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PREFACE

In the present report, the_expérimentally obtaine@ results from a
large test series for a systemétical determination of the time curve
corresponding to the energy released per unit time in a fully deve-
loped fire process, by the heat- and mass balance equation of the
fire cell, are analyzed. The experimental test series analyzed embra-
ces a study dealing with the influence of variations in the size of
the fire load, piling density, stick thickness, ventilation proper-
ties of the fire cell and thermal properties of the enclosiﬁg struec-
tures of the fire cell, on the combustion rate, gas temperature and
radiatioh. The experimental test results have been partly published
before and will be further described in some other connection. Rased
on the concept of energy released per unit time, primarily its meaxi-
mun value, a differentiated classification of compartment fires is
further.pérformed in the present report with division into ventila-

' tion; énd fﬁéi bed controlled fire processes in the rigorous sense
and erib controlled fire process. In addition, a method based on
equivalent porosity factor and equivalent stick thickness is outlined
relating the fire load in the form of & regular wood crib td a reali-

stic fire load inthe form of furniture, textile goods and other equip-

ments.

Since the research activity on structural fire research in Sweden is
largely concentrated to the Division of Structural Mecheanics and
Concrete Construction at Lund Institute of Technology where the re-
port has been prepared, an open and broad cooperation among the per-
sons involved becomes natural and herewith I would like to convey my
‘best thanks to all who have, somehow or other, been engaged in the

project.,

In the first place, I would like to give my special thanks to
professor Ove Pettersson, Head of the Divisicn of Structural
Mechanics and Concrete Construction, who has given rise to =a great
part of the ideas presented here and who has given me valuable sti-

mulus and personal encouragement in the course of the work.

I would further like to thank research engineer Sven-Erik Magnusson

and university lecturer Sven Thelandersscn who have placed a func—
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tioning computer program at my disposal and who, in addition, on many

occasions, have discussed different problems with great interest.

Mrs. Birgit Ohlsson and Mrs. Mary Lindgqvist have typed the manuscript,
Mrs. Ann Schellin has drawn the figurés and Mahmood Mazlumoihosseini
has been responsible for the translation. Their contribution is marked
by precision and skillfulness and I would like to express my best

thanks to each of them for their cooperation.

The investigation has been mostly financed by the Swedish Council for
Building Research. Thanks to the kind disposition of the Council,
further knowledge has been provided for, through thé'present report,
facilitating an improved and differentiated design of the structural
fire protection according to the principles held by present fire
technological research at the Division of Structural Mechanics and

Concrete Construction
Finally, I would like to express my best thanks to my dear wife
Gun-Britt, who has followed the successive progress of the work with

active interest and who has been a great support for me the whole

time.
April, 1974

Leif Nilsson
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PRINCIPAL NOTATIONS

A Area of vertical openings in the enclo- m2
sing structure
AS Area of the surface of the fire ioad m2
initially exposed to fire
At The total internal surface area of the m2
fire cell
: s 5/2
(&H) Alr flow factor (ventilation factor) m
. 2
(AJﬁyAt) Opening factor m1/
C A coefficient = 1
B Height of vertical opening in the m
enclosed space
3
I Enthalpy MJI/m
IB Heat energy stored per unit time in the MJ/h
gas volume of the fire cell
IC Heat energy released per unit time MJ/h
during combustion '
IL Energy removed per unit time through MI/h
exchange of hot gases with cold air
IR ' Energy radiated per unit time through MI/h
the openings of the fire cell
Iw Energy supplied to the enclesing wall, MJ/h

floor and ceiling structures per unit

 time
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Cav

Cd

Cm

ICmax

Cr

M

Mean value of the heat energy released

per unit time during the time period the

weight of the fuel decreases from 80% to

30% of the initial weight

Mean value of the heat energy released

per unit time during the time interval

which is determined by values of 0.75
I cn the ascending and descending
Cmax

parts of the energy-time curve respec-—

tively

Mean wvalue of the heat energy released

per unit time during the time interval

which is determined by values of 0.75

I and 0 respectively on the descen-—
Cmax

ding part of the energy-time curve du-

ring the glowing phase

Mean velue of the heat energy released

per unit time during the time interval

between ignition and the time correspon-—

ding to the maximum energy development,

ICmax respectively

The maximum velue of the energy-time

curve

Mean value of the heat energy released

per unit time during the time interval

between ignition and the time correspon-

ding to 0.75 ICmax’ on the descending
part of the energy-time curve, respec-

tively

Length of the individual stick in the

“erib

The total fuel quantity in the fire
cell

MJ/h

MJ/h

MJ/h

MJ/h

MI/h

MJ/h

cm

MJ



Rap-30

The number of layers of sticks in a crib

The quantity of gases leaving the fire

cell per unit time through the vertical

openings

The gas flow, @, modified by & factor
C < 1, that is Qa = C-Q

Combustion rate

Mean value of the ccmbustion rate du-
ring the flaming phase, referred to the
weight decrease of the fire load from

80% to 30% of the initial weight

Mean value of the combustion rate du-
ring the time interval which is deter-
mined by the values 0.75 ICmax on the
ascending and descending part of the

energy-time curve respectively

Mean value of the combustion rate du-
ring the time interval which is deter-
mined by the values C.7T5 ICmaX and O
respectively on the descending part of
the energy-time curve during the glowing

phase

Mean value of the combustion rate during

the time interval between ignition and

the time corresponding to 0.75 ICmax on

the descending part of the energy-time

curve

Fire duration, defined as the duration

of the flame phase

IX
number

kg/h

kg/h
kg wood per
unit time

kg wood per

unit time

kg wood per

unit time

kg wood per

unit time

kg wood per

unit time
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Heat wvaslue of the fuel

Mean value of the heat value during
the time period the weight of the
fuel decreases from 80% to 30% of the

initial weight

Mean value of the heat value during

the time interval which is determined
by the wvalues 0.75 ICmax on the ascen-
ding and descernding part of the energy-

time curve respectively

Mean value of the heat value during the

time interval which is determined by

the values (.75 ICmaX and 0, respectively,

cn the descending part of the energy-

time curve during the glowing phase

Mean value of the heat vaiue during the
time interval between ignition and the
time corresponding to 0.75 ICmax on the

descending part of the energy-time curve

Thickness of each individual stick in

the crib

Specific heat of the enclosing structure
Specific heat of the gases

Gravitational acceleration

Number of sticks in each of the crib

Fire load

MJ/kg

MJ /kg

MT kg

MI/kg

MJT kg

MJ /kg - °C
MJI kg °C

m/s8

number
MJ per square

meter of the

enclosing ares



Hydraulic radius
Time co-ordinate

The time interval which is determined
by the values Q.75 ICmaX on the
ascending and descending part of the

energy-time curve respectively

The time interval which is determined
by the values 0.75 ICmax and 0, respec-
tively, on the descending part of the
énergy-time curve during the glowing

phase

The time interval between ignition and

the time corresponding to the maximum

value I on the energy—-time curve
Cmax

The time interval between igniticn and

the time corresponding to 0.75 ICmax cn

the descending part of the energy-time

curve

The time interval between the times
corresponding to 0.75 ICmax and C.5
, respectively, on the descending

I
Cmax
part of the erergy-time curve

The time intervel between the times
corresponding to 0.75 ICmax and 0.25
, respectively, on the descending

I
Cmax
part of the energy-time curve

Penetration rate of the fire perpendi-
cular to the exposed surface of a

wooden lath

mm/min

XI
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Position co-ordinate

Coefficient of heat transfer at the-
surface exposed to fire {internal sur-

face)

Coefficient of heat transfer at the
surface not exposed to fire (external

surface)

Density of the enclosing structure
Resultant emissivity for radiastion
between flames, combustion gases and
the surface expcosed to fire (internal
surface)

Emissivity of flames

Emissivity of the surface exposed to

fire
Temperature
Temperature of the outside air

Temperature of the combustion gases
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Temperature of the surface exposed to
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Coefficient of thermzl conductivity
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Mean value of the gas temperature in

the fire chamber during the time period
in which the weight of the fuel decrea-
ses from 80% to 30% of the initial weight
Porosity factor

Ventilation parameter

Density of the air
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1.  INTRODUCTIOCN.

1.1 Develcpment trends. Main characteristics of fire technolo-

gical design.

In spite of the intensive research in the field of structural
fire protection in the recent years, our knowledge regarding a
qualified fire technclogical design of bearing and partitioning
constructions is still incomplete..This is of course unfortunate
especislly in regard to the huge direct and indirect costs which
ensure from fire damages every year. Thus the direct fire dama-
ges in Sweden alone during the year 1970 can be estimated to
approximately 350 MCr, while the total value of the direct and
indirect expenses at the same period {expenses for preventive
measures, fire extinction and administration) reaches the rough-

1y approximative value of 1 1/2 billion crowns per year.

In tact with an increasing knowledge, new design methods, stan-
dards, and testing methods would be developed so that the risks
of fire are more properly determined and a successively improved
cost-benefit criterion is obtained. This conecept applied to a
well-defined situation - for example in & community - means mini-
mizirg the totel costs of fire extinction system, preventive

fire protection plus the cost of fire damage risk which is defi-
ned as the sum of the costs of all types of fire damages, each
weighed according to its risk (I individual cost x individual
risk). The path to such a complete point is, however, very long
and 1t necessitates qualified solutions of more limited partial
problems.'Accordiﬁgly the present activity, for example in regsard
to bearing and partitioning constructions, is primarily directed
towards acquiring inecreased knowledge about the fire process,
properties of construction material within the actual temperatu-
re range during the fire exposure, temperature-time field, beha-
viour and bearing capacity in the course of the fire exposure.

A further activity which is fundamental in this case is directed
towards improvement, coordination and standardization of the tes~

ting equipments and testing methods.



& fundamental objective of a fire differentiated fire—technologi-
cal design is the development of a procedure which would basi-
cally be equivalent with the essential features of a statical de-
sign of bearing structures. In brief, this implies an evaluation
of the existing quantity of combustible material in a fire cell
(fire lcading), of the corresponding gas temperature-time curve
of the fire cell and of temperature condition of the construction
together with the corresponding minimum bearing capacity which,
with the prescribed safety, would exceed the actuzl value for

the loading throughout the whole fire process.

The research work which is elther planned for the future, or is
going on, or is already completed may roughly be sorted into one
of the following mein groups. These groups comprise the fundamen-

tal steps in a qualified fire technological design, Pettersson

(1965):

a) Combusticn-technological characterization of the fire load of
a fire cell for the usually occcuring types localities and buil-

dings (flats, offices, schcols, hospitals, stores, libraries etc.).

b) Study of energy development, necessary air supply end gas pro-
duction during a fire process and evaluation of the gas smcke

temperature obtained in the fire chamber as & function of time.

c) Evaluation of the thermal properties of the relevant construc~
tion material within the whole temperature range of a fire both

for heating and cooling phase.

d) Evaluation of the non-stationary temperature field arising in

a structure when the fire exposure is as in b).

e) Evaluation of the behaviour and bearing capacity of a loaded
and fire—exposed structure with respect to the temperature field
determined according to d), knowing the corresponding changes

in strength and deformation properties of the material.

In order that & fire technological design procedure, performed

with theoretical calculations according to the above outlined



pattern, shall be possible it is required that the given problems
under b)-e} are made clear for a complete fire process which is
normally divided into ignition phase, flaming phase, glowing and
cooling phase, compare FIG. 1. Here in this paper both the last

two phases are designated by cooling phase.

Published research has hitherto been largely concentrated on ex-
perimental studies, preferably on the flaming phase of the fire
proéess while ignition and cooling phases have only been studied
to a limited extent. This fact is reflected in the current Swedilsh
Building Standards 1967 by which a fire technological design of

a bullding or part of a bu1ld1ng, may be carried out accordlng

to three rather différent alternatlves with respect to precision
while for ceoling phase it is briefly stated that gastemperature-—
time curve of the fire cell may be chosen with a linear cooling
rate of 10°C per minute provided that no other solution is found
to be more suitable. This implies thqt?in-a continuous fire pro-
cess the two consecutive phases of- heating and cooling respecti-
vely, would have different criteria as far as the precision is
concerned. For structureé with little heat resistance, such as
non-insuylated or lightly insulated steel constructicns, this un=-
dlfferentlated characterlzatlon would exert an unfavourable in-

fluence which 1s of course unsatisfactory.
1.2 Bcope of the present work.

The present publication is primarily devoted to the problem of
the liberated energy per unit time in & fire with wooden combus-
tibles in a closed room with & window opening. The work is based
upon experimental model studies performed by the author results
of which have partly been reported in another publication -
Nilssen (1971) - and will be more completely acccunted for later.
The problem is tackled with the purpose of developing an approxi-
mate method for engineering use which would form a basis for a
differentiated and practical design in such stiructures as bea-

ring and partitioning constructions during fire exposure.
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FIG. 17 The main phases of the fire process characterized by time

curves for the temperature of the fire chamber ( — ) deter-
mined by thermccouples, and for the radiation temperature

( -——=).



Solving the problem reguires parallel theoretical studies and
experimental works. The research performed up tc now has almost
been wholly directed towards the flaming phase of the fire pro-
cess while ignition and cooling phases have only been studied to

a limited extent.

Of the published theoretical studies on the fire process the
works by Kawagoe—Sekine (1963), Odeen (1963) and Magnusson -
Thelandersson (1970, 1971} should specially be mentioned here.

In both of the first-menticned works which have been performed
simultenecusly and independent of each other, the authors have
set up the heat balance equation corresponding to fire in a clo-
sed room and by solving this equation they have evaluated the
temperature-time curves of the fire chember for some fundamental
cases. When applying the equation to fuels which were more com-
plicated from combustion point of view, such as wooden combustib-
les,*the*extént of the problem was restricted to embrace only

the flaming phase of the fire process while the cooling phase was

left untreated dus tc incomplete theory.

An extension of the theory in which even the cooling phase is
generally included appears in the works of Magnusson-Thelandersson.
This theory extension reguires, among other things, the solution
of twc problems which have earlier been treated incompletely,

that is partly evaluation of the liberated energy per unit time

as a function of time for the whole fire process and partly an
extension and completion of the heat balance equation the terms

¢f which had earlier heen solely set up for the heating phase.

The first-mentioned problem was tackled through making comparati-
ve calculation by computer, with varying time curves for the li-
berated energy per unit time in such full scale fire tests which
have already been performed and reported in the existing litera-
ture and the results of which fulfil certain reguirements regar-—
ding the specifications of the problem. Accordingly, for every
test the energy-time curve which rendered a satisfactory agreement
between the temperature-time curve of the smoke gases as measured

through tests and that calculated through a theoretical model,



was iteratively determined. After working out the obtalned re-
sults they could be systematized sc that the time curve for the
liberated energy per unit time couid generally be assumed to be
approximately known, whereupon the complete gas temperature-time
curve of the fire process with different values of fire loading
and opening factor for different types of fire cells in regard
to the thermal properties of the enclosing constructions, was

determined. Compare Section 2.

In working but,the experimental basis, & schematization was found
toc be necessary since the tests analysed by the authors were in-
completely described with respect to the detailed properties of

the fire loading and thermel characteristics of the enclosing

constructions.

Since the author in an earlier report, Nilsson (1971), has among
other things, shown that an increase in the piling density of a
wooden lath pile may result in s multiple inecrease of the mean
combustion rate during the flaming phase, it seems to be an ur-
gent matter that the influence of variations in the detailed pro-
perties of the fire loading on the time curve for the liberated
energy and for the gas temperature be taken intc consideration

while doing heat balance computations for a fire cell.

The most significant influ%nces on the fire process of a fire

cell are as follows:

a) The gquantity and type of the combustible material in the fire
cell -

b) Piling density of the fire loading and particle shape
¢) Distribution of the fire loading in the fire cell
d) Geometry of the fire cell

e) Thermal characteristics of the enclosing constructions of the

fire ceil, and



f) The quantity of air supplied to the fire cell per unit of time

Thus, properties of the fire loading and ventilation conditions
of the fire cell combined together determine if the fire process

is going tc be governed by fuel bed or by ventilation.

In the former case the combustion rate during the flaming phase
is predominantly determined by size, location, particle shape and
piling density of the fire loading while the air supplied through

windows and door openings is of minor importance.

In the latter case, the air gquantity available for combustion will
determine the combustion rate and thereby the gas temperature-
time curve of the fire cell as well, while size of the fire loa-

ding end other properties exert less influence.

During the recent years, the influence of different parameters
on the fire process in a closed room described primarily by gas
temperature-time curve, combustion rate and radiation conditions
has been experimentally studied, in a systematic way, at the Di-
vision of structural mechanics and -concrete constructions, Lund
Institute of Technology. The varying parameters which have been
teken into account consist of opening factor and air flow factor
belonging to the fire cell, thermal properties of the enclosing
structures and size, piling density and particle shape of the
fire loading. Cpering factor is defined as AJﬁYAt and air flow
factor as AVH, in which At(me) denctes the inner surface ares

of the walls, flocr end ceiling which bound the fire cell from
its surroundings, A (mg) is the total opening area of the fire
cell (windows, doors etc.) and H is a weighted mean value,of the
height of the openings. The experimental studies which have Leen
performed in different model scales have taken place indoors in-
side a large laboratory hall which has implied that other condi-
tions such as air temperature, relative air humidity and air ve-
locity have slmost been unchanged from test to test. Since shape
of the fire cell and the more important properties of the fire
loading have been carefully specified, an extensive material has

been obtained which is quite suitable for theoretical analysis.



The purpose of the present paper 1s to analyse theoretically the
influence of the different param%ters cn the liberated energy
per unit of time in a complete fire process, in fires of the type
wooden combustibles for different combinstion of the opening fac-—
tor AJﬁ/At, size of the fire loading as well as piling density,
and the type of material composing the enclosing structures of
the fire cell. The objective, herewith, is to find energy-time
curves which are more differentiated than those described earlier
in the literature and which thereby make improved heat balance

computations of the fire process in a fire cell possible.

Based on the sbove-mentioned experimental tests to be shortly
desecribed in Section 3 znd by spplying the theoretical model,
valid for a complete fire procese, which has been given by
Magnusson-Thelandersson (1970, 1971) and which would shortly

be referred to in Section 2, the influence of some different
parameters on the time curve for the energy development and

gas temperaturs—time curve of the fire cell is analysed in Sec-
tions 4-7. The parameters which are treated here are composed

of piling density of the fire loading describved in Section 4,
size of the fire loading in Section 5, particle thickness of the
Tire loading in Section 6 and thermal properties of the enclo-
sing structures of the fire cell in Section 7. In parallel with
the study of the influence of all the parameters, a study of the
influence of the size of the window opening is included. In Sec-
tion 8, the results cbtained in Sections 4~7 are recapitulated
in diagrems in corder to give a basis which can be used in prac-—
tical applications for estimating the influence of the different
factors. Besides, a comparison is made between, on one side, the
values summarized in Sections L4-T which is based on thé author's
experimental studies on a model scale and, on the other side,
the results cbtained from tests performed on a full scale where
the fire lcading was composed of wooden lath piles or resl fur-
niture. The idea is, thereby, among other things, to find a method
to make a correspondence between actual conditions during a fire
process with loading consisting of actual furniture with values
of the piling density corresponding to a wooden lath pile. There-
by systematical studies of the more important influences, with
the aid of simply shaped fire loading on a model scale, could be

mede possible.



2. COMPUTATION MODEL AND COMPUTER PROGRAM.

2.1 Computation model.

A theoretical calculation of the heat and mass balance egquations
for the temperature-time curve of a fire process is based on the
identity between the energy liberated per unit time during com-
bustion on one side and the energy per unit time removed through

openings and enclosing structures of the fire cell on the other,

that is

I, = I + I+ I+ I (1)
in which

I, = the liberated energy per unit time during combustion (MJ/h)
IL = the energy removed per unit time through exchange of hot ga-
ses with cold air (MJ/h)

IW = the energy per unit time supplied to such enclosing structu-

res as walls, floors, and ceilings and to possible enclosed struc-—

tures (MJ/h)

Ip = the energy radiated per unit time through the openings of
the fire cell (MJ/h)
I, = the energy stored per unit time in the gas volume of the fire

cell (MJ/h).

The Equation is schematically illustrated in FIG. 2.

A first development of & practical method from Eguation {1), for
evaluation of the gas temperature-time curve of a fire process
during a fire in a closed room was simultaneously published by
Kawagoe-Sekine (1963) and Odeen (1963). The different terms in
Equation {1) were thereby set up under the following simplified

conditions:
a) The temperature is at any moment distributed uniformly in the
whole fire chamber .

b) The coefficient of heat transfer is the same at any point on

the internal boundary surfaces of the fire cell
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FIG. 2 Schematical illustration of the terms IC, IL’ IW and IR ente-
ring into the heat balance equation. .
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¢} There is a one-dimentional heat flow through enclesing walls,
floor and ceiling which except for possible window— and door ope-

nings is uniformly distributed.

The sbove conditions render satisfactory precision in the ordinary

practical cases.

For the terms Ic and IL Kawagoe—-Sekine and Odeen set up expressions
which make considerable restrictions in the application of the
calculation procedure. For a complete fire process the method is
applidable only in fires with well-defined fuels without glowing
phase, e.g. liquid fuels. Roughly the method can also be used for
determining the gas temperature-time curve during the flaming phase
for the fire technologically more compliicated fuels such as wood

fuel in which case vigorously simplified assumptions concerning

the cqmbustion rate should be made.

An extension and generalisation of the method devised by Kawagoe-
Sekine and Odeen to a theoretical evaluation of the gas tempera-
ture-time characteristics of a complete fire process with fuels
of the_fype wooden combustibles reguires the éolution of two com-
plicéﬁed'fdhdamental problems, that is, partly determinatiocn of
the heat quantity libersated per unit time as a function of time
and partly making & survey of the prevailing thermodynamical con-
ditions when the rate of combustion is not any longer limited by

the size of the openings of the fire cell.

Both of the problems are treated in detail by Magnusson and
Thelandersson (1970, 1971) which in ordinary cases render accept-
able solutions of the problems, moreover, they alsc set up the
heat and mass balance relations required for a theoretical eva-
luation of the gas temperature-time curve of & complete fire pro-
cess, in fires with wooden combustibles in a closed room, that is
with such fuels which are frequently used in connections with

buildings.

For this type of fuels, a theoretical description, for instance,
of such'a fundamental parameter as combustion rate gets complice-

ted due to the fact that the combustion occurs beth in the solid



constituents and in the gases formed during pyrolysis in such a
manner that the influence on the combtustion rate is not clear at
the present. This mesns that for a fuel with a combustion mecha-—
nism similar to that of wooden combustitles, we lack, for example,
the necessary knowledge for translating the weight decrease of the
fuel per unit time registered during a fire process to energy 1i-
berated per unit time, or are equally ignorant of distribution of
the total effective heat value on different phases of the fire

process.

After this introductory brief outline it is shortly shown below
how the different terms in Equation (1) are treated partly in the
works by Kawagoe-Sekine and partly in the more general publica-

tions by Magnusson and Thelandersson.

The term IB indicates the energy which is stored in the gas volume
of the fire cell per unit time. In relation to other energy quan-
tities actusl during a fire process, this energy is insignificant

and can be neglected with & satisfactory approximation.

The term IR indicates the energy radiated through the cpenings
of the fire cell per unit time. This energy is calculated by the

Stefan~-Boltzmann's law

where

A = area of the opening (mg)

P+ 273,

= £

Eg 5.77 ( T00 )
17g+273l+

E_ = 5.71 (-“3?ET——J

Lo
it

temperature of the smoke gases (°C)

<n
i

air temperature (OC)

Eguation (2) indicates the radiation, provided that the surroundings
of the fire cell is considered as z tlack body. This approximetion

is acceptable ir the present connection specially when considering
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the fact that the radiation fraction is of the order of magnitude

of 15% of the total energy.

The term I” indicates the energy supplied to the enclosing walls,
floor and ceiling per unit time. The desired non-stationary heat
flow to the enclosing structures of the fire chamber is obtained
by solving the general equation of heat conduction for the one-

dimensional case.

in which

ﬁ = temperature of the wall material (°c)

t = time (h)

x = position coordinate (m)

¢ = specific heat of the wall material for the actual positiecn
co-ordinate (MJ/kg ©C}

v = density of the wall material (kg/m3)

A

< thermal conductivity of the wall material (W/m °c)

Equatibn (3) can be solved according to a numerical procedure which,
in connection with fire, has been stated by many authors including
" Odenmark (1935) and later further developed by Odeen (1963) and
others. Summarily, this procedure impliies that the enclosing walls,
floor and ceiling structures are divided into n elements, each Axk
thick, whereafter a heat balance equation is set up for each ele~
ment based on the fact that the difference between the energy quan-
tity per unit area entering an element and the energy ieaving the
element during the time At, causes a temperature change in the ele-
ment which depends on the heat properties cof the material. If at
time t, the temperature at the mid point of the k:th layer is de-
noted by ﬁk and the corresponding tempersture at time t + At by
ﬁk + Aﬂﬁ, the following relations are obtained:

AD
1

1 " At

ERCACIEERC S

_1%1(.) - (ﬁk_ k+1)

‘i’k'ﬂ_‘":w(ﬁk

At k -1 k+1



1h

I
>
]
2]
ka3
= Ya
-

j—ry
—_

o (9] TSV ETI )

P, =
k Atlxk_,j . &xk
2:a{x, ) 2:x(x,¥)

LT

with
ui(ﬁ) = coefficient of heat transfer at the internal fire exposed
surface (W/m2 c)

. . 2
uu(ﬁ) = coefflcient of heat transfer at the external surface (W/m OC}

thermal conductivity at section x for temperature ﬁ

A(x,ﬁ)
olx,h

H

the specific heat at section x for temperature ﬁ

Y = the density at section x

The coefficient of heat transfer . can be divided into itwo parts,
thet is partly a convection fraction which with satisfactory pre-
cision can be chosen to be a constant = 25 W/m2 OC and partly =
radiation fraction which strongly dominates at the temperatures
prevalent in connection with fire. This renders the following re-

lation for the ccoefficient of heat transfer @

21T e oo W +273 ), §&+273 L
@i—m——g_i (Bog—) -~ (=Se) ]+ 25 (5)

where

ii = temperature of the internal surface
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€ns = the resultant emissiviiy for the radiation between flames -

smoke gases and the internal surface.

€res is determined by the eguation

[ S I
L (6)

Eres Efl 1
where
€ap = emissivity of the flames and the smoke gases

el = emissivity of the fire exposed surface

As an approximative expression for the coefficient of heat trans-—
fer at the outer surface not in touch with the fire, Odeen (1963)

gives the following formula:

0. = 8.7 + 0.033 ’ﬁu (7)
where: 5; = temperature at the external surface.

After solving the system of differential equations of the first
order (4), the energy supplied to the enclosing structures I, is

obtained from

(7 -1 (8)

where AT indicates the total encleosing area of the structure exclu-
ding the openings. The relation assumes that the enclosing struec-

ture possess a uniform shape.

In cases where the enclosing structures consist of different mate-

rials or have different thicknesses Iw is obhtained from the rela-

tion

) {9)
where Aj denctes the area of the partial structure J.

The term IL indicates the energy which is transported from the ope-

nings of the fire cell through convection due to the difference in

density between the surrcounding air and the hot gases of the fire
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chamber. A formulation of the term IL reguires a generally valid

expression based on the magnitude of the air exchange.

Assuming

that the statical pressure distribution varies linearly from the

floor to the ceiling in the fire chamber

that there exists a level corresponding to a neutral plane where
the pressure inside the fire cell is as large as the pressure out~
side

that the temperature in the fire chamber is uniformly distributed

and
that the vertical acceleration of the gases is neglected

the magnitude of smoke gases flowing out and the ccld air flowing
in can be determined as & function of the temperature difference,

i; - ﬁi, and position of the neutral plane, by applying Bernoculli's
equation, Kawagoe (1958), Thomas-Hinkley-Theoblad-Simms (1963),
Ahlgvist-Thelandersson {1968), Magnusson-Thelandersson (1970, 1971).
Using the condition that the difference between quantity of gas
flowing in and flowing out is the same as the difference between
the quantity of gas produced and consumed during the combustion,

the position of the neutral plan can be calculated as a function

of temperature and combustion rate.

In doing so it is assumed on one hand, that the same gquantity of
air is consumed as the guantity of smoke gas produéed upon libera-
tion of a certain quantity of energy, independent of the magnitude
cf the combustion rate; on the other hand, since the expression fTor
IL should be applicable during the whole fire process, the combus-
tion rate should be able to vary from zerc to a maximal value with
respect to the actual opening factor. Knowing the position of the

neutral plane, following expression is obtained for IL:

1 = aey (-3 (10)

where

Q@ = gas Tlow from the fire cell {kg/h)

¢, = specific heat of the smoke gases (MJ/kg °C)
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The gas flow @ is obtained from the expression
Q=¢ - alE (11)

where ¥ is a proportionality factor which is epproximstely tempe-

rature-independent within the range prevalent during fire.

Equatior (11) assumes that the vertical scceleration of the gases
can be neglected which, in some cases is not correct, cf. Thomas-
Heselden-Law (1967}. When large window openings exist in a fire
cell consideration should be paid to this vertical acceleration,
which results in decreased pressure difference and horisontal gas
velocity and thus a lower gas flow than that indicated by Equation
(11). If this fact is not taken into consideration during a theore-
tical analysis of the experimental tests, it could, in some cases,
become impossible to obtain agreement between the calculated and
the measured gas temperature-time curve since according to the
computatien procedure, too much erergy disappears through the
openings without eny effect on the fire process. In the literature,
Thomas-Heselden-Law {1967),1it is stated that in unfavourable cases,
the gas flow can be reduced to /4 of that obtained when vertical

acceleration is neglected.

The above mentioned conditions csn be taken into consideration
through modifying the Equation (11} by a multiplication factor
C =1, that is

Q, =C -9+« AVHE ' (12)

As an illustration to how two different C-values influence a theo-
retical evesluation of the gas temperature-time curve of a fire pro-
cess, curves evaluated by Magnusson-Thelanhdersson and obtained
partly for C = 1 and partly #for C = 0.8, under otherwise constant
conditions, are shown in FIG, 3. Since both curves are evaluated
for a genuine full-scale test, Ehm-Arnault (1969)5.the experimen-
tally registered gas temperature-time curves have alsc been inser-
ted which, in this case, show that the higher C-values render too

low temperatures.
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FIG. 3 The experimentally messured {—--——- ) and theoretically cal-

culated gas temperature-time curves for a full-scale test
where curve (:) has been determined for § = O.BfﬁJﬁ_kg/s and
curve‘(:) for Q = ¢ AJﬁ‘kg/s. Cpening factor AVH/Ay = 0.091
me, Fire load g = 90 MJ/square meter enclosing surface. Fi-
zure b) indicates the time variations of the terms IC, IL’

Iw wnd IR'
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Based on theoretical analysis of some fifty full-scale tests per-
formed independently at different piéées Magnusson and Thelandersson
have come to the conclusion that a reduction of the gas flow

(C <1) can only be realized at so high values for the window ope-
nings that the opening factor AJEYAt becomes greater than 0.06 mj/z,
and that even with large openings the factor C only exceptionally

falls below the value 0.7 to 0.8.

As mentioned above, the term I: which indicates the liberated ener-
gy per unit time, can normally be given with satisfactory preci-
sion for liguid fuel. For wooden combustibles, on the other hand,
it is somewhat difficult to indicate this variation satisfactorily,
since for this type of fuel the combustion simultaneously takes
place both in the. solid constituents and in the gases formed during
pyrolysis in such a way that it has hitherto been impossible to
clarify.

‘For the term I Kawagoe-Sekine and Odeen use the following rela-

C,
ticn

I.=R W {13)

where

the combustion rate (kg/h)
the heat value (MJ/kg)

In the case when the combustion is limited by the access of air,
which is true for the flaming phase for fires governed by venti-
lation, Kawagoe (1958) has given the following approximate rela-

tion for the combustion rate for fire loadings of wood fuel type:
R = k-AVHE (kg wood/min) (14)

where k in the normal case has the order of magnitude of 5.5

(kg/mS/Z-min).

In Kawagoe—Sekine's works (1963) the liberated heat guantity per
unit time Ffor wood fuel was assumed to be 10.78 MJ per kg wood du-
ring the filaming phase implying a reduction in the nominal heat
value of the wood which amounts to 17.5 - 18.G MJ per kg wood at

a complete combustion.
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Since Equation (14} is only applicable in cases where the com-
_bustion rate is limited by access of air, the problem should be
golved in a different manner when the fire process is governed by

other factors, e.g., during the cooling phase.

In order to find a temporary approximate sclution to the problem,
Magnusson and Thelandersson (1970, 1971) have chosen the following
analytical technique. Based on the results described in the lite~
rature obtained in such model and full scale tests which have been
reported with satisfactory precision, they assume a reasonable ener-
gy—time curve I, for each particulsr test, whereafter the gas tem-
perature~time c;rve of the fire process is calculated. A necessary
condition for such an attempt is that the total energy liberated
during the fire process should be equal tc the energy available in
the beginning of fire, that is, the following relaticn should be

satisfied:
j& dt = MW {15}
o

where

M
W
t

the total fire load (kg)
the nominal heat value (MJ/kg)

time coordinate

The calculeted gas temperature-time curve 1s compared with that
measured in the test whereupon the energy distribution assumed for
the fire process is modified if necessary, until agreement is
reached between the calculated and experimentally cbtained tempe-

rature curves.

In the analysis it was assumed that the maximum heat energy libe-
rated during ventilation-controlled fires has the maximum value gi-
ven by Equation (14). After analysis of some fifty tests, the re-
sults could be systemetised and generalized so that polygon-shaped
energy—time curves as in FIG., 3b were obtained, one for each com-
bination of opening factor ~ fire load. The results are summarized
in FIG. 4, which gives the possibility to determine the distribu-
tion of the heat quantity during the entire fire process with a

precision which is sufficient in most practical cases. As shown in
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Ic
3560 AVH

Time graphs of the energy released per unit time in the pro-
cess of combustion, Ip, expressed in a relstive dimension-—
less form by putting 3560 AVE equal to unity. The eight cur-
ves shown in this figure correspond to different values of
the duration of the fire defined as the duration of the flame
phese by the expression T =g Ay /6300 AVH (h). The dash-line
portion of the curve for the ignition phase belcngs to the

curves relating to the lowest four values of the duration of

fire.
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the figure the liberated energy is reported in a dimensionless form
through division by the factor 330:AH-10.78 MJ-m5/2/h which accor-
ding to the authors corresponds to the maximum energy liberated in

a Tire process which is limited by access of air.

At the time when the works by Magnusson and Thelandersson came in-
to being the existing literature did rot allow the possibility to
consider, in a detailed manner, such influences on the fire pro-
cess and energy-time curves as piling density of the fire loading
and particle shape plus the size of the window opening. This cir-
cumstance leads to the fact that the theoretically calculated gas
temperature-time according to Magnusson and Thelandersson's proce-
dure, can, in certain cases, become considerably higher than that
obtained at a corrésponding real fire. It is true that the results
obtained would be on the safe side, but it may also imply unecono-
mical solutions. It has further been shown, Heselden-Thomas-Law
(1970), that the order of magnitude of the factor k in Equation
{14) mey in certain cases, with very smell cpenings, amount to
double as much as the normal value. If such a high value for the
combustion rate implies a corresponding high value for the energy
liberated per unit time, a theoretical treatment of the problem

based on the curves described in FIG. U4 can give results not on

the safe side,

By applying the program presented by Magnusson and Thelandersson,
the present investigation aims at finding out if significant de-
vietions from the energy-time curves given by the two authors are
obtained in case more important influences on the.fire process are
teken into consideration, and if this is the case, then it is the
aim to illustrate how large these deviations could become and when

they should specially be cbserved.

2.2 Computer program.

In order to solve the system of Equations (4), a modified appli-
cation of Runge-Kutta's method is used, see Fox (1962), In treat-
ing the system from time t to t + At, at which the computer it-
self chocses a predetermined suitable integration interval At, de-

pending on the precision, computaticns are performed five times.
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Each time the value of the gas temperaiure 5@ evaluated immediately
at the previous time is used. Recapitulating the heat balance equa-

tion with the pertaining terms entering the eguation, we can write:

Io =TI, + I, + I (Equation (1))
I, =?(A3)-cp-AJﬁ(§é—%) (Equations (10) end (11))
I;= g IW’J. = I AJ. wha(ﬁ)g_ 1,3) (Equation (9))
I, = A(Eg—EO) (Equat:j.on‘ .(2))

from which the following expression is obtained for the smcke gas

tempereture:

2 d »d
J (16)

& A : LAY, . ,
50( 3)CP AJﬁ+j d i‘b‘l:J

Iduf(A#)-AJﬁ-ﬂo + I Ay, 73_’1 .- I

The prdgram worked out by Magnusson and Thelandersson can, through
its form, be applied to a fire cell with the enclosing structures
of at most three tyﬁes where two should be assumed to be homoge-
neous while the third can be composed of at most three layers. The
fact that most of the construction materials either through physi-
cal or chemical treansformations, possess a specific heat which is
discontinously dependent on the temperature, is considered in the
program. This change in property motivates the use of the enthalpy
of the material, instead of the temperature, as the independent
varisble when calculating the temperature field. As a complementary
illustration, FIG. 5 shows a flow diagram which illustrates the
calculation procedure used in determining the smcke gas temperature
of a fire cell end which is used in the present thecretical study
performed to find out the influence of different parameters on the
energy distribution for fires taking place in a closed room with

one window opening.
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3. EBRIEF DESCEIPTION OF THE ANALYSED TEST SERIES.

The present report deals with analysing the experimental studies
of the fire process which, except for a few full-scale tesis per-
formed elsewhere and discussed in section 8, have been recovered
from a test series performed by the author and co-workers in model
scale with results which have been partially described in an earlier
report by the asuthor {1971) and Olsson-Sj8helm (1972) and which is
partially under revision for a complete report later in some other
connection. The test series was planned with the objective of fin-
dirg out the influence of the essential factors on the time curve
for the combustion rate, energy development and gas temperature.
Choice of model scale tests is partly necessitated by the desire
to perform the testeg indcors for an improved precision and partly
by the consideration that the quantity of fuel consumed in a large
number of tests should be reasconable from an economical peoint of
view. Three cubical, closed Tire chambers at the model scale with
one window opening and with the internal lateral dimensidns mea~—
suring 500, 750 and 1000 mm respectively, were used in the tests.
The main part of the test, on the cccasion, were performed in the
model fire chamber with the internal lateral dimensions of 750 mm
and the fire processes analysed in this paper beleng to the model

scale test at this scale.

FIG. 6 shows a sketch and FIG.7 a photography of the fire chamber
as viewed from the front side. The figures also show the form of
the basket in which the fuel was piled, plus the system for deter-—
mining the combustion rate expressed as the decrease in weight per

unit time.

A side view of the fire cell is given in FIG. 8 from which the
location of the radiaticn meter and connection cables for the ther-
moccuples, used for temperature measureéments in the fire cell,

may also be observed.

Since in the investigation, a determination of the influence of
the opening factor on the combustion rate and energy development,
was one of the fundamental goels, the front of the fire cell was
made exchangeable. The window cpening of the fire cell was chosen

in a square form and the dimensions given to this cpening were
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such that the five different values, namely, 0.020, 0.032, 0.0k0,
0.070 and 0.114 m”2 were obtained for the opening factor, which
together cover a broad and realistic fange of variation. The late-
ral dimensions corresponding to the different values of the ope-

ning factor were 3&0, Li2, LLg, 562 and 683 nm respectively.

Since the test series even embraces a study of the influence of
different thermal properties of the enclosing structures of the
fire chamber on the fire process, the following enclosing surfa-
ces have been included in the test series, the materials counted

from the external surface towards the internal surface are as

follows:

a) 1.5 mm steel sheet (section 7)

b) 1.5 mm steel sheet + 10 mm asbestos disk having the density of
1026 kg/m3 {sections L-T)

¢) 1.5 mm steel sheet + 125 mm light weight concrete with the den-

sity of 5C0 kg/m3 (section 7).

A summary of the coefficients of thermal conductivity for asbestos
disk, light weight concrete, and steel sheet as a function of tem~—

perature used in the analysis is given in TAB. 1.

During the tests the fuel consisting of sticks was piled in a bas-
ket, the dimensicn of which was somewhat less than the lateral
internal dimension of the fire cell. The basket was horisontally
braced without friction by a special érrangement, see FIG. 6-8.
Thus, the risk for the basket or any stick to bump into a wall re-
sulting in erroneous registration of the combustion rate was eli-
minated. The fuel basket rested on a leading cell connected to a
line printer through which & determination of the combustion rsate
as the weight decrease of the fuel per unit time, in accerdance

with the developed practice, was made possible.

Since a detailed knowledge of gas temperature-time curve of the

fire process at varying conditions is essential for a theoretical
determination of the energy liberated per unit time corresponding
to the weight decrease of the fire loading or of the fuel per unit
time at each time during the Tire process, an extensive survey of
the gas temperature-time process obtained in the tests is a funda-

mental requirement., For temperature measurements unprotected
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TAB, I The variation of coefficient of thermal conductivity with tem-—
perature for asbestos disk with a density of 1020 kg/m3, light
welght concrete with a density of 500 kg/m3 and steel sheet.

Asbestos dish Light weight concrete Steel sheet

T A T A T by

°c W/m°C °c W/m°c °¢ W/n°c
216 0.155 ¢ 0.100 0 §1
shg 0,134 385 0.150 100 73
673 0.116 525 0.189 300 5l
881 0.110 700 0.206 500 L
1024 0.121 865 0.212 TGO 35

1500 0.116 1500 0.4G0 200¢ 29
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thermocouples of Chromel-Alumel type manufactured by Honeywell
were used, the types used being ¢ B2 N2, 20 GA., The measuring points
on which the analysis described in this paper are based, were lo-
cated inside, 30 mm from the internal surface of the Tire cell
corresponding to the mid-section of the walls with no openings,
and arranged in such a manner that the connection cable nearest
the joint followed an isotherm. Besides the combustion rate and
the gas temperature-time process, the changes in radiation as a
function of time and the intensity of the smoke gas were also re-
gistered. These latter magnitudes have not been used in the ana-
lysis described in this paper. For a more detailed description of
the measurement technigues used in the test series, the reader is

referred to the author's report {(1971).

Except for the tests reported in section 6 which embrace a study
of the influence of varying stick thickness on the fire process,
the fire loading consisted of firwood sticks with & square cross
sectional area, 25 x 25 mmg, due to the fact that the number of
stick layers and number of sticks in each layer varied from test
to test, the sticks had variable lengths but were adjusted in such
a manner that the number of running meters of stick for each fire
loading was constant {This is only partly applicable to the tests

in section 6).

Prior to the tests the fuel was stored in an air conditioned room
et a temperature of 20°C and the relative air humidity of U3%
until egquilibrium was reached with the surrounding air. The
corresponding moisture ratio amounts to $.3% calculated on the

basis of the weight per unit volume.

In choosing the sticks it was attempted to make a varied selection
so that the particularly resinous firwood was not used predominant-
ly in the same test. In spite of such a selection, a relatively
large variation in the density of the timber was obtained from

test to test, of. TAB, II, III, VI and VIIL. In all the tests, the
fire process was initiated by ignition of petrol or alcchol in a
little bowl, centrally located under the basket containing the

wood pile. The influence of the small variations in the characte-
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ristics of the ignition liguid on the fire process is estimated
to be negligible, since, in all the tests, this liquid had burnt
out before any significant combustion had taken place in the wood

pile.

All the tests were performed indoors in a learge laboratory hall
with a free ceiling height of about 10 meters, and thus the in-
fluence of disturbances and factors which were difficult to control,
such as wind and climate-variations, was eliminated. The smoke

gases developed during the tests were ventilated away through a
metal cover located over the fire cell and discharged into the

open air through & specially designed metal channel.

FIG. 9 illustrates an outline of the test arrangement, showing
the fire cell, measuring device for registration of the combustion
rate and radiation, metal cover plus parts of the metal exhaust

channel.



FIG 9§

Survey of test arrangement and

ventilation cowl.
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4, POROSITY- AND OPENING FACTORS.

4,1 Definition of the porcsity factor

In order to characterize the piling density of a crib, namely poro-
sity, Gross (1962) has introduced the porosity factor ¢, defined

through the relation

A
6 = NO.5 . b1.1 . EE' (17)
i
with
& =2nb{2NL + o [an(N—H]} (18)
A = (L—nb)2 (19)
v

In the formula b denctes the thickness (square cross section) and

L the length of each wooden stick, n the number of sticks per layef,
¥ the number of layers of the wooden stick pile, AS the area of all
the sticks in the pile, initially exposed to the air and Av the

freée horizontal area for vertical air flow through the pile, cf.

FIG, 10.

The porosity factor has been originally introduced to characterize
g crib for a fire taking place in the open air. As an illustration
of the application of the factor in such a connecticn, FIG, 11
shows the flaming phase characteristics obtained by Gross (1962)
through model scale tests, concerning the combustion rate of wood
fuel feor fire in the open air. The figure gives the relation, ex-
perimentally obtained, between the mean combustion rate R in % per
sec. during the flaming phase, that is that part of the fire pro-
cess in which the weight decrease of the fuel is approximately con-
stant, and the porosity factor ¢ applied to & sguare crib with the
lateral length of 10b. With respect to the model scale and the va-
riations in wood sort, the combustion rate has been given under
the modified forHFRb1'6, where F denotes the ratio of the coeffi-
cient of thermal conductivity of Oregon pine which has been used

in the main part of the tests and that of the actual wood sort.

From the figure 1t 1s observed that three different stages can be

distinguished, that is



N layer
n sticks/layer '
L the lenght of each wooden stick.

b the thickness of eoch stick (square cross 5¢cf/‘an)

FIG 10 Crib with some relevant descriptions.
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of a sguare pile of wood cribs.

rate of burning FRp!-
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&) en incomplete combustion with an spproximately linear relation

between the scale modified combustion rate and the porosity factor

b) a complete combustion, where the scale modified combustion rate
is independent of the perosity factor, and

c) a non-continuing combustion at a porosity factor larger than

about 0.4 cm1'1, that is, with a very exposed crib.

Since the flaming stage characteristics shown in the figure have
been obtained for the combustion in the open air, the properties

of the crib (the exposed aree of the sticks, chimney area of the
pile, and the number of layers of sticks) have alone been determi-
native for the combustion rate during the whole fire process. This
implies that the fire process can be classilied as the type fuel
bed controlled. For fire in a closed fire cell with window opening,
the obtained characteristics would generally depend cn both the
propefties'of the crib and the size and form of the window opening
which 1limits the air supply available for the combustion. Depen-
ding on which of these quantities are decisive for the fire process
in each irdividusl case, the process would be governed by either
fuel bed or ventilation. At extremely large window openings the
conditions for fire in a closed fire cell will approach those pre-
vailing for fire in the open air with the differences which can be
caused by the variations in the combustion air and smoke gas flow

through the crib in both cases.

It should be emphasized that the porosity factor defined according
to Equations (17) - (19) is strongly limited in its application,
since the pile should have a regular shape according to FIG. 10.
In cases where the regularity of the piling pattern is left out in
such a manner that the chimney effect is noticeably affected, the
fire process may possibly be influenced to a non-negligible extent.
For regularly piled, square sticks, the porecsity factor gives a
uniquely defined crib which is essential both for decreasing the
number of the influencing factors and making the reproducibility
of the tests possible in a simple manner. That the piling density
of & ¢rib has a fundamental importance for the development of a

fire procesé has already been established in a report described
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by the author (1971). This relation will also be verified in the
present report. The variations in piling density of the fire loa-
ding constitutes the main cause to the dispersion in results from

similar tests described in an undifferentiated manner in the exis-

ting literature.

The magnitude ¢ is inciuded in kquation (17) with the dimension
length1'1. Of course & modified dimensionless form is to prefer
since it would give a simpler interpretation between different mo-
del scales and the full scale. A dimensionless description of the
porosity of a crib would also facilitate a future coupling of a
conventional, genuine fire loading to the porosity. By conventio-
nel fire loading it is here ment that which exists in the more
usual types of buildings and localities. This varies to a high
degree between different types of localities and even from one
time to another. The last mentioned relation can be illustrated

by the furniture which is normally found in the usual apartments
and which consisted meinly of wood for some decades ago but which,
to a large extent, has been replaced by plastics of different
types. From the results described by Gross and shown in FIG. 11,
attempts have been made to transform ¢ to a modified dimensionless
form with maintained principal feature for the given R—¢ curve.
However, these attempts have not been successful why the definition

of porosity factor given by Gross has been preserved.

4.2 Analysis of the experimental results with respect to the in-

fluence of the porosity factor and the opening factor.

In order to study the combined influence of porosity and opening
factors, at otherwise constant conditions, on the energy-time cur-
ve during the combustion, the caleulation procedure given by
Mzgnusson and Thelandersson (1970, 1971) as briefly discussed in
section 2 has been applied to a number of fire tests performed at
model scale and described in an earlier report published by the
author {1971). The selected values for the size of the opening fac-

tor has been'AJﬁ'/At = 0,020, 0.032, 0.040, 0.070 and O.11k n' /2. The
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selected range of variation for the opening factor embraces most

of the actual cases in practice and contains fire processes con-
trolled both by fuel bed and ventilation. Five values for the
porosity factor have been experimentally studied namely ¢ = 0,1 cmj'1
implying = densely packed crib, ¢ = 0.25, 0,50 and 0.70 cm1'1 cor-
responding to representative values in the middle of the range plus
p = 1.0 cm1'1 corresponding to a rather open crit. The last mentio-
ned value has been deemed to be interesting from the point of view
of investigating if the corresponding open distance between the
sticks is so large that the optimal spacing for maximum energy de-
velopment has been exceeded or if the rather significant influence
on the fire process, observed earlier, embraces only the mean com-
bustion rate and gas temperature or whether it embraces even the

energy development, see Nilsson (1971).

All the tests analysed in this section have been performed in a
cubical model fire cell which starting from outside is composed of .
1.5 mm steel plate and 10 mm asbestos disk with the internal late-
ral dimension of 750 mm and the presumed constant fire loading g
which has been theoretically assumed to be 35.0 MJ per square meter

of the enclosing surface.

The desired energy-time curve developed during the fire process
for the treated tests have been obtalned according to the same
method which has been applied by Magnusson and Thelandersson, that
is & reasonable IC—time curve was set up with the condition that
the total energy develcped during the fire should be equel to the
total energy of the fire loading, whereafter, based on the assumed
energy distribution, the gas temperature-time curve was calculated.
This curve was compared with the corresponding one obtained by
experiment and if satisfactory agreement was not cbtained, the
IC—curve and thus even the theoretically calculated gas tempera-
ture~time curve was modified until the corresponding ges tempera-
ture-time curves approximately colncided. As an illustraticn, FIG.
12 shows partly the gas temperature—time curves experimentally
registered at two measuring points in the fire chamber, placed cen-

trally throughout every wall side, 30 mm from the wsall surface,
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which have been estimated to render representative velues ard part-
ly, the theoretically computed gas temperature-time curve, the
assumed energy-time curve and division of the energy into the

terms IW’ I_ and IR’ that is the energy rgmoved through the enclo-

L
sing structures, convection and radiation respectively.

The energy—~time relaticns theoretically calculated have been summa-
rized in FIG. 13-17, where each figure gives difinite curves for
one opening Tactor Afﬁ]At and five porosity factors ¢. The energy
illustrated along the vertical axis 1s expressed in dimensionless
form by division with the factor 330-AVE-10.78 = 3560 AVE MJ/h.
Furthermore, Table II gives a summary of such brief characteristics
for each individual test that a general picture is obtained. The
table also gives primary vslues and cther fundamental magnitudes

used in the further discussion. The table gives

1/2)

]

the opening factor A\EI/At {m
the poreosity factor ¢ (cm1'i);

the theoretically assumed fire loading q (MJ per me enclesing sur-
face};

the real fire loading for the actual test {MJ per m2 enclosing sur-
Tace);

the ratic between gas flow Qa’ used ir the calculations and the va-
lue which is given by egustion (11), § =Y AVH;

the mean combustion rate during the fleming phase, R, determined

by Kawagoes formula (14} R = 330 AVE (kg wood per h);

the mean value of the combustion rate experimentally cbiained du-
ring the flaming phase 380—30’ referred to the decrease in weight
from 80% to 30% of the initial weight (kg wocd per h),

the maximum value of ICmax indicating the energy liberated per unit
time, determined from energy-time relations based on thecoreticsal

calculations given in FIG., 13-17;.

the time interval tm from ignition to the mean time at which the

maximum value I, is reached (h), cf. FIG. 18;
- T Cmax

the mean value of the energy liberated per unit time ICm during the

time interval t defined as above, (MJI/h);
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the time interval tr from ignition to the time corresponding to
the value 0.75 ICmax o the descending part of the energy-time curve

(h}, ef. FIG. 18;"

the mean value of the energy liberated per unit time ICr during the

time interval tr defined as above, (MJ/h);

the mean value of the combustion rate Rr expressed as the Jdecrease

in weight of the fuel per unit time during the time interval tr’
(kg/h)s

W which gives the ratio between the mean value of the energy 1i-

berated per unit time; I , and the mean value of the combustion

Cr o
rate Rr’ effectively expressing the heat value per kg of fuel du-~

ring the time interval t., (MT/kg)s

the time interval td between the times corresponding to 0.75 ICmax
on the asending and descending parts of the energy-time curve res-

pectively, cf. FIG., 18,

the mean value of the energy liberated per unit time, ICd’ during -

the time inﬁérval td’ defined as above, (MJ/h);

the mean value of the combustion rate, Rd’ expressed as the de-

crease in weight of the fuel per.unit time during the time inter-

val tg, (kg/h);

Wd, which gives the ratio between the mean value of the energy 1i-
berated per unit time,'ICd, and the mean value of the combustion
rate Rd’ effectively expressing the heat value rer kg of fuel du-

ring the time interval t (MI/keg)y

d’
the time interval t1 between the times corresponding to 0.75 ICmax
and 0.5 ICmax respectively, on the descending part of the energy-

—-time curve (h), cf. FIG. 18;

the time interval t2 between the times corresponding to 0.75 ICmax
and 0.25 ICmax respectively, on the descending part of the energy-

-time curve (h), ef. FIG. 18;

the time interval tg which together with tr defines the totsl fire
duration, when energy is developed (h), cf. FIG. 18;

~ the mean value of the energy liberated per unit time ICg during

the time intérva; tg defined as above, (MJ/h};
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the mean value of the combustion rate Rg, defined as the decrease in

weight of the fuel per unit time during the time interval tg, (kg/h)s

Wg, which gives the ratio between the mean value of the energy libe-
rated per unit time ICg and the mean value of the combustion rate Rg’

effectively expressing the heat value per kg of fuel during the time

interval tg’ (MT/xg) s

the mean value of the energy liberated per unit time ICav during the

same periocd as for 380_30, (MI/h),

wav’ which gives the ratio between the mean value of the energy 1li-
berated per unit time, ICav’ and the mean combustlon rate, RBO—BO’
effectively expressing the heat value per kg of fuel during the
active phase of the fire (MJI/kg);

the méan value of the gas tempersture in the fire chamber J%O*BO du-
ring the flaming phase, referred to weight decrease of the fire loa-

ding frem 80% to 30% of the initial weight, (°C);

the ratic between the mean combustion rate RBO—SO and the mean tem-

perature of the fire cell ﬁ%o—so’ (kg/°Cen);

the ratio between the mean value of the energy liberated per unit
time during the flaming phase, I and the mean tempersture of the

(MJ/CCn).

Cav?

fire cell 80-30°

The magnitudes described in columns 8-24 of TAB. II, defined accor-
~ding to FIG. 18, are essentiazlly new in the literature. They have

been chosen to give a detailed description of the energy-time curve

of the energy developed during the fire process. Since this curve is
calculated based on the real gas temperature-time curve, the latier

is reflected by the former., The characteristics shown in the table

are intended to illustrate partly the more intensive phase of the fire
process and partly the glowing- and cooling phases through some va-
lues which describe the energy development, some noticeably interes—
ting periods of time and the corresponding heat values calculated. In
order to facilitate the celculations, the IC—t curve has been approxi-
mated by & polygon-shaped curve., However, the obtained differences

are estimated to be practically negligible.

Even if, in most of the cases, the maximum value of the energy-
—time curve is reached during the flaming phase, conventionally

defined as the time interval for R this is not generally

86-30°
valid. This is illustrated in FIG. 19 in which for the tests C L0
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FIG. 19 Experimentally registered temperature-time curves and the
curves showing the weight decrease as & function of time
plus the theoretical calculated energy-time curves for the
two tests C38 and CLO. Opening factor AJﬁYAt = 0.032 m1/2,
fire lcad g = 35 MJ/square meter enclosing surface. Porosi-

ty factors ¢ = 0.276 for test nr Cho and 0.495 cml-1 for

test nr C38.
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and C 38 - opening factor AJE/At = (0.032 m?/e, porosity factor ¢ =
= 0.276 and 0.L95 cm1'1 respectively - the recorded gas temperature-
-time curves, the experimentally registered time curves for the com-
bustion rate expressed as the decrease in veight of the fuel per

unit time, and the theoretically calculsted energy-time curves are
described. From the figure it is observed that the gas temperature-
-time curve and the curve showing the weight decrease exhibit poor
agreement. The calculated energy-time curve is directly based on

the real temperature-time curve, why this curve describes the fire
process more adegquately than the curve which shows the weight decrease.
For this reason, in working out the results, emphasis has been pla-
ced on magnitudes which characterize the energy-time curve. However
parallel discussions are even made concerning the more conventional
magnitudes in order to partly give a general picture of the influ-
ence of different parameters on the fire process as far as possible
and partly find such relations which make a theoretical, differen-
tiated determination of the fire process and its gas temperature-

-time curve possible for each individual case in the future.

From TAB. II it is observed that with a constant value for the po-
rosity factor the magnitudes ICmax’ ICm’ ICr and/ICd increase with
increasing opening factor up to A¢E/Attv 0.07T m wherealter these
magnitudes either remain approximately constant or somewhat decrease
with further increase of the opening factor. This fact is even
illustrated by FIG. 20-22 which, in a diagram form render the rela-
tions found between Ic—characteristics ICm’ ICr’ and ICd respec-
tively and the porosity factor ¢ at different values for the ope-

- ning factor AJﬁ/At. The relation is uniquely substantisted for

higher values of the porosity factor, ¢ > 0.7 em . For very small

¢-values the relations found exhibit a high degree of irregularity.
On the whole, the results described show that the growth of the
Ic—magnitudes is asymptotical and not linear which would be the
case if Kawagoes formula (14) were applicable without any restric-
tions. That this formula has a highly limited validity may be ob-
served from FIG, 13-17 in which Icmax/3560 AVH strongly decrease
with increasing opening factor. This relation can be illustrated
by the values corresponding to the opening factors 0.020, 0.040
and 0.1%4 m1/2
-0.85 and 0.5-0.35 respectively. With respect to the fact that the

which posess the variation range of 1.25-1,1, 1.1-
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FIG. 20 By a theoretical analysis of the experimental results ob-

tained relation between Ipy, (MJ/h) and the porosity factor,
¢ (em'+1), for varying opening factor, AVH/A¢ (m'/2). Fire
load 35 MJ/square meter enclosing surface. The enclosing

structures of the fire cell are composed of 10 mm asbestos
disk having a density of 1020 kg/m3 and 1.5 mm steel sheet.
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FIG. 21 By a theoretical analysis of the experimental results ob-
tained relation between Ipy (MI/h) and the porosity factor,
¢ (em? 1), for varying opening factor, AVH/Ay (m1/2). Fire
load 35 MJ/square meter enclosing surface. The enclosing
structures of the fire cell are composed of 10 mm asbestos
disk having a density of 1020 kg/m3 and 1.5 mm steel sheet.
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tained relation between Ipg (MJ/h) and the porosity factor,
¢ (em'+1), for varying opening factor, Afﬁ/At (m'/2), Fire
icad 35 MJ/square meter enclosing surface. The enclosing

structures of the fire cell are composed of 10 mm asbestos
disk having a density of 1020 kg/m3 and 1.5 mm steel sheet.
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expression R = k-AJE-10.78, with k = 5.5 kg/min-m5/2 = 330 kg/h-m5/2

is assumed to describe the maximum mean combustion rate during the
active phase of the fire which is controlled by ventilation, the
order of magnitude of the value 1.25 is remarksbly high, specially
considering the fact that ICmax has, in some cases, such a time
protraction that the mean combustion rate is exceeded during the
flaming phase implying an energy development which is higher than
that maximally presumed. In determining the combustion rate R,
according to the mentioned expression, it should be remembered that
the value obtained is very rough since seversl influencing factors
sﬁéh as porosity of the fire loading, particle shape and location
plus the thermal data for the enclosing structures of the fire cell
are not considered. The fact that, at small opening factors, the
combustion rate can exceed the value given by eguation (14) above,
that is k > 5.5 kg/min'mB/e, is confirmed by experiences described
in the literature. As an example see Heselden-Thomas—Law (1970),
who in summarizing = large number of model and full scale tests,
performed at different places, establish that for small window ope-
nings of the order of magnitude of 1/10 of the front side or less,

5/2_

the value of k can amount to 9 or 10 kg/min'm
For large values of the opening factor, AJﬁVAt > 0,07 mﬁ/g, the
ratio ICmax/356O AVH would be much lower than one, for all values
of the porosity factor, proving the fact that, within this range,
the fire process has changed from being ventilation controlled to
fuel bed controlled. The energy developed per unit time does not
then increase with increasing opening factor, but remains roughly
constant or somewhat decreases. From the results summerized it can
be observed that the transition point, or more correcily, the
transiticn range between ventilation controlled and fuel bed con-—
trolled, fire process depends on both the opening factor of the
fire cell and porosity of the fire loading. The corresponding in-—
fluence for the magnitude ICav 15 to be found in column 25 of TAB.
II. This magnituds which expresses the mean value of the energy
liberated per unit time during the same time as for RBO—BO’ is de-
termined from the curves described in FIG. 13-17. The values of

I v given in the table are represented in diagram form in FIG. 23,

Ca

describing the relation I - ¢ for the values of the opening fac-—

Cav
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FIG. 23 By a theoretical analysis of the experimental results cb-

tained relaticn between the liberated heat quantity,
(MJ/h), and the porosity factor, ¢ (cm!-

ICav

1), for varying

opening factor, AVE/A; (n1/2),
ter enclosing surface.
fire cell are composed
sity of 1020 kg/m> and

Fire load 35 MJ/square me-
The enclosing structures of the

of 10 mm asbestos disk having = den-
1.5 mm steel sheet.
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tors studied. The figure emphssizes the fact that an incresse cf

the size of the window opening, beyord that corresponding to AJﬁ/A{*
=~ 0.07 m1/2, results in an approximately constant or somewhat re-
duced fire process which approaches that which is valid fTor fire

in open air with the differences which can be caused by variations
in the combustion air and smoke gas flow through the crib in both

cases.

In the litersture, cf. for instance Tenning {1961) and document No.
2Tk of CTH (1963}, it is stated that the growth rate of the coal
layer formed during a fire in solid or glued solid beams cor wooden
columns is approximately constant during the heating phese. This
growth rate has the order of magnitude of 0.4 mm/min for ocak or

teak constructions, for a fire exposure which i1s in agreement with
the prevailing classification test according tc ISO R 834. For a

more intensive fire exposure, the values, referred to, would increase,
ef. Khublénch (1972). If the value 0.7 mm/min is applied to the

fire loading used in the test series, it would, with an assumed
effective heat value of 10,78 MJ/kg, imply that the energy aeveloped
per uhit time would be of the order of magnitude of 8.4 MJ/min =
= 500 MJ/h during the active phase of the fire. With respect %o the
slender dimension of the wooden sticks compared with that of solid
beams or columns, it is reasonable to assume that the penetration
rate of the fire for this actual case would be scmewhat higher. The
value of the energy liberated per unit time thus estimated is of
the same order of magnitude as the value noted for ICd and ICav’

which, for a fuel bed controlled process, cover the variation range

of LQ0-700 MJ/n.

With respect to the influence of the porosity factor, ¢, of the
crit on the energy liberated per unit tine, IC’ the following com-—

ments may be made:

From the FIG. 13-17 and TAB. II it is observed that, for the ope-
ning factors AJﬁYAt = 0.07 and 0.11L4 m1/2 an increase of the poro-
sity factor, ¢, within the range ¢ < 0.5 cmLi gives rise to a
higher maximum energy development, ICmax’ and a faster ignition
process. This relation is illustrated for the copening factor

0.07 m1/2 in FIG. 16 and TAB. II, column 8, which for ¢ = 0.117,

1. . . .
0.276 and 0.495 cm 1 give the corresponding I, -values amounting
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to 420, 504 and 673 MJI/h respectively. For the lowest opening fac-
tor studied, AJﬁ/At = .02, the cpposite relation is true implying
& maximum energy development, ICmax’ which within the range ¢ < 0.5

1.1 . . . .
cm decreases with lncreasing porosity factor. For the values of

1/2

2

the opening factor situated in between, AJﬁVAt = (0.032 and 0.04 m
the corresponding influence of varying porosity factor, ¢, is sub-
stantially less. For value of the porosity factor ¢ > 0.5 cm1'1,
variaticons in ¢ renders rather little influence on the maximum

energy develcopment, I , Tor all the opening factors studied. Tt

should however be obsgfiﬁd that the shape of the crib, with either
such high values for ¢ or such open piling that the distance be-
tween the sticks exceeds the limit value for which the spread of
fire within the pile is no longer possible, has not been taken in-
to account in the test series. With respect to the influence of

the porosity factor, ¢, the same characteristics are essentially
true for the energy magnitudes, ICd and ICr’ as those described

for the maximum energy development, ICmax' On the whele, the same
characteristics are also true for the magnitude ICav which 1s the
mean velue of the energy liberated per unit time during the conven-
tionally defined flaming phase, determined as the time during which
the weight of the fire loading decreases from 80% to 20% of the
initial weight. On the other hand, the mean combustion rate, RBO“BO’
given as the weight decrease of the fire loading per unit time,

exhibits a deviating pattern for ¢ < 0.5 cm.]'1 and AJEYAt=é 0.04

1 - . . ; .
i /2, within which range, RBO—SO cn the whole 1ncreases with 1ncrea-
sing porosity fazetor. For the lowest opening factor described,

1/2
A = 0,
AVE/A = 0.02m "7, Rg0-30

porosity factor, ¢, within the whole range studied.

is however almost independent of the

From the view of combustion, i1t is technically interesting to ana-
lyze the relation between the parameters liberated energy per unit

- time, 1., weight decrease of the fuel per unit time, K, and the

C

effective heat value, W. For the time period td which defines the

getive phase of the fire with respect to the liberated energy,

IC’ TAB. II gives the heat value, Wd, calculated as the ratio

ICd/Rd within the smell varistion range of §.6-12.9 MJI/kg for all
the tests but four. For the time pericd tr which, in addition to

t also embraces the ignition- and fleming processes, the corre-

d!



sponding variation range for the heat value, Wr = ICr/Rr’ is 7.9-
-12.2 ¥J/kg. The éispersion in the effective heat value, W,, or Wr
as & function of the porosity factor, ¢, decreases with increasing
opening factor of the fire cell, AJﬁ/At. The values obtained for

the time periods t., and t. have a good agreement with the effective

heat value of 10.7% MJI/kg which has been calculated by Kawagoe (1938)
in an analysis of the composition of the smoke gases and which have
been applied by some authors including Magnusson-Thelandersson for
heat— and mass balance calculations for wood fuel fires in closed
compartments. With respect to the heat value which is determined

in a calorimetric bomb during a complete, intensive combustion

and whiech varies between 17 and 20 MJ/kg for wood, the values of

Wd and Wr described amount to approximately 45-65%.

. . . R
A calculation of the corresponding magnitudes ICav’ £0-30 and wav
from the test results obtained for the conventionslly defined fla-
ming phase, that is the time period during which the weight of the
fire loading decreases from 80% to 30% of the initial welght, leads

av 1Cav/RBO--BO’
which exhibits a larger dispersion with the porosity of the fire

sccording to TAB. II to an effective heat value, W

loading than the effective heat values, Wd’ and, Wr, and which, on
the whole, in addition alsc exhibit a tendency to increase with in-
creasing opening factor AJEYAt up to AJE/A{ ~ 0,07 m1/2, whereafter

it remains approximately constant.

It is noteworthy to observe the high effective heat values, Wd’
W_, and Wav, computed for the lowest porosity facter, ¢ = 0.7117
cm1'1, with the opening factors AJE/At = 0,032 and 0.0k m1/2. The
effective heat values thus calculated amount to 70 to 80% of those

corresponding tc a complete combusticon in a calcrimetric bomb.

For the glowing- and cooling phases of the fire process which to-
gether embrace the time period tg’ an analogous analysis renders
an effective heat value wg = Icg/Rg which, on a computational ba-
sis, becomes very large. The variation range being between 25.5-
-67.6 MJ/kg. Phenomenolegically, this incidence depends on a com-
btiretion of high libverated radiation energy and a very slow weight

decrease of the fire loading during these phases. Compared with



the corresponding values for the active phase of the fire td’ the
mean value of the energy literated per unit time, ICg’ during the
glowing- and cooling phases amount to approximately 15-30% while
the mean value of the weight decrease of the fire loading Rg’ du-~
ring the glowing— and cooling phases is only of the order of magni-
tude cf 3-10% of the weight decrease, Rd' The dispersion in the
magnitude Wg, is alsc much higher than the dispersion in the corre-
spending magnitudes Wd and Wr, which can be attributed to the fact
that the Ic—time curve and R—time curve for several tests are mu-
tually displaced in time to & varying and non-negligible extent.

For the total energy, 1 -tg, liberated during the time period tg,

Cg
TAB. II gives 63.8 MJ with the variation range of U7.3-7h4.5 MJ,
corresponding to the variation range of 34.8-40.5 MJ per square

meter of the enclosing surface for the fire loading q.

Furthermore the duration of the different phases of the fire pro-
cess are of decisive importance. For the time period ty which accor-—
dingly embraces the active phase ¢f a fire with respect to the ener-

gy liberated per unit time, I,, TAB. II gives a strong influence

C’
of the variations in the porosity factor, ¢, belonging to the fire
loading within the ventilation controlled range, that is up to the

1'1. Within this range, t_ decrease

opening factor AJE/Atﬁﬁ 0.07 cm q

with increasing ¢. On the other hand, within the fuel bed controlled
range, the influence of the porosity factor, ¢, on the time period
td is rather insignifficant. On the whole, for low porosity factors,
¢, the active time pericd of the fire phase, td’ decreases with
increasing opening factor, AVH/A,, within the ventilation controlled
range and, then remains spproximstely constant within the fuel bed
controlled range. For high values of the porosity factor, ¢, the
influence of the variations in the opening factor, AJg/At, is much

less.,

For the magnitude tr which indicates the time period from ignition
to the time corresponding to the value 0.75 ICmax on the descen-

ding part of the energy-time curve, the influence of the varistions
in the porosity factor, ¢, 1s rather of minor importance. With res-

pect to the operning factor, AJﬁ/At, the time period tr decreases
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with increasing opening factor from epproximately 0.32 h for AJﬁYAt
. /2 .

= 0.0z m1/2 to approximately 0.13 h for Afﬁ/At = 0.0 m /C. For high

values of the opening factor, that is within the fuel bed controlled

range, tr’ then remains approximately constant.

For the time period t2 which embraces the time between the times

corresponding to 0.75 ICmax and 0.25 ICmax on the descending part
cf the energy-time curve, different characieristics are true in
certain respects. During this time period the influence of the po-
rosity factor, ¢, is stronger for high values of the opening fac-—
tor, that i1s within the range controlled by the fuel, than for the
lover opening factors corresponding to fire controlled by ventila-
ticn. For low values of the porosity factor, ¢, a change of ope-
ning factor does not tend to influence the time t2 in any certain
direction. For high values of the porosity factor, the influence

of the varistions in the opening factor is anslogous with that for
the time pericds td and tr. For durstion of the cooling phase, that
is to say the time period tg, the values calculated on the basis

of the test results doc not show any clear and unigue tendency to
depend on either the porosity factor ¢ or the opening factor AJE/At.

For several tests the duration tg lies within the range 0.5-0.8 h.

Andther'magnitude essential for the heat— and mass balanée cf the
fire process is the quantity of fire gases carried away from the
fire cell. In section 2, it is stated that the gas flow can be de-
termined by either the first or the second of the following two
formules, depending on whether the vertical acceleration in the

window openings is neglected or whether it is taken into account

respectively:
Q = ¥ AVH (11)
Qa=Cthﬁ (12)

where ¢ 1s & proportionality constant and C a factor smaller than
one which depends on the shape and size of the window cpening as
well as the geometry of the fire cell. In agreement with the expe-
riences describted by Magnusson-Thelandersson, it can be observed .

from TAB. II, column 5, that for the opening factor AJEVAt = 0.070



62

and O.114 m”2 the value of C amounts teo 0.2 and 0.7 respectively,

while for the lower values of the opening factor C eguals 1.

That a rough estimation of the gas flow can even be made on the
basis of the registered gas temperature and combustion rate is

shown by the following analysis presented by Magnusson-Thelandersson.
If the terms entered into the heat balance equation are approxima-

ted according to the following relations:

Io =C,R (20}
1L=02-Q-1Z - (21)
I, = 03-725’ (22)
=0 | (23)

with C1_Ch as constants, then the following equation is obtained

by inserting the appropriate terms in the heat balance equation

1
2

B (2l)

R
- c -C
% C,. 57; 6

C
Q=3

where C. and Cg are two new constants. Accordingly, Equation (2k)

>

expresses that the gas flow, Q, is proportional with the magnitude

R/zjé.

If I, in Equaticn (20) is instead assumed to be proportional with

the mean value of the energy develcped per unit time during the

flaming phase, I , that is

Cav

I.=0C_-T (20a)

Equation (24) would then be transferred to

I
Cav (2ha)

Q=C8—?g—'—c6

where (. and C8 are two new constants, meaning that the gas flow,

T

become oportional with the ratic I .
Q, § propor al with ratio CaV/j%
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With respect to the Tlaming phase of the fire process defined as

the time period for a weight decrease of the fire loading from

80% to 30% of the initial value, the magnitudes R/?é = RSO—BO/j%O—BO
and ICav/aé‘= ICav/ﬁ%0—3O’ are described in TAB. II, columns 28 and
29 respectively. The magnitude ICav/ééO—BO has in addition been
summarized in FIG. 24, as a function of the opening factor AVﬁ/At
for varying porosity factor, ¢. From the figure it is observed that
the influence of the varistions in the porosity factor, ¢, is rather

.

small within the range ¢ 3 0.5 cm . Within this range, the cur-
ves indicate an approximate validity for Equetion (11) up to the
opening factor AJE/At = 0.07 m1/2, while for larger values of the
opening factor, a heat— and mass balance computation should instead
be based on Equation {12), that is the influence of the vertical
acceleration of the gas flow in the window opening should be taken
intc account. For both the lowest porosity factors, ¢ = 0.117 and
¢ = 0.276, FIG. 24 gives the transition from applying Equation (11)
to Equation (12) at a much lower opening factor - AJE/At = 0.0k m‘I/2
- than what is true for the range ¢ 3 0.5 cm3'1. Compared with the
magnitude ICav/a%O—BO’ the magnitude RSO—BO/y%O-BO gives a more non-
~uniform picture of the functional relationship between the gas

flow Q(Qa) and the opening factor AJEYAt or the air flow factor,

AVH, and is thus poor as a parameter in the analysis.
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5. BIZE OF THE FIRE LOAD.

In the previous section results of tests which purely illustrate

the influence of variations in porosity Ffactor of the fire load

and opening factor of the fire cell on the characteristics of the
fire process have been described and analyzed. In these tests the
size of the fire load, q, stick thickness belonging to the fire load
and thermal properties of the enclosing structures of the fire cell

have been kept constant.

In the present section, a test series which gives complementary in-
formaetion on the influence of the variations in the size of the
fire lcad for certain combinations of the values of the porosity-
and opening factors, is described. As for the influence of the
stick thickness, b, and thermal properties of the enclosing struc-
tures, the corresponding complementary anszlysis is performed in

sections 6 and 7 respectively.
>.1 Introductory discussion. Test characteristics.

rom the investigations reported in the literature, it is known
that an increase of the size of the fire load at ctherwise constant
conditions, results in a growth of the combustion rate defined as
the weight decrease of the fire lcad per unit time. To begin with,
this growth is linear and later decreases continously resulting in
8 maximum combustion rate for a certain value of the fire load. For
further increase of the size of the fire load beyond this charscte-
ristic velue, instead the fire duration grows thereafter approxima-—
tely proportional tc this increase, The characteristic value of the
fire load corresponding to the maximum value of the combustion rate
increases with increasing opening factor for the fire cell and de-
pends also on the porosity factor of the fire load and the stick
thickness. For & fire load which is larger than the characteristic
value, the fire process is conventionally ventilation controlled,
in which the weight decrease of the fire load per unit time depends
mairly on the rate of penetration of the fire from the exposed sur-

face of the wooden sticks.
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In the fire tests according to the standard fire curve, this pene-
tration rate in the beams have been shown to be approximately con-
stant and of the order of magnitude of 0.5-0.7 mm per min for wood
of the type redwood, c.f., for example, Tenning (1961) and CTH:s
Document No. 274 (1962). The values are related 10 beam cross sec—
tions with the smallest lateral dimension of 60 mm or more and
should therefore be modified when discussing their application for
the stick thickness actual in the present case. Compare also what
has been stated in this connection in Section 4.2. Values of the
penetration rate of the fire depends further on, for example, the
shape of the crcss section and penetration direction. of the char

layer with respect to the wood grain, Ragowski (1970).

The penetration rate depends further, to a considerable degree, on
the thermal conditions around the burning wooden beam, which is
illustrated in FIG 25 a) and b), Knublauch (1972). For 5 em thick
redwood plates exposed to fire in 30 minutes, FIG 25 a} represenis
the fire process described by the gas temperature—time curve

P= 18 + 345 Eg{gﬁ-+ 1), where a has assumed values between 0.25
and 6 and where ﬁ’indicates the temperature according to the stan-
dard curve for a = 1. The combustion depths, Ad, were measured and
shown in FIG 25 b). In agreement with the above mentioned circum-
stanses, the peneiration rate of the fire, influenced by thermal
conditions according to the standard curve, is of the order of mag-

nitude of 0.5 mm per min inereasing to 1 mm per min when the influ-

ence 1s the stirongest.

The influence of different types of fire process on the combustion
rate, briefly described above is illustrated in FIG 26 which gives
the results obtained for full-scale tests when the fire lcad is in
the form of wooden stick piles, Heselden (1968). In the tests the
combustion rate was primarily studied for large window openings and
for variations in the size of the fire load and its distribution

in the fire cell. The figure shows the experimentally cbtained re-
lation between the mean combustion rate, RBO—BO’ and the air flow
factor AJﬁ-(m5/2), alternatively the opening factor AJﬁ?At (m?/e)
Tor every fuel quantity referred tc the floor area of the fire cell.

From the figure it is observed that, except for the test with the
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The measured combustion depth Ad, when 5 cm thick redwood
plates are exposed to fire in 30 minutes, FIG 25 b), the
fire process being described by the gas temperature- time
curve = 18 + 345 2g(8t/a + 1), FIG 25 a), where a has
assumed values between 0.25 and 6 and where ? indicates the

temperature asccording to the standard curve for a = 1.
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FIG 26 The relation experimentally obtained for full-scale tests
between the mean combustion rate, RBO—B (kg/min) and the
air flow factor, Afﬁ—(m5/2) or alternstively the opening
factor, AJﬁYAt (mi/g) for varying fire load which is re-
ferred to the floor are of the fire cell,
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largest fuel guantity, &1l the fires have been fuel bed controlled,
which follows from the fact that an increase of the window area does
not give eny corresponding increase in the combustion rate for the
respective fire load. For the largest fire load studied, the venti-
lation controlled fire process prevalls for both of the lower va-
lues of the opening factor while for the higher value of the air

flow factor, =& transition is seen towards a fuel bed controlled pro-

Cess.

As mentioned hefore, for a given fire cell, it is true that the com-
bustion rate increases, with increasing fuel quantity, to a maximum
value at which the fire process becomes ventilation controlled.
Likewise, the fire gas temperature also increases to a maximum va-
lue ﬁiax} A further increase of the fuel guaniity does not result

in any considerable change of the combustion rate. The effect in-
stead, becomes an approximately proportionsl increase in fire dura-
tion. The maximum value cf the fire gas temperature azlso increases
further up to an upper limiting velue, implying a statlonary heat
flow through the openings of the fire cell and the enclosing struc-

tures.

This fact is indicated in FIG 27 which indicates the maximum fire
gas Tempersture, ﬁ;ax’ as a function of fuel quantity registered by
"Odeen (1968) inm full-scale tests. The figure summarizes the results
from three test series corresponding to three different values Tor
the air guantity, G, which has been suppliéd to the fire cell per
unit time, through a fan arrangement. Alternatively, the figure can
be looked at as one, summarizing the results from three test series
performed in three fire cells with different opening factors. From
the figure, it is cobserved that, for both of the test series with
alr flow values of G = 1.0 and 2.0 m3/s, the limiting values of the
maximum value of the fire gas temperature, iiax’ corresponding to
the stationary heat flow have almost been reached with the largest
fuel quantity deseribed. For the lowest air flow value G = 0.7 ms/s,
the described results from the test series confirm the successive-
1y damped growth in the maximum value of the fire gas temperature,
, with increasing fuel guantity. For this air flow value, the

H

asymptotic value of ﬁiax corresponding to the staticnary heat flow
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G indicates the quantity of combustion air {m3/s) supplied
through a fan arrangement, Volume of the fire cell is Lé
m~, the total internal enclosing surface of the fire cell
being Ay = 79 me. The enclosing structures consist of 20
cm concrete,
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is first reached when the fuel quantity is considerably larger than
those used in the test series, In the test series, the size gradation
of the fuel, expressed by the hydraulic radius r = volume/exposed
surface, has not been Xept constant. This faect does not, however,

affect the fundamental conclusions arrived at in the discussion.

When Magnusson-Thelandersson (1970, 1971} published their fundamen-
tal works for a theoretical determination of the heat- and mass
balance equations, expressing the gas temperature-time curve of the
fire process, difficulties presented themselves when applying the
theory to fire load of weood fuel type due to an extremely incomplete
knowledge concerning the influence of the size of the fire load and
perosity factér on the combustion rate and the fire process. This
condition which is functionzlly analyzed, in detail, in the work
from'?971 necessitated & simpiified treatment for an initially fuel
bed controlled fire process. This simplification implies that the
fire process was assumed to be ventilation controlled, satisfying
the conditions ccncerning the total liberated energy, c.f. Equation
(15). For e fire process which is actuslly fuel bed controlled,
such an approximation renders an overestimation of the maximum fire
gas temperature.and an underestimstion of the fire duration which

partisglly acts as a compensating factor.

Under this simplified assumtion, the design basis developed by
Magnusson and Thelandersson, (1970), in the form of gas temperature-
time curves for a complete fire process in fire cells with diffe-
rent thermal properties utilizes, as input parameters, the opening
factor of the fire cell A/ﬁyAt and size of the fire load, g, de-
scribed as the total liberated energy in a complete combusticn. In
the computeticns, attention has been paid to the fact that the men-
tioned total energy is distributed over the whole fire process
sccording to FIG &, implfing e distribution of the order of magni-
tude of 70-50 % on the flaming phase and 30-50 % on the glowing

phase of the fire process.

Cn the whole, the same assumed energy distribution characterizes

the gas temperature-time curves differentiated with respect to the
opening factor, AJﬁyAt, according to Swedish building standards 67,
SBN 67, (1967), which can be chosen as the design basis mainly for
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fire load of wood fuel nature. SBN 67 presents temperature-time cur-
ves only for the heating- and the flaming phases. For the cooling
phase of the fire cell, the regulations render & linear temperature-
time curve, corresponding to a temperature decrease of 1OOC/min. The
fire duration defined as the length of the heating- or flening
phase, T, is determined in SBN 67 according tc the relation

gh
S T (h) (25)

T =
6300 AVE

where q is the fire load (MJ/m2 surrounding area)

From a functional point of view, Equation (25) might seem to con-
tain an incompatibility due to the fact that the fire duration, T,
is coupled to the heating- or flaming phase while the fire loading,
Q. embraces the total energy liberated during the whole fire process.
An enlargement has been, however, introduced in the denominator of
the equation which indicated the mean value of the energy liberated
per unit time during the heating- or flaming phase, compensating
the rigorously functional high values of energy in the numerator.
Equation (25), whose construction is simple for a practical appli-
cation, renders accordingly the celculated fire duration, T, which
is normally in good agreement with the experimental values for a
ventilation controlled fire process. Applying Equatién (25) to a
fuel bed controlled fire process renders too low values for the
fire duration. Instead, as mentioned before, assuming ventilation
control for a fuel bed controlled fire process results in an over-

estimation of the maximum value of the fire gas temperature.

In FIG 28, the gas temperature-time curves for a complete fire pro-
cess corresponding to & fire cell with the opening factor A/ﬁyAt =
0.0k m1/2 are compared partly acccrding to Magnusson—Thelandersson
and partly according to SEN 67. From the comparison, which embraces
values between 25 and 500 MJ/m2 (6 and 120 Mcal/m2 of the enclosing
surface) for g, it is observed that the decrease in fire gas tempe-
rature according to Magnusson-Thelandersson begins earlier than
according to SBN 67. For low values of the fire load, the tempera-—
ture-time curves according to SEN 67 overrate the thermal influence
in relation to the more realistic temperature-time curves calcula-
ted by Magnusson-Thelandersson. For high values of the fire load,

the opposite is true.
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From this introductory discussion, based on the existing knowledge,
it 1s observed that in fuel bed controlled fires, systematical in-
vestigations which can give increased informstion primarily on the
influence of variations in the properties of a fire load (size,
porcsity factor, stick thickness) on the characteristics of the
fire process, have a high degree of priority. As an integral part
of such investigations, in the following, an experimental model
study which has been undertasken in order to determine the dependence
of joint variations in the size of the fire load and opening fac-
tor of the fire cell, on the fire process, is descrived and snaly-
zed. The influence on the fire process arising from variations in
the porosity of the fire load has been discussed previously in
Section L and will compiementarily be also discussed in this sec—
tion while the influence of variations in the thickness of the

sticks composing the fire load is illustrated in Section 6.

The test series has been performed in a cubical model fire cell with
the internal lateral dimension of 750 mm, provided with one window
opening, the enclosing structures being composed of 10 mm asbestos
disk and 1.5 mm steel sheet as regarded from inside. In order %o

be able to link the investigation with the results described in the
previous section, the same values of the opening factor, that is
AJﬁVAt = 0.020, 0.032, 0.040, 0.070, and 0.114 m1/2, have heen stu-
died in the test series. For all the oﬁening factors, three values
of the fire load were chosen, namely 17.5, 52.5 and 87.5 MJ/m2 of
the enclosing surface, corresponding to 1, 3, and 5 kg wood per m
of the enclosing surface, to be combined with the value q = 35 MJ/
/m2 of enclosing surface, discussed in the previcus section. For
the middle-sized window opening with Ajﬁyﬁt = 0,040 m1/2, the ex-
tent of the investigation was supplemented by the fire load value
of 70.0 MJ per n° of the enclosing surface, motivated by the fact
that the fire process corresponding to this opening factor has a
gas temperature-time curve whick lies in the neighbourhocd of that
prescribed according tc standards, for fire testing of building
parts needed for the sake of classification, c.f., for example,
Pettersson-Odeen (1968). For all the combinations of the opening
Tactor and size of the fire load discussed, the value of ¢ = 0.5
cm1'1 was chosen for the porosity factor. In order to extend the

applicability of the results the opening factor AJﬁyAt = (,0L0 1111/2
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was supplemented with two further values of the porosity factor,

namely ¢ = (0,1 and ¢ = 1,0 cm1'1 corresponding to a rather compact

and an open wooden stick pile respectively.
5.2 Analysis of the experimental results.

By applying the calculation method briefly referred to in section

2, the energy-time curve corresponding to the respective test have
been determined and described in FIG 29-35, Based on the relations
given by these figures, magnitudes characterizing the fire process
corresponding to those summarized in section &, have been calcula-

ted and described in TAB III, of. FIG 18 for the nofations used,

In the following the magnitudes described in FIG 29-35 and in TAB
ITI are discussed. The discussion is concentrated on the term ICmax
which according to FIG 18 represents the meximum value of the ener—
gy libverated per unit time. In the discussion, the relation between
this megnitude and the conventional mean combustion rate, RBO—BO’
during the active phaese of the fire process, related to the welght
decrease per unit time, is briefly analysed. At the same time the
corresponding relation between the energy magnitudes ICd and ICav
on one side and R80~30 on the other, are touched upon. Furthermore,
the influence of the distribution of the fuel in the fire cell on
the fire preccess is schematically discussed. The other fire process

characteristics summarized in TAB III are only discussed as illu-

strations.

The discussion is partially carried out with the concepts ventila-
tion controlled and fuel bed controlled fire respectively. A sche-
matical definition of the concepts ig therefore necessary in this
connection while a more detailed analysis of these concepts has
naturally been deemed to belong to the comprehensive result sum-—

mary in section 8.

For a given shape of the fire cell and a given opening factor,

AngAt’ an increase of the fuel quantity, M, or the fire load, q,
results_in_a:succéssively_increasing mean combusticn rate R80—30
up to & level at -which RBO-BO is approximately independent of the

variations in the fuel quantity, M, FIG 36 a). This level varies
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FIG 32 The theoretically calculated energy-time curve of the ener-

gy developed during the fire process for varying fire load,

q {MJ/square meter of the enclosing surface). Opening fac-

tor, AVE/A, = 0.040 m'/2, porosity factor, ¢ = 0.5 em'-1.
The enclosing structures of the fire cell are composed of

10 mm asbestos disk having a density of 1020 kg/m3 and 1.5

mm steel sheet.
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The theoretically calculated energy-time curve of the ener-
gy developed during the fire process for varying fire load,
q (MJ/square meter of the enclosing surface). Opening fac-
tor, AVH/Ay = 0.0L0 m1/2, porosity factor ¢ = 1.0 emt.

The enclosing structures of the fire cell are composed of
10 mm asbestos disk having a density of 1020 xg/m3 and 1.5

mm steel sheet.
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FIG 34k The theoretically calculated energy~time curve of the ener-
gy developed during the fire process for varying fire load,
qa (MJ/square meter of the enclosing surface). Opening fac-
tor AVH/Ag = 0,070 m1/2, porosity factor, ¢ = 0,5 cm!- 1.
The enclosing structures of the fire cell are composed of
10 mm asbestos disk having a density of 1020 kg/m3 and 1.5
mm steel sheet.
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FIG 35 The theoretically calculated energy-time curve of the ener-
gy developed during the fire process for varying fire load,
g (MT/square meter of the enclosing surface). Opening fac-
tor, AVH/Ay = 0.114 m1/2, porosity factor, ¢ = 0.5 emte 1.
The enclosing structures of the fire cell are composed of
10 mm asbestos disk having a density of 1020 kg/m? and 1.5
mm steel sheet.
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with the porosity factor, ¢, of the fire load g and the stick thick-
ness, b. Conventiocnally a fire process is defined as ventilation
controlled if the mean combustion rate, RSO-BO’ is independent of
the variations in the fuel quantity, M, irrespective of the RBO 30"
level at which this is valid. For lower values of the fuel guantity,
M, than those corresponding tc the sbove-mentioned RBO =30 -levels,

the fire process is denoted as fuel bed controlled. For = nore diffe-

rentiated characterization of the fire prccess, c.f. Section 8.

With the maximum energy per unit time, ICmax’ as the decisive pa-
rameter analogous concept definitions can, on the whole, be applied,
cf. FIG 36 b). With a given shape of the fire cell, the maximum
_energy, ICmax’ is approximately independent of the properties of
the fire load beyond a certain fuel quantity, M, and for & porosi-
ty factor, ¢, and a stick thickness, b, which are larger than a cer-
tain characteristic value, ¢c’ and smaller than a characteristic
value bC respectively. On this occasion, the fire process can be
strictly defined as ventilation controlled. The corresponding
Icmax—level is characterized by the reiation I /3560 AVE =~

In the other cases I — is dependent of the propertlee of the fire
load and is therefore fuel bed controlled. For ¢ > ¢ and b < bC
{curve (:) in FIG 36 D)) ICmax varies only approx1mately with fuel
guantity, M, or fire load, q, within the fuel bed controlled range
of the fire process. For ¢ < ¢c and/or b > bc’ ICmaX is, for low
-values of the fuel quantity, M, dependent of both the size of the
fire load, ¢, and its porosity factor, ¢, and stick thickness, b.
With increasing fuel quantity, M, ICmax reaches a limiting value
whose level varies with the porosity factor of the fire lead, ¢,
and stick thickness, b. For these levels {curves . and . in
FIG 36 b)) ICmax is approximately independent of the size of the
fire load, g. In the following discussion, relating the fire pro-
cess to the magnitude ICmex’ a fire is defined as ventilstion con-
trelled only if the level I /3560 AVH ~ 1 is reached. In this
concept ventilation controlled fire has alsoc been used previously
in the brief discussion in section L. In all the other cases the
Tire process is defined as fuel bed controlled irregpective of

whether one or several fire lcad characterizing parameters are ac-—

ting.
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With the energy magnitudes ICd and ICav as decisive parameters,
concept definitions related to those applied for R80—3O seems Lo
be the most practical. This implies that a fire process is defined
as ventilation controlled if ICd and ICav have reached such a le-
vel that the magnitudes are independent of the variations in the
gize of the fire load irrespective of the I, .- or I, -level for
cd Cav
which this is true. In the other cases the fire process is fuel

bed controlled by definition.

With these introductory concept definitions as the background, in
the following, the fire process characterizing magnitudes descri-

bed in FIG 29-35 and in TAB III are discussed.

For the maximum energy, ICmax’ the following can be established.
For both of the lowest opening factors, AJﬁVAt = 0.020 and 0.032
m1/2 in FIG 29 and 30, the cbtained IC—t curves exhibit a somewhat

irregular relation. This fact is expecially striking for the ope-

ning factor AJﬁ/At = 0.020 ml/e. On the whole the maximum energy
ICmax increases with increasing fire load, q. In these cases the
I ~level indicates a fuel bed controlled process Jor beth of

Cmax
the opening factors with the lowest g = 17.5 MJ/m2 of the esnclo-

sing surface, vwhile for the other described fire loads the process
is almost ventilation controlled. A heavy shifting towards a slower
fire process development with increasing fire load, g, is note-
worthy, especially for the lowest opening factor. The established
facts which are further substantiated by the data summarized in
TAB III verify the relation mentioned in the previous section,
namely that the characteristics of the fire process for fire cells
naving small window openings are extremely complicated with a lar-
ge number of influencing agents which at present are very incom-
pletely dealt with. It is interesting to note the results of the
tests performed by Thomas-Heselden-Law (1967) by which they have
found out that when a wood piece is placed in an incombustible
atmospnere such as nitrogen, it disintegrates with almost the same

rate which is true for combustion in the open air, when exposed

tec radiation.

/2

In the FIG 31-33 which for the opening factor A(ﬁ]At = O.OhO_m1

illustrate the influence of a varying porosity factor, ¢, of the
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fire load the relation obtained in the previous section is veri-
fied, nemely that the changes in the porosity factor, ¢, within
the range ¢ 2 0.5 cm1'1 do not considersbly affect the energy-time
curve of the fire process. According to FIG 32 and 33, the fire
process is, within this ¢-range ventilation controlled with the
opening Tactor AJﬁyAt = 0,0k0 m1/2 end for q = 35 MJ/m2 of the
enclosing surface. For the lowest investigated fire load ¢ = 17.5
MJ/m2 of the enclosing surface the fire process is, on the contra-
ry, fuel bed controlled with a value for ICmax/356O AJﬁdamounting
to approximately O0.7. Within the porosity factor range ¢ < 0.5
cm1'1,'a decrease of the ¢-value results in a successively slover
fire process and a lower energy development during the flaming
phase, which is illustrated by FIG 31 and 32 for comparison. For
the porosity factor ¢ = 0.1 cmj'1 end with the opening factor,

A{E/A_ = 0.0k0 n!/2

all the values of the fire load studied. Moreover, for this low

, the fire process is fuel bed controlled for

porosity factor the general picture of the fire process is less

unique then that for porosity factors within the range ¢ > 0.5

1.1
crm .

For the opening factor AJﬁ7At = 0.07 mi/g, the obtained energy-
time curves in FIG 34 illustrate a fire process which is of the
fuel bed controlled type for all the values of the fire load stu-
died within the range q = 17.5 - 87.5 MJ/m2 of the enclosing sur-
face. With increasing fire load, ¢, the maximum energy, ICmax’
increases up to the level ICmax/356O AVE =~ 0.8 which is already

reached for the fire lcad q = 35 MJ/m2 of the enclosing surface.

1.1

At this level, which is related to the porosity factor ¢ =~ 0.5 cm
the maximum energy is almost independent of the variations in the
size of the fire load. However, this level most probably varies

with such parameters as porosity factor and stick thickness which

is indicated by FIG 32 and 33 for the opening factor AJﬁyAt =

1/2 the energy-

0.0u40 m1/2. For the opening factor AJﬁyAt = 0,114 m
time curves described in FIG 35 constantly exhibit a fuel bed
controiled process. With increasing fire load, g, the maximum ener-
gy ICmax increase continuously without upper limiting level rea-
ching its value, within the investigated fire load range of g =

= 17.5 - 87.5 MJ/ﬁ2 of the enclosing surface.

L]
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A summary of the maximum energy, ICmax’ obtained from FIG 29-35 and
TAB III, as & function of the opening faector, AJEYAt, and fire load,
q, with the porosity factor ¢ = 0.5 cm1'1 results in the graphical
relations described in FIG 37. From these relations it is.observed
that within the opening factor range of AJ-yA = 0.02 - 0.0T m 1/2
C /3560 AJE'IS rather slightly dependent of the varisticns in
the size of the fire load, g, for g = 35 NJ/m of the enc1051ng
surface. For the same fire load range, that is g = 35 NJ/m of the
‘enclosing surface, the variation of ICmax/356O AVH with the size
of the fire load, g, is however significant for the opening factor
AJEVA > 0.07 1/2. This dependence increases with increasing ope-
ning factor. For the fire lcading q < 35 MJ/m of the enclosing
surface, FIG 37 gives a considerable variation in I /3560 AVE
with the fire load, ¢, within the Whole range studled for the cpe-
ning factor. If ICmax/356O AVE =1 is chosea as the criterium for
a ventilation controlled fire process, 1t is seen from FIG 37 that
such & type of fire process, strictly speaking, existed in the
described test series only within the range A¢r7A = 0,04 m?/2,

= 35 MJ/m of the enclosing surface.
1/2

With the largest studied copening factor, AJﬁyAt = 0.11b m ', for

which the investigated fire process has constantly been fuel bed
controlled, the fire process characteristics can be estimated to
lie close to conditions prevailing for the fire in the open air
with the differences which can be caused by varilations in the flow
of the combusticn air and smoke gases through the wooden stick
pile in both cases. Cf. FIG 38 which for this opening factor and

/

for the porosity factor ¢ = 0.5 cm1'I shows the variations in ICmaX

/3560 AVH with the fire load , q.

From & comparison between the different energy-time curves in FIG
2G-35, it is observed that the rate of development of the fire
process varies considerably. For a closer illustration of this
fact, the time interval, t_» from ignition to the mean time for
ICmax reaching its maximum vealue is summarized in FIG 39, as a
function of the cpening factor AJ%YAt and the fire lcad, g, With
the porosity factor ¢ = 0.5 cm1'1. From this summary it folliows
that the dependence of t n S °n the size of the fire load is very

great with small values of the opening factor AJ—yA . This depen-

¢
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the fuel ¢ = 0.5 em!+1,The enclosing structures of the

fire cell are composed of 10 mm asbestos disk having a den~
sity of 1020 kg/m3 and 1.5 mm steel sheet.

I 2560 AVE
5max /

a8 A
26 4

o4

02 /

a ) 40 & 80 el
M2/ oy

reor

The relation calculated from the obtained test results
between the maximum energy liberated per unit time, Igp...
and the fire load, q. Opening factor AVH/A, = 0.114

m1/2; porosity factor of the fuel ¢ = 0.5 ceml-1, The enclo-
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steel sheet.
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FIG 40 The relation calculated from the obtained test results
between the time magnitude, t,, and the opening factor of
the fire cell, AJﬁyAt, for four different values of the
fire load Qtheop+ POrosity factor of the fuel ¢ = 0.5 cml* 1.
The enclosing structures of the fire cell are composed of
10 mm asbestos disk having a density of 1020 kg/m> and 1.5
mm steel sheet.
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dence decreases with increasing opening factor and from A/§7Atz'
=0.07 m1/2 becomes of less practical significance considering
the precision level relevant in design applications. With very
small values of thé fire load, g = 17.5 MJ/m2 of the enclosing
surface, the time interval, tm’ is according to FIG 39 almost in-

dependent of the variations in the cpening factor.

As @ further complementery illustration of variations in the rate
of development of the fire process, the dependence of the tr—s in-
terval on the opening factor AJﬁVAt and the fire load g with the
porosity factor ¢ = 0.5 cm1'1, is summarized in FIG 40, Here, tr
embraces the time intervel from ignition to the time corresponding
to 0.75 ICmax on the descending part of the energy—time curve,

cf. FIG 18. Essentially, the same fundamental relations are true

for tr as those established sbove for the time interval tm.

In a comparison with the energy-time curves developed and applied
by Magnussoﬁ—Thelandersson (1970) as shown in FIG L4 and 37, it is
observed that in the works by Magnussdn—Thelandersson; the level
of the meximum energy is generally overestimated for small values
of the fire load and within the opening factor range of AJﬁ/AtEL
=0.04 m2/2 for fire loadings q = 35 MJ/m2 of the enclosing sur-
face. For large opening factors, A/ﬁyAt = (.10 - 0.12 m1/2, this
overestimation increases with decreasing fire load ¢. With a very

1/2, the design procedure gi-

small opening factor, AJﬁVAt = (0,02 m
ven and applied by Magnusson-Thelandersson implies a certain un-

derestimaticn of the level for I

Cmax® which is mcstly marked for -

large values of the fire load.

An estimstion of the above-mentioned over- and underestimations

in the level of the maximum energy, I » should bhe coordinated

with a complementary comparison betwegiafhe experimentally cobtai-
ned results and the data used by Magnusson-Thelandersson for some
critical time interval, that is either tm or t_. Here, this com-
parison is chosen to be based on tr,-which in Magnusson-Thelsan-
-dersson's case corresponds to the time 1.25 T where T is deter-
mined by Eq?l(EB), ef. even FIG 4. For this reason, the curves de-—

scribed in FIG 41 have been calculated for the time 1.25 T as a
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AJﬁVAt, and size of the fire load q.
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function of the opening factor AJE)At and the fire lcad ¢. A direct
comparison between FIG 40 and 41 shows thet for the highest value

of the fire load studied, g = 87.5 MJ/m2 of the enclosing surface,
both of the magnitudes tr and 1.25 T are in good agreement within
the whole range of the opening factor described. The influence of
the above established over- and underestimations of ICmax on the fi-
re process is therefore unmodified for this level of fire load. For
a fire process which is genuinely ventilation controiled - cof. FIG
37 - the agreement between the theoretical magnitude 1.25 T and the
experimentally obtained tr is further good. For the lowest analy-
zed fire load, q = 17.5 MJ/m2 of the enclosing surface, the time
magnitude, 1.25 T, applied by Magnusson-Thelandersson is considerab-
1y smaller than the corresponding experimentally obtained time
magnitude, tr’ for the range AJE/AtE: 0.03 m1/2 which with respect
to the fire process acts towards a compensation of the overesti-
mation in the maximum energy, ICmax’ which is here the case in
Magnusson-Thelandersson's analysis. For the interjacent values of
the fire load, the characteristics are interpolations of those

established for the highest and the lowest fire loads.

The trends, which have been discussed above and which have been
arrived at on the basis of theoretically calculated energy~time
curves based on experiments, principally agree with, for instance,
the results from full scale tests, Heselden (1968), which have been

referred to in Section 5.1.

In the present section, alternative parameters for the combustion
I - determining whether s fire pro-

RBO—SO’ ICmax’ ICd’ Cav
cess is fuel bed controlled or ventilation controlled, have been

rate -

mentioned as an introduction. Brief definitions have also been in-
troduced for both types of the fire process when applying the dif-
Terent parameters for the combustion rate. Based on the test results
summarized in TAB III, these alternaztive methods are exemplified

in the following for a characterization of a fire process for com-

parative purpcses.

With respect to the type of a fire process, the discussion carried
out above, pertaining to the meximum energy liberated per unit

time, I » can be summarized according tc TAB IV, column 3 in

Cmax
which F denotes a fuel bed controlled and V = ventilation control-
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TAB, IV Characterization of the tests summarized in TAB. III, with
respect to fuel bed controlled (F) and ventilation control-
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led fire process - ¢f. also FIG 37.

With reference to the alternative parameter, that is tc say the
mean combustion rate, RSO-BO’ related to the weight decrease of
the fire lcad per unit time, & fire process is conventionally de-
fined as ventilation controlled if the mean combustion rate,
R8O-30’ with a given shape of the fire cell is independent of the
variations in the Tuel quantity, M, or the size of the fire lcad,
g, FIG 36 a). With a successive increase of the fire load, g, the
R80~30_lEVEl corresponding to a ventilation controelled process is
reached for a certain characteristic value of the fire load. For

a lower value of the fire lcad, the fire process is, by difinition,
fuel bed controlled. For fire loads above the characteristic value,
it is natural to describe the fire process as ventilation control-
led even if the mean combustion rate falls below the previously

mentioned R —level with increasing fire load.

80-30

With such a definition, the experimental R80_3O~values described

in TAB II1, column T, lead to a fire process characte:lzation as

in TAB IV, column %, where the notations are without parenthesis.
From this table it is observed that differences in relation to the
corresponding characterizaticon of the energy parameter, ICmax’ exist
for the fire load range g = 35 MJ/m2 of the enclosing surface with

the opening factor AJﬁyAt = (0.020 m1/a, for the fire lcad q = 35

MJ/m2 of the enclosing surface with the opening factors AJﬁYAt =
= 0.032 and 0.0L40 m1/2, and for the fire load ¢ = 87.5 MJ/m2 of
the enclosing surface with AdﬁyAt = 0.114 m1/2. If the definition
~of the fire process Dased on the mean ccmbustion rate is modified

so that & fire process is described as ventilation controlled if

Rggo3g = By = 5.5 A/E (kg wood/min) (26)

Cf. Eg. 14 and TAB III, column 6, then the fire process characteri-
zation is changed according to the given notations inside paren-—
theses in TAB IV, column 4. Thereby, agreement with the characte-
rization based on the energy magnitude, ICmax’ is improﬁed for the

three lowest values of the opening factor AJﬁVAt = 0.020, 0.032

and 0.Gh4O m2/2_ At the same time, new deviations are however intro-

duced for high values of the fire load with the opening factor
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AJﬁYAt = ¢.C70.

With the energy magritudes ICd and ICaV as decisive parameters for
determination of the type of the fire process, it is, as mentioned
eagrlier, natural to apply the same difinitions as when the mean com-—
bustion rate RBO—BO is decisive. With increasing fire load, ¢, in
addition to a given shape of the fire cell, a level is reached for
ICd and ICav which is characterized by the fact that the respecti-
ve energy magnitude is almost uninfluenced by the variations in

the size of the fire loasd. This level is reached for a certain
characteristic fire lcad. For lower values of the fire load, the
fire process is fuel bed controlied while for higher values the

process is ventilation controlled.

With such a definition, TAB III, columns 16 and 25 gives a fire
process characterization according to TAB IV, columns 5 and &, for
the actual test series, ef. also FIG L2 and 43. The notation (F, V)
herein means that the type of the fire process is difficult to
estimate in relation to fuel bed controlled {F)} or ventilation
controlled (V) conditions. Excluding the cases which are difficult
to characterize and choosing ICd and ICav as the basis of the de-
scribed test series results in TAB IV give a consistent descrip-
tion of the type of the fire process. In compariscn with the de-
scription based on the energy magnitude ICmax’ deviations are ob-
tained with ICd and ICav &5 decisive parameters for the fire load
range g = 35 MJ/m” of the enclesing surface with the opening fac-

tor AJE]At = 0.070 m' /%,

Further alternatives characterizing the fire process are, for in-

stance, I and ICr’ thaet is the mean value of the energy libera-

ted per ug?f time during the time intervals tm and tr respective-
ly. These magnitudes are illustrated in FIG 4i and 45 as functions
of the opening factor, AfﬁyAt, and the fire load, g. Principially,
this complementary description does not contribute to anything new
as far as the analysis of the type of fire process concerned why

further comments have been deemed to be unnecessary.

From the above discussion it is observed that a characterization

of the type of the fire process, in certain cases, depends on
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which parameter is used as the decisive one, with respect to the
combustion rate or the energy liberated per unit time. Among the
studied parasmeters, generally those which describe the liberated
energy per unit time are preferred to the more conventicnally used
parameter that is, the combustion rate stated as the weight de-
crease per unit time, due to the fact that the first mentioned pa-
remeters constitute a primery information basis for calculation of
the characteristics of a fire precess by heat- and mass balance
equations. Among the energy parameters, the maximum value of the
energy liberated per unit time, ICmax’ has the substantial advan-
tage thet 1t mekes a more differentiated descripticn of the type
of the fire process possible, which will be closely discussed in

section 8.

In this connection, a substantial influence with varying fire load,
which is difficult to understand, is the distribution of the fuel
in the fire cell, illustrated in FIG 46, where in &) a large fire
load with a high wooden stick pile occupying the major part of the
volume of the fire cell is shown and in b) a small fire lcad with
a low wooden stick pile resulting in a considerable free air volume

between the pile and the ceiling of the fire cell is illustrated.

The non-—negligible influence of the distribution of the fuel in
the fire cell on the fire process accentuztes the difficulty of
finding a relation on one side between conditions prevailing in
real fires with fire lcad composed of different furniture and
equipments and on the other side the conditions prevailing in pure

fires with well defined wooden stick piles.

The primary reason that the fire process studies deseribed in the
literature have predominantly been performed with fire load in the
form of wooden stick piles is the goal to achieve as well-defined
and as controllable test conditions as possible and thus increase
reproducibility of the tests and facilitate the rather far-reaching
comparisons between the test results obtained at different labora-
tories. Real fire loads in the form of different furniture and
equipment units are however characterized by combusticn properties

which may vary within wide limits. This results, for example, in
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the fact that in translation of the test results, & high wooden
stick pile does not necessarily correspond to a compact real fur-
niture and vice versa. This fact accentuates the difficulty of
transferring the conditions prevaiiing during tests with wooden
stick piles, for a given type of fire cell, to have a general va-
lidity in a practical application with real fire load components
composed of furniture, textile goods etc. Further factors which
nake the translation complicated and which can influence a fire
process under real conditions are, for instance, floor—, wzll- and

ceiling coverings.

In the following, some of the differences existing, on one side,

with a large fire load in the form of a high wooden stick pile

(FIG 46 a)) and on the other side a small fire load in the form of
a low wooden stick pile (FIG 46 b)) are briefly discussed, Lundin-
-Faldt (1968).

For woed fuel the main combustion takes place by different carbon
compounds being formed, here denoted by C (=carbon) for simplici-
ty, and which therefore constitute the most important combustible

components of the fire process. Therefore, the primary combustion

with alr (oxygen gas, 02} will take place in the lower part of

the wooden stick pile for which the following relation is true

C+ 0, CO (a7)
2 2

Thus 1n the corresponding lower part of the fire cell, carbon

dioxide, 002, is predominantly formed. Eguilibrium should however

be maintsained between carbon monoxide, CO, and carbon dioxide,

COQ, which due to existence of oxygen excess implies that the

following dissociation eguilibrium should be true

€O, <="CO + 1/2 0, (28)

The equilibrium is thus shifted to the left which also persists at

elevated temperatures.
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FIG 46
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A combustion process according to Eq (27) gives rise to a strong-
ly exothermal reaction, implying that a considerable heat energy
is develcoped. Therefore, with a wooden stick pile formed according
to FIG 46 b)), elevéted temperatures are developed in the upper

free space of the fire cell.

With a wooden stick pile formed according to FIG 46 a), that is

& high and rather compact pile, the elevated heat development at
the lower part of the pile gives rise to a considerable heat trans-—
port upwards which in combination with the prevailing elevated
temperatures results in the fact that the carbon dioxide gas co-
ming from the bottom is converted according tc a new equilibrium,
called generator gas equilibrium stated by the following relation
€O, + C&=>2 CO (29)
Depending on the actual temperature level, the carbon dioxide in
the upper internal part of the pile is more or less converted to
carbon meonoxide. On this occasion a temperature depe-dence as in
TAB V is true. Irom the table it is observed that at a temperature
in the vicinity of 1OOOOC, the 002 gases flowing upwards.will al-
most thoroughly be transformed to carbon monoxide gas. Consequent-—
ly, the equilibrium according to Eq (29) will hold true with
oxygen deficit and fuel excess - a condition which prevails in the
upper internal part of the pile, since the oxygen flowing to the

fire cell will be used up in the lower part primarily exposed.

The discussed influence of verying shape of the wooden stick pile
on the fire process, corresponding to varying size of the fire
load is confirmed by the magnitudes described in TAB III. As an
example, the excothermal reaction for a pile shaped according to
FIG 46 b) with elevated temperatures in the upper part of the
fire cell, can be observed from the characteristics belonging to
the mean temperature of the flaming phase, 5%0_30, in column 27.
Apart from the lowest fire locad, g =17.5 MJ/m2 of the enclesing
surface, which in most cases has been to little to give a fully
developed fire at the prevailing conditions, the mean temperature,
with some exceptions, decreases with increasing fire load or pile
height, which is in agreement with the expected conditions accor-

ding to the discussion carried cut. This is not, however, true
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TAB. V Illustration of the CO; - CO equilibrium at different tem-
perature levels for the reaktion C + COp = 2 CO.

Temperature CO2 _ co
¢ vol-% vol-%
450 98 2
500 95 p)
600 T 23
700 L2 58
800 10 g0
$00 3 97

G20 1.5 08.5
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for the values 2% corresponding to the largest opening factor,

AJﬁYAt = 0.114 m?gefoin which case they increase with increasing
fire load. This deviation can be explained by the fact that with
such a large window opening, the neutral plane adjusts itself, for
the air gquantity flowing in and out, so high in the opening that
an oxygen excess is obtained within major part of the wooden stick
pile, resulting in a combustion process according to FIG L6 b},

even for & large value of the fire load.

Besides the conclusions drawn previcusly concerning the different
energy— and time characteristics for the fire process, it is further
observed from TAB III, that after the maximum value of energy li-

berated per unit time, I , 1s reached, the curve declines rather

Cmax
rapidly and thereafter is successively retarded going over to a

flat part with a low energy level., This fact 1s illustrated by the

time magnitudes t1, t2 and tg in the columns 19, 20 and 21 respec—
tively, which for the descending part of the energy-time curve

state the time pericd from 0.75 ICmax to 0.5 ICmaX’ from 0.75 ICmax

to 0.25 ICmax and from 0.75 ICmax to the zero—-energy .evel respec—

tively, cf. FIG 18,

In FIG 47-49, the values of the three time magnitudes tys ©, and
t3 calculated from the obtained test results are summarized as a
function of the opening factor, A(ﬁ?At, and the size of the fire
load, g. The values are true for the porosity factor ¢ =~ 0.5 cm‘E'1
The described relations show a dependence of the time periods t1

and t, on the opening factor and the size of the fire load, which

2
is principally in agreement with the corresponding condition for

the time periods tIr and tr previously analyzed in FIG 39 and 40.
The conclusions reached at are, on the whole, also true for the
time periods t. and t.. From FIG L0, 47 and 48 the following simple,

1 2
spproximate relations are obtained as rough estimaticns

ty ™t _(30)

t, = (1/3 - 1/4) t, (31}

For the time period, tg’ the values summarized in FIG 49 render a

less precision than what is the case for the other time magnitu-
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FIG 4T

FIG 48
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The enclosing structures of the fire cell are composed of
10 mm asbestos disk having a density of 1020 kg/m3 and 1.5

mm steel sheet.
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des. With respect to the fact that the practical determination of
the time magnitude, tg’ according to FIG 18, with fulfillment of
the energy conditions according to Eq (15), has been done through
extrapolation of the Ic—t curve within a flat part of the curve,
the obtalned poor precision for the time period tg is natural.
The conseguence of applying this procedure is not significant,
since an incorrect tg¥value chosen within reasonzble limits has
very little influence in a theoretical determination of the gas
temperature-time curve of the fire process by heat- and mass ba-
lance equation of the fire cell. On the whole, FIG 4% states that
the time period, tg’ increases with increasing value of the fire

load, g, while the influence of the varistions in the opening fac-

tor of the fire cell, AJEYAt, can be deemed to be insignificant.

Finally, the gas flow, Q, of the fire process, that is the guan-
tity of hot fire gases flowing out through the window opening of
the fire cell per unit time, will be mentioned. This magnitude is
described in TAB III, column 5, in the form of Qa/gﬂAﬁ{’, cf. Egs
(11) and (12), From the table it is observed that for the cpening
factor within the range AJﬁ/At = 0,020 - 0.0L0 m1/23 is gas flow
guotient is unity. Therefore, within this range, Eq (11) is true
for the gas flow, Q, implying that the gas flow can be calculsated
with satisfactory precision ignoring the vertical acceleration of
the flow in the window opening. This relation is not however true
for both of the largest opening factors AJﬁYAt = 0.070 and 0.114
m1/2 which is indicated in TAB IIT by the fact that the values of
gas Tlow quotient are clearly less than 1, 0.8 and 0.7 respectively.

The conclusion is thoroughly in sgreement with the facts obtained

in the previous section.

Through an approximate analysis according to Magnusson-Thelandersson
(1971), an spproximate relation has been derived in the previous
section, Eq (2k a), which renders a direct proportionality between
£ . .

he gas fiow, Q. or Qa and the guotient ICav{jé where Eé 15 the

fire gas temperature. In order to illustrate this approximate re-
lation, the gas flow, §, related to the1?gs fiow (Qa)AJEYA = 0.0k
with the opening factor AJﬁ]At = 0.0k m is described in FIG 50

as a funetion of the quotient ICav/z? according to the test re-

80-30
sults summarized in TAB III, columns 5 and 29. In the figure a
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dashed line has been inserted which joins the mean values of the

test results belonging to each group and which well confirms the

approximate relation according to Eg (2L a). Determination of the
coefficient from FIG 50 combined with gpplication of Eq (i1) for

the gas Tlow (Qa)A/ﬁyAt = 0.0k results in the expression

I
Cav
Q, = 0.005FA 5 (32)
a t 80-30

.. . . .. 5/2 .2
where Qa is in kg/mln,‘# in kg/min + m”’' ", A, in n° end ICav/ﬁéO—3O

in MJ/°C ¢ min - 10°

pendent of temperatures above BOOOC, that is within the range which

. The proportionality factor Y is almost inde-

is ordinarily sctual for fire. The proportionality factor varies

5/2

somewhat with the combustion rate and is about 330 kg/min * m

for the combustion rate O and about 360 kg/min ° 1115/2 for the maxi-

mum combustion rate. Thus Eq (32) can approximately be written in the

following form

I

Cav
Q, = 1.7 A —— (32a)
& t Y50-30

From FIG 50 it is observed that the gas flow Qa besides varying

7

Cav/ 8C0-30
fire load. This variation is not however decisive in an ordinary

with the quotient I also varies with the size of the
practical application. From the values corresponding to the ope-
ning factor A/ﬁyAt = 0,040 mq/2 it ig further observed from TAB
I1T that no significant dependence on the porosity factor, ¢,

appears to exist, cf. TAB II, cclumn 29 for further details.

F £ . . .

cr the functional relationship between ICav/ﬁ%O—BO and opening
factor of the fire cell, AJﬁ]A , the test results according to TAB
III, column 29, firally confirm the discussion carried out previous-

ly in section &4 in connection with FIG 2k,



6. STICK THICKNESS OF TEE FIRE LOAD.

6.1 Introductory discussion. Test characteristics.

y
With respect to the properties of the fire load, the influence of
the variations in the porosity factor, ¢, and size of the fire load,
q, on the fire process, have been previcusly analyzed in Sections U
and 5. The analysis holds true for a geometirically pure and uniquely

defined fire load in the form of a wood crib according to FIG 10.

From the model tests performed by Gress {1962) concerning the fla-
ming phase characteristics of a wood crib for fire in the open air,
it is observed that the combustion rate, R, besides depending on the
porosity factor of the fire load, alsc depends on the thickness, b,
of the individual stick, c.f. FIG 11. In the result description of
Gross, the complementary influence of the thickness, b, of the wood
crib is taken into consideration through a scale modified combus-—
ticon rate. This description is verified for a thickness variation

within the range b = 1.6 - 91.5 mm.

A transiticn from fire in the open air to fire in a ~losed compart-
ment with window opening results in modifications with respect to
gasrflow conditions and characteristics of the combustion process
which have been closely discussed in earlier sections. These modi-
Ticatigns are not of such a nature that they can principally change
‘the dicisive parameters as far as a detailed description of the fire
load is concerned. Thus, for a fire load in the form of & wooden

crib according to FIG 10 in a closed fire cell with window opening,

the three parameters

size of the fire load, q,
the porosity factor, ¢, and
the stick thickness, b

can be presumed to be sufficient for an approximate description
with respect to properties of the fire process relevant in this
connection. For this purpose it is obvious that the side conditions
requiring constant material properties and constant initial humidi-

ty for the wood fuel, should be fuifiiled.
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The estimation made is supported by Thomas-Heselden's report {1972)
concerning en international test series, performed within CIBR's
sphere of activity, to study a fully developed fire process in =
fire cell in the model scale. In this report, the variables used
fer a fire load in the form of a wood crib include fire load den-
sity, fuel thickness, and fuel spacing. The variable fuel spacing
is stated as linearly proportional with fuel thickness. The values
investigated for the fuel thickness consist of 10, 20, and 40 mm
and for the fuel spacing of 1/3, 1, and 3 times the stick thickness.
Within the variation range embraced by the test series, the test

results render the following for the variable fuel thickness:

a) A negligible influence on the mean combustion rate for all the

window openings studied,

b) A quantitative influence on the mean value of the fire gas tem-—
perature,??80_3o, amounting to approximately 5 % for a small ope-
ning factor, while the influence is almost negligible for a large

opening factor, and

¢} A quantitative influence on the radiation intensity in the win-
dow openings amounting to about 5 % for a small opening factor and

about 35 % for a large opening factor.

In a fire process which is of the fuel bed controlled type, the
combustion rate should, in the light of discussions carried out in
earlier.sections, increase with decreasing stick thickness at approxi-
mately unchanged size, g, and porosity factor, ¢, for the fire locad.
This conclusion follows from the fact that the exposed surface of

the fire load at constant fire lcad volume is inversely proportio-

nal with the stick thickness, b, and that the penetrstion rate of

the fire from the exposed surface of the wooden sticks can be assu-

med to be approximately constant.

At constant total weight, M, for the fire load and constant rate,
Vi for penetration of the fire from exposed surface of the fire
load, the combustion rate, RC, stated as the weight decrease per
unit time, will decrease linearly with the time, t, for a fire load
in the form of long sticks with square cross sectional area having

the lateral dimension of b. This fact is illustrated in FIG 51,



113

FIG 51 The veriation of the combustion rate, Re, with time, t, for
varying lath shepe, assuming that the penetre ion rate of
the fire from the exposed surface of the fire lcad is constant.

Hydraoulic rodius

i

y

FIG 52 The variation of the hydraulic radius of the furniture such
as wardrobes during the fire process.



taken from Odeen (1963), in which the combustion rate, RC, is given
as & function of the dimensiocnless magnitude v, t/r. In this
expression, r is the so called hydraulic radious, that is the ratio
between the original velume and the initislly exposed surface of
the fire load, The same relation with the combustion rate, RC’ de-—
creasing linearly with the time, t, is also true for a fire load

in the form of long cylindrical wooden bars. For fire load in the
form of wooden disks, uni~ or bilaterally exposed to fire, the same
simplified assumption renders & constant combustion rate, RC. Fi-
nally, FIG 51 alsc indicates the application of the mentioned assump-
tion on a fire load composearof spherical wooden elements with a

combustion rate, RC, which decreases slower than a linear decrease.

From what has been stated before, 1t is observed that shape and
initial size of the elements of the fire load can be expected to

- have a non—negiigible influence of the properties of the fire pro-
cess with fuel bed comtrclled fires. Such a circumstance signifi-
cantly complicates a translation of the results from studies on
fire processes with pure fire loading of the type wood cr,ibs, to
their application to realistic fire load occuring in practice, such
as furniture, textiles, coverings etc. Further complications may
arise with fire load components which during a fire process may
change in element shape of hydraulic radius, r, in an abrupt man-
ner, c.f. FIG 52, Examples on such fire load components are wardro-
bes and cuptoards with equipments Ffor which the hydraulic radicus
is abruptly changed when the doors have burnt through. Another
example is the component bookshelf with bocks for which the hydrau-
lic radious can change several times by repeated collapsing effects.
In its initial form, the bockshelf with carefully arranged bocks
has & hydrsulic radius with a well-defined magnitude, while succes-
sive collapsing effects result in a fire load shape which has simi-

larities with an irregular wooden stick pile.

In & ventilation controlled fire with a given fire cell and air
supply and with approximately unchanged values for the fuel quanti-
ty and porosity factor, the exposed surface of the wooden sticks
will increase and at the seame time the amount of air per unit area

which 1s available for the combustion of the wood will decrease



1i5

when the stick thickness, b, or the hydraulic radius, r, decreases
for a fire load in the form of a regular wcod crib according to FIG
10. This circumstance results in the fact that the total burning
surface increases. The resulting influence is however reduced due
to the fact that the combusticon intensity at the same time decrea-
ses as a consequence of the decreased available air quantity per
unit ares of the fuel. Variaticns in the stick thickness, b, of a
wood crib or the hydraulic radius, r, can therefore be expected to
have s rather insignificant influence on the combustion rate and

gas tempersature of the fire process with ventilation controlled

fires.

The described circumstances are illusirated in FIG 53 which indica-
tes the relation determined, with full scale tests, between the
maximum fire gas temperature,1}max, and the hydrsulic radius, r,

of the fire locad. The figure summarizes the results from threé

part series, characterized by the values given in the figure for
the total fuel quantity, M, and the air quantity, G, which is supp-
lied to the fire cell per unit time, through the fan system. The
fire load in the tests consisted of timber with a somewhut irregu-
lar piling. The given curves show that for every known combination
of the fuel quantity, M, and the supplied air flow, G, there is a
corresponding maximum value for the hydraulie radius, r, above
which the maximum temperature,lgmax, substantially decreases due

to an incomplete flaming.

In the light of what has been mentioned above, a complementary in-
vestigation dealing with the question of how the characteristics

of the fire process are influenced by the variations in the stick
thickness of a regular wooden crib, seems to be urgent. Such a com-
pPlementary investigation should be given such a form that together
with the test series described in the previous seection it covers,
as thoroughly as possible, the most important variation ranges for
the re;afed_parameters opening factor, AJE]At, of the fire cell in
addition to the size of the fire load, q., porcsity factor, ¢, and
the étiék'thickness, b, for a fire load in the form of a regular
wooden crib according to FIG 10. With the results from such syste-

matical investigations and through a reasonable number of fire pro-



116

°C

1000

500

l - —— M=675kg. G=0,7ms
! ——— M:675kg. 6-1,0 m%s
——— M-405kg. G=0,7mYs

- * -“x

0 10 20 : 30 mm

FIG 53

The influence of vearying hydraulic radius, r (mm), on the
maximum gas temperature, ﬂﬁax {°C), obtained during the
fire process. G indicates the quantity of combustion air
{m3/s) supplied per unit time through a fan arrangement

and M the total fuel quantity (kg). Volume of the fire cell
is 46 m3, the total internal enclosing surface of the fire
cell being Ay = 79 m®. The enclosing structures consist of

20 em concrete,
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cess tests, practically representative and realistic fire loads
could be calibrated and referred to fire load of well-defined type
of wood crib using, for instance, eguivalent porosity factor and
equivalent stick thickness or hydraulic radius. Through such cali-
bration attempts, the future changes in the type of realistic fire
loads should successively be able to be taken into consideration

after additional studies with rather little loss in time and money.

In the following, a test series studying the combined influence of
the porosity factor of the fire lcad with fire load consisting of
wood cribs according to FIG‘10, is described. In the test series

it has been tried to choose such an opening factor, AVE/A,, that
both ventilation- and fuel bed controlled fire processes become ana-
lyzed, which has resulted in comparative studies for both of the
opening factors 0.0bk and O.11k m1/2. With respect to the size of
the fire compartment, five lateral dimensions were estimated to
give & representativt picture of the influence of the stick +hick-
ness on the fire process and thus the dimensions b = 10, 12.5, 25,
L0, and 50 mm were chosen. Considering the results obt ined in
Section L, three values of the porosity factor were believed to be
suitable, namely ¢ = 0.1, 0.5 and 1.0 cm1'1, corresponding teo a
compact, a "normal” and an open crib. However, in a test series
built up in this manner, certain tests had to be omitted partly be-
cause the actual constellation n - N -~ L for the desired p~value
could not be obtained and partly because the erib corresponding to
the porosity factor with small lateral dimensions for the sticks
could not be accommodated in the fire cell. For all the tests it
has been tried to have a constant fire locad of qtheor = 52.5 MJ/m2

cf the enclosing surface,

6.2 Analysis of the experimental results.

Through application of the calculation procedure, briefly referred
to in SBection 2, the energy-time curfe, corresponding to respective
tests have been determined and described in FIG 54-60. Based on the
relations given in the figures, the fire process characterizing
magnitudes corresponding to those summarized in Section 4, have

been calculated and described in Table VI, c.f'v FIG 18 for the app-
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FIG 5k
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FIG 57

Theoretically calculsted energy-time curve of the energy
developed during the fire process with varying porosity
Tactor but & constant stick thickness,
factor AJE/At = 0.040 and 0.11L m1/2 respectively. The

enclosing structures of the fire cell are compesed of 10
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b = 12.5 mm. Opening

mm asbestos disk having a density of 1020 kg/m3 and 1.5 mm

steel sheet.
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FIG 58 Theoretically celculated energy-time curve of the energy
developed during the fire process with varying porosity
factor ¢ (em'+?) but a constant stick thickness, b = 25 mm.
Opening factor AVE/Ay = 0.04L0 and 0,11k m1/2 respectively.
The enclosing structures of the fire cell are composed cof
10 mm asbestos disk having a density of 1020 kg/m3 and 1.5
mm steel sheet.
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FIG 59 Theoretically calculated energy-time curve of the energy
developed during the fire process with varying porosity
factor ¢ (em'+!) but a constant stick thickness, b = L0
mm. Opening factor AVH/A, = 0.0L0 and 0.114 m1/é respec-
tively. The enclosing structures of the fire cell are com~
posed of 10 mm asbestos disk having a density of 1020 kg/m3
and 1.5 mm steel sheet. -
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The relation calculated from the obtained test results be-
tween Isp (MJ/h) and stick thickness of the fuel, b (mm),
with varying porosity- and opening factors. The enclosing
structures of the fire cell are composed of 10 mm asbestos
disk having a density of 1020 kg/m3 and 1.5 mm steel sheet.
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The relation calculated from the obtained test results be-
tween Ie, (MJ/h} and stick thickness of the fuel, b (mm),
with varying porosity- and opening factors. The enclosing
structures of the fire cell are composed of 10 mm ssbestos
disk having & density of 1020 kg/m3 and 1.5 mm steel sheet.
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lied notations. As e complementary information the energy magnitu-
i in F 1
des ICmax’ ICm’ ICr’ and ICd have been summarized in FIG 61 and
63-65 as functions of the stick thickness, b, of the fire load, with
varying porosity factor, ¢, and opening factor AJEYAt. Analeogously,
the time period, tr’ is summerized in FIG 62 with relation to the

game variables b, ¢, and AJﬁ/At.

In the following the described results are briefly anaiyzed. The
statements made in this enalysis should be considered in the light
of the essential background that for all the tests there is an
approximately constant fire load of Uheor 52.5 MJ/m2 of ihe en-

closing surface.

From FIG 61 and the corresponding results from FIG 54-60 plus
Table VI, column 9, the following statement can be made about the
maximum energy liberated per unit time, ICmax’ during the fire pro-

cess.

With the terminology defined in Section 5.2, ventilation controlled

fire process = ICmax/356O A¥E =~ 1 - has, strictly speasking, existed

at the opening factor A H/At = 0.040 m1/2 for the porosity factor

= 1.0 cm?'1, within the whole studied variation range of the stick
thickness, b, and for the porosity factor ¢ = 0.5 cm}',1 within the

thickness range of ©t < 30 mm. The few tests performed for the com-

bination AJﬁ/At = 0,040 m1/2, ¢ = 0.3 cm1'1, render a ventilation
controlled fire process for the stick thickness b = 12.5 mm. For
the lowest studied value of the porosity factor ¢ GC.1 cm ' ocor-

responding to a compact crib, the described results according to
FIG 61, possibly indicate a ventilation controlled fire process for

the stick thickness b < 5-10 mm with the opening factor AJﬁYAt =

1 .. .
/2. An analogous indicaticn can also be observed from

1.1

= 0.0L0m

FIG €1 for the porosity factors ¢ = 0.1 and 0.5 om

ning factor A{ﬁ/At = 0.114 m1/2, that is, a possible ventilation

with the ope-

controlled fire process for very small stick thickness, b, having
an estimated order of magnitude of 5 mm or less. For all the other
tests described in this section the fire process has been of the

fuel bed controlled type.
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In agreement with what has been established in the previous sections,
& decrease of the porosity factor, ¢, at otherwise approximately un-

chenged conditions results in e decrease in the maximum released

energy ., ICmax' For the stick thickness b < 25 mm this decrease in
ICmax predominantly takes place within the porosity factor range of
¢ £ 0.5 cm '}. For larger stick thicknesses, b, variaticns in the

porosity factor, ¢, results also in a substantial influence on the
. C .. 1.1
mMaximun energy, ICmax’ within the variation range 0.5 £ ¢ £ 1.0 cm

For a given porosity factor, ¢, and a given stick thickness, b,

ICmax/3560 ANH, according to FIG. 61, is always lower with the open-—
ing factor AJﬁ/At = C.114 m-u2

0.040 m?/2 which is in agreement with the conditions fouand in the

than with the opening factor A@E/At =

previous sections, c.f., for instance, FIG. 37. Aside from the com-
1/2

bination A@ﬁYAt =0.0bm 7, ¢ 1.0 cm1'1, the curves described in
FIG. 61 exhibit a falling tendency for the maximum energy, ICmax’
with increasing stick thickness, b. The curves indicate that the
results which have been presented in the previous sections and which
have all been related to the stick thickness b = 25 mm can, with
acceptable presicion, be expanded to be generally valid for the stick
thickness range 20 < b £ 30 mm. For such combinations of  he opening
faector, A{EYAt, and the porosity factor, ¢, wich give a ventilation
contrelled type of fire process, the results obtained for the stick
thickness b = 25 mm, according to FIG. 61, seem to be able to be
expanded to en approximaste applicability within the significantly

larger stick thickness range of 10 £ b g 40 mm.

The Icnax~values summarized in FIG. 61 are generally true for an
| .

approximately constant fire leoad, Upeor 52.5 MJ/m2 of the enclos—

ing surface. It can, therefore, be expected that a reduction in the

maximum energy, , through decreased porosity factor and/or in-

ICmax
creased stick thickness, b, is matched by a corresponding increase
in fire duration. Such a relation is verified by FIG. 62 in which
the relation between the time magnitude tr ~ the time interval from
ignition to the time corresponding to C.75 ICmax'on the descending
part of the energy-time curve - and the stick thickness, b, of the
fire load at varying porosity- and opening factors, is illustrated
by the obtained test results. The figure also confirms the previous-—
ly described relation that, at otherwise constant conditions, an in-

crease of the opening factor, AVH/A_, results in a decrease of the
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fire duration, c¢.f., for instance, FIG. L4C.

As a complement, the three energy magnitudes ICm’ ICr’ and ICd de~-
fined according to Section 4.2 are summarized in FIG. 63-65. From
the figures it is observed that the three magnitudes generally ex-
hibit consistent characteristics. A decrease of the porosity fac-
tor, ¢. results in a decrease of the energy liberated per unit time
for ICm’ ICr’ and ICd’ similar to that for ICmax' Minor disturban-
ces in this trend can, however, be observed for small and large
stick thicknesses. The relsticon for ICmax’ that is, & generally
reduced energy level with increasing stick thickness, b, is less
proncunced for the energy magnitudes ICm’ ICr’ and. ICd ??g thus
specially at the lower opeging factor, AQEYAt = 0.040m ‘", In the
light of the influence of the variations in the opening factor,
ANH/A,_, the curves in FIG. 63-65 confirm the relation established
in the previous sections, that the mean energies ICm’ ICr’ and

ICd as well as the maximum energy ICmax’ increase with increasing
opening factor, c¢.f., for instance, FIG. 20-22, 42, kL, and bis.

However, within the described variation range, this relation is

disturbed for large stick thicknesses, b > L0-L45 mm.

For the mean energies ICm’ ICr’ and ICd it 1s true, in the same
manner s for I » that the corresponding time periods t , &t ,
Cmax _ m’ r
and td - columns 10, 12, and 16 in Table VI - increase with decrea—
sing energy level and vice versd assuming an gpproximately constant
fire load. Essentially the same relation characterizes alsc the
time period t1, that ig the time interval between the times corre-
sponding to 0.75 ICmax and 0.5 ICmax on the descending pari of the
energy-time curve, which expresses how fast the energy-time curve
falls - c.f. FIG. 66 and column 20, Table VI in combination with

FIG. 62.

With a small stick thickmness, b, the variations in the porosity
factor, ¢, have very little influence cn the energy-time curve of
the fire process, which, in this case, is verified fTor both the
opening factor AJ'YA = 0.0L40 mT/ and the opening factor AJ_VA =
0.11h m /2, by the relation obtained with the stick thickness b =
12.5 mm according to FIG. 57. This relation is further verified by

11 i L 11
the magnitudes ICmax’ ICm’ ICr’ and ICd according to columns 9, s
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13, and 17 plus FIG. 61 snd 63-65. This circumstence could be ex-
plained by the fact that the higher the porosity factor is chosen

gt a small stick thickness, the higher the crib would become. The
infivence of increased distance between sticks on the fire process
is counteracted partly by the fact that the free air-filled space
sbove the crib decreases giving an accentuated combustion with
oxygen deficit and partly by the fact that with a high crib, the
lower parts only insignificantly get exposed to the radiation from
the flames in the upper part of the fire cell. Thus no combustion-
increasing effect on the crib is obtained, since the temperature
inside the crib is higher than the air-filled space situated above,
which i1s alsc established by Harmathy (1972). Variations in the po-
rosity factor, ¢, are, however, significant for the fire process
with larger stick thicknesses which is illustrated by FIG. 59 and
60 for the stick thickness b = 40 and 50 mm respectively. From
these figures it is observed that a low ¢~value gives rise to a low,
rather flat energy—time curve while a high ¢-value results in a more
concentrated and much higher maximum energy value with time. This
circumstance is explained by the fact that an increase in the poro-
sity factor at & large stick thickness does not have any significant
influence on the height of the crib at the same time as the space
between the sticks increases so Lhat both the oxygen —assage and

radiation exposure by the flames are facilitated.

Finally comments are made on the magnitudes belonging to the cool-
ing phase of the fire process, that is the mean value of the combus-
tion rate, Rg’ mean value of the energy liberated per unit time ICg
and the heat value Wg = ICg/Rg’ all belonging to the time interval,
tg’ which regarded from the time corresponding toc 0.75 ICmaX on the
descending part of the energy-time curve, embraces the total cooling
phase according to FIG. 18. The three maénitudes are described in
columns 2L, 23, and 25 respectively and the time interval, tg, is

described in column 22 Table VI.

" From the described values it is observed that the total energy

t - ICg’ liberated during the time interval, tg’ has a rather mode-
rate variation with the opening factor, AVH/A, the porosity factor,
¢, and the stick thickness, b. For all the factors together the mean

value of the totel energy amounts to 94.7 MJ end by division into



groups with respect to the opening factor, Afﬁ/ﬂt, and the stick
thickness, b, then Table VII is true for the correspording mean
velues. The table shows & tendency towards increased total litera-
ted energy during the cooling phase, with increasing opening factor,

AJE/At, and decreasing stick thickness, b.

For the mean combustion rate, R , of the cooling phase column 2k,
Table VI and FIG. 67 generally ihow an increasing trend with in-
creased stick thicknesé, b, and with increasing porosity factor,

$. This trend appears tc be somewhat diffuse which should prima-
rily be regarded as & consequence of the fact that the experimental
basis does not sllow any higher degree of precision in a theoretical
evaluation of the cooling phase of the fire process. This fact is
also reflected in z summary of the mean value Wg = ICg/Rg belonging
to the cooling phase, according to FIG. 68, based on column 25,
Table VI. In conformity with what has been established in previocus
sections, FIG. 68 renders a hest value, Wg, which 1s always very
high, the resson being a combination of high liberated radiation
energy and a very slow weight decrease of the fire lcad during the
cooling phase, tg. As a genersl trend, the figure shows a marked
decrease in the heat value, Wé, with increasing stick thickness, b.

This trend is more obvious for the lower opening factor AJE/At =

1 .
/2. The obtalned

0.0L0 than for the higher one AWE/At = 0.1k m
variations of the combustion rate, Rg’ and the heat value, Wg, with
the stick thickness, b, could be explained by the fact that at the
onset of the cooling phase, tg, using slender sticks, the remalning
fuel is mainly composed of burning pieces while the portion of the
product of completely burnt sticks, that is "ashes” is small which
gives a high heat value per kg of the remaining fuel. With large
dimensions, the length of the flaming phase of the fire process in-
creases which implies that with an approxiﬁately congtant penetra-
tion rate through the timber a good buring depth is obtained resul-
ting in the fact that the external parts of the sticks would be
burnt completely before the internal parts are turned into flames.
Thus, when the ccoling phase beging the portion of the completely
burnt products is larger than what is true for the more slender

sticks and consequently a lower heat value is obtained for the

cooling phase.
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AJE/A,C = o.ou0 n'/? AH/A = 0,11k m' /2
84.8 MJ 108.2 MJ
b= 10, 12.5 m b = 40, 50 mm b =10, 12.5 mm | b = 40, 50 mm
100.3 MJ 75.2 MJ 128.3 MJ 9h,2 MJ

TAB. VII Mean value of the liberated energy, Tog ¥ 5,5 during the
cooling phase, t _, with division into éroup% with respect
to the opening féctor, AJEYAt, and the stick thickness,
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7. THERMAIL PROPERTIES OF THE ENCLOSING STRUCTURzS OF TEE FIRE CELL.

7.1 Introductory discussion. Test characteristics.

Changes in the thermal properties of the enclosing structures of a
fire cell, directly influence the term I in energy balance of the
fire cell, Equation (1). With a given value for the energy, I, re-
leased by combustion of the fire load, a change of the term Iw in-
fluences the other terms of the energy balance and thus alsc the gas

temperature—-time curve,T}g-t, of the fire process.

This condition has been theoretically studied by Odeen {1963} and
Magnusson-Thelandersson (1970), using the heat- and mass balance
equations of the fire cell. For an illustration of the order of
magnitude of the influence of the varlations in the thermal proper—
ties of the enclosing structures on the gas temperature, FIG. 69
shows gas temperature-time curves calculated by Magnusson-Thelanders-
son (1970), which are true for a fire load of q = 250 MJ/m2 cf the
enclosing surface in a fire cell with the opening factor AJEYAt =
0.0L0o m?/2 for 8 different shapes of the enclosing structures. At
otherwise unchanged conditions, the figure gives a substantially
higher gas temperature,1}g, for a strongly heat insulated enclosing
structure of light-weight concrete (type C) than for a pocrly heat
insulated enclosing structure of thin steel sheet (type F). For the
latter type of enclosing struéture, variations in the resulting emis-
sivity, according to the figure, gives a strong influence on the gas
temperature. For fire cells with heat insulated enclosing structures,

thie influence is, however, cordinarily of minor practical impocrtance.

In the mentioned works by Odeen (1963) and Magnusson-Thelandersson
(1970) the authors assume a time variation for the heat quantity
released per unit time, IC, which is not affected by the changes in
the thermal properties of the enclosing structures of the fire cell.
Unfortunately, there is no description of any experimental results
in the literature which gives the basis for an estimation of the
precision in such an assumption. On the whole, literafure concer-
ning experimentsl investigations of the influence of changes in the
properties of the enclosing structures on different characteristics

of the fire process, is extremely scarce. A complementary test series
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dezling with the fire loed in the form of a regular wood cribs ac-

cording to FIG. 1C has thus been deemed to be necessary and has

also been performed with a comperative study for the following

three types of enclosing structures which observed from the ex-

ternal surface inwards have the following conponents:

a) 1.5 mm steel sheet

b} 1.5 mm steel sheet + 10 mm asbestcs disk with the density of
1020 kg/m3

c) 1.5 mm steel sheet + 125 mm light-welght concrete with the den-
sity of 500 kg/mB.

The three types mentioned here represent a poorly heat insulated,

& moderately heat insulated and a strongly heat insulated construc-

tion respectively.

In order to relate the results to the cnes described in the previous

sections. the same values of the opening factor, that is AJﬁ/At
1/2

0.020, ©.032, 0.040, 0.070C and 0.114 m , and the same value of the
fire load g = 35.0 MJ/m2 of the enclosing surface corresponding to

2 kg wood/m2 are maintsined in the experiments. For the stated com-—
bination wall construction - opening factor a porosity factor of ¢z
0.5 cﬁ}'1 was chosen. In order to somewhat expand the applicability
of the test series, the well-insulated construction, that is alterna-
tive ¢) mentioned zbove, with the intermediate opening factor AiﬁVAt
= 0.040 was completed with four further values of the porosity factor
¢, namely ¢ = 0.0k, 6.3, 0.7, and 1.1 cm‘}'1 through which a broader
insight into the subject was obtained by a direct comparison with the
values obtained for alternative b), steel sheet + asbestos disk, de-

scribed in Section 4.
7.2 Analysis of the experimental resulis

By applying the calculation procedure briefly referred to in Section
2, the energy-time curves corresponding to the respective tests have
been determined and described in FIG. T0-T3. Based on the relations
obtained from the Tigures, the fire process characterizing parameters
corresponding to those summarized in Section L have been determined
and described in Table VIII, c.f. FIG. 18 for the applied notations.
As a complement, the energy megnitudes ICmax’ ICm’ ICr’ and ICd are

summarized in FIG. 7L4-78 for varying opening factor, Aqﬁ/At, and poro-
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FIG 76 The relation calculated from the obtained test results between
Icm (MJ/h) end the opening factor, AVE/A, (m'/2) with @iffe-
rent structural formations of the enclosing structure. Fire
load ¢ = 35 MJ/square meter of the enclosing surface, poro-
sity factor ¢ = 0.5 em * .
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The relation calculated from the obtained test results be-
tween Ip, (MJ/h) and the opening factor, AVH/Ag (m1/2) with
different structural formations of the enclosing structure.
Fire load q = 35 MJ/square meter of the enclosing surface,

porosity factor ¢ & 0.5 emt- 1,
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The relation calculated from the obtained test results
between Ipg (MJ/h) and the opening factor, AVE/A (m'/2) with
different structural formations of the enclosing structure.
Fire load g = 35 MJ/square meter of the enclosing surface,
porosity factor ¢ = 0.5 em' 1,
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FIG. 79 The relation cbtained from the test results between the time
magnitude, t,, and the cpening factor, AVH/Ai, of the fire
cell for three alternstive types of enclosing structures.
Fire locad Qy = 35.C MJ/s?uare m of the enclosing surface,
porosity factor ¢ = 0.5 cml-!.
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FIG. B0 The relation obtained from the test results between the time
magnitude, ty» and the porosity facter, ¢, for two alterna-
tive tygig of enclosing structures. Opening factor, AVH/A¢ =
C.0L0 m 2, fire losd, g = 35.0 MI/square m of the en-

. theor
closing surface.
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The mean gas temperature,1980_30, as a function of the opening
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surface, porcsity facotr, ¢ 0.5 cm -1
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sity factor, ¢, and analogously the time magnitude. tr’ is summarized
in PIG. 79 and 80 as a function of the sare varisbles. An illustra-—
tion of the gas tempersture of the fire cell is givern in FIG. 82 and
83 by the mean gas temperature,??SO_BG. Furthermore, the energy mag-
nitude, t_ x ICg’ corresponding to the cooling phase of the fire pro-
cess is described in FIG. 81 as a function of the opening factor
A{EVAt. A1l the described results are related to an approximately
constant size of the fire load Uneor = 35.0 MJ/m2 of the enclosing

surface.

In the theoretical analysis of the cbtained experimental results,
values of the temperature dependent coefficient of conductivity ac-
cording to TAB. I have been employed as an indication of the thermal
properties of the material in the enclosing structures and for the
enphalpy. I, the relations given in FIG. 84 asre used. In the analy-
sig, the influence of initial humidity has been taken into considera-
ticn in an spproximste manner. For every material type — asbestos,
light-weight concrete - the same initlial humidity has been assumed

in every test in a part series. For fire cells with enclosing struc-
tures of asbestos disk, the influence of such an assumption is prac-—
tically negligible in all the tests. For fire cells with enclosing
structures of light-welght concrete, the corresponding influence is
greater. It has been characteristical within the part series that the
light-weight concrete members have been changed for every new opening
factor. In the first test for an opening factor a moisture ratic of
about 23 % was maintained and in the last test the moisture ratic was
8 %, calculated on the basis of the dry unit weight. The prevailing
variations in the moisture ratic has been estimated to have no influ-

ence on the ccnclusions drawn in the fellowing.

As far as the influence of variations in the opening factor, AJﬁ/At,
and poresity factor, ¢, on the energy-time curve and corresponding
energy manitudes ICmax’ ICm’ ICr’ and ICd is concerned, the experi-
mental and analytical results described in Table VIII and FIG. 70-78
verify those obtained in the previous sections. On the whole, it is
generally true that the energy characteristics are rather insigni-
ficantly infiuenced by the greast variations in the thermal proper-
ties of the enclosing structures embraced by the test series. The

only exception from this rule is the described results for very
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small values of the porosity Taetor, ¢, according to FIG. 75. This
deviation cen possibly be explained by the highly irregular condi-
tions prevailing during the filre process with fire load having an
extremely low porosity Ffactor. Generslly, the cbtained results
render g higher value for the energy released per unit time, IC,
with enclosing structures of steel sheet + asbestos than with en-
closing structures of steel sheet + light-weight concrete. For the
third type of the enclosing siructures investigated, that is 1.5 mm
steel sheet, the cbtained Ic—values are close to those for the alter-
native steel sheet + asbestos with small opening factors and close
to those for the alternative steel sheet + light-weight concrete
with large opening Tactors. A somewhat irregular picture is presen-

ted by the energy magnitude I FIG. 76 which can be explained by

Cm’
the fact that the Influence of variations in the thermal properties
of the enclosing structures is insignificant for this magnitude and
is of the same order of magnitude of the error made when reproducing

the test serles.

The relations established above for the described energy magnitudes
are also essentially true for the time magnitudes of the energy-time
curve according to Table VIII, columns 10, 12, 16, 20, 21, 22 and
specially FIG. 79 and 80 as far as the fundemental time magnitude,
t_, of the heating phese 1s concerned. A deviating and somewhat he-
terogenous picture is presented by the time msegnitude tg which de-
scribes the total length of the cocling phase. In spite of the

strong shifting tendency of the results, it can uniquely be conclu-
ded from Table VIIT, column 22, that a fire cell with well heat in-
sulated enclesing structures ~ steel sheet + light-weight concrete

- hes a significantly longer cooling phase than the other two fire
alternatives. From FIG. 81 it is observed that the total energy,

tg X ICgS liberated during the cooling phase is approximately inde-
pendent of the variaticns in the thermal properties of the enclosing
structures. This conclusion has been drawn in the light of the rather
large errors technically arising when evaluating the time magnitude
tg.
To sum up, it can thus be estavlished that the thermal properties of
the enclosing structures of the fire cell can be allowed to vary

within wide limits without any decisive influence on the fundamental
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energy- and time magnitudes of the fire process in practical design.
Consequently, in praectical calculation of the gas temperaturse-time
curve of the fire process by heat- and mass balance eguations, this
influence can ordinarily te neglected, as far as the liberated energy

per unit time, I, in the energy Equation (1) is concerned. With un-

C’

changed term, I, in BEguation (1)}, an increase in the heat insulating

C
capacity of the enclosing structures results in a decrease of the

term IW and a simultaneous increase of the terms IL and IR and there-
by alsc an increase in the fire gas temperature,?ﬁg. This fact is
verified by measured values for the mean value of the fire gas tempe-
rature during the active phsdse of the fire,1ﬂ80_30, described in
Table VIIT, column 28, and in FIG. 82 and 83. The rather small dif-
ference in the fire gas temperature for both of the fire cell types
with enclosing structures steel + light-weight concrete and steel +
asbestos, might appear surprising. The explanation possibly lies in
the fact that for the first-mentioned type the hest insulating capa-—
city is substantially reduced by an ordinarily high percentage of
initial moisture which demands a significant heat supply for its
evaporation and conseguently resulting in an increase of the term Iw
in the energy balance equation and & simultaneous reduction of the

fire gas tempersature ﬁg'



§. COMPREHENSIVE ANALYSIS. A EASICAL OUTLINE FOR THEORETICAL
DETERMINATION OF THE FIRE PROCESS CHARACTERISTICS.

Results from tests, which for fires in closed compartments with one
windov copening purely illustrate the influence of variations in the
porosity of the fire load, Section U4, size of the fire load, Secticn
5, stick thickness of the fire load, Section 6, thermal properties
of the enclosing structures, Section 7, and opening factor of the
fire cell, Sections 4-T, on the fire process cheracteristics, have
been described and snalyzed in the previocus sections. In the present
section an attempt is made. o do a comprehensive snalysis of the ob-
teined results with the chief objective of giving a basical outline

for the time curve, I, - t, of the energy liberated per unit time as

a functicn of the mengioned influences for a fire load of the type
wood cribs. Through such a basis, a background is provided for a dif-
ferentiated theoretical anslysis of the gas temperature-time of the
complete fire process at both ventilation- and fuel bed controlled
conditicns, using the method given by Megnusson-Thelandersscn (1970,
1971}, see also Section 2. Access to differentiated gas temperature-
time curves, determined in this manner, for fire processes with fire
load of wood cribs makes calibration of realistic fire load in the
form of furniture, textile goods and other equipments for primarily
usual types of fire cells in daily life possible by a reasonsbly
limited number of full-scale tests, for instance by equivalent values
for the main characteristics of a wood crib. Thereby, in a practical
fire technological design, the usualiy favourable conditions of the
Tire exposure in fuel bed controlled processes could be taken into
consideration, which, at present, is not possible due to insufficient
knowledge. Similarly, a comprehensive analysis and schematization of
the results, as described before, gives & more detailed and as Tar as
the combustion technique is concerned, a sounder basis for s descrip-

tion of the conditions corresponding to fuel bed — and ventilation

controiied fire processes.
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8.1 The criteriz given in the literature for different types of
fire processes. General demands on the basis for fire process

calculations.

On appearence of the published works by Magnusson-Thelandersson
(1970, 1971) for a theoretical determination bf the gas tempera-
ture of the fully developed fire process, the application to fuel
bgd contrclled fire processes, as mentioned before, got complica-
ted owing to the great insufficency of knowledge onr the influence
of variations in the size of the fire load and porosity factor on
the combustion rate. This circumstance necessitated a simplified
 treatment of fuel bed controlled processes characterized by a ge-
neral assumption of ventilation conirolled conditicons with the
conditions for the total released energy according to Equation
(15) being satisfied. For fire processes which are actually fuel
bed controlled, this approximation renders an overestimation of
the maximum fire gas temperature and an underestimation of the

fire duration which partly acts as a compensatiné factor.

The design basis, described by Magnusson-Thelandersson {1970}, in
the form of gas temperature-time curves for fully develcped fire
processes in fire cells with different thermel properties for the
enclosing structures has the opening factor, AJﬁYAt, of the fire
cell and size of the fire load. g, defined as the total energy re-
leased per unit aresa of the enclosing surfsce, At’ in a complete
combustion, as input parameters. Alternatively the fire duration,
T, determined through the opening factor, AqﬁVAt, and the fire
load, q, is used instead of the fire load, g, according to Eguation
{25), C.f. the corresponding comments on page 72. In calculation of
the design basis, attention has been pald to the fact that the to-
tal energy, in reality, is distributed over the fire process accor-—
ding to FIG. 4 with an order of magnitude of TC-50 % on the flaming
phase and 30-50 % on the cooling phase.

Thus, for a given type of fire cell, the design procedure employed
by Magnusson-Thelandersson (1970) using their own method, takes the
influencing parameters opening factor, AJﬁ/At, and size of the fire

load, g, intc consideration whereas no attention is paid to the
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other significant, fire process characterizing factors influencing
the fire process. The authors are aware of this limitation which is
discussed, in detail, in the work by Magnusscn-Thelandersson (1971).
The applied simplification should be regarded in the light of the
fact that the opening factor, A{ﬁ/At, and the size of the fire load,
¢, are usually among the decisive parameters and that the existing
knowledge at the time of appearance of the works did not allow &
more far-reaching and differentiated treatment. For practical cir-
cumstances, Magnusson-Thelandersson”s method applied to ventilation
controlled fire processes, gives g sufficiently scecurate descrip-
tion of & reelistic fire exposure. However, a direct use of the de-—
sign procedure applied to fuel bed controlled fire processes can re-
sult in significant overestimations, specially for such structures

as non insulated or lightly insulated steel constructions in fires

of short duraticn.

As mentioned before, Maghnusson-Thelsnderssgon have discussed the
conditions for fuel bed and ventilation controlled fire processes
and the application of their method in both cases, in their report
from 1971. In this connection, these conditions are given in an app-
roximate and extremely simplified mathematical form. Based on the
results from full-scale fests published in the literature taken from
many sources including a report of Butcher-Bedford-Fardell (1968),
Odeen (1968) and Ehm-Arnault {1969), Magnusscn—Thelandersson calcu-
lated the relation between RSO_BO/AJﬁ‘and M/ (rAJH) in addition to
the relation between RBO_BO/Afﬁ'and M/AVH, given 1 FIG. 85 and 86
where M denotes the total fuel gquantity in kg wood equivalent as

far as the heat value is concerned and r the hydraulic radius, that
is the ratio between the initial volume and the initially exposed
surface of the fire load. The summarized values exhibit a signifi-
cant dispersion. It should, however, be bﬁserved that the values
from Odeen”s full-scale tests which most obviously fall outside the
trend of the summary refer to fire processes with unnatural ventila-
tion, that is a ventilation imposed through a fan system. From the
straight. line inserted in the figure where horizontal lines corre-
spond to ventilation controlled and inclined lines to fuel bed con-—
trolled process the following approximste conditions are obtained

for fuel bed controlled fires:
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M/AVE < 175 kg/m5/2 (33}

or alternatively
M/ (ravH) < 17000 kg/mT/e {(34)

It should, however, be emphasized that these relations are based
on the mean combustion rate, RBO—BD’ indicating the weight decrea-

se of the fuel per unit time, as the decisive combustion parameter.

In this connection a paper published by Harmethy (1972, I, II) is
further of special interest in which the main characteristics of the
flaming phase are primarily treated for fire processes in fire cells.
The presentation is concentratedon fire loads of the type wood cribs,
which are described by the total fuel quantity, M, and the initially
fire exposed surface, AS. In the paper, the methods presented in the
literature for fire process calculations by means of heat— and mass
balance equations of the fire cell — Kawagoe-Sekine (1963), Odeen
(1963), Kawagoe (1967) and Magnusson-Thelandersson (1970) - are dis—
cussed and & greatly simplified alternative method is presented for
calculation of the temperature-time curve of the flaming phase. Un-
fortunately Magnusson-Thelandersson”s publication from 1971 does

not seem to be known for Harmathy which has partly resulted in the
fact that Magnusson-Thelandersson”s method from 1670 for fire pro-
cess calculations is incorrectly discussed in application cases not
intended for and partly that many viewpoints and conclusions which
are given out to be new have alresdy been published in Magnusson-

Thelandersson”s work from 1971.

For the mean combustion rate, RBO—BO’ of the flaming phase, Harmathy

describes, with a ventilation controlled process, the relation ana-

logous to Equation {(1L)

Rgy_qg = 0-0236 ¢ (35)

where

¢ is a ventilation parameter having the same dimensiocn as the mean

combustion rate, R80—3O’ and defined by the expression
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o =p g AlE (36)

where

o is the air density and g the gravitational acceleratiom. With,oa =
2
1.29 kg/m~ and g = 9.8 m/s2 Equations (35) and (36) are eguivalent to

Equation (14) with the comstant k = 5.7 kg/min - m5/2.

Based on the results, described in the literature, from model- and
full-scale tests with fire load of wood eribs, Harmathy has determi-
ned the relation between the ratios RBO—BO/AS and @/AS by which the
graphical representation according to FIG. 87 has been obtained. The
experimental data given in FIG. 87 are characterized by a significant
dispersion, but in spite of this fact a ventilation controlled region
described by an inclined line and a fuel bed controlled one indicated
by a horizontal line can be obviously observed. The former line is
described by Equation (35) and the latter line which, accordingly,

indicates the mean combustion rate in fuel bed controlled conditions,

by

Rggugp = 0-0062 A (37)

Comparing Fquations (35) and (37) the relation
2
/A = 0.263 kg/n” - = (38)

iz obtained for the critical point between both types of fire pro-
cesses with fire in a closed fire call having window openings and &

fire load of the type wood cribs.

The relaticn (38) can be alternatively rewritten in the form

M/(r - AVH) whereby a value, for the critical point, of the order of
magnitude of 12 000 kg/mT/2 is obtained, as compared ﬁith the value
given by Magnusson-Thelandersson amounting to 17 €00 kg/mT/z, c.f.
Equation (34). These values should be-regarded in the light of the
significant dispersion in the test results prevailing in the proce-
dure applied. In reality these two types of fire prdcessés are not
distinguished from each other by a sharp limit but instead by &

critical range.
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The grestly simplified approximate method presented by Harmathy for
jetermination of the gas temperature-time curve during the flaming

phase of the fire process gives straight lines as results illustra-
ted in FIG. 88 in comparison with curves cbtained through full-scale

tests. The following objections can be made against this procedure.

In the initial phase of the fire, the presented approximate method
gives an instantaneous temperature rise whereafter ithe temperaiure-
time curve of the fleming phase is composed of & straight line. Even
if the calculated mean temperature lies in an approximately correct
level, the straight line gives a too rough description of the real
fire process to be accepted as the design basis. In particular, the
instantaneous temperature rise and the corresponding significant
deviation from the real temperature curve during the initisl phase
of the fire can give rise to a greatly overestimated fire exposure
for sueh structures as non—insulated and lightly insulated steel

constructions.

In the procedure, the properties of the fire load 1s described so-
lely by the size and the initially fire exposed fuel surface, AS,
which is an insufficient characterization and possibly gives the
explanation to the significant dispersion in results with the app-
lied procedure according to FIG. 87. For a wood crib, further signi-
ficant influencing factors for the fire load are the free horizontal
surface for veriical air flow through the pile, the so called chim-
ney area, Av, the thickness, b, of the individual stick and height

of the pile in relation to the geometry of the fire cell, expressed

in Gross” porosity factor by the number of the layers, N, of the

wood crid - c.f. Equation (17) and FIG. 11. Consequences of the great-
ly simplified treatment by Harmathy is, for instance, illustrated by
the conditicns feound for tests C9 and C3. In both of these tests the
size of the fire load has been the same, g, . = 35 MJ/m2 of the
enclosing surface and the initially fire exposed fuel surface, AS,
nas deviated only by approximately 13 %. Furthermore the opening fac-
tor of the Tire cell has been the seme in both tests, AVE/A_ =

0.114 m1/2. Veristions in the other properties of the fire load gives
a large difference in the velues of the porosity factor, ¢, emounting

to 0.117 cmg'1 for the test C9 and 0.688 cm1'1 for the test C3 and s

significant difference in the fire gas temperature,iﬂBO_BO, of the



flaming phese amounting to 4u87C for the test €% anad 70L°C for the

test C3.

An dinsufficlently differentisasted description of the properties of the
fire lead according to Harmathy results in further greast difficulties
for calibration of realistic fire loads such as furniture, textile
goods and other equipments by means of fire loads 1n the form of re-
guler wood cribs. Thereby the possibility of a more detailed survey
of practically representative fire processes, through s combination
of a few full-scale tests having realistic fire load, and results
from systemetically planned test series in model scale with reason-
able cost, using fire load of the type wood cribs, which is the case
if these model scale test series had been performed with an accurate

description of the fire load 1s excluded.

In short, it can accordingly be established that a calibrating basis
for practically representative fire processes obtained through fire
process studies in model scale with pure fire loads in the form cof
wood cribs should fulfill the primary requirement of an accurate and
complete fire load description as far as possible, for instance by
means of the size, g, porosity factor, ¢, and stick thickness, b, or
alternatively by the size, g, the initially exposed surface, As’
chimney area for the vertical air flow through the pile, Av, stick
thickness, b, and height of the pile in relstion tc the geometry of
the fire cell. The basis obtained through fire process studies should
further be such that it has a direct relation to hest- and mass ba-
lance equations of the fire ¢ell and that it can facilitate & diffe-
rentiated calculation of, for instance, the temperature-time curve
of a fully developed fire process with variations in part properties
of the fire load, cpening factor of the fire cell and thermal cha-
racteristics of the enciosing structures. The basis should in a dif-
ferentiated manner cover different types of fire processes, both

ventilation controlled and fuel bed controlled.
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8.2 Derivation of criteria based on the relessed energy for different

types of fire processes.

The criteria referred to in the previous section, for ventilatior
controlled and fuel bed contreolled fire processes — Eguations (33),
{34) and (38) - are generally based on the mean combustion rate,
R80~30’ of the flaming phase represented by the weight decrease of
the fuel per unit time, as the decisive parameter. A fire process
is thus defined as ventilation controlled, if RBO"BO is proportio-
nal with the air flow factor AVH or the ventilation parameter, ¢,
and at the same time being spproximately independent of the proper-
ties of the fire load - fuel quantity, M, and hydrauiic radius, r,
according to the discussion by Magnusson-Thelandersson (1971) and
of the initially exposed fuel surface, AS, according to the dis-
cussicn by Harmathy (1972). A fire process is defined as fuel bed
controlled, if RBO"BO is proportional with the initially exposed
fuel surface or with the fire load magnitude M/r -~ alternatively
the fuel quantity, M, at a higher degree of approximation — and at
the same time being independent of the air flow factor, AYH, or

the ventilation parameter, &. In a detailed appliication these de-
finitions, using fire load of wood cribs, result in a trensition
from fuel bed controlled to ventilation controlled fire process
which with a given fire cell varies with the porosity factor, ¢, of

the fire load and stick thickness, b, - e¢.f. FIG. 36 & and the

corresponding comments.

As mentioned in the previous sections, the energy released per unit

time, I, is a more direct basical magnitude as the basis for fire

processccalculations by heat- and mass balance equaticns of the fire
cell, than the combustion rate, RBO—BO' For this reason - and also
from the point of view of combustion technic - a magnitude charac-
terizing the released energy, IC’ is to be preferred to the combus-—
tion rate, R80—3O’ as the decisive perameter in criteria for diffe-
rent types of fire processes. As shown in Section 5.2, the magnitude
maximum energy released per unit time, described in the dimension-
less form ICmax/3560 AJH, offers the best possibility for a unique
and differentiated definition of the type of the fire process.By
this parameter, the fire process can strictly be defined as ventila-

tion controlled if with a given shape of the fire cell the maximum
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energy, ICmax’ is approximately independent of the varistions in the
properties of the fire load - e¢.f. FIG. 36 b, Curve (:). With fire
lcad in the form of regular wood cribs, this condition is fulfilled
within a range above a certain fuel quantity, M, and for a porosity
factor, ¢, which is larger than a certain characteristic value, ¢C,
and a stick thickness b less then a certain charascteristic value, bc
Thereby the criterium for a ventilaticn controlled fire process is

that

szaX/356o ANE = 1 (39)

In other cases, ICmax’ for a given shape of the fire'bell, depends on
the varistions in one or several properties of the fire load and the
fire process is accordingly of the fuel bed controlled type. For ¢ >
¢c.and.b < bc’ the maximum energy released per unit time, ICmax’ is
approximately dependent of only the variations in the fuel quantity,
M, or sigze of the fire load, q. For ¢ < ¢C and/or b > bc using small
fuel quantities, M, the maximum energy, ICmax’ varies with both the
size of the fire load, g, its porosity factor, ¢, and stick thickness
b. When the fuel quantity increases, ICmax reaches an spproximate li-
miting value with a level which depends on the porosity factor, ¢, of
the fire load and stick thickness, b. At each such a level — Curves

and in FIG. 36 b - ICmax 1s approximately lndependent of
the variations in the fuel quantity, M, or the size of the fire load,

gd.

With a presentation according to FIG. 36 b, four different types of
ranges can accordingly be distinguished in relation to the fire load
properties influencing the maximum energy released per unit time,
ICmaxf For ¢ = ¢c and b < bc’ ICmax 15 approximately independent of
the changes in the properties of the fire load within a range where
the fuel gquantity, M, is larger than a certain characteristic value,
Mcl which, strictly speaking implies a ventilation controlled fire
process with ICmax/356O MWH=~ 1. For ¢ > ¢C, b < bc and M < Mcl’ ICmax
varies with the fuel quantity, M, or the size of the fire load, q,

and is almost independent of the porosity factor, ¢, of the fire lcad
and the stick thickness, b. For ¢ < ¢ and/or b > b , I varies

c e Cmax

with the porosity factor., ¢, and the stick thickness, b, according to

Curve and in FIG. 36 b, and at the same time is almost in-
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dependent of the changes in the size of the fire lcad, g, for the fuel
guantity, M, which is larger than s certain characteristic value, Mcg'
Finally? for ¢ < ¢c and/or b > bc and M < Mc2’ ICmax depends on all
the three properties of the fire load - the size, g, the porosity
factor, ¢, and the stick thickness, b. For the three latter types of
ranges it is generally true that ICmax/3560 AVH < 1 with the conse-

quence thet the fire process, with varying number of properties for

the fire load, is fuel bed controlled.

In the light of what has been mentioned, a modification of the cri-
teria proposed by Harmathy (1972) and Magnusscn—Thelandersson (1971),
for fuel bed- and ventilation contrelled fire procegses through the
exchange of the mean combustion rate, R8O—30 with the maximum energy
released per unit time, ICmax“ is of vital interest. For this reason,
the relation between the magnitudes ICmax/As and Afﬁ/AS determined
from the results of the model fire studies described in Sections L-7

with fire load of regular wood cribs, is summarized in FIG. 89.

Considered in the light of logarithmically graduated sxes in FIG. 87T
and linesrly graduated axes in FIG. 85, the summary in FIG. 89, ex-
hibits iess dispersion compared with the corresponding summary pub-
lished by Harmathy (1972) by using RBOFBO’ instead of the energy mag-

nitude, I ., as the decisive parameter in FIG. 87. The main reason

to this igmziat the values described in FIG. 89 are taken from tests
which have been performed by the same test apparatus under unique and
well defined conditions while the values in FIG. 87 include results
from tests performed at different scales and in different laboratories

with greater variations in the test conditions.

Using the values in FIG. 89, an inclined line can, with a rough app~
roximation, be inserted according to the figure, describing a venti-
lation controlled fire process with ICmax determined by the relation

I = ANE b
cnax = 3200 AVE MI/n | (L40)
A horizental line can also be inserted describing a fuel bed control-
led fire process with ICmax determined according to the eipression

ICmax = 300 AS MJ/h (41)
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Thereby, the transitional point tetween a ventilation controlled and

a fuel bed controlied is determined by the relation
1/2 .
AVE/A = 0.086 n {L2)

Recalculated by the technic intrcduced by Harmathy (1972) - Equation
(38) - Equation (42) gives

2

o/, = 0.35 kg/m - s (43}
. 2 .

to be compared with the value 0.263 kg/m * s determined by Harmsthy.

From the summary described in FIG. 89 it is observed that the test re-
sults exhibit a rather slight dispersion within the ventilation con-
trolled range up to A{ﬁ]Asz 0.05 m}/g. Thus, within this subrange,

the maximum energy released per unit time is decisively determined

by the air flow factor according to Equation (40), the influence of
the variations in the properties of the fire load being practically
negligible. However, within the Tuel bed controlled range the disper-
sicn in the test results is significant which proves that within this
range, many more properties of the fire load than the initially ex-
posed surface, AS,'have a substantial influence on the characteris-
tics of the fire process. Within the intermediate range C.05 < AJﬁ/AS
< 0.086 m1/2 which cah be interpreted as a transition between venti-
lation controlled and fuel bed controlled fire processes, the air

flow factor, &VH, together with the differentiated properties of the
fire load — size, q, porosity factor, ¢, and stick thickness, b -
constitute the decisive influencing factars. This transitional range

stands out as the most complicated as far as the combustion technic

is concerned.

Alternatively, the initially exposed surface, AS, of the fire load
can be taken into consideration by a description which, with the same
degree of simplification, characterizes the fire load through the ma-
gnitude M/r, where M is the total fuel weight or energy content and

r is the hydraulic radius of the fire load. With this modification
and considering the technic described by Magnusson-Thelandersson
(1971), the relation betwesen the magnitudes,Icmax/356O AVE and M/rAjH

determined by the results from model fire studies desceribed in Sec-
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tions L-7 with fire load in the form of regular wood cribs, is sum-
marized in FIG. 90. Compared with the description in FIG. 89, the
summary eccording to FIG. 90 gives visually & general impression of
less dispersion for the values calculated from the test results. In
lesser extent, this circumstance is due to the fact that varlations
in the density of the fire load has been taken into consideration in
FIG. 90 which is not the case with the FIG, 89. Differences in the
visual impression between FIG. 89 and 90 are mainly explained by
different description technics for the same test results with the
use of the same variables, that is, the alr flow factor, AVH, and
the initially exposed fuel surface, AS or M/r which is proportional

with these varilables.

With an approximation which is reasonable for ordinary practical app-
lications, the test results summarized in FIG. 90 can be inserted on

three successive strainght lines, describing three different ranges

with respect to the type of the fire process. Within the range M/ravH
< 75000 MJ/mT/2 a fuel bed controlled fire process prevails and with-
in the range M/rAVH > 150000 MJ/mT/2
led fire process.. The range 75000 < M/rAyH < 150000 MJ/m

tutes the transiticnal range between the two chief types of fire pro-

there is a ventilation control-

T/2

consti-

cesses. The straight lines give the corresponding relation for the

maximum energy releazsed per unit time, ICmax’ as follows

a) L 0.0367 M/r MJ/n (L)
for fuel bed controlled fire process, that i1s for M/rAVE < 75000 MJ/mT/2
D) ECmax = (0.0108 M/r + 1940 AVE MJ/h (L5)

for the transitional zone between fuel bed— and ventilation controlled

fire process, that is for 75000 < M/rAJE < 150000 MJ/mT/Q.

c) Topax = 3560 AYVHE MJI/h (46)

for a ventilation controlled fire process, that is

M/eANE > 150000 MT/m! 12
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In spite of the broad variation range for the studied parameters in
the test seriesz, the dispersion in the test results using Equations
(L) - (46) is rather moderate. Primarily the largest deviations cor-
respond to tests with a low porosity factor, ¢, and & small stick
thickness, b, which cen be teken into consideration in a more gene-
ral application. Furthermore, it should be established that most of
the points which, in a ventilation controlled fire process, deviate
from and exceed the value ICmaX = 3560 AJI MJ/h arise from tests
performed with both of the lower opening factors AJﬁYAt = 0.02 and
0.032 m1/2 respectively. In a design for a ventilation controlled

fire process according to eguation (U46), a megnified value should
therefore be given to the maximum energy released per unit time,
ICmax’ with lower values of the opening factor. For the opening
factor AJ?/At = 0.02 mj/e, the magnifying factor is estimated to
emount to 1.2 which thereafter decreases linearly with increasing
opening factor and assumes the value 1.0 for the opening factor Afﬁ/At

= 0.Gh m1/2.

According to, the summary in FIG. 90 and Equations (L5) and (46), the
M/yAVE - value above which the fire process is of the ventilation con-

trolled type is M/rAVH = 150000 MJ/mT/E.

has been applied in the previous section, it 1s assumed that heat

If, in agreement with what

value of wood during the most active period of the flaming phase is
10.76 MJI/xkg, theﬁ the  given M/rAVH - value recalculated to an equiva-
lent guantity of wood, as far as the heat value is concerned, corre-
sponds to M/rAVyI = 14000 kg/mT/g. This value is in good agreement
with the value M/rANE = 17000 kg/mT/2

dersson (1971), with full scale tests, according to Equations (34).

obtained by Magnusson-Thelan— .

As an explanation to the significant dispersion in the test resulis
according to FIG. 87, 89 and 90, it has been mentioned above that the
initially exposed fuel surface, AS, or the eguivelent magnitude M/r
are insufficient parsmeters for a satisfactory characterization of
the Tire load as far as the range for a fuel bed controlled fire pro-
cess ¢r the transitional zone between-ventilation— and fuel bed con-
trolled fire processes are concerned. A refined summary of the test
results, described in Sections 4-T, with respect to &ll the influen-
cing factors of the fire load - fuel quantity, M, porosity factor, ¢,

and the stick thickness b - is therefore of interest. Such a result
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surmary is presented in FIG. 91, in which corrections with respect
to the variations in porosity factor, ¢, and the stick thickness, b,
have been introduced in an spproximate manner, related to the trends
found for the influence of these parameters in the previous sections.
The maximum energy released per unit time, ICmax’ is illustrated on
the vertical axis under the form

ICmax ¢O.5
3560 AyT ¢

where AJE'(m5/2) is the air flow factor, ¢ the actual porosity fac-—

. 1. . .
tor and ¢O 5 the porosity factor value of 0.5 cm 1. Since it has

been established in the previocus sections that variations in the po-
rosity factor have little influence in ventilation controlled fire
processes, and that variations of ¢ in the interval 0.5 < ¢ < 1.1 cm1']
have only marginal effects on these studied parameters, the ratio
¢O.5/¢ has been assigned the viige 1 although in FIG. 91 f07 the
opening factor AJﬁVAt £ 0.0k m and also for ¢ = 0.5 em ' . With-

in the range 0.0k g AJEYAt < 0.07 m”2 -
interpolation, that is from the Equation:

1 (ayE/a,)
b =505 = Moy) - g3 (05— &)

V..

s, ¢ is determined by linear

where ¢V is the real value of the porosity factor. The Equation is
true for ¢v < 0.5 cmj'1; For ¢v > 0.5 cm3'1, $ is replaced by 0.5

1.1 .
cm . The magnitude

b
M ( 25)

ANE b

is illustrated on the horizontal axis. In this expression M{MJ) indi-
caies the total fuel guantity, b the sctual stick thickness and b25
the stick thickness 25 mm which is true for most of the tests deseri-
bed here. However, due to the trends found in the results the stick
thickness, b, has been assigned with the real value only for b > 25

mm while for & £ 25 mm the ratio b25/b has been substituted by 1.

Compared with the corresponding, less differentiated result summary
in FIG. 90, the description according to FIG. 91 givés a significant
lesser dispersion in the results for the fuel bed controlled range

of the fire process and for the transitional zone between the venti-
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lation— and fuel bed controlled fire processes. For the ventilation
controlied range of the fire prccess, the dispersion in the test re-
sults is approximately equivalent for the descriptions in FIG. 90
and 91 which is due to the fact that the properties of the fire pro-
cess have an insignificant influence with this type of fire process.
The fact that a significant dispersion remains also in a more far-
reaching and differentisted summary, according to FIG. 91, empha-
sizes the great experimental difficulties to achieve a high degree

of reproducibility with the present types of tests.
8.3 ©Simplified criteria for determination of the type of fire process.

From the analysis described in Section 8.2 it 1s observed that an in-
creased differentiation with respect to the influencing parameters,
results in summaries determined from the test results with reduced
dispersion. At the same time, it can however, be established from
FIG. 91 that even with a far-reaching differentiation there will be

a significant dispersion in the summarized results due to great dif-
ficulties to achieve a high degree of reproducibility with these ac-
tual types of investigations. As a natural development of the discus-
sion presented in Section 8.2, this circumstance leads to the neces-
sity of & sfudy dealing with the conseguences of one or several in-
fluencing parameters being neglected when determining the time curve
of the fire procéss for the energy released per unit time, IC' Such

an additional study is favoured by the fact that in a highly differen-
tiated desecription, there are difficulties in interpreting the results
from a well-defined fire load in the form of regular wood cribs to
their application in practical cases when the fire load is composed

of furniture, textile goods and other equipments.

The result summaries described in the previous and the present section
constitute the basis for estimating which influencing factors are de-—
cisive or insignificant. These result summaries are supplemented by
FIG. 92-94 which illustrate how the iaximum energy released per unit

time, I , is influenced by variations in the opening factor of the

Cmax
fire cell, AJEYAt, size of the fire load, g, and the thermal proper-

ties of the enclosing structure of the fire cell.

Considering the whole subject-matter, it is observed that the opening
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factor, AJﬁ/At or alternatively air flow factor, AJH, generally be-
long to the group of decisive parameters. In the normal case ICmax
increases in the beginning with increasing opening factor which con-
stitutes a criterium for a ventilation controlled fire process., For
& certain value of the opening factor which more or less depends on
the other influencing factors, ICmax reaches a highest level which

is thereafter approximately maintained with further inecrease of the

opening factor. The fire process then turns to the fuel bed contrel-

led type.

From what has been described before, particularly Section 5, it is
further observed that the size of the fire load, q, or alternatively
. the total fuel quantity, M, also constitutes a decisive parameter
with great influence on ICmax within the fuel bed controlled range

of the fire process and within the transitional zone between ventila-
tion- and fuel bed controlled fire processes. Together, the opening
factor, AJEYAt, or alternatively the air flow factor, AVH, and the
size of the fire load, g, or elterratively the total fuel quantity,’
M, constitute the most éignificant factors influencing the energy

released per unii time, IC.

For the porosity factor¢, it is true that variations within the

rangs ¢ 2 0.5 cIn_1"i have insignificant influence on the time curve

aof IC. For this reasecn, it can be practical that, as a first step,
limit the future discussicn to the porosity factor within this range
and, as a second step give brief corrections for the case ¢ < 0.5 cm1'z
From the analysis described in Section 6, it is further observed that
the influence of variations in the stick thickness, b, of the fire
load is rather insignificant for b < 30 mm; however, an exception

from this rule should be made for very small stick thicknesses, which
. 1s of minor importance in a practical aspplication. As a first step, it
is therefore practical to limit the future discussion to the range

b < 30 rm end as a complement thereto, give guiding principles for
correction when b > 30 mm. Since the described model fire studies

have mainly been performed with the sfick thickness b = 25 mm for

the fire load, it is preferred that the first step of the future
discussion is based on b = 25 mm. Relating this to FIG. 36 b the se-
lected ¢ - and b limitations imply that the summary obtained from the

first step will correspond to the Curve (:), which with ¢ > ¢c and
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b < bc describes fuel bed- and ventilation controlled fire processes

in the rigorous sense.

As far as the influence of variations in the thermal properties of

the enclosing structures of the fire cell is concerned, the results
analyzed in Section 7 verify the fact that this influence is ordinari-
ly negligible for the energy released per unit time, Toe This influ-
ence can therefore be neglected when studying the criteria based on
ICmax’ for determination of the type of the fire process. However,

the influence of the variations in the thermal characteristics of

the enclosing structures on the gas temperature-time curve of the

fire process cannot usually be neglected.

In the light of the discussion carried out before, the relation be-

tween the magnitudes I ax/3560 AJH and M/AJH determired by the re-

sults from the model fgie studies described in Sections L-7, is sum-—
marized in FIG. 95, with the limitations discussed above, that is as
necessary condition for the summary the relatiomns ¢ 2 0.5 1 and

b = 25 mm are true. Analogous with the discussion carried out in
Section 8.2, three successive straight lines caen be inserted by means
of the results according to FIG. 95, which describe three different
ranges with respect to the type of the fire process. The range M/AVH
< 500 MJ/m,S/2 embraces & fuel bed controlled fire process and the
range M/AVE > 1000 MJ/m5/2 a ventilation controlied fire process. The
intermediste range 500 < M/AVH < 1000 MJ/mS/8

nal range between the two chief types of fire processes. For the maxi-

constitutes o transitic-—

mum energy released per unit time, ICmax’ the three straight lines

correspond to the relations:

a) T = 9-6M Mi/n (L7)
for a fuel bed controlled fire process, that is for M/AVH < 500 MJ/mS/g.
b) Topax = 1792 M+ 2040 ANE MJI/nh (48)

for the transitional range between fuel bed— and ventilation controlled

fire processes, that is for 500 < M/AVH S1OOONU/m5/2-

e) I = 3560 AVE MJ/h (L9)
Cmax
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for a ventilstion controlled fire process, that is for M/AVE >

1000 MJ/ms/E.

The values summarized in FIG. 95 exhibit a very moderate dispersion
and the devietions from the inserted polygon shaped curve are, in
many cases, less than 10 %. As for precision, the result description
according to the method applied in FIG. 95 is conseguently superior
to corresponding descriptions in Section 5.2 and in comparison with
the summary of the published results in different connecticns presen-—
ted by Harmathy (1972), FIG. 87, & betiter precisicn up to the tenth
power is achieved. In estimaticn of the precision in the presentation
according to FIG. 95, it should be noted that many of the points
which, in a ventilation controlled fire process, deviate from and

= 3560 AVH MJ/h originate from tests perfor-

exceed the value I
/e

med at both of thecizier opening factors AJF/At = 0.02 and 0.032 m
respectively, which has also been established previousiy in Sections
4, 5 and 7. In a design according to Equation (L9) for a ventilation
controlled fire process, a reasonable magnification should therefore
be given to the maximum energy released per unit time, ICmax’ at
lower values of the opening factor. For the opening factor Adﬁ/At =
0.02 m1/2 the magnifying factor is estimsted to amount to 1.2 which
thereafter decreases linearly with increasing opening factor and as-

sumes the value 1 at AJﬁYAt = 0.0k m1/2.

In connection with FIG. 65, the result summary in FIG. 95 is com-
pleted by describing the calculated relation between the magnitudes
ICmax/3560 AJH and M/AVE in FIG. 96, based on the results from full-
scale tests published in the literature, performed by Kawagoe (1958),
x), at Fire Research Station, JFRO (Butcher-Beford-Fardell, 1968,
Heselden, 1968, and Law, 1968, A) in Metz {Ehm-Arnault, 1969, +), in
Studsvik (Odeen-Nordstrém, 1967, Pettersson—-UOdeen, 1968, Ahlqvist-
Thelandersson, 1968, and Odeen, 1970, O) and by Sjdiin (1970, o).
Among these full-scale tests, those described by 85jdlin have been
performed with a practically representative fire load in the form of
furniture, textile goods and other equipments while the fire lcad in
the other tests have been composed of regular wood cribs. The polygon-

- shaped line for ICmax according to Equations (L7) - (4L9), has also

been inserted in the figure.
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From FIG. 96 it is observed that all the full-scale tests performed
by Kawagoe and S$j8lin in addition to those performed in Studsvik,
have been ventilation controlled in the rigorous sense. All the cal-
culated Icmaxﬁvalues fall in the vieinity of the Icm&x—level accord—
ing to Equation (49). For JFRO and Metz-tests it is generally true
that they do not satisfy the conditions prevailing for the poclygon-
shaped line, that is ¢ > ¢c = 0.5 cm?"1 and b < bC = 30 mm which ex-
plains the fact that ICmax in these tests, is significantly lower
within the fuel bed controlled and within the transitional range be-
tween ventilation— end fuel bed controlled fire processes than what
is given by Equations (47) and (48} respectively. Within the ventila-
tion controlled range of the fire process the deviations from ICmax_
values according to¢ Equation (L7) are alsc rather moderate for ICmaxp
values from JFRO- and Metz-tests which is due to the fact that the

variaticns in the properties of the fire load are less decisive in a

ventilation econtrolled fire process.

In FIG. 96 a number of ICmaX—values have also been indicated which

are intended for the model Tire studies reported in the present pub-
lication and correspond to the porosity factors ¢ = 0.1 and 0.3 cm1'1

with the stick thickness b = 25 mm and to stick thicknesses b = 40
and 50 mm with the porosity Tfactor ¢ = 0.5 cm]'1. For the combination
¢ = 0.3 cm1'1, b = 25 mm, the described values indicate a practically

negligible deviation from I according to Equation (49) within the

5/2 Cmax
range M/AJVE > 1000 MJ/m and s deviation from ICMax according to
Equation (47) amocunting to a maximum of approximately 20 % within the

)/ . . : 1.
range M/AVE < 500 MJ/m5/a. For the combination ¢ = 0.1 cm 1, b =25 mm

the corresponding deviations amount to a maximum of 35 % and 40 % re-—
spectively. Analogously, for the combination ¢ = 0.5 cm1'1, b = 40 mm,
FIG. 96 gives the corresponding maximum deviations amounting to 20 %
and k0 % respectively and for the combination ¢ = 0.5 cm1'1, b = 50 mm
the corresponding meximum deviations are 25 % and 65 % respectively.

A more differentiated iilustraticn of the influence of variations in.

9 and b on I, is givern by the results reported in Sections 4 and 6

Cmax
~ e.f., for instance, FIG, 61 and TAB. II, III and VI. The fire pro-

. 1. . - .
cesses obtained for ¢ < 0.5 em T and b > 30 mm besides dependlng on
the opening factor and size of the fire load depend alsc on the de-
tziled form of the wood crib. They can, therefore, not be denoted as

ventilation- or fuel bed controlled in the rigerous sense. Instead of
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being devided in this manner, they can suitably be classified as com-
bined fuel bed- and crib controlled within the range M/AVHE < 500 MJ/m5/2
combined ventilation- and crib controlled within the range M/AVO >

1000 MJ/m5/2 end combined ventilation—,fuel bed- and crib controlled
within the transitional range 500 < M/AYH < 1000 MJ/mS/E. Related to

& presentation accerding to FIG. 36 b, the fire precesses pertain to

curves of type and .

6.4 Translation of the results from a fire process with fire load of

wood cribs to a Tire process with Practically representative fire

load.

The summary in FIG. 96, introduced in Section 8.3, constitutes an il-
lustrating basis for a descussion of the possibilities tc relate the
results from a fire process with fire load in the form of regular wood
cirbs, to the results from a fire proéess with practically representa-
tive fire load in the form of furniture, textile goods and other
equipments. The ICmax—values indicated by o and determined by the re-
sults from full-scale tests performed by 8J8lin (1970) are of special
interest, since the fire load consisted of furniture and equipments

representative for a flat.

As it is observed from the figure, all these tests are characterized
by Icmax~values which practically coincide with the horizontal line
corresponding to the rigorously ventilation controlled fire process,
with the meximum energy released per unit time. ICmax’ determined by
“Equation (49). This implies that = simulation of realistic fire pro-
cesses in flats can be performed by model fire studies with fire load
of wood cribs provided that the piles are formed in such a manner that
¢ > ¢C = 0.5 cm1'1 and the stick thickness b < bc = 30 mm. Hereof, it
also follows that the maximum energy released per unit time, ICmax’
in realistic fires in Tlats, can be determined, with satisfactory
precision, from Equation (L7) in fuel bed controlled conditions, from
Equation (49) in ventilation controlled conditions and from Equation
(48) within the transitionsl zone between fuel bed- and ventilation
controlled fire processes. For a definitive verification hereof, the
tests performed by Sjélin should, hovever, by supplemented with some

full-scale tests with realistic fire loads representative for flats
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and with fire processes which fall outside the ventilation controlled
range, that 1s when the following relations are true

M/AVE < 1000 g fm° /2

or

AVE/2, > q/1000 /2 (50)
where g i1s the fire load expressed in MJ/m2 of the total enclosing
surface. The conclusicn drawn should be regarded in the light of the
Tact that in Sj81in”s investigation, no compact fire load components
in the form of, for instance, well-filied bookshelves with low combus-
ticn rate, have been included. This fact implies that without comple-
mentary fire process studies the conclusion is strictly applicable

‘ only to the.easily combustible part of the fire load belonging to a
fiat Which'for Swedish flats is within the range g = 40 - 105 MJ/m2

of the enclosing surface (Nilsson, 1970). This part of the fire load

should, however, be decisive for the fire process in flats.

As far as the ICmax_levej' and the corresponding range for the type
of fire process are councerned, the tests performed by $jélin with
representative and realistic fire loads for flats, give calculated
Icmmékwvalues which atcording to FIG. 96 are quite close to the re-
sults obtained with fire load of wood eribs., This fact is esentizl
to establish in the light of the previously found relations accor-
ding to Magnusson-Thelandersson, with the combustion rste, RSO*3O’
as the decisive magnitude instead of ICmax' In a presentation based

on the magnitude, 8j61in”"s tests according to FIG. 86 results

Rao-30°
in a contradiction in that the tests fall within the fuel bed con-
trolled range of the fire process, while the RBOMBOwlevel carresponds
to the ventilation controlled range. This circumstance strengthens
the reason, mentioned in the previous sections, for using ICmax as
the decisive mgnitude for a determination of the type of fire process

at fires in closed compartments with window openings.

In order to relate a fire process having fire load of the type wood

cribs to a fire process with practically representative fire load
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in the form of furniture, textile goods and other equipments, Harmathy

(1972, II) has introduced the megnitude

!

L = A,/6, n/kg (51)

where AS is the initially exposed surface of the fuel in mz.and GO
the initial fuel quantity in kg. By %L, the condition for a fuel bed
controlled fire process according to Equaticns (38) and (36) can be
transformed to the relation analogous to Equation (50), namely

aE/s, =9 - a/e1s w7 (52)

The transformation is based on the values;:a = 1.29 kg/ms,

g = 9.8 m/52 and the nominal heat value of wood at complete combus-—
tion = 18 MJ/kg. Equations (5C) and (52) become identical, if

@O = 0.275 m?/kg. Thus, using Harmathy”s procedure, realistic fire
processes in representative Swedish flats, can be related to fire
processes with fire load of wood cribs, if the condition f; = 0.275°
mz/kg is generslly satisfied. This +L-value is within the variation
range 0.1 < 42 < 0.k melkg which ig given by Harmafhy for conventio-—

nal fﬁrnishment.

The exemplary snalysis above illustrates how differentiated results
obtained by model fire studies can be transformed to a description
of realistic fire processes with practically representative fire
load in the form furniture, textile goods and other equipments in
fires arising in flats, after some calibrating full-scale tests.
The translation parameters are composed of equivalent porosity fac-
tor, ¢e’ and equivalent stick thickness, be, or eguivalent parame-
ters. Systematically performed calibrating tests in full scale with
reslistic fire load for common fire cells such as offices, schools,

hospitals, stores etc. have a high degree of priority.
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8.5 Brief design basis for the time curve of the energy released per

unit time in a complete fire process.

The model fire studies, described in Sections 4-7, dealing with the
maximum energy released per unit time and the determination of the
type of fire process based on this magnitude, is summarized in Sec-
ticns 8.2 and 8.3. The summary is based on tests with fire load in
the form of wood cribs. In FIG. G6, this description is supplemented
by Icmax—values determined by the results of full-scale tests descri-
bed in the literature, in which the fire load has been of the type

wood cribs and in the form of furniture, textile gocds and other

sguipments.

Equations (h0) and (41) give ICmax for ventilation controlled and

fuel bed controlled fire processes respectively, with the air flow
factor, AVE, and the initially exposed surface of the fuel, As, as
parameters. The transitional points between both types of the fire
‘processes is determined by Equation (42). The description summarized 
by these relations is, by form, similar to that introduced by Harmathy
(1972) which is baséd on the mean combustion rate, RBO—BO’ of the
fleming phase expressed by weight decrease per unit time, instead of

having the maximum energy, ICmax’ as the decisive magnitude.

A somewhat more refined result summary is given by Bouations (bh) -
(46), which differentiste the meximum energy released per unit time,
ICmax’ with respect to fuel bed controlled fire process, ventilation
controlled fire process and the transitional zone between these two
chief types of fire processes. The parameters are composed of the

air flow factor, AVHE, and the ratio M/r between the total energy con-—
tent of the fuel, M, and the initial hydraulic radius, r, of the fuel.
Since the magnitude M/r is directly proportional to the initially ex-
posed fuel surface, AS, the descriptions according to Equations (40}

-~ (41} and {L4) - (L46) become equivalent with respect to the influen-—

cing parameters.

Among the result descriptions presented, the summary according to
FIG. 91 is the most differentiated one, in which the total energy
content of the fuel, M, porosity factor, ¢, and the stick thickness,

b, are taken into consideration when dealing with the properties of
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the fire load. Thereby, the following ICF&x—relations correspond to
)
the pelygon-shaped line inserted in the figure through calculated

ICmax*values.

b
a) Topay = 5.6 M, %ﬂg (—ii) MJ/h (53)

for the fuel bed controlled range of the fire process, that is for
Mo, /AN« b < 500 g /o’ 2,
b

) Tonex = (1.52 =2 + 2040 AfE)

¢015
for the treansitional range between fuel bed- and ventilation control-
led fire processes, that is for 500 < MbQS/A{H * b g 1000 MJ/m5/2.

e) I = 3560 AyE gL MI/h (55)

for the ventilation controlled range of the fire process, that is

for szs/A\fI-f-b > 1000 MJ/m5/2.

 The following side conditions are true for application of the rela-

tions. If the opening factor A{ﬁ?At < 0.0k mj/z, the real porosity

factor, ¢, is replaced by ¢ = (.5 cm1'1, all through. If the open-

ing factor, AJE/At > 0.07 m[?;lg
range ¢ < 0.5 cm‘]'1 while the real ¢ is substituted by ¢0 5 = 0.5
cm1'1 for ¢ > 0.5 cm1'1. Within the range 0.0L < A{EYAt < 0.07 m]/z,

¢ is determined by linear interpolation, that is from the Bquation:

AJEYAt iy
555 Co.s — 8) (56)

v

» ¢ assumes the real value within the

(Tog o = bo ) =

wil—

0.5

where 9, is the real1v?lue of the porosi$y1factor. The Equation is
tr?e1for ¢V < 0.5 cm ", For ¢, > 0.5 cm ", ¢ is replaced by 0.5
cm " . As for the stick thickness, b, real velue is used if

bz b25 = 25 mn while b is replaced by 25 mm for resl b < 25 mm.
The application of the relations is experimentally verified only up

to ba50 mm.

Assuming ¢/¢O_5 = 1 and b/b25 = 1, the simplified I opax €XPressions
according to Equations (47) - (49) are obtained which together de-

scribe fire processes that are either fuel bed-or ventilation con-
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trolled in the regorous sense. Therby, with fuel bed controlled con-
ditions the maximum energy, ICmax’ is determined by the total energy
content of the fuel, M, alone and with ventilation controlled condi-
tions by the air flow factor, AVE, slone. Within the transitionszl
range between the two chief types of fire processes, the maximum
energy, ICmax’ 1s determined by the magnitudes M and AVH in combi-
nation. Fuel bed- or ventilation controlled fire processes, in the
rigorous sence, exist for the porosity facter ¢ z» 0.5 em ° and the
stick thickness b < 3C mm, with a precision which is satisfactory
for practicael use. For porosity factors and stick thicknesses out-
side these varistion ranges, the fire process besides being influen-
ced by the air flow Tactor, AJH, and the total heat content of the

fuel, M, is also influenced by the other properties of the fire load.

For all the I -relations briefly mentioned above, the I ~values
Cmax Cmax
should be magnified if the opening factor AJﬁYAt < 0.04 w!/2, The
value of the correcting multiplicator employed should be 1.2 for
1 . . .
A{E/At =0.02 m /2 and should thereafter decrease linearly with in-
creasing opening factor and assume the value 1 for AJﬁYAt = 0.0k m1/2.

In order to be able to draw the time curve of the energy released
per unit time, IC, the maximum energy, ICmax’ as above, should be
supplemented by a basis which facilitates a determination of a number
of charsacteristical time megnitudes, defined through FIG. 18. Ordi-
narily a satisfactory precision can be echieved if the time magnitu-
des tr, td’ 1:,l and't2 are given.

For the time magnitude, tr’ which indicates the time from ignition
to the time corresponding to IC = 0.75 ICmax on the descending part
of the energy—time curve, the analysis in Section 5.2 gives the app-

roximate relation

to=1.25 T (57)
in a ventilation controlled fire process with the porosity factor

: 1.
¢ =~ 0.5 cm 1
the fire duration determined by Equation (25). In a fuel bed control-

- ¢.f. FIG. 40 and 41, In this reiation T indicates

led fire process. Equation {(57) gives a t,~value which is lower than

the real one. A tr—value determined by Equationl(ST), with acceptable
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precision in ordinary practical applicaticns, can be derived in the

following manner.

A combination of Eguations {25}, (46} and (57) which all assume ven-

tilation controlled conditions in the rigorous sense, gives the rela-

tion

1.25 th G.7 th
t =1.25T = =
r 6300 AVH 3560 AVH

or the expression

0.7 ¢ A
T (58)

ICmax

Under this form, a determination of tr can be extended to fuel bed
controlled fire processes. Lower real ICmax—values, approximately
give the prolongation in T which is caused by a transiticn from
ventilation controlled tc fuel bed controlled conditions, for a

given fuel quantity.

For the time magnitude td, which indicates the time interval be-
tween the times corresponding to IC = 0.75 ICmaxon the ascending
and descending parts of the energy-—time curve, an elaboration of

the values described in TAB. II, IIT and VI gives the approximete

relation

td/tr = 0.55 [1 + 11(A\1§/At - 0.08}(¢ - o.h}] (59)

The application of the relation is limited to the experimentally in-
vestigated variation ranges, that is for the opening factor

AJﬁ/At £ 0.12 m1/2 and for the porosity factor ¢ £ 1.1 cm]'1. For
AJE/At > 0.12, the values corresponding to AJE/At = 0.12 m1/2 can

roughly be used.

For the time megnitudes t} and tg’ which, according to FIG. 18, de-
scribe the descending part of the energy-time curve between the in-
terval (IC = 0.75 ICmax’ IC = 0.5 ICmax) and (IC = 0.75 ICmax’ IC =
0.25 ICmax) respectively, the anslysis presented in Section 5.2,

verifies the following two approximate expressicns - ¢.f. Equations

(3¢) and (31)



: 0.3 t, (61)

ot
R

The following energy condition should be added to the basis, summarized
above, for a determination of the level for the maximum energy released

per unit time, I , and of the time magnitudes tr’ t., t1 and t, -

Cmax d
c.f. Equation (15)
t
g
/ Idt =M (62)
o

where M is the total heat content of the fuel expresséa in MJ. This
condition determines the terminal part of the IC - t curve . through

the time magnitude tg according to FIG. 18.

As a complement, it is moreover true thaﬁ the gas flow, G, can be
determined by Eqﬁation (11) for AUﬁ/At < 0.04 m1/2 where the vertica;
acceleration of the flow in the window opening need not be taken into
consideration. However, for larger velues of the opening factor, this
vertical acceleration should be taken into consideration which results
in the fact that the gas flow, Qa’ should be determined by Fquation
(12) in which C assumes the values 0.8 and 0.7 for the opening factors
AVE/A_ = 0.07 end 0.11k n'/?

Q, or Qa can be calculated by the spproximate relstion according to

respectively. Alternstively, the gas flow,

Equation {(32) or (32a), within the whole variation range of the opening

factor, AJEVAt.

A determination of the time curve of a complete fire process for the
energy released per unit time, IC’ is facilitated through the basis
summarized above, with a precision which is acceptable in ordinary
cases. The determination can be carried out with a rather far-reached
differentiation for pure fire load in the form of regular wooden cribs,
wherein the opening factor of the fire cell, AVEVAt, size of the fire
load, q, porosity factor, ¢, and stick thickness, b, shoculd be taken
into consideration. By determining the equivalent porosity factor, ¢e’
and equivalent stick thickness, be, for main fire load components,
through systematically performed, complementary calibrating tests,

the corresponding differentiation should be possible for practically

representative fire load in the form of furniture, textile goods and
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8.6 Comparative illustration of the energy- and gas temperature-

time curves for different types of fire processes.

In Section 8.5 a brief basis is given for determining the time curve
of & complete fire process, for the energy released per unit time,
I using fire load of regular wood cribs, with a precision which

is satisfactory for ordinary practical cases. For this type of fire
load, the basis facilitates a theoretical caelculation of the gas
temperature-time curve of the complete fire process by the neat -
and mass balance equatiocns of the fire cell according to Section 2,
with varying opening factor, AVE/A_, thermal properties of the en-
‘closing structures of the fire cell, size of the fire load, g, poro-
sity factor, ¢, of the fire load and stick thickness, b, of the fire
load. Systematical calculations as such, result in a design basis
which in practical applications could be used for fire load in the
form of furniture, textile goods and other eguipments through tae

equivalent porosity factor, ¢e, and the equivalent stick thickness,

b_.
e

A systematical design basis of the above mentioned type, in the form
of differentiated gas temperature-time curves for a complete fire
process will e published in some other connection The presentation
here is limited to an illustration of the time curve for the released
energy per unit time, Ic - ¢t and the gas temperature time, 19 t,
corresponding to the chief types of fire processes defined 1n Section
8.3, namely ventilation— and fuel bed controlled fire processes in
the rigorous sense, and crib controlled fire process. All the sub-
variants according to Section 8.3 (combined fuel bed- and erib con-
trolled, combined ventilstion- and crib controlled and combined ven-
tilation-, fuel bed- and crib controlled processes) are summarized

by the designition crib controlled.

The illustration is carried out for a fire cell with the opening fac-

tor AJH/A = 0.08 m1/2

thick, compcsed of a material with the coefficient of thermal conduc—

and with the enclosing structures, 200 mm

tivity of A = 0.81 W/m°C and the heat capaclty of ey = 1.67 MJ/m

This fire cell asgrees with type A in Megnusson-Thelandersson (1970}
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with respect to the thermel properties of the enclosing structures.

As far as the relation between the maximum value for the energy re-
leased per unit time, ICmax’ and the magnitude, M/AVH, is concerred,
the basical curves employed for the illustration assume the existence
of a fire Xoad in the form of wood cribs and a summary of the obtained
results according to Equations (53) - (56). The stick thickness, b,

of the fire load is generally assumed to be b < 25 mm, that is

b/b25 = 1. The basica11c?rves are described in FIG. 97. For the poro-
sity factor ¢ > C.5 em ~ , Curve (:) describes & fuel bed~ or venti-
lation contrelled fire process in the rigorous sense, while Curves
(::) and (::) describe crib controlled fire processes corresponding

to thé porosity factors ¢ = 0.25 and ¢ = 0.09 cm,1'1 respectively. As

a ébnseqﬁépée‘of this assumption, if b/b25 = 1 then the three poly-
gon-shaped basic curves acguire their deflection points for identi-
cal:MkAJﬁlvalues, naﬁely M/AYH = 500 and 1000 MJ/m5/2
tions (53) - (55)._;.'In FIG. 97 a curve branch marked by dashed
lines.has“aLSO been.imserted, which can be considered as a prolonga-
tion of £H§ h0rizontal line ICméX/AVﬁ'= 3560 MJ/h, corresponding to

& rigorously ventilation controlled fire process, within the fuel

» c.f. Equa-

bed cohtrolied range and which is thus related to the discussion

according to Mégnusson—Thelande?sson (1970), based on a ventilation

controlled fire process as the general assumption.

The M/AVH-values, for which the gas temperature-time curve correspon-

ding to. a complete fire process has been determined in the illustra-

ting discussion, are marked by points on the basical curves. The fol-

fowing fire lcad corresponds to these values, denoted by C MJ/m5/£5
. . 1
with the opening factor Afﬁ/At = 0.08 n /2:
qzc—i—-‘@= 0.08 C MJI/n° (63)
t .

In a ventilation controlled fire process in the rigorcus sense -
Curve (:) for M/AYH > 1000 MJ/m5/2 - the M/AVA-velues marked by points
can alternatively be related to the fire duration, T, according to

Fquation (25) which gives the expression
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From Curve (:) and Equation (63) it is observed that, a ventilation
contreclled fire in the rigorcus sense, exists if the porosity fac-
tor of the fire loading ¢ > 0.5 cm?'1 and if at the same time, the
fire lecad ¢ > 80 MJ/m2 for the selscted opening factor AJHVAt =
C.08 m1/2. For the porcsity factor ¢ 2 0.5 cmj'1 and the fire load

g < 4o MJ/mg, the fire process is fuel bed controlled in the rigorous
sense, while for the porosity factor ¢ > 0.5 (:m1"E and the fire load
4% < g < 80 MJ/mg, the fire process falls within the transitional
zone between the rigorously fuel bed- aﬁd ventilation controlled

fire processes. For porosity factor ¢ < 0.5 cm '1, the fire process

is of the type crib controlled with subvariants according to Section

8.3.

With the ICmax~level according to FIG. 97 and the time magnitudes,
ts tgs t1? t, and tg determined by Eguations {58) - (62), the com-
plete time curve for the energy released per unit time, IC’ can be
drawn with a precision, which is sastisfactory in ordinary practical
applications. An example of this is given in FIG. 98 & and 98 b for -
the IC - 1t curves corresponding to the basic curves (:), \ , and
@ according to FIG. 97 for M/AVE = 630 and 6300 MJ/m’’° or al-
ternatiéely q = 50 and 500 respectively. As a complement, the IC -t
curve, corresponding tc the basic curve . Which zecording to
Magnussoanhélandersson {1970) generally assumes s ventilation con-
trolled fire process in the rigorous sense, is also described in
FIG. 98 for the fire load g = 50 Mme2, at which & realistic fire
process is fuel bed controlled, the IC - % curves corresponding to
basic curves @ and deviate fromeach other. For the fire load
g = SOO.MJ/m a realistic fire process is however ventilation con-
trolled, and consequently the basic curves @ and give coin-
ciding IC - £ relations. From the IC — t curves illustrated in FIG.
93, it is generally observed that a reduced level for the msximum

energy released per unit time"ICmax’ iz feollowed by a slower fire

development and an increased fire duration.

Based on energy-time curves, — with the basic appearance according
to FIG. 98 and determined in an analogous menner - related to M/AVE
- or gq-values, the corresponding gas temperature-time .curves have
been calculated for a complete fire process, according t? Section 2,
2

for a fire cell with the opening factor AUﬁYAt = (.08 m] and with
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the enclosing structures according to the above. The value 0.8 has
teen used for the C-factor included in the term gas flow, Qa, in

Equatien (12).

For ICmax according to FIG. 97, the results are described in FIG, 99,
100, and 101, corresponding to the basic curves (:), (:i), and (::)

respectively.

The gas temperature-time curves summarized in FIG. 99, are true for

a rather easily combustible wood crib with the porosity factor ¢ 2

0.5 cm1'1. For this case, the sssumption of a generally ventilation

controllcd fire process, introduced by Magnusson-Thelandersson, gives

a satisfactory soluticn of the problem for the fire load g > 80 MJ/mE,
within which range the fire process is really ventilation controlled
in the rigorous sense. For the fire load g = 50 MJ/me, a gas tempera-
ture—time curve determined under the assumption of ventilaticn con-

. trol, results in an overestimstion of the maximum value of the fire

gas tempersture and a simultaneous underestimsastion of the fire dura-

tion. The difference obtained, is however, moderate.

On the other hand the assumption of a ventilation controlled fire
process, naturally gives a poor description of the real gas tempera-
ture-time curve of & fire process which is obviously crib controlled,
which fact is illustrated by FIG. 100 and 101, corresponding to the

I ~basic curves (::) and . (::) according to FIG. 97. For the fire

Cmax 5

load @ = 500 MJI/m~, the maximum fire gas temperature,l?max, amounts
to 1080 °¢ according to a calculation for a veniilation controlled

Tire process, while a more correct calculation by IC - t curves, de-

noted by (::) and (:) , in FIG. 98 b, gives the value??max = 895 ¢
for the porosity factor ¢ = 0.25 cm1'1, and the value1$max = 610 %
for the poresity factor ¢ = 0.09 cm1'1. For the fire load q = 50 MJ/m2
the corresponding three?%max—values amount to 935, 5S40 and 375 ¢

respectively.
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SUMMARY

In order to make a functionally based fire technclogical design of
bearing and fire partiticning structures possible, a differentiated
survey of the characteristics of the complete fire process in the
fire cell with varying properties for the fuel and enclosing walls,
floor and ceiling, is one of the primary requirements. In this case,
a survey of the energy released per unit time during the fire process
is fundsmental for a determination of the gas temperature-time curve
of the fire process. For wood fuel fires, it 1s, however, extremely
difficult to give this energy development per unit time, since for
this kind of fuel, the combustion simultaneously takes place both

in the solid components and in the gases formed during the pyrolysis,
in a manner which is, up to now, unexplained.

Therefore, in a test series, the influence of the characteristics of
the fire cell and the size and properties of the fire load on the fire
process and the energy-time curve, has been studied. For every test
the energy-time curve which rendered z satisfactory agreement between
the gas temperature-time curve as measured through tests and calecula-
ted through a theoretical model, was iteratively determined. The re-
sults could be systematized, so that the time curve for the energy
released per unit time generally could be assumed to be approximately
known, whereafter the gas temperature—time curve of the complete fire
process can be calculated with varying properties for the fire cell
and the quantity and form of the fuel. '

Scope of the test series.

A theoretical fire technelogical design performed by the heat- and
mess balance equations of the fire cell, presumes knowledge on the
energy development of the fuel during the whole fire process. For woed
fuel fires it is, however, extremely difficult to indicate this energy
development per unit time, since Tor this type of fuel the combustion
simuitanecusly tekes place both in the solid components and in the
gases formed during pyrolysis in such a way that it has hitherto been
impossible tc clarify. Therefore, in order to study this energy de-
velopment for fires, with wood cribs as the fuel, combustion studies
have been supplementet by a theoretical analysis through the heat-

and mass balance equations of the fire cell, with the primsry cobjec-
tive of determining the influence on the fire process for =z wood crib

in a closed fire cell having one window opening with variations in

) the quantity of the combustible material,
2) the piling density of the fuel,

3) the thickness of the individual stick,

L)

the window area of the fire cell, ang
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5) the thermal properties of the enclosing structures of the fire

cell.
Test arrangements.

Three cubical, closed fire chambers at the model scale with one window
cpening and with the internal lateral dimensions measuring 500, 750
and 1000 mm respectively, were used in the tests. However, all the
tests analyzed in this report refer to the tests performed in the in-
termediate model scale. The fire cells were covered externsally by
steel sheet and internally by 10 mm asbestos disk (in applicable

cases iS5 only true for point 5 above). The window opening of the fire
cell was chosen in a square form and the dimensions given to this
opening were such that the five different values, namely, AJEYAt =
¢.02C¢, 0.032, 0.040D, 0.070 and 0.11k ml/2 were obtained for the open-—
ing factor, which together cover a broad and reelistic range of varia-
tion. The opening factor is defined as AVE]At, in which A, (m2) deno-
tes the inner surface area of the walls, floor and ceiling which
bound the fire cell from its surroundings, A (m2) is the total open-
ing area of the fire cell (windows, doors etec.) and H (m) is =

weighted mean value of the heights of the openings.

The studied values for the fire load, g, which were normally compo--
sed of redwood sticks having squere cross sectional areas with b =
25 mm, were g = i7.5, 35.0, 52.5, 70.0 and &7.5 MJ/square m of the
enclesing surface, In order to study the influence of the thickness
of the individual stick, besides the lateral dimension b = 25 mm
even sticks with dimensions b = 10, 12.5, 40 and 50 mm were tzken

into cconsiderstion.

In order to characterize the piling density of the fuel, the poro-

. 1.1, . . .
sity factor ¢ (cm ) is used, defined through the relation

A
0.5 b1.1 v (1)

A
5

¢$ =N

with

A =2nb{21~zL+b'-[N - n(N - 1ﬂ} (2)
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AV = (L - nb)2
In these formulas, b denotes the thickness (square cross section)
and L (em) the length of each wooden stick, n the number of sticks
per layer, N the number of layers, AS the area of all the sticks,
initially exposed to the air, and A, the free horizontal area for
vertical air flow through the pile. The variation range for the po-
rosity factor of the fire load in the investigation is 0.1 - 1.3

1.1
cm .

In order to investigate the infiuence of variations in the thermal
properties of the enclosing structures on the fire pfécess, the
alternatives 1.5 mm steel sheet, 1.5 mm steel sheet + 10 mm as-
bestos disk and 1.5 mm steel sheet + 125 mm light weight concrete,

were studied.

Ir the investigation, the combustion rete was determined, according
to the experimentally developed practice, that is, by the weight
loss of the fuel, the gas temperature-time curve of the fire pro-

cessg plus radiation and smcke intensities.

For every test, the energy-time curve which rendered a satisfactory
agreement between the experimentally obtained gas temperature-time
curve and that calculated through a theoretical model, was iterati-
vely determined by the heat- &nd mass balance equations of the fire
cell. Thereby, the energy-time curve was assumed to have =z basic
appearance according to FIG. 1, in which a number of magnitudes

characterizing the time curve, studied here are also illustreted.

. . . . 1.
For easily combustible wood cribs characterized by ¢ 2 0.5 cm
and © < 30 mm, an upper value, based on the summarized results was

obtained for the maximum heat development I , where the relaticn

Cmax
between this magnitude, the fuel gquantity, M, and the air flow fac-

tor, AVH, is given by FIG. 2. Three different ranges can be distin-

guished in the figure, namely

a) a fuel bed controlled range of the fire process for M/AVE <

< 500 MJ/msla,‘where
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ICmax = 5.6 M MI/h (L)

b) & transitional zone btetween fuel bed- and ventilation controlled

fire processes for 500 < M/AVE < 1000 MJ/mB/ﬁ, where

1 = 1.52 M + 2040 AVE  MJ/n (5)

¢) a ventilation controlled range of the fire process for M/AJE >

1000 MJ/mB/E, where

oy = 3960 AVE MT/h (6)
At low values of the porosity factor, ¢ < 0.5 cm1'1t and/or large
stick dimensions, b > 30 mm, the fire process besides depending on

the air flow factor, AJE, and the total heat content of the fuel, M,
will also depend on the other properties of the fire load, whereby .
the fire process will be combined fuel bed- and crib controlled within
the range M/AVH < 500 MJ/mB/z, combined ventlletion and crid controli-
led within the range M/AYE > 1000 MJ/m5/2 and combined ventilation—,’
fuel bed~ and crib controlled within the transitional zome 560 <
M/AVH < 1000 MJ/m5/2. Thereby, with a given value for M/AVE, the maxi-~
mum energy develcpment, ICmax’ will agsume a value which is lower than

that given by Bguations (4) - (6).

Guiding principles for the influence of low values of the porosity
1.1 . . .

factor, ¢ < 0.5 cm . and large stick dimensions, b > 30, on the

maximum energy development, ICma s and the required modifications at

1/2

the opening factor AJE/At < G0 m , are given.

With a known value for I , the energy-time curve corresponding to

Cmax
the developed energy can be cazlculated, by the relations described in

the report, for ell the above-mentioned types of fire processes, with
fire lcad of the type wood cribs, with a precision which is satis-

factory for practical applications.

In the report the preregquisites for finding a method to translate the
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conditions prevalling in a fire process with fire load of the type
real furniture, to a value Tor the piling density of a wood crib, are
discussed through which systematical model scale studies dealing with

the influence of the more important influencing factors could be fa-~

cilitated, using simply shaped Tire loads.
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