LUND UNIVERSITY

Current fire research and design - Particularly in view of mathematical modelling

Pettersson, Ove

1983

Link to publication

Citation for published version (APA):

Pettersson, O. (1983). Current fire research and design - Particularly in view of mathematical modelling.
(LUTVDG/TVBB--3018--SE; Vol. 3018). Division of Building Fire Safety and Technology, Lund Institute of
Technology.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00

Download date: 01. May. 2024


https://portal.research.lu.se/en/publications/6e01eb61-ad80-4582-8c85-c443acf74f3c

.w.’ e
Ee SR
.
- %,ﬁw,%;;%w,
:#% -

S

o

R

=
e
ﬁ%‘gﬂ' o

e
e

=
T

s
e

S

e

o

g

o
o
-

oo
A

&
5 B
&

s

A
o
=

P

G

o
S bl
e

S
i

E X S : A /‘%_'__;;
=0 e NMM

i R

-
-

o
e

R s
'2;3@.‘1'?' -

S
s

Sl
ey

S

=

P
Giman

e
S -
D ?,.M =

s
e

T
S

.

i
i

-
.

s

S
c

o
=3

s

Lo

e

e
o

T

o
Ao

s

e
S
o

o

S

e
iy

o
B
»ﬁ”‘“”'f}z s

o

L
R
W

i

-

e

i .
B i
e R O]

-
e

i

=
e

=

o
L




LUND INSTITUTE OF TECHNOLOGY

DIVISION OF BUILDING FIRE SAFETY AND TECHNOLOGY
P.0.Box 725

§-220 07 LUND, Sweden

REPORT LUTVDG/ (TVBB-3018)

OVE PETTERSSON

CURRENT FIRE RESEARCH AND DESIGN - PARTICULARLY IN VIEW OF
MATHEMATICAL MODELLING

LUND 1983 (1984)

Presented at the CIB 9th Congress in Stockholm, 15-19 August,

1983 and slightly modified in connection with an open lecture

at Science University of Tokyc, 20 April, 1984



—— O Al XD . LD e i T £ S s i, W

CURRENT FIRE RESEARCH AND DESIGN - PARTICULARLY IN VIEW OF
MATHEMATICAL MODELLING

— g s o

Prof., Dr. Ove Pettersson

Crganization/Enterprise

ik i D L R e e LM S M D U D04 i D il il

Division of Building Fire Safety and Technclogy,

Lund Institute of Technology, Sweden

Fire research/Fire design/Mathematical modelling/Fire growth/
Flashover/Tully developed fires/Reaction of materials/Fire

spread between buildings/Structural fire safety

—————

With the general trends of the international devslopment of
codes, specifications and recommendations for a fire enginser~
ing design as a background, the rapidly expanding modelling
capabilities are demonstrated and exemplified with respect o
the fire growth in a compartment, the £fully developed compart-
ment fire, the reaction to fire of materials, the fire spread
between buildings, and the fire behaviour of building struc-
tures. The progress within the field of fire research and
design is now characterized bv a real breakthrough towards an
increasing application of analytical methods with an improved
connection te real fire conditions and based on well-defined

functional reguirements and performance criteria.



CURRENT FIRE RESTARCH AND DESIGN - PARTICULARLY IN VIEW OF
MATHEMATICAL MODELLING

Ove Pettersson
Division of Building Fire Safety and Technoclogy

Lund Institute of Technology, Sweden

During the last decade, the knowledge of fire characteristics
and related effects on materials, building components and
structures has increased considerablyv. In conseguence, a
rapid development now occurs internationally in the field

of codes, specificaticons and recommendations for a fire en-~
gineering design in a broad sense. Some typical trends in
this development are:

* An improved connection to real fire conditions,

* an increasing extent of design, based on functional re-
guirements and performance criteria,

* a3 develcopment of new test methods, which are, as far as
possible, material independent and directly related to
well-defined preoperties and phencomena,

* an increasing applicaticn of analytical design - reliabi-
lity-based in its most advanced form,

* an extended use of integrated assessments, and

* an introduction of goal-oriented systems of analysis of
the total, active and passive fire protection for a build-

ing.

Scme of these trends will be illustrated below with parti-
cular reference to the reaction to fire of materials, the
fire spread between buildings and fire behaviour of build-
ing structures. Mathematical modelling as a tool in fire
research and design then will be the main theme in the dis-
cussion. As a background, the presentation starts by a brief

review of the state of the art regarding compartment fires.



1. Compartment Fires

A fire starts in a compartment when sufficient energy is
supplied to combustible material through, for instance, a
burning cigarette or an electrical short~circuit, for the
materizl to ignite or when the material generates this ener-
gy by itself (self-ignition). Decisive influences for the
process cof ignition are (Fig. 1}:

* The characteristics of the source of energy,

* the type and geometrical properties of the material ex-
posed, and

* the time of thermal exposure.

— SOURCE OF ENERGY
= IGNITION __f_‘ MATERIAL
L EXPOSURE TIME

FIRE LOAD
GEOMETRY OF FUEL
FUEL rm RATE OF BURNING
Lo THERMAL PROPERTIES

FORCED VENTILATION & NATURAL
AERCOYNAMICS CONVECTION

THERMAL MOVEMENT OF GASES
GROWTH —| FUT. SACKAGEn ————GEOMETRY OF ENCLOSURE

tTHERMAL PROPERTIES OF ENCLOSURE
EXTINGUISHING OPERATIOMS

FUEL PACKAGE! =

ENCLOSURE

TOTAL INVOLYEMENT
{FLASH OVER)

— RATE OF ENERGYTRANSFER
(IGNITION MECHANICS)

e AERCOYNAMICS

—SPREAL TO ADJOINING SPACES

INTERFACIAL AREA

POSITION WITH RESFECT 10
boors ART A THROUGH WHICH
ENERGY 15 TRANSFERRED

L—EXTINGUISHING SYSTEMS

Fig. 1 Factors affecting ignition, growth and spread of

fire in a building. A fuel package is a fire load

component, e€.g.

a curtain, a piece of furniture or

a group of furniture in an office landscape



After ignition, the fire produces thermal energy. Some of
this is used as feedback to maintain the combustion. Some
of it 1s transferred via radiation and convection to otherxr
materials in the compartment which are then heated and may
ignite and contribute to the spread of fire - Fig. 2. Once
an initial fire has occurred in a compartment, its process

of growth and spread is determined by (Fig. 1)

* the size, volume and arrangement of the fuel or fire load,
its distribution in the compartment, and its continuity,
porosity and combustion properties,

* the aerodynamic conditions of the compartment,

* the shape and size of the compartment, and

* the thermal properties of the compartment.

Fig. 2 PFire occurrence and spread in a compartment

If extinguishing systems are installed, the fire growth pro-

cess is influenced further by

* the design and workability of these systems, for instance,

a sprinkler system.

The development of the fire generally comprises thermal, aero-~
dynamic and chemical processes, governed by a complex inter-
action between several mechanisms. As a rule radiation, con-
vection and flame spread are the dominant physical factors

- Fig. 3.
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Fig. 3 Fire growth in a compartment through radiation, con-
vection and spread of flame

During the fire growth, a hot gas layer is built up under the
ceiling of the fire compartment (Fig. 2). Under certain con-
ditions, this gas layer can cause a rapid spread of fire over
the entire ceiling which then can lead to an inclusion of
large parts of the total fire load in the fire - flashover

occurs,

A summary analysis of the more general concept of flashover
and the processes involved has been given by Thomas et al ané

reference is made to [1-3] in this connection.



To predict flashover, different criteria have been intro-
duced. One refers to fliames reaching the ceiling of the
compartment. Another defines flashover as the time when
flames just begin to emerge from the openings of the com-
partment, which correlates with a temperature of 500-600°¢C
in the upper gas liaver [4]. & third criterion relates to
a critical resulting radiatioiiat the floor level of the

(

room or compartment of 2 Wem < [5]. The criteria are all

different and correspond to different physical c¢ircumstances.

Based on the resulting correlation observed in over 100 ex-
periments and on a supplementary study of the approximate

energy and mass balances, the fellowing equation

1
= H g
c,perm - 610{akAtAVh) (kW) f1)

is derived in [6] to provide guidance in determining the
maximum heat release rate Bc permissible in order to prevent
flashover for a given room or fire compartment with non com-
bustible wall linings. In the equation. oy =an effective

heat transfer coefficient of the structures surrounding the

2K_1), A, = total interior area of the

surfaces, surrounding the room or compartment, opening area

included {mz), A = total opening area (m2), and h = height of

room or compartment (kWm

openings (m).

The equation clearly shows the influence of the ventilation
of the room or compartment (AvVh) and the size and thermal
properties of the enclosure (akAt} on the likelihood of
flashover. The formula correlates with a temperature of
500°C of the upper gas layer in the compartment. The experi-
ments behind the formula apply to enclosures of moderate
size with most of the fire load located near the centre of

the room, i.e. there were no wall or corner fires.

Flashover marks the transition from the growing fire (pre-

e e . - ———— - —— S Mt i s o S



The preflashover fire is of decisive significance with regard
to the level of safety required for the escape or rescue of
people. The response of detectors, alarm systems and sprink-

lers belongs teo this period of the fire.

The postflashover fire is significant with respect to the
fire behaviour of the load bearing structures, the spread of
a fire from one fire compartment to another via partitions
and ventilation systems (Fig. 1), the externail spread of

fire from one storey to another in a multi-storey building
and the spread of fire from one building to another. With
respect to life safety, the postflashover fire is important
by the effect of the combustion products on people in remote
parts of the building. The entire fire process -~ the preflash-
over as well as the postflashover fire - is of primary con-
cern for the fire brigade people. Finally, a gualified know-
ledge of the postflashover fire is a prerequisite for assess-
ing the safety of the clearance sguad and for an analysis of
the residual state and the possibilities of reusing a build-

ing after fire.

1.1 The Preflashover Fire

— Y BAL A gt AL WS WAL TR Gl e Y S LA LA TS W WAL LA A L o

The fundamental characteristics for a description of the

preflashover fire are:

(1) The ignition properties of exposed materials as a func-
tion of the heat supplied, the exposure time, the pre-
sence or not of flames, the geometrical location and
thermal data,

and the time variations of the

{(2) rate of heat release, RHR,

(3) rate of flame spread,

{(4) gas temperature,

(5) smoke and its optical properties, and



{6) composition of the combustion products, particularly

toxic and corrosive gases.

Friedman identifies seven components of the preflashover com-
partment fire which are relevant in the fire growth to flash-
over [71: The burning object, the flame, the hot gas laver,
the cold gas layer, the vents, the target objects not yet
ignited and the inert surfaces, e.g. the ceiling. Fig. 4
shows 20 interaction vectors between these components. Seve-
ral of these interactions have multiple elements -~ for in-
stance, the heat transfer from the hot layer to the ceiling

involves convection, radiation, and conduction within the

ceiling material.

Ceiting & \
Upper
Wwalls

—— e heat flux

material flux

Fig. 4 Components and their interactions in a preflashover

room fire model [7]

In the figure, special attention should be paid to the feed-
back loops, since positive feedback is a decisive part of

the fire growth. As an example, 1t can be noted that heat is



transferred from the flame to the hot layer to the ceiling.
After a time lag, the ceiling gets hot enough to radiate to
the burning object, increasing its rate of pyrolysis and
making the flame larger.

The components have direct relevance for that group of preflash-
natively called modular or control volume models. The models

have recently been reviewed in [2, 7, 8], cf. also [9].

In a zone model, a number of zones or control volumes are
defined in the compartment with different processes dominating
in each zone. The self-contained zones are then dealt with as
thermodynamic control volumes, tied together by energy and
mass transfer conservation equations. Generally, each zone

as well as the interchanges between the zones are described

by relatively simple eguations.

Over the last ten years, several zone models have been con-
structed with varying degree of detailing and range of app-
lication. Among the first models to appear was the one con-~
structed by Quintiere in 1976 [10] - Fig. 5. The model em-

braces three control volumes (CV). The fuel CVI is considered

b Wpy ——
i i

Fig. 5 Zone model, constructed by Quintiere in 1976, for

the preflashover compartment fire [10]



to be a vaporizing solid. A flame and a plume CVII rises

above the fuel and is assumed to be the region where all
combustion occurs. The hot combustion products and entrained
air then collect in the upper part of the compartment = the
The interface between CV and the

IIT" IIT
lower region of the enclosure defines a thermal discontinui-

hot gas layer CV

ty plan Xd' The original model is guasi-stationary. For
given fire compartment characteristics, an iterative calcu-
lation procedure gives the equilibrium values of fuel sur-
face area, mass burnindg rate and temperature of the hot gas
layer CVIII'
The ability of the model is illustrated in Fig. 6 {107,
which shows the calculated relationship for a defined com-
partment between the mass burning rate ﬁV(R) and the air
flow factor Avh for varving fuel areas AV. A is the opening

area and h the opening height. The heat of combustion of the

\

DOOR WIDTH, m
0 9.5 10 15 20 25

T T

STOCHIMETRIC LOCUS mg/m,=7 ——

—
e

LOCUS gz=2Wiemiy __ . v -
< LOCUS Tg=600 C i
\\~—1.5m¢

MASS LOSSRATE m, {R}lg/s

L 1 {
a En 2.8 42 56 74

AIR FLOW FACTOR AvYR m™?

Fig. 6 Relationship, calculated by the zone model according
to Fig. 5, between the rate of burning ﬁv and the air
flow factor AvVh for varving fuel areas A,. Curves are
also given, corresponding to the temperature T = 600°C
of the hot gas layer and the radiation q%==2?€cmw2
towards the floor [10]
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fuel is assumed to 20 Mjkg“1. Calculated curves are further
given, corresponding to the temperature Tg_=6OOOC of the hot
gas layer and the radiation towards the floor q§2:2 chfz.
These values represent applied criteria for flashover and
conseqguently, the respective areas, encliosed by these two
curves, can be seen as areas for occurrence of fiashover.

The results are roughly in agreement with experiments.

The original Quintiere model has served as a basis for fur-
ther development work. & generalization of the model to a

transient version was presented by Higglund [11). The model
has later been modified by Quintiere et a2l - [12, 131, cf.

also the discussion in [2] - to include the effect of that
part of the hot gas ﬁe being brought down into the incoming
ceold air m, = Fig. 7. The heated mixed stream m,=my +tmy
then is entrained into the fire plume up to the thermal dis-

continuity plan Xd'

i lupper hot
B region Tg,:g

SAAAAAAR

=71 lower cool
{ region, g,

LSS SSNASNKNN

L]
~.]

ig. Zone model according to Fig. 5, modified to include
the effect of that part of the hot gas ﬁe being

brought down into the incoming cold air [2, 12, 133

In a recent paper by Cooper [14], the significance of a wall
efifect is studied, consisting of a near-wall downward injec-
tion of hot upper laver gases ﬁw into the relatively cool

uncontaminated lower gas layer ~ Fig. 8. The wall flow is
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te
-
[0

Influence of a downward injection of hot upper lavyer
gases ﬁw into the relatively cool uncontaminated

lower gas laver in a preflashover room fire [14]

described as buoyancy driven, developing because of the tem-
perature difference between the upper wall surfaces and the
hot upper gas layer. In [15], Sundstr®m and Wickstrtm discuss
an inverse wall flow effect, characterized by an upward cur-
rent which is caused by the warming c¢f the lower wall sur-
faces by radiation from above and is added to the current of

the main fire plume.

The described models are by their very nature built for the
specific purpose to analyse the preflashover fire, particu-~

larly the upper laver deoth and gas temperature, for a one-
room configuration. However, as pointed out in [7], principally

no new physical phenomena appear to be involved in developing

a model which is not limited fto a single compartment, but pre-
dicts the spread of fire from one compartment to a second and
to a third. Such a model extension, nevertheless, embraces a
series of problems to be solved due to the complex flow pattern
in the openings and the difficulties to calculate the air en-
trainment in the fire plume from one storey to another, among
other things.
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During the last few yvears,; a number of zone models ¢f more
gleobal nature have been developed. In the Tanaka model [16],
the egquations have explicitly been written to describe the
flow in a multi-room situation, even flow from one floor to
another. The model includes a comprehensive sub-model for
the pyrolysis of wood fuel and smoke density calculations,

based on small scale optical smoke density measurements.
The model has recently been further improved in several re-

spects [17]. A model on excess fuel burning in arbitrary room
has been introduced; a model for prediction of gas concentra-
tions has been added; a subroutine has been included to pre-
dict the upper laver emissivity; the code has been revised

so that it can deal with tall buildings with less computer
memory size, among other things. The ability of the model is
illustrated by Fig. 9, showing a sample calculation for a
tive-storey building. The numbers under the ceiling are giv-
ing the temperature rise of the upper gas layer, the numbers
at the openings and doorways the flow rate of hot gas or air,

and the arrows the flow direction.

The most detailed zone model is the Harvard University Compu-
ter Fire Code, developed by Emmons and Mitler [18]. In the
version V, the simulation represents fire in a single room with
vents opening directly to an infinite plenum and allows up to
five objects per room with the possibility of one object ignit-
ing another. The simulation provides algorithms for three types
of fire, all assuming a smooth, horizontal fuel surface, viz.
a gas burner, a fire of fixed area {(a pool fire), and a
growing fire whose area is a function of time. The input
routines allow for entering a large number of room and fuel
data. The output from the calculations cornprises up to sixty
quantities. Fig. 10 [192] exemplifies the ability of the model,
comparing measured and calculated heat flux in a specified
point, referred to a mattress test carried out at NES in a
room 3.4 m wide, 3.5 m deep and 2.44 m high, ventilated by

a single door opening and having walls and ceiling of cement-
ashbestos board. The model is continuously being improved,
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Fig. 9 Multiroom fire spread in a five-storey building after
T minute (a) and 2 minutes (b} at a fuel rich fire,
computed by the Tanaka model [17}]. Numbers under ceil-
ing are giving the temperature rise in K, numbers with
arrows at copenings the flow rate in kg-snT
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Fig. 10 Comparison of measured and calculated heat flux in a
specified point of a room for a mattress fire test [19]

The models reviewed up to now assume ceiling and wall linings
0of incombustible material. The first attempt to develop a
framework for predicting wall flame spread in a room was pre-
sented by Quintiere in 1980 [20]. The problem dealt with is
wall fire spread in a room following ignition in a corner -
Fig. 11. The basis for the analysis is the zone modeling
technique, described above. A key element in the apprcach is
a simplified theoretical model of surface spread of flame
test apparati, such as the cne bheing developed by ISC. The
goal of the model is to assess the risk of rapid fire growth
in a room (flashover) relative tc wall property data found
through fundamental principles and empirical fire +test me-
thods.
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oy it H
f'f‘.\\
‘f/ﬂ"\‘ Yoz u
ol
Vil

Tw,u ]/,/{ \WQ/
/
i Yout <X4‘\

Tg,t
Tw,f

—> FLAME SPREAD DIRECTION
= GAS FLOW DIRECTION

Fig. 11 Wall fire spread in a room following ignition in a
corner [20]

The zone models are trying to predict the input and output

of the particular zones without giving the details within

the zones. The approach provides relative computational
gimplicity. In a field model of a compartment fire, the

space is divided into small volume elements and differential
forms of the conservation equations of mass and energy trans-
fer are applied to each element and solved numerically along
with the boundary conditions. Accordingly, the field models

can potentially provide the most accurate and detailed re-
sults. Fig. 12 exemplifies this showing a perspective view

of calculated temperature contcurs, corresponding to 320

and 835 K, respectively, for a fire source in a compartment
[21]. A successful application of field models to problems

with multiple parameters reguires extreme computer capacity.
t present, there are limitations of the applicabiiity due
to insufficient guality of some of the input data required.
The main difficulties then are in the description of turbu-

lence and of radiation.
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{a) 320K

Fig. 12 Perspective view of calculated temperature contours

for a fire source in a compartment [21]

are well documented by fire statistics. More than 25% of the
deaths due to fire in the United States have been attributed
to residential fires involving mattresses or upholstered fur-
niture, initiated by smoking materials [22]. The characteris-
tic fire scenaric starts with a smoldering fire propagation
which may go through a transition to flaming fire spread. This

fire scenario is many times as common as any other.

In recent years, work has been initiated on zone modelling of

e ko ot e e —
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compartment, assumed to be closed -~ except for leaks near the
floor or the ceiling - Fig. 13. Contributions by Zukoski [23],
Cooper [24] and Higglund [25}, [26] may be referred to as
examples. A major goal of the modelling is to provide a tool
for estimating the time when the heat and smoke conditions are

getting untenable for human life.

Mass flow:

N T S

AN

"y

TRSSLLY

Fig. 13 Mass and heat flow at a flaming fire in a compartment,
assumed to be closed - except for leaks near the
floor [26]

The modelling predicts the growth of the ceiling layer and the
heat and smoke conditions as a function of the fire size, room
geometry and leak positions. The interface between the hot
ceiling layer and the lower layer of fresh air moves down at

a velocity determined by the rate of air entrained into the
fire plume mair and by the rate of mass flow through the leaks
me. mp denotes the rate of fuel pyrolysis.By means cof a mass
balance for the lower region it is possible to calculate this

drop velocity.
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The burning item releases heat at a rate EC. The heat is lost
by radiation and convection to the enclosing structures of the
upper gas layer hw' The upper layer alsc loses heat by radia-
tion to lower cool region of the compartment hD. Other ioss
terms are the radiant heat from the fire plume h. and the

£
heat to rise the temperature of the upper layver &B'

Results of the models have shown a reasonable agreement between

measured and calculated data.

A computer model of this type has recently been used by
Hidgglund [26] for a parameter study of the hazardous condi-
ticns at a growing fire within non-ventilated compartments of
various size (NON-VENT) - Fig. 14. The study also comprises

a comparison with the corresponding conditions - as concerns
the time to flashover =~ for compartments, ventilated by vents
in the roof to exhaust the hot gases and smoke produced by
the fire (VENT}.

In the study, the floor area ranges from 500 to 2000 m2 and the
ceiling height from 4 to 10 meters.

The diagram in Fig. 14 a applies to a fire defined by an ex-
ronential fire growth rate with a doubling time of 3 minutes.
The doubling time then is the time for the fire to double its
area. The diagram presents calculated times when critical events
- smoke-leogging and flashover - occur in the compartment. Smoke-
logging is defined by the time when the smoke laver has dropped
to the level of 1.5 meter above the flocr. The compartment is
then assumed to be untenable for safe evacuation and the fight-
ing of the fire becomes hazardous and difficult. The diagram

is also giving the calculated times when specified sprinklers

and heat and smoke detectors operate.

The diagram in Fig. 14 b gives the corresponding results for
a fire with a smaller value of the doubling time, d =2 minutes.
As expected, the times of critical events will be shorter with

a decreasing doubling time ¢f the fire growth.
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there are only a few experimental studies reported to docu-
ment the deneral behaviour of smoldering propagation and its
transition to flaming. The first theoretical analysis of the
scenario was recently presented by Quintiere et al [27]. The
study includes a review of smoldering fire experiments, con-
ducted in closed reooms and buildings, and a theoretical model
which regquires inputs of the rates of carbon monoxide produc-
tion and energy release and which can be used for extrapolating
test data to compartments of various size. An example of such
en extrapolation is referred in Fig. 15 [27], showing the cal~
culated time variation of the CO concentration caused by a

chalr smoldering in rooms with the height 2.4 m and various
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Fig. 15 Calculated CO concentration versus time caused by
a chair smoldering in a room with the height 2.4 m
and varying fiocor area 8. tO is the time for the
layver interface to descend to the reference point,
located at the mid-heicht ¢f the room, and t* the

time when a critical dose would be exceeded [27]
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flocor areas S. The values relate to a hypothetical sensor at
the mid-height of the rcoom. The time ts for the laver inter-
face to descend to this point and the time t%, when a critical
dose would be exceeded, are listed on the figure and also

marked on the curves.

1.2 The Postflashover Fire

A . D TG - ——— T T G S — 8 oty T g e st

The fully developed or postflashover compartment fire is the
one most widely studied and during the past 20 yvears several
arnalytical =simulation models have been presented, primarily
developed for the application to problems of structural safe~

ty. In a review paper [28], recently published, Harmathy and
Mehaffey have classified 14 mathematical models of the post-

flashover compartment fire on the basis of 14 principal
modelling aspects. The medels included have been judged either
to represent important steps in the evolution of knowledge

or to offer unique concepts.

The fundamental characteristics for a full description of the

postflashover fire are the time variations of the

(1) rate of heat release, RHR,

{2} gas temperature,

(3) gecometrical and thermal data for external flames,

(4) smoke and its optical properties, and

(5) composition of the combustion products, particularly

toxic and corrosive gases.

The simulation models, developed for structural safety pur-

poses, then concentrate on the characteristics (1)-{(3).

Most models are partly theoretical and partly empirical with
the empirical part focusing on data on the rate at which the
fuel is consumed. The models generally appear to be based

on the approximation that the temperature is uniform within

the fire compartment.
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For known combustion characteristics of the fire load, the
gas temperature-time curve of the postflashover compartment
fire can be calculated for a particular compartment from the
geometry and ventilation, and to the thermal properties of

the structures enclosing the compartment - Fig, 16 [29-39],
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Fig. 16 Energy balance of a compartment fire

The energy balance equation of a fire compartment reads

hc = he-%hr-+hw-+hg {2}

where ﬁc==rate of heat release due to the combustion of the

fuel (fire load), ﬁe==energy removed per unit time by change
of hot gases against cold air, 5I_=energy removed per unit

time by radiation through the c¢penings, h = energy removed

W
per unit time by heat transfer to the surrounding structures,
and l:lg = energy stored per unit time within the fire compart-
ment - usually negligible. The corresponding mass balance of

the fire compartment is described by the egquation

Me = Pair ¥ 0p (3)

where M =mass outflow of hot gases, m,ip =Mass inflow of air,

and ﬁp==rate of fuel pyrolvsis.

As a simplification, postflashover compartment fires can be

degsecribed by two types of behaviour - ventilation controlled
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or fuel bed controlled [40]}. For the first type, the com-
bustion during the active stage of the fire is controlled
by the wventilation of the compartment with the burning rate
approximately proporticnal to the air supply through the
openings and does not depend on the amount, porosity and
particle shape of the fuel in any decisive way. For the se-
cond type, the combustion is mainly controlled by the pro-
perties of the fuel and is fairly independent of the air
supply through the openings. The boundary between the two

types of fire behaviour is noct clearly defined.

Fig. 17 illustrates the two types of compartment fires in a
diagram, giving the rate of enthalpy release during the fire
process versus time for two types of fuel [34]. In the fi-
gure, ﬁp denctes the potential rate of change of enthalpy

of the gas, pyrclyzed from the fuel, i.e. the maximum fuel
enthalpy release rate that would occur under ideal burning
conditions. The term ﬁs denotes the rate of heat release for
stoichiometric combustion. For given compartment, hs is pri=-
marily a function of the ventilation factor AVR and the gas
temperature and only slightly dependent on the type of fuel.
The actual enthalpy release rate EC will be the lesser of

h_ and ﬁs, reduced by a factor of maximum combustion effi-

P
ciency bp’ which corrects for incomplete mixing, i.e.

. hebp
hc = lesser of { ‘ (4)
hsbp
Erthal N
r:ier:c-_l:: Y hp - Plastic

rate

Vertilation| Fuel
control centrot ™

{
]
Flashover

Fig. 17 Possible rates of enthalpy release in a postflashover

compartment fire versus time for two types of fuel [34]

Time
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Fig. 17 shows two compartment fires with h >ﬁs at flashover

which means that the fires start as ventilgtion controlled.
At a decreasing rate of pyrolysis during the fire, the ﬁp
curve may cross the hs curve after some time. At this point,
the f£ire changes to be fuel controlled from then on. For

Ep >Es, more fuel is pyrolyzed within the fire compartment
than c¢an be burnt inside it. The difference (ﬁp-ﬁs), shown
hatched in the figure for the wood fuel fire, represents the
excess pyrolysates, released from the compartment. For fuels
with a high rate of pyrolysis, which is typical for flammable
liguids and many plastic fuels, these excess pyvrolysates can
give rise to a considerable fire hazard outside the fire
compartment, f£or instance, in corridors or at facades -

Fig. 18,

Fig. 18 Fire hazard outside a facade at a compartment fire

in a multi-storey building

The practical use of the energy and mass balance egquations

of the postflashover compartment fire is facilitated by
access to well-documented computer programmes, e€.9., see [37].
A cleosed-form approximation, arranged to suit hand calcula-

tions, is presented in [38].
The available methods can be used for preparation of design

aids for practical application. The gas temperature-time

curves in Fig. 19 -« c¢f. [31, 41-43] - exemplify such design
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Fig. 19 Example of gas temperature-time curves Tt—t of
postflashover compartment fires for different
values of the fire lcocad density qe and the opening
factor AVH/At. Fire compartment, type A - from

authorized Swedish Standard Specifications [31, 41-43]

aids for an analytical design of load bearing structures and
partitions, exposed to a natural compartment fire. The curves
are approved by the National Swedish Board of Physical Plan-

ning and Buillding for a general practical application.

Variables for the diagrams are the fire load density q, per
unit area of bounding surfaces of the compartment (MJnfz),
and the ventilation characteristics of the compartment, ex-
pressed by the opening factor AVH/At (m%), where A = total

area of window and door openings (mz}, h =mean value of the

height of window and door openings, weighted with respect to
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each individual opening area (m), and At==total interior
area of the surfaces, bounding the compartment, opening area
included (mz). The diagrams apply to a fire compartment with
specified thermal data for the bounding structures - fire
compartment type A. Fire compartments with deviating ther-
mal data approximately can be transferred to the fire com-
partment type A by using modified values of the fire load
density and the opening factor [41-~437,

The models available are applicable to fire compartments of

a size representative of dwellings, ordinary offices, schools,
hospitals, hotels and libraries. PFor fire compartments with
very large volumes, e.g., industrial buildings and sports
halls, the curves give an unsatisfactory description of the
real fire exposure. For such compartments, a preflashover
fire may locally expose a structural member - for instance,

a beam, a column or a frame - more or less severely than
would be the case, if the design is based on available mo-
dels of the postflashover compartment fire. At present, no
validated models are available for a phenomenoclogically cor-
rect representation of the fire exposure, as concerns fire
compartments with a very large volume. In [44], a prelimina-
ry investigation is presented which includes a non-uniform
model of the postflashover compartment fire - in its present
version consisting of 29 subvolumes and 60 surface elements
on the boundary of the compartment. For a practical applica-
tion to fire compartments of a very large volume, the model
has to be supplemented by a model, describing the fire growth
and the related energy release in the subvolumes, as well as

by an internal flow model.

The internationally prevailing fire design of load bearing
structural elements and pvartitions relates to national classi-
fication systems with direct application of results of stan-
dard fire resistance_tests. In such a test, the specimen is

exposed in a furnace %o a temperature rise according to the

relationship
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T-T, = 34Slog10(8t-k1} (3)

where t = time (minutes), T = furnace temperature at time + (O

(O

C),
and TO = furnace temperature at time t =0 C). When applying
results of standard fire resistance tests in a practical de-
sign, it is important to consider that the test does not re-
present the real fire exposure in a2 building, nor does it
model the behaviour of the structural element as a part of
an assembly in a building. Standard fire resistance tests
only grade structurazl members, and the building codes and
regulations then require different grades of members accord-

ing t¢ the circumstances.

In order to utilize the results of fire resistance tests in

a structural design, based on actual compartment fire charac-
introduced. The concept can be described as a means of di-
rectly transforming heating by exposure in a natural com-
partment fire to heating by exposure according to the stan-
dard fire resistance test - Fig. 20. The equivalent time of
fire exposure ty then is defined as that length of the heat-
ing period in a standard fire resistance test which gives the
same decisive effect on the structural member with respect

to failure as the complete process of a natural fire. For a
load bearing structural element then the minimum lcad bearing
capacity Rmin is the decisive factor, defined alternatively
as a critical value of a maximum deflection, a maximum rate
of deflection or a maximum temperature for the structural

element.

At present, a validated information is available for a theo-
retical determination of the equivalent time of Iire exposure
for unprotected and protected steel structures and for re-
inforced concrete beams with a bending failure, introduced

by yvielding in the reinforcement [42,43, 45-47]. For other
types of load bearing structural elements and for partitions,

there are verv few studies reported on the concept.
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Fig. 20 ©Definition of equivalent time of fire exposure te'
Full-line curves apply to a natural f£ire exposure,
dash-line curves to a thermal exposure according to
the standard fire resistance test, Eg. (8). T = tem-

perature, R = leoad bearing capacity, t = time

2. Reaction toc Fire of Materials

Traditionally, efforts to increase the fire safety in build-
ings have been directed towards reguirements on structural
components and - to a lesser extent - also to building mate-
rials. Furnishings and other non-structural features of
buildings have until recent time remained essentially non-
regulated. It is now widely recognized that an increase in
human fire safety levels reguires an assessment of the role
of furnishings and other building contents. Consumer demands
in a number of countries have resulted in efforts to contrel
the flammability of furnishing by statutory or non-statutory

reguirements.

Especially important are those products which are capable on

their own of converting a fire in one part of a room into a
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general flashover - either because of their high thermal
energy contents ({upholstered furniture, large pieces of
furniture made of plastics, mattresses), or because of their
large surface areas (wall and ceiling decorations, large

curtains) .

In [48], the following possible requirements are formulated
for the flammability and heat release of furniture and single
objects in a compartment:

* A product should not be ignitable bv an ignition source
deemed to correspond to accidental scurces common to a
particular occcupancy.

* The rate of heat release by a burning object should be
assessed in relation to the rate causing flashover.

* If flashover cannot be prevented, the time to flashover

should be long encugh for people to escape.

Analogous requirements are given for linings and other mate~

rials of large area.

The fire hazard of a preflashover situation mav be considered

in terms of a series of probabilities which depend on

* presence of ignition sources,

* presence of products,

* product fire performance properties,

* environmental factors,

* presence of people,

* presence/operation of detection and suppression devices, and

* availlability of escape.

In the area of internal linings, laboratory fire test methods
are now actively being designed which measure the quantitative
response ¢f a material to specified fire exposure situations.
Examples are the "reaction to fire" tests being developed
within IS0/TC9%2. By operating at a number of exposure levels,
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these tests will provide a comprehensive, guantitative de-
scription of basic fire performance characteristics - ignit-
ability, surface spread of flame, rate of heat release, smoke

density.

In a long time view, the practical use of the results of such
small scale tests to predict the fire hazard should be based
on a fundamental and scientific approach. Fig. 21 outlines

the general structure of such an approach [49].

NO STATISTICAL CORRELATION
MooeL 0 [TT) FULL SCALE YESY DATA |
SMALL SCALE | |
TESTS VALIDATION OF MODEL
STRUCTURE
aopeL DETERMINATION OF
AVAILABLE MATERIAL PROPERTIES
" | [RHR- CHARACTERISTICS,
K gc)
3
EXTENT AND MODEL OF FULL SCALE FULL SCALE FIRE
PHYSICAL — FIRE DEVELOPMENT— PROPERTIES |FLAME,
LOCATION OF FIRE SPECIFIED SCENARIO RADIATION, ETC.)
FULL SCALE TEST B

Fig. 21 Combination of basic property tests and mathemati-
cal models for assessing the contribution of a
tested product to the overall fire safety [49]

If no analytical model of a small scale test is available,
the test results have to be directly statistically correlated
to full scale test data. If a validated analvtical model of

a small scale test exists, important material characteristics
controlling the fire growth can be given guantitative wvalues,
which then can be used as input data in analytical models of
the full scale preflashover compartment fire for specified
scenarios. With such preflashover models at hand, supported

and validated by full scale tests, it should be possible to
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predict the time variation of the extent and physical loca-
tion of a compartment fire at different environmental con-

ditions.

The related life safety problem then must be approached by
methodologies now being used within a number of other sec-
tors for assessing efficiency, sensitivity to disturbance
and reliability in complicated systems. Examples of analy-~
tical tools are probability theory, variance analysis, ma-
thematical pregramming {linear, dyvnamic), decision analysis,

systems simulation.

Mathematical modelling as a tool for practical application cf
results of small scale reaction to fire tests are now being
subjected to a study within IS0O/TC92. The ISO Technical Re«~
port TR 6585 "Fire Hazard and Design and Use of Fire Tests",
October 1979 then is an introductory guidance document.
Other important basic documents within the area are [48] by
Thomas and a seriles of review papers on correlation studies,
recently published by Quintiere [50]. One of the major pro-
blems in the study probably will be to strike a proper ba=-
lance between the need for reasonably guick answers and the
need for modelling accuracy. A short term goal may be a pre-
dictive model of whether or not flashover will occur for a
given set of initial conditions, and, 1if so, how long after

ignition it will occur.

In a recent paper [51], Magnusson and Sundstrdm present a
computational procedure to correlate the process of a full
scale room fire test for combustible linings and the results
from small scale reaction to fire tests with respect to lgnit-
ability and rate of heat release. The procedure requires that
the heat release measurement response time of the full scale
test room is evaluated and for a specific material linked to
results from the ignitability test. From the same test, a
value of the thermal inertia of the material must be calculated.
Results of a small scale rate of heat release test can then be
used as input data to an uncomplicated mathematical expression,

essentially describing the full scale test fire as a concurrent
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flame spread phenomenon. The expression was derived by a sta-
tistical modelling cof the full scale test process using regres—

sion analysis.

An illustration of the ability of the procedure is shown by
Fig. 22. It applies to a wall and ceiling lining and gives for
three different types of board an experimental rate cof heat
release curve, obtained at a full scale room fire test {cross-
marked wvalues}, compared with a calculated curve {(point-marked
curve), based on results of a small scale rate of heat release
test.
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FPig. 22 Experimental rate of heat release curves (0) from full
scale room fire test {(x}, compared with corresponding
curves calculated from results of a small scale rate
of heat release test (-}). a) Insulating fibrebcard
(density 250 kg-m"B}, b) medium density fibreboard
{density 600 kg-mmB), c) particle board (density 750

kg-m™3) [51]
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3. Fire Spread Between Buildings

The fire spread between spatially separated buildings may

result from one or more of the following [52]:

* Flying brands,
* convective heat transfer, and

* radiative heat transfer.

Flying brands may initiate secondary fire at substantial dis-
tances from the primary fire - up to 500 m. This type of fire
spread can be minimized by proper roof construction, based on
results of a relevant flying brand small scale test. Fire
spread by convective heat transfer is likely only where windows
overlock a non-fire-resistive roof of an adjacent building. The
risk of fire spread by thermal radiation can be limited by suf-

ficient distance between neighbouring buildings.

Analytical models are available for a calculation of the mini-
mum distance between houses which, under different conditions,
can be judged safe with respect to prevention of fire spread
from house to¢ house either by thermal radiation alone or by
thermal radiation in combination with flame [49, 52 ~57].

At a fully developed fire in a house within, for instance, a
small house area, an adjacent house will be exposed to a ther-
mal radiation consisting of one part PT’ given by the radia-
tion through the window openings from the fire within the fire
cempartment, and of one part 1Y given by the flames emerging
through the windows - Fig. 23. Ordinarily, then the first type

of radiation predominates.

Fig. 23 Radiation from a building in fire to an adjacent
building
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Somewhat simplified, the total radiation P?-+P2 is a function
of

* the fire load density = of the house in fire (the fire com~-
partment),

* the opening factor AVH/At of the fire compartment,

* the thermal properties of the structures surrounding the
fire compartment,

* that part YP of the total opening area, from which radia-
tion is emitted towards the adjacent house, and

* the distance c¢ between the house in fire and the adjacent

house.

If the exterior walls of the fire compartment are made of com-
bustible material - wood - the fire behaviocur and contribution
of these structures has to be included as an additional import-

ant influence.

In a2 more accurate design, the detailed characteristics of
the window openings (number, height, width, location}), the
geometry in plane and elevation, and the relative site of
the houses must be considered, too.

A complete analytical model for a determination of the spa-
tial separation of buildings to prevent fire spread includes

three sub-~models, viz.

* a model for the postflashover compartment fire, giving the
gas temperature~time curve and the gecmetry and temperature
of the external flames,

* a model, describing the radiation within an area of build-
ings at a fire in a single building, and

* a model, evaluating the time curve of the radiation on the
adjacent building with respect to ignition of decisive com-

bustible materials.

Fig. 24 shows a flow diagram, describing the complete desiogn
procedure. The ability of available design models is illu-
strated by Fig. 25, giving the calculated maximum radiation
at a specified level of the exposed facade of house II at a
defined fire in house I [55]. The total radiation then is
composed of the individual contributions from the three win-

dow openings a, b and ¢, as demonstrated in the figure.
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Fig. 24 Procedure of an analytical design of a small house
area with respect to the risk of fire spread from

one house to another [49]
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facade of house II at a defined fire in house I.
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tmax.
P
and P; are giving the radiation from the window

b

maxp

a+b+c the total radiation from all window openings

[55]
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The avallable analytical models also can be used for a cal-
culation of simplified design diagrams. Fig. 26 exemplifies
this by a set of diagrams for a quick determination of the
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Fig. 26 Minimum distance ¢ between parallel small houses
as a function of the fire load density g, (Mcal per
m2 surrounding surface}, opening factor AVE/At (m%)
and the parameter Tpr defining the ratio between the
radiation opening area and the total opening area
of the house in fire. Enclosing strﬁctures cf ordi-

nary concrete [57]
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reguired minimum distance c between parallel small houses as
a function of the fire load density s the opening factor

AVhR/A. and the parameter Tpr defining the radigtion area of
the window openings of the house in fire [57]. The diagrams

apply to small houses with surrounding structures of concrete.

4, Fire Behaviour of Building Structures

During the last ten years, 1lmportant progress has been made
in the development of analvytical and computation methods for
the determination of the behaviour and load bearing capacity
cf building structures and structural members exposed to fire.
Today, an analytical design can be completed for most caées,
as concerns fire exposed steel structures. Validated material
models for the mechanical behaviour of concrete under tran-
sient high~temperature conditions [58, 53] and thermal models
for a calculation of the charring rate in wood exposed to
fire [60-621, derived during recent years, have significantly
enlarged the area of application of analytical design. To aid
this application, design diagrams and tables have been com-
puted and published, giving directly, on the one hand, the
temperature state of the fire exposed structure, and on the
other, a transfer of this information to the corresponding
load bearing capacity of the structure -~ ¢f., for instance,
(42, 43, 53, 63-75].

A fragmentary illustration of the ability of available models
and connected computer programmes for a calculation of the
thermal and mechanical behaviour of fire exposed structures
is presented in Fig. 27 and 28. Fig. 27 then shows computed
temperature~time curves for two points on void surface and
for the void air in a hollow concrete slab, thermally exposed
from below according to the standard fire resistance test [76].
The full~line curves are the result cof an accurate determina-
tion with the heat transfer in the void taken into considera-
tion. The dash-line curves give the corresponding temperature
history, if the void is assumed to be a perfect insulator -

an approximation, sometimes applied in the literature. The
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Fig. 27 Calculated temperature histories for two points of
void surface, 1 and 2, and for void air in a hollow
concrete slab, thermally exposed from below accord-

ing to the standard fire resistance test [76]

predicted response for the two cases differs considerably,
particularly at high temperatures. The curves have been com-
puted by the finite element computer programme TASEF-2 [77]
and the finite element mesh used is shown in the figure.

Fig. 28 presents the time curves of the restraint force, cal-
culated by the computer programme CONFIRE [78] for a simply
supported, concrete plate strip at different permissible,
axial expansions AL =0, 2,4 and 6 mm, followed bv a complete

restraint., The plate strip is thermally exposed from below
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Fig. 28 Calculated restraint force F for a simply supported,
concrete plate strip at different permissible, axial
expansion AL, followed by a complete restraint. Ther-
mal exposure from below according to the standard
fire registance test [78, 79]

according to the standard fire resistance test. The second
order effects are included in the full-line curves but neglect-
ed in the dash-line curves. The great difference between the
two sets of curves emphasizes the necessity of including these

effects for a structure with this kind of fire behaviour.
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The most recent trend in the development of ﬁhe structural
fire design is to adopt the modern loading and safety philo-
sophy and include a probabilistic approach, based on either
a system cof partial safety coefficlents (practical design
format) or the safety index concept {49, 75, 80-871. For an
everyday design, a direct application of the safety index
concept then is too cumberscome and the more simplified prac-

tical design formats have to be used.

The fundamental components cof such a reliability based struc~

tural fire design are

* the limit state conditions,
* the physical model,
* the practical design format, and

* deriving the safety elements.

Pepending on the type of practical application, one, two or

" i - o Boy S e Al i S POl e i il BB, S e

* Limit state with respect to load bearing capacity,
* limit state with respect to insulation,

* limit state with respect to integrity.

For a load bearing structure, the design criterion implies
that the minimum value of the locad bearing capacity Rt}
during the fire exposure shall meet the lcad effect on the

structure S, i.e.
min{R(t)}~-8 2 0 {6)

The criterion must be fulfilled for all relevant types of
failure. The requirements with respect to insulation and in-
tegrity apply to separating structures. The design criterion
regarding insulation implies that the highest temperature on
the unexposed side of the structure - max{Tg (t)} - shall meet

the temperature T .r acceptable with regard to the reguire-
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ment to prevent a fire spread from the fire compartment to
an adijacent compartment, i.e.

Tcrw-max{TS(t)}Z 0 (73

For the integrity reguirement, there is no analiytically ex-

pressed design criterion available at present. Consequently,
this limit state condition has to be proved experimentally,

when reguired, in either a fire resistance test or a simpli-
fied small scale test.

s W i M e s Ml M e e e

ing the relevant physical processes of the thermal and mecha-
nical behaviour of the structure at specified fire and load-
ing conditions. Fig. 29 presents the physical model for an
analytical fire design of load bearing structures, bhased on
the natural compartment fire concept. The design starts by a

determination of the fire exposure, using the characteristics

FIRE LOAD DENSITY

FIRE EXPOSURE

FIRE COMPARTMENT

Y

e STRUCTURAL DATA ot TEMPERATURE STATE

Y

MINIMUM
‘L et LOAD -BEARING
CAPACITY Rm

LOAD EFFECT
AT FIRE S

Fig. 29 Phiysical model for a structural fire engineering

design
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of the fire load density and the fire compartment as input
data. In the next step, the fire exposure is transferred ana-
lytically to transient temperature fields in the exposed
structure and then a determination is carried out of the time
variation of the load bearing capacity R(t). A comparison
between the minimum value Rm of the load bearing capacity
R{t}) during the relevant fire process and the lcad effect S
decides whether the structure can fulfil its reguired func-
tion or not during the fire exposure, as specified by the

limit state condition according to Eg. (6).

calculation, based on partial safety factors, for a fire ex-
posed load bearing structure. From the design fire load den-
sity dg and the gecmetrical, ventilation and thermal charac-
teristics of the fire compartment, the design fire exposure
is determined either by energy and mass balance calculations
or from a systematized design basis. Together with the struc~

tural design data, the design thermal properties and the de~

DESIGN
MECHANICAL
STRENGTH
FIRE EXTINGUISH- T DESIGN THERMAL Mo ATH M (T,
MENT, FIRE FIGH- PROPERTIES dit’ o end?
TING {RARACTE-
RISTICS

L 1

DESIGN LOAD -
FIRE COMPARTMENT DESIGN FIRE DESIEN BEARING DESIGN LOAD
CHARACTERISTICS o] EXPOSURE s TEMPERATURE w—! CAPACITY EFFECT AT FIRE
T-t STATE g desfﬁd‘Qd.‘
7 =R(Mm Mgz }

i
i I

DESIGN FIRE LCAD STRUCTURAL
DENSITY DESTGN

ATA
94 w : P

ty t

Fig. 30 Procedure for a practical design format calculation
of a load bearing structure, exposed to a natural

compartment fire



44

sign mechanical strength of the structural materials, the de-
sign fire exposure provides the design temperature state and
the related design load bearing capacity Rd for the lowest
value of the lrad bearing capacity during the relevant fire

pProcess.

The design format condition to be proved is

a” Sa 2 0 (8)

where Sd is the design load effect at fire. Depending on the
type of practical application, the condition has to be veri=-
fied for either the complete fire process or a limited part

of it, determined by the time necessary for the fire brigade
to attack the fire under the most severe conditions or by the

design evacuation time for the building.

The probabilistic influences are considered by specifving
characteristic values and related partial safety factors for
the fire load density, such structural design data as imper-

fecticns, the thermal properties, the mechanical strength

. ———— it . T i Y T o i o T v Sy ————
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reliability method, with the following probabilistic effects

taken into account:

* The uncertainty in specifying the loads and of the model,
describing the lcad effect on the structure,

* the uncertainty in specifying the f£ire locad and the charac-
taristics of the fire compartment,

¥ the uncertainty in specifving the design data of the struc-
ture and the thermal and mechanical properties of the
structural materials,

* the uncertainty of the analytical models for the calcula-
tion of the compariment fire, the heat transfer to and with-
in the structure and its ultimate load bearing capacity,

* the probability of occurrence of a fully developed compart-

ment fire,
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* the efficiency of the fire brigade actions,
* the effect of an installed extinction system, and

* the conseguences 0f a structural failure.

The functional requirements to be laid down for the fire de-
sign should be differentiated with respect to such aspects
as the occupancy, the height and volume of the building, and
the importance of the structure or structural member to the
overall stability of the building. This can be done by, for
instance, a system of safety classes with allocated failure
probakilities, affecting the design strength. The effect of
the probability ©f occurrence of a postflashover compartment
fire, the fire brigade actions and an installed fire ex-
tinguishment syvstem, if any, can be accounted for principal-
ly in the same way. An alternative solution is to include
these influences in the determination of the design fire
lvad density and the design fire exposure, as indicated in
Fig. 30.

5. Concluding Remarks

With the general trends of development, specified in the in-
troduction, as a background, the primary aim for the presen-—
tation has been to demonstrate the rapidly expanding model-
ling capabilities within the field of fire research and de-
sign. The presentation has been limited to only a few pro-
blems, viz. the fire growth in a compartment, the fully de-
veloped compartment f£ire, the reaction to fire of materials,
the fire spread between buildings, and the fire behaviour
0f building structures. There are many other problems or
systems now being amenable to computer modelling, for in-
stance, smoke movement in escape routes and multi-storey
buildings, the interaction of sprinklers and a fire, the
process of escape, and the systems approach to the over-

all fire safety of a building, in its most general form
comprising human response models interacting with fire

development models.
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Mathematical modelling is a prerequisite for understanding
the physical processes of fires and fire tests. In a long
time view, the practical use 0of results of small scale fire
tests to predict the fire hazard should be based on a funda=-
mental and scientific approach, in which mathematical model=-
ling is an important and decisive component. Mathematical
models, of course, can be directly used in the practical de-
sign. Mathematical models can be applied to reconstruct the
sequence of events in a disastrous fire. Another essential
use 1s as an educational tool. Combined with sensitivity
studies, mathematical models can be very helpful for an op-
timum cheice of projects within a defined f£field of research

at a given level of resources.
As a general summing up: With expanding modelling capabili-

ties, the potential for a rational, reliability based fire

design will increase in proportion.
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