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Sumrmary

The role of various material fire properties in the model of fire growth developed by Magnus-
son and Karlsson [1] is examined in the context of the dimensionless variabies containing
them. 1t is shown that their successful representation of their calculations by power laws
(one for fires which do not flashover and one for those which do) permits one to devise
weighting factors for the rate of heat release as a function of time for the particular scenario

examined.
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List of symbols

A = Area of opening

At = Wall surface area

C = Heat capacity

D = Thickness of solid

g = Gravitational acceleration

h = Heat transfer coefficient

H = Height of opening

kpe = Thermal inertia

k = Thermal conductivity

q” = Radiative heat transfer per area
q”ig = Minimum radiant heat flux per area for sustained piloted ignition
Q" = Energy release rate per fuel area
Q, = Maximum energy release rate per fluel area in bench—scale test
S = Length

T = Temperaiure

Tig - = Ignition temperature

TS = Surface temperature

Vv = Flame spread velocity

o = Indices

J7) = Indices

¥ = Indices

A = Indices

¢ = Flame heat transfer length

A = Temperature rise

A = Decay coefficient

P = Density

1) = Flame spread coefficient from bench—scale test
subscripts:

f = flame

g = gas

ig = ignition

8 = surface or solid

m = maximumn



i Introduction

Dimensional analysis has a well established place in heat and mass transfer engineering and
although modern analytic and computational techniques permit more detailed calculations
than in the past, the correlation of data by dimensional analysis, accompanied by statistical
analysis, remains a valuable tool and has been successfully used in fire studies in describing
flame size, upper layer gas temperatures, the throw of water sprays, etc.

The techniques of dimensional analysis are well documented and there are lists of dimension-
less variables appropriate to the fire problem [2], [3]. The problem is not which ones to in-
clude but which to omit.

Here we shall consider the problem of the time scale of fire growth in a simple rectilinear
compartment with one opening and seek to develope an approach in terms of dimensionless
variables based on the only factor varied in the experiments viz the thermal properties of the
materials. We are excluding geometrical factors at this stage.

2. Representation of calculation model

We shall approach the problem as if it were an experimental one with data to correlate.
However good agreement between experiments and calculation [1] has already been found so
we are in fact discussing the lesser problem of representing a set of equations by a statistical-
ly derived power law. The reasons for undertaking this are:

1. to see if a simple power law formula can be derived for what is otherwise an exercise on a
computer and

2. to seek a basis for identifying some variables excluded from the calculation because they
were kept constant.

Our first step is to consider the form of the various equations used in the model by Magnus-
son and Karlsson {1] which includes submodels of ignition, opposed flow flame spread and
heat release. The upper layer gas temperature rise was calculated by the regression obtained
by McCaffrey, Quintiere and Harkleroad [4]. Various view factors and constants were em-
ployed and initial calculations were for one geometry and one scale.



For simplicity the heat transfer coefficients (from which temperature rises of surfaces expos-
ed to the convection and radiation from the upper layer gas were calculated) were given
constant values independent of temperature.

One could set down all the equations used including the initial and boundary conditions and
formally derive the full set of dimensionless variables. Here we identify the processes and
conditions described by these equations e.g. one ignition equation representing all others of
the same basic type and separate independant from dependant variables recognizing those
which are purely internal variables. For example the flux on a surface over which flame is
spreading is not considered since it is itself dependant on other variables.

2.1 Ignition

Scale will be represented by S. The other dimensions should appear as fractions or multiples
of S but these ratios are omitted because they were held constant. A fixed source was
assumed and ignition at any stage of development was represented by formulae such as

2
T—T =—D08" (1)

Here we regard q" g 2 characteristic of the heat flux used for ignition. All heat fiuxes de-
rived from internal heat exchange and from the hot gas in the ceiling are part of dependent
variables other than that involved in opposed flow flame spread, but wiil be connected to
temperature by means of independant heat transfer coefficients.

2.2 Surface temperature rise and heat transfer coefficients
A temperature rise ’I‘S—T o Ona surface depends on view factors, values of the temperature

rise on other surfaces, terms like equation (1) and values of heat transfer coefficients. For a
thick solid these have the form given by

joug R

1 1
Hg Hs



hg is treated as constant in time but so long as 1/a'St << D

- vagt N L i

where D is the thickness of the solid. If 1/%‘3 >> D, hS is also constant in time.

Here we only use the transient form of equation (2) for b hg will depend on surface em-

missivity, temperatures of surface and surroundings, local gas velocity etc but here it is tak-
h (T, -T,

en as constant and normalized by -g—qﬁt——l the numerator being of the order of the mini-

ig
mum flux causing ignition.

kpe (T,

1

-T

o)

L, appears as { t N which shows the need for defining a time scale.
v O

The time to reach any particular condition which is defined by a given value of one of the

(112
internal varables eg. 16—)— or T ¢ = T _, is repesented by t and appears both as ———1———15——?
0 © kPC(AOi g)

and At (see 2.4) where Aﬂig has some appropriate constant value. One or other can be
chosen but their ratio is dimensionless and must appear amongst the dependant variables.

(T, ~T )
Hence heat transfer within the solid is represented by —%T.—O J,\k oPsCs but this (apart
i
from the ratio of (T, g~ ’I‘O) / Ad, ) is the same as that previously obtained — the ratio of {he

time scales so it adds none to the set of dimensionless varables.
2.3 Flame spread

The linear spread of flame down walls —i.e. the extension of the burning surface is described
by

v=$.4 9’0 (3)
dt WkSpScS(Tig—lS}Q _



This is essentially the same as equation {1) where { has heen replaced by §/V and where c']Tf'Q
8 is a property of the material for a given oxygen concentration. The model did not consider
changes in any gas concentration. T.1 is a material property in this context, TS is an internal
variable, V is an internal variable but one can find a characteristic velocity by which to scale
"V, viz. a length "S" and either one of two time scales so we use SA. If one sought to treat &
as a distance defined by external variables one would need to introduce chemical kinetics
and those dimensionless variables implicit in the gas phase aspects if flame spreads. However
9

N

here it is treated as associated with another internal variable as a material property qq™¢.

2.4 Heat generation

It is assumed that after ignition the heat released from unit area of flammable material va-
rieg as

Qpp e (4)

2.5 Temperature Rise

Temperature rises due to a flux on an internal surface are governed by equations similar to

equation {1) except that (j"ig is supplemented by a {lux which is an internal variable depen-
dent on the upper layer gas temperature, heat transfer coefficients and view factors.

The upper layer gas temperature Tg is governed by

0 T, AveH T, A\/gﬁcgpg

(5)
c

Pgg

Q is of the form Q"52 + QO where Q o is a constant for a given ignition source. We assume

that the temperature changes instantaneously with a change in Q. This effect could be inclu-
ded and would be implicit i{ the model included gas flow dynamics and plume theory which



it does not .We shall not include as dimensionless groups, terms which do not change e.q.
Prandt]l number. The ratio q"igSQ/ QO is omitted because it is here a constant, but is clearly
a way of scaling QO.

Karlsson has used his model to evaluate the time for the heat release to reach a particular
quantity. The absolute ignition temperature T, g is omitted (except as Tig_T 0= Aﬁig) be-
cause the chemistry of ignition is omitted. T o aPpears only in association with heat releasc

a

3. Dimensionless equation

Accordingly we propose

(= kSPSCS(A()jg)Q . qli'é q?zé Q11182
L4 = i T Y v I 20\ ¥
1 q|_|Q I\SPSCS(AGigP)\ I\S{JSCS (A()]g) SA A\/W{) C T
2 g8 o
C

where ratios of dimensions are omitted, all compartiment external dimensions being represen-
ted by S. In equation (6) any variable can be replaced by any multicaplicative combination
of itself and any other variable e.g. either of the first two can be replaced by q" f?b“/ q"ngS‘

A is not separable from gH in the original physical basis of the theory and they are not
therefore separate terms in a dimensional analysis of this form of theory. One could include

the window height to width ratio and also ygH/SA if one relaxed the constraint of taking Tg
to respond instantaneously to a change in Q in equation (5). Note too that if the transient

form equation (2) is used for h the role of hS?/ pgc gAJgH can be replaced by the first term in
F and either

S Qq?g

nggAJgH(AHig)




or

Qtl AQ
ig 0

4, Analysis

In the absence of multiple solutions or discontinuities in the original theoretical equation, we
might expect power laws to express the calculations at least over a limited range of varia-
bles. We rearrange equation (6) as follows

(oL g MO QuSt Pl @
AT gue ’ AVEH pc (AD. )A
a3 pyCy ToAEH pocy (Af; ) AVEH

1 is q?fé/ kpe(A Gig)? and is tabulated as a material property. The range of Af, is smali and
the values somewhat uncertain in relation to their range. Many dimensionless variables such

as geometric ratios, @ Q 0/ qI'l']s2 are omitted. Only those containing terms varied during
he experiments to which the calculations apply have been retained. The last group in equa-
tion (7) is in effect constant here. The variable parts of the other quantities inside the bra-
ckets are the material properties only and are respectively

LA 1 . N
f /\I\Spscs and Qm S0 we explore

B
@, S A L
vt (8 o7 QY 0
In this form we should of necessity find 1+« not significantly different from zero.

This is a test we have of whether the results can be expressed in dimensionless form. Howe-
ver we know a priori that theoretical values are so expressed 80 the test is much more a test
of the consistancy of the indices in the power laws. For experimental values the problem is
different. We shall need to decide whether Ln(t exp) — La(t
variables or is, as it should be, randomly distributed.

cale) 18 associated with any of the



The "best" equation can be written as!

L 11,98 ,0.98 [%]—0.26 (k)83 L Q044 ()

100 m

or with A constrained

100

(11)
N

et~ (Kpe

044
10.83 1/)—0.26( Qn }

Fig. 1 shows the time to 100 kw as calculated by the Magnusson and Karlsson model, plott-
ed against the results from equation 9. It is clear from the figure that the regression equation
does not compare well with the model for times greater than 800 seconds, but is otherwise a
very satisfactory description of the theoretical model.

A separate regression was run for data with times greater than 800 seconds, the results are
shown in Fig. 2, the "best" equation can in this case be written as

(o159 [zxf»]—o.cn (Nkpe)0-93 0 082 (12)

100

and with A constrained

100
The coefficient of determination 12 = {.83.

Calculations for all of the materials involved with t400 exceeding 800 seconds # has a very
low value and kpc has a very high value but the two types of behaviour are mainly
associated with a difference in the dependance of growth time on rate of heat release viz the
indices of (;21‘1'1 are different.

IMore recent work has changed the indices slightly but not the conclusions drawn form
them.



5. The weighting of heat release

It is a commonplace that in building fires heat liberated early is more hazardous than heat
liberated later, and many of the older reaction to fire tests recognize this by weighting any
transient measure such as temperature rise of the combustion products by an inverse func-
tion of time. All too often the choice of weighting factor is governed by commercial expe-
diency or by matching to historic levels of acceptability. So far as the authors are aware this

is the first time any theoretical connection of any kind is offered for the weighting functions,

H

We note from the equation (11) the combination between Q;;} and A is 1{1; 57> such as
A .

would be obtained from integrating a weighted heat release

3] _/Tt
J“OO Qne " g
o (0 9
For the fires which do not flashover (t,, > 800 secs) the coupling of A and Q[ is as

Q1|1|1/’\0'47 which implies a weighting close to (L2,

G. Conclusion

The model developed by Magnusson and Karlsson gives results over a substantial practical
range of conditions for times to near flashover expressed as power laws of conventional di-
mensionless variables, based on data from ISO draft standard tests.

In particular the association between Q" and A offers a rule for use in practical testing of
materials with a view to classification.

Problems of the limiting condition for flashover still need study because approximations
based on power laws must be expected to break down when any term or its reciprocal
approaches zero.
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