
will be described in detail.

This publication is aimed at those professionals
involved in the fire safety engineering design process,
either as a designer fulfilling a brief or a regulator/
approver of the design. It is intended that this publication
will provide evidence to assist the review of the
foundation of the fire engineered solution as part of any
approval process.

More generally, those in the position of the responsible
person, as defined by the Regulatory Reform (Fire Safety
Order) 2005 (FSO), or those delegated as competent
under the FSO by the responsible person, are likely to
find this resource beneficial when undertaking a fire safety
risk assessment in both fire safety engineered and non-fire
safety engineered buildings. That is, it is important that
the responsible person understands the design principles
of his or her buildings so that he or she can ensure that
they are managed on an ongoing basis, within their design
fimits. Specifically, the fire load is restricted to within
the limits of the assumed design fire. This is particularly
important where, for example, a change of use or change
of ownership might occur. '

Fire safety engineering design requires the
identification of an appropriate fire size on which a design
can be based®?. This is one of the key decisions in fire
safety engineering design and requires formulation of a
quantitative description of the fire. Published reliable data
is scarce and fire safety engineers often resort to a simple
generic description based on assumption.

A summary of the most commonly used parameters in
fire safety engineering are detailed as part of the summary
of each of the experimental fires where available and
include the following parameters:

HRR

heat of combustion

mass of fire load

optical density

carbon dioxide concentration

carbon monoxide concentration.









Both of the scenarios described above assume that the
ventilation conditions within the enclosure of fire origin
remain unchanged as a function of time.

While it is important to consider the availability of
oxygen in the air, it is also important to be aware of
circumstances where the thermal decomposition of
certain materials produces oxygen (an oxidant) in addition
to that already present in the air. This could result in a
combustion reaction being supported in the absence
of air (or at reduced oxygen level). In addition, the
designated function of the building may also introduce
additional sources of oxygen. For example, piped oxygen
and/or cylinders of compressed oxygen are found
commonly across a hospital site to satisfy the ongoing
needs of patients. Such circumstances are not likely to be
encountered widely, but every effort should be made as
part of the fire safety engineering design process to take
account of the presence of oxidising materials.

I his Is basically an event Or series T events tnat can
occur during the course of a fire and alter the fire’s
characteristics. Such interventions could include:
* breaking of windows to increase ventilation
opening of doors by occupants during evacuation or
by the fire service
operation of HVAC system
operation of fire dampers
operation of smoke control ventilation system
operation of suppression system.

All these interventions could influence the growth of a
fire and should be considered in terms of the overall
characterisation and definition of a design fire. Particular
care is necessary since what represents a worst case for
some interventions might be best case for others,



The simplest approach to specifying a design fire is based
on assessing the largest size a fire is reasonably likely to
reach in the situation being considered®. This is then
used as the basis for the design of the fire protection
systems and assumes that the HRR continues indefinitely.

Figure 3 shows an example of a plot of a generic HRR
versus time representation of a steady-state design fire.
Steady-state design fires have historically been employed
as a basis for design, as there has previously been an
acknowledged lack of data in relation to time-dependent
design fires?. Steady-state design fires have been used in
the design of smoke control systems in a range of building
occupancies, but they were initially applied to the design
of smoke control systems in enclosed and partially
enclosed shopping centres.

Research into smoke control in enclosed and partially
enclosed shopping centres and the subsequent guidance
produced®? used the methodology of selecting a fixed fire
size. By basing the design of the smoke control system
on the maximum likely fire size means that, as stated
previously, any fire size up to the maximum fire will be
managed by the system and a degree of flexibility can be
retained. For example, even if the occupancy changes,
the designer may be able to demonstrate that the
maximum likely fire size is still within the bounds of the
original smoke control system design.

If, in the design of the fire safety precautions for a
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building, it is determined between the approver and the
designer that a steady-state design fire is most appropriate
for the situation being considered, then the size of the
steady-state fire must be defined based on a credible fire
area dependent on the fuel sources likely to be present.
The basis of the design fire must be clearly explained

so that its limitations are easily understood. If there is a
design fire within this publication that is representative of
the design scenario, the fixed fire size for design will need
to be defined based on consideration of the fire growth
curve. Selection of a peak HRR for a steady-state design
may represent an onerous design condition, but only in
relation to the fuel load for which the data are available.

If the design fire (transient or steady state) is going to
be employed to determine the specification of a smoke
control system, consideration should be given to the
proportion of the total heat released which is convection.
A number of the design fires presented in this publication
have had the fraction of the total heat released as
convection plotted or stated. In cases where this has not
been possible, it can be determined by the application of
an appropriate correction factor based on the type of fuel
load to determine the convected fraction.

[t is the convective portion of the total heat released
which relates to the entrainment of air into the rising
plume above the fire, thus the rate of smoke being
produced, which is normally expressed in terms of mass/
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volume per unit of time. Values for the proportion of
the total heat released that is released as convection
(convective factor) are given in the literature> * %, The
values given in Table 2 are taken from reference [6] and
are a selection of the convective fraction values which
could be applied by the designer.

The remaining fraction of the total heat released which
is not transferred via convection is mainly transferred via

radiation. Radiative heat transfer has little bearing on the
rate of smoke production, hence it is discounted in the
design of smoke control systems. However, radiative heat
transfer is relevant to the overall fire growth characteristics
as it is a significant factor in flame spread, fire spread,
time-temperature analysis and also in the calculation of
the temperature of the structure.

Steady-state design fires are a conservative
representation of a realistic fire scenario for a particular
set of circumstances. However, when implemented in a
transient analysis, the results may be unconservative in
the early phases, particularly in relation to detection time.
As such, their application in design may result in the over-
specification of fire safety provisions at cost to a project.

It is probable that as the database of time-dependent

fire curves increases and broadens in variety, together
with advances in fire modelling, the steady-state fire as a
design tool may become restricted. However, calculations
based on the use of steady-state design fires provide a
relatively simplistic method of giving an initial quantitative
evaluation of the impact a particular fire may have on a
particular set of circumstances.




This type of design fire provides a closer approximation
to a real fire than a steady-state design fire. It is generally
accepted that there are five stages characteristic of the
development of a fire:
* ignition

pre-flashover (growth)

flashover

fully developed
* decay.

Where the fully developed and decay stages occur
during the post-flashover phase of the fire, these can be
represented schematically as given in Figure 4.

After ignition of the first item(s) has occurred, the
speed of fire growth is dependent on the transfer of heat
to adjacent combustible materials and products and the
ease with which they are ignited. As a consequence, fire
growth rates will vary significantly. The following sections
explain how these may be approximated.

As has already been discussed, the growth phase of a fire
is sensitive to many variables, such as the:
distribution of combustible material within a space
properties of the materials
configuration of the materials.

Incipier
phase

Temperature

However, despite these uncertainties, for fully ventilated
fires, it has been found that the rate of development
approximates to a parabolic growth (a t-squared growth)
following an initial incubation period®™’-®. Thus:

Q=a,(t-1,f (Egn 3)
where:
¢ = HRRatany time (kW)

a@; = fire growth coefficient (KkW/s?)
t = time(s)

t, incubation time of fire (s)

The coefficient &, appears to lie in the range of

107 kw/s? for slowly developing fires to 1 kW/s? for rapid
fire growth. Four standard fire curves have been defined
and validated®; the values of the coefficients are set out
in Table 3.

The t-squared curve is quadratic without any limit; it
does not have a steady state and decay period. When the
coefficients &, presented in Table 3 are plotted for each
of the four fire growth coefficients (slow, medium, fast
and ultrafast) they appear as shown in Figure 5. These fire
growth coefficients are derived from the time taken to
reach the HRR of T MW,

The fire growth coefficient is a valid way of predicting
the likely rate at which a fire will develop to its maximum
HRR for horizontally spreading fires, but alone, it does not
provide the user with the maximum heat release value.
Users should be aware that the fire growth coefficient

Extinction

Time









Nominal or standard fire curves are the simplest
representation of fully developed post-flashover fire for
design applications. Such fires are normally adopted in
the performance-based design of fire exposed structures
(structural fire engineering). They include the standard
(ISO 834!") fire curve which is used in the derivation of
fire resistance '3 as well as more severe representations
of fire behaviour such as the hydrocarbon fire. Less
severe representations also exist such as the external
fire curve (used for elements of a structure outside the
building envelope)'. Nominal fire curves essentially
assume that flashover occurs instantaneously at the point
of ignition, the fire then continues to grow indefinitely
with no cooling. Three fire curves taken from Eurocode
1, Part 21! are shown below in Figure 9. The use of
the standard fire (1ISO 8341"3)) curve as a design fire
means that the performance of the structure can be
directly benchmarked against regulatory fire resistance
requirements. Although more realistic representations
of a compartment fire exist, ie parametric design fires
(discussed below), the standard fire curve is still largely
used in the performance-based design of timber
structures.

The corresponding equations for each curve, taken
from Eurocode 1, Part 2%, are shown below for
completeness:

Standard (ISO) fire curve:

®, = 20 + 345log, (8t + 1) (Eqn 4)
External fire curve:

®g = 660(1 — 0.687e932 —(,313e73%) + 20 (Eqn 5)
Hydrocarbon fire curve:

®g = 1080(1 — 0.675e 9167t _(),675e72) + 20 (Eqn 6)

where:
0, = the compartment gas temperature (°C)
t = time from ignition (min).

The parametric design fire curve, as specified in
Eurocode 1 Part 2", is a step forward in complexity from
nominal fire curves and relates the time—temperature
response of a compartment to the available ventilation,
fire load density and thermal characteristics of the
compartment boundary. Similar to the nominal fire
curves, the parametric approach is a post-flashover
model assuming instantaneous flashover at ignition

and is almost exclusively adopted by structural fire
engineers undertaking performance-based designs. The
application of parametric design fires is largely limited to
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relatively small compartments and becomes inaccurate
for large open-plan spaces typical in many muitistorey
structures. Unlike the nominal fire curves, the parametric
approach includes a cooling phase and is often used to
design structures to survive compartment burnout. The
parametric curve is given as:

@g = 1325(1—0.324e%%" —0.204e"7" (Egqn 7)
—0.472e7%)
where:
®, = temperature in the 0
fire compartment
t* = tr (h)
t = time (h)
' = [O/b]?/(0.04/1160) (dimensionless)
b = V(pch) and should lie between (J/m2s%K)
1000 and 2000
O = opening factor (A Nh/A) (m”)
A, = area of vertical openings (m?)
h = height of vertical openings (m)
A, = total area of enclosure (m2)
p = density of boundary enclosure (kg/m3)
¢ = specific heat of boundary (1/kgk)
of enclosure
A = thermal conductivity of boundary  (W/mK)

. The concept of parametric time (t*) is used to modify the

time at which peak compartment temperatures are
reached. An example of the parametric approach is
shown in Figure 10.

I he concept of ime-equivalence is used to relate the
severity of real fires to the time—temperature relationship
in a standard fire resistance test" . Figure 11 illustrates
the concept of time-equivalence, relating the actual
maximum temperature of a structural member (ie beams
and columns) from an anticipated fire severity, to the
time taken for the same member to attain the same
temperature when subjected to the standard fire.

Generally, time-equivalence can either be determined
by using a simple equation or taken from experimental
data from natural and standard fire resistance tests.
Although simple to use, the time-equivalence is a crude
approximate method of modelling real fire behaviour
and bears little relationship with real fire behaviour. In
addition, the limitations of the method should be clearly
understood. The main limitation is that the method is
only applicable to the types of members used in the
derivation of the adopted formulae. The method is most
applicable to unprotected steel frame structures although
modification factors exist for concrete and protected steel
frames. The most commonly used form of the time-
equivalence method adopted today is that of Eurcode 1
Part 21" which is shown below for completeness:

predicted time—temperature relationship. The background The equivalent time of fire exposure, t_, is calculated
theory to this calculation approach was developed by using:
Wickstréoml'®. The values 0.04 and 1160 relate to the
opening factor and the thermal inertia of the standard tog = QoKW (Eqn 8)
fire compartment as used in the original test programme.
The cooling phase of the time—temperature response is where:
assumed to be linear and is dependent on the parametric q,, = design fire load density (M)/m?)
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Figt  '1: The concept of time-equiv =~ e

k, = conversion factor dependent on thermal a, = AV/Af, where Av and Af are the area of the vertical
properties of compartment boundaries ventilation openings and the area of the
(min.m2/M]J), typically taken as 0.09 in the UK compartment floor, respectively
(as per the National Annex to BS EN 1991-1-207)) H = the height of the compartment (m)

w, = ventilation factor (dimensionless) o, = Ah/Af, where Ah is the area of horizontal

ventilation openings
where, w, is given by: b, =12.5(1+ 10a,-a} =10 (Egn 10)

0.3
w, =(E] -[0.62+90(0.4—a,)4 11+, -a,,)]z 05 (Egn9)
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