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SUMMARY

As part of the research to extend the understénding of fully-developed
wood fires to non-cellulosic fuels, the outline of a theoretical energy balance
for a liquid fuel fire in a compartment is, presented. A computer solution of
the heat balance is described and the results of simulated fires are given to
illustrate the uses of the model and the limitations of the assumptions made

in the theory.

The results show systematic departures from the well known assumption of
the constancy of the ratio of burning rate to venmtilation rate; this can

account for some ¢f the scatter commonly found in measurements of this ratio.
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1. INTROIUCTION

Pespite the extensive research efforts (summarised to 1972 by Harmathy1’2,
3 4)

with more recent additions by Thomas and Nilsson” and Thomas

applied to fully-
developed compartment fires, aspects remain which have not proved amenable to
theoretical analysis. In particular, the assumption that the burning rate R is
proportional to the air mass~flow rate M has an empirical basis, arnd is a
reflection of an overall trend in large numbers of experiments using woed as a
fue15. Additicnally, estimation of the extermal hazard of fire spread cannot at
present be directly related to the behaviour of the fire within the compartment.
Thomas and Law6 have correlated flame size with burning rate and window geometry,

but with fuels other than wood the correlation may well be different.

Plastics materials are becoming of increasing importance as a potentially
significant fuel in a fully-developed fire situation. Many constants and
coefficients are used to describe the behaviour of this type of fire and these
have generally been established by means of experimental fires, using wood“as
the fuel. It is necessary to establish whether the rumerical values of these
coefficients will differ significantly for fires involving partly or wholly
non-cellulosic materials. There is a need to relate the behaviour of a fully-develeoped
fire to more fundamental properties of the fuel - its heat of combustion (per unit
mass of air for a ventilation controlled fire) and the 'latent heat' of evaporation
or volatilisation (strictly, the total heat of volatilisation, ie including the heat
required to raise the fuel to the volatilisation temperature) which is easily
definable for a liguid and an effective value may be deducible for the pyrolysis of
melting and non-melting plastics and for cellulosics. When correlating the
behaviour of a range of experimental fires it is a common practice to redefine
the heat of combustion of the fuel to account for incomplete combustion; thus
an experimentally-based calorific value lower than the theoretical value is used,
which is reasomable providing the conditions causing the discrepancy remain the same.

It can be ghown that mass transfer properties in convection/diffusion

7

controlled situations can be described by the B number’' ~ approximately the ratio



of heat released by the burning volatiles to the heat required for vglatile format--
ion. Strictly, B will be constant only when applied to nbn—charring pyrolysis and
will be a function of temperature and char depth for wood. Since B is greater for
most plastics than for wood, (phenolics being a common exception) one might expect
a higher burning rate for plastics in comparable fully-developed situations. This
may reduce the fire severity within the compartment, because any increase in mass
loss in a fire which is already ventilation controlled will result in increased
convective loss through the window and a reductiorn in the incoming air mass flow
rate, the latter contrelling heat release within the compartment. However, there
will be an increased hazard from the combustion in the external flame, leading to

a greater flame height and temperature and possibly emissivity. The E-number
concept is not considered further here, since convection transfer to the fuel bed
is neglected in comparison with radiative transfer and the mass-loss and combustion
zones are considered as separate entities. The feedback mechanism in a compartment

5,8

fire is complex, especially so in the case of a crib fire « .For thermcplastic
and liquid fuel fires its role is easier to assess and this aspect is considered

here.

In this paper a theoretical heat balance for a compartment fire with a simple
liquid fuel bed is desdribed. Although such a fuel bed is not representative of
fires normally océurring in compartments, it can serve to examine independently
the effect on burning rate of the fuel parameters, gas, wall and fuel-bed
emissivities, wall thermal ccnductance, fuel bed area and shape and scale of

compartment .

The theory does not assume an explicit relationship between R and M apart
from the small reduction in air mass flow rate as the burning rate increases due
to the greater volume flow through the window opening. Except for this, R and M
' 9

are decoupled. Williamson and Babrauskas” use a similar treatment except that
R is supplied as an input parameter and the nature of the burning is determined

from the heat balance.

2. THEORY

We consider the radiation interchange between three 'surfaces' in the
compartment — the walls, fuel bed and ventilation opening (Fig. 1). Each surface
is at a constant uniform temperature and has a constant emissivity. Internally,
the window opening is assumed to be.a black-body radiating at ambient temperature,
so any contribution to the heat balance by the external flame is neglected. The
gas within the compartment is assumed to be at a constant, uniform temperature,
tereyt!, and of uniform absorption coefficient. We will also assume that the path

length of the radiation is not significantly different for each combination of



surfaces — ie that each surface 'sees' the cthers through gas of the same

emissivity;

but this assumption will not be accurate for compartments which

are significantly non=cubical.

By using the concept of radiosity, or leaving flux W, '

W = EE_b +QH
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where
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10,11 given by

the radiation reflected at each surface is automatically accounted for.
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and the radiation loss from the window is
A5(Hy = Bpy)
T(A1W|E3* A, B )= A&%E\:} - A3E§r3

If there is no heat loss from the base of the fuel bed, which is at the

%R

1

where

A

3

windoew area

temperature cf the boiling liquid, the heat transfer to the fuel is

%

%: (W, - Eyplh,

Thus

If the fuel bed centains boiling liquid, we can associate the rate of

burning, R, (ie the rate of mass loss) with the latent heat of vaporisation L

since this will be equal to the total enthalpy of volatilisation. If the bulk

(3)

of the fuel bed is not at %he volatilisation temperature, the_term L will include

the energy required to bring the fuel up to the volatilisation temperature.

in general, L is the total enthalpy of volatilisatiom;

boiling liquid so L will simply be the latent heat of evaporation.
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Thus:

Thus,

here we consider a wholly

(4)



The net convection loss from the window, assuming kinetic energies can

be neglected in comparison with thermal energies, is

Q3c = (R +M) cp Tg—MCa T, (5)
where CP = specific heat capacity of gaseous products (assumed not to
vary with tempera‘tu.re)
Ca = gpecific heat capacity of incoming ambient air
T = absolute temperature

and the zir mass flow rate is given by a relation of the form

1
M = P{ A3 H* where H = window height (6)

/2

5
P{_ is approximately constant with a value of about 0.5 kg/m s. A more

complete expression for *{. is12

K . 2hoeg JQ;(\"T;/E)‘. '(7)
[V (I3 Ry ™

discharge coefficient

where a

®

£

ambient density

gravitational acceleration

Bquation (7) becomes almost independent of Tg for 'I‘g greater than about

’ 2

5CCK so this source of variation will be neglected12. With a = 0.7, %== 1.3 kg/m’
and T, = 1200K,

e =
K = 2.+33°
L1+ 16(i+ RMYBTH- (8)
Heat transfer to the inner wall surface consists of convective and radiative
components:
R, = Q‘(_ -+ Q\R. = k:’.R' (Té -'Tn-a- E:-B, (u/. —E‘r‘) (9)
O
where hI = inner surface convective heat transfer coefficient, and Ql equals

the heat transfer from the inner wall surface to ambtient surroundings if

steady state conditions have teen reached:

- - 1
Q =UA4, (T1 TO) (10)
ho k
where U = XKk +bh .
o
h = outer surface heat transfer ccefficient

= wall thermal conductivity
= wall thickness




U is assumed not to be a function of temperature. Overall, using the

control volume shown in Fig. 1,

!
Q +Q +Qu + @ - RC, T, = M A | (1)

for a ventilation controlled fire and assuming negligible outlet oxygen concentration,

where Cf = specific heat of fuel vapour
SH' = heat released in combustion per unit mass of air
i
ie bH = M b;\'\
r
My = initial oxygen concentration
T = stoichiometric ratio
DA = heat of combustion per unit mass of fuel
Substituting in equation (11) for Q. Qy Qpe Qsc gives

VA (T -T) + R~ T(AW,Fy + AW + Aa%ﬁra' AEq

+ (R+M)(P£ -M(;j; -RCf'I;_ = M AH‘ (12)

Using equations (1), (2) and (4),simultaneous equations in the unknowns Tg
and T, are produced (Appendix I} of the form

5 o b . 4 2
1] =0
ATg" + BT, (T, +C) + DT + ELT, + FI, +GT + HL 4+ J (1)
4 4 ]
KT, + LT" + MT, + NI, + P = O

For a given value of K (equation (6) ) coefficients A to P are constants.
Sclution of this set of equations gives the wall and gas temperatures from which
the radiosities and hence the burning rate are calculated (equations (1), (2)
and (4) ).

Although the equations can te solved graphically, the procedure is some—
what tedious. A computer program using a numerical iteration method was used to
solve the heat balance. The numerical method vsed was the Newton-Raphson technique
for two variables {Appendix II). A second level of iteration was introduced in
allowing for changes in the value of YA (equation (8) ). After assuming an
initial value of R/M , Y&, was calculated and equations (13) solved, Thus, a
new value of R and hence R/M was calculated and the solution procedure continued

unrtil the desired accuracy in R, M, Tg and T1 was obtained.

The view factors for any given compartment/window/fuel bed comtination were
evaluated by a subroutine of the program. An outline of the method is given

in Appendix IIT.

The entire sclution procedure took typically 1-2 seconds of computer time to



converge to an accuracy of 1 part in 105 in each variable.

3. RESULTS

To demonstrate the capabilities of the heat balance, three simulations of
realistic compartment fires have been carried out. These investigate (1) the
effect of the fuel type on burning rate and compartment temperature, (2) the
relative importance of each of the material constants of the compariment,

and (3) the effect of compartment shape and scale on fire behaviour.

3.1 Effect of fuel parameters on burning rate and temperature

The burning rate of a-range of hypothetical fuels is compared by considering
the energy balance of a 3 x 3 x 3 m cubical compartment. The values of the
material constants used are given in Table 1. Ventilation is by a single
rectangular window placed symmetrically in one wall. The energy balance was
evaluated for a range of values of heat of combustion (£>FV) and latent heat
of volatilisation (L) and Fig. 2 shows typlcal burning rate - A_ Hﬁ curves for
several fuels. I% can be seen that R/A H§ is not a constant for a given fuel
but decreases Wlth increasing A Hf and approaches a value independent of A H2
for large AWH2 « For.a partlcular window opening, R increases with increasing
Q;H' and falls with increasing latent heat, as might be expected. The points
shown on the curves in Fig. 2 do not follow a smooth line because they are
evaluated for a range of window shapes and sizes; there is a small effect of
window shape on the view factors and hence on the burnlng rate. For comparison,
the conventional empirical relationship R =k AWH2 , with k = 0.09 kg/m 23 is

also shown in Fig. 2.
1
Figure 3 shows the variation of compartment temperature Tg with AWH2 The

curves indicate an approximately linear relatlonshlp between /8 and /A H§
where @ is the compartment temperature in C, similar to experimental curves

discussed by Thomas and Heselden13 and have the same form as the experimental
curves in the ventilation controlled region. However they do not show the fall
in temperature in the fuel controlled region (AT/A H2 less than about 10 m “ﬂ)

as the theory does not allow for the reduction in air mass flow rate when the
nominal buoyancy head is significantly reduced by acceleration of the gases
within the compartment for large window openings. The coﬁpartment gas temperature
increases with both heat of combustion and latent heat, although there is an
interaction between L and AHI in that there is a muich greater effect of L on R

at high rather than at low values of &' (Figs 4 and 5).

The comblned effect of hH and L on the burning rate is shown 1n Figs 6 and 7
where R/A i is plotted against (AH') /L for two values of AT/A i This

* The author is unaware of any theoretical justification for this form of graph; it
was established essentially by trial and error to reduce the data to a_common line.
It is pousible that some other factor is highly correlated with (bH' }</L and
effectively this other factor is being represented.

6



indicates that R/AWH% is approximately proportional to (bHﬁ2/L over a wide range

of ( bHJ)Z/L but diverges from this at high values of (&JU)E/L. Two regions on
these graphs should be noted: firstly, the range of (AHfFvL for typical cellulosic,
and non-cellulosic, solids and liquid fuels (from the values tabulated by Kanury14)
and also the section of the curves where one of the essential assumptions in the
theory — that there is an excess of fuel in the gas phase so that heat release is
related to the oxygen consumption - is invalidated because the predicted fuel/air

ratio is less than stoichiometric (assuming a st01ch10metr10 fuel/air ratio of
about 0.1).

Although the region which gives invalid results will not be considered in
detail, it is of interest to examine it briefly. If we return to the theory and
substitute fuel controlled conditions for a1r control in equation (11)(1e heat
release related to R InH rather than M AH )a new set of R against AWHE'curves
can be evaluated (Fig. 8). These curves have the opposite slope to those for air
controlled fires for the same-fuel constants, and intersections of the two curve
types cccur on the stoichiometric line. In some cases (curves (a) and (a!), Fig. 8)
the intersection lies outside the range of window opening giving ventilation control
so physically realistic solutions exist for all values of A H§ of interest. For
curves (b) and (b ), however, the intersection occurs w1th1n the range of AH2 of
interest., With %yz greater than this wvalue, the fuel-controlled curve passes into
the fuel rich region and vice versa, thus there is no solution fulfilling the
initial assumptions. Finally, for curves (c) and (C') there is no intersection
and thus no realistic solutions at all. Since the position of the curves depends
on AW {and AH’) and L, the occurrence of an unacceptable solution derends on

these factors; this is summarised in Fig. 9.

Thomas15 has demonstrated that a non-linearised heat balance will give curves
with two intersections on the stoichiometric line. By considering the burning rate
in the compartment with very small windows, the second intersection can be
established gFig. 10). Typically for this compartment and fuel area AT/AWH% is
about 500 m 2 at the intersection, corresponding to a window size of typically
0.4 m x 0.4 m« The variation of the lower intersection value with bﬂ(and L is
shown in Table II. There is also a fuel bed area effect on the intersection value -
indeed the fire behaviour in the region below the intersection must be governed bty
this factor. However, the present theory cannot predict the burning rate in £his
regionr since some assumptions - notably the assumed independence of air mass flow rate
and temperature and the uniformity of temperaiure within the enclosure - are '
invalidated. The theoretical temperatures for such small window openings are

small — typically 2 - 300°C.



It is intereeting to compare the theoretical discussion of this region

6,17

with the experimental data of Tewarson1 and (Gross and Robertson18.
Tewarson, working with both wbod crib and pool fires, noted a region below the
normal ventilatioh—controlled region in which burning was characterised by
bluish flames and little smoke evolution. Gross and Robertson, using cribs,
also noted a 'smouldering' regime. Some comparative data from these sources,
and alsc Thomas' estimate 15, based on reaction kinetics, is given in Table III.
Clearly this region is not of great interest from structural integrity consider-
ations, but is of importance where a compartment with low ventilation is opened

up to permit fire fighting ard in assessing whether a fire will grow from ignition
to flashover or will extinguish itself before additional air supplies can hbe

ottained (eg by burning through doors or breaking glass).

3.2 Bffect of compartment constants on burning rate

Using the same compartment as in secition 3.1, the variation of burning rate
with wall, fuel bed and gas emissivity, wall thermal conductivity, internal
convection transfer coefficient and fuel bed area is considered. Each of the
81x variables is considered at 2 levels,thus a 26 factorial design will 'show all
the combinations of effects. The values of 'high' and 'low' levels of each
variatle are given in Table IV and correspond to reasonablle extremes that might
be found in practice. The fuel was IMS (industrial methylated spirit, b pt 80 C

au! = 2500 kJ/kg, L = 850 kJ/kg) and one window opening with AT/A H2 =50m ~%
was used. Burning rates and temperatures for each of the 64 runs are given in
Appendix IV. The factorial analysis was carried out by Yates! method19 to find

the overall mean, the main.effects and interactions. These are presented in

Table V.

The overall mean of the burning rates is 0.153 kg/s - about 50 per cent
higher than the empirical value of R/A H2 of 0.09 kg/sm 5/2 for wood. The
remaining data in Table V show the mean effect of changing each variable or
combination of variables from the low to the high value, eg the mean effect of
changing the wall emissivity from 0.5 to 0.995 (effectively 1.0 - the program
fails if the reflectivity of a surface is zero) is to reduce the mean burnlng

rate from 0.156 kg/s to 0.150 kg/s.

A1)l the non-zero effects are statistically significant, but if only those
affecting the mean by more than 23 per cent are considered,the important effects

are:




(overall mean) 0.153 kg/s

A +0.095
E2 +3.047
B +0,032
o 3
U.A2 ~0.013
E .A +0. 011
g 2
E2.A2 —0.006
E2.U -0,006
E2.A2.U +0.006
E_E, +0.006
E,.U T =0.006

(subscript 1 refers to wall surface, 2 to fuel bed and g to gas).

Thus, the wall thermal conductivity has the largest effect and the fuel bed

area is almost as important. This indicates a much larger effect of fuel area

on ventilation controlled fires than is mormally found with wood crib fires.

This may bhe bhecause the controlling_mechanism in a fully-developed liquid pool
fire is dominated more by the radiative feedback from the gas and walls than

for a comparable crib fire where the internal radiative environment of the crib is
more important. Any fuel area effect in a crib is ccmpcunded by the fluid dymamics
of the crib and alsc because burning ﬁay not occur over the whole fuel surface at
once. The ligquid pool theory assumes boiling over the whole surface of the fuel
area; if the incident flux is insufficient to cause this, a comparable effect
will occur with the liquid fire. This corresponds to Tewarson's ol burning

17

mede ' where burning is from a non-boiling surface, the flames are closely linked

with the surface and convection seems to be the contrelling mechanism,

The fuel bed emissivity has a large effect here for itwo reasons. A metal
tray containing a boiling liquid is likely to have an emissivity significantly

*
different from unity, wherezs wood and other charring materials have high

* The author is umnaware of any tabulated emissivities for this type of surface.

The behaviour of the system — with reflection/absorption at the liquid surface,
absorption/transmission within the liquid, and absorption/reflectlon at the tray
surface ~ is somewhat complex. Further problems are intiroduced by the non-uniformity
of the liquid and its surface when boiling, and the sirong dependence on wavelength
in this situation. Kelley?® has discussed the interaction of flame and liquid
absorption spectira and showed that an overlay of the two is needed to calculate

an emissivity. The refection at the liquid surface will be related to the
refractive index of the liquid and its absorptivity and again these are also
wavelength dependent. In this paper, therefore €, is treated in an independent
variable but the limitations implied by this treatment must be mmembered Aspects
of the heat transfer mechanism for cpen trays are considered by Hottelz , Burgess
et alZd, and Hertzberg23. 9



emissivities. Also, for cold fuel beds (eg IMS at about 8000) emitted radiation
is low, but if the emissivity is low, a significant proportion of the incident
radiation is reflected from the fuel bed and thus does not contribute to
volatilization of the fuel, F&r hot fuel beds, the situation is very much more

complex,

This analysis shows a fairly small dependence of burning rate on the wall
emissivity. This is in agreement with Odeents time-dependent mode124, which
showed that,although the wall emissivity had a large effect in the early stages

of a fire, as the wall temperature increased, the emissivity became less important.

3.3 Effect of shape and scale on burning rate

To examine these effects the heat balance was evaluated for the ccmpartment
shapes and scales used in the CIB co-operative research programme on fully
developed compartment fires13. These consisted of 5 shapes: 211 (width: depth:
height), 121, 221, 411 and in addition 111 at three scales: 0.5, 1.0 and 1.5 m,
where the scale distance is the height of the compartment. The wall thermal
conductance was taken as'0.015 kW/m2 K. One of the effects to be examined is that
of flame emissivity;as the scale increases,the path length through the flames
beccmes larger and thus the emissivity increases. A constant absorption

coefficient is therefore assumed and the emissivity is given by :

- «D
= 1 = e
i;g
-1
where ol = absorption coefficient (m )
D = characteristic path length,

eg smallest dimension of compartment (m)

This assumption is only partly analogous to reality in that the absorption
coefficient will vary with the number and size of socot particles as well. as
with CO, CO2 and H20 concentrationf These factors will vary with fuel type and
burning rate so there will be a shape and/or scale effect on the absorption

coefficient.

In the CiB,programme, using wood cribe, about 70 per cent of the floor area
was covered by the fuel. Very high burning rates are predicted for a ligquid pocl
of that size (R/AWH% typically about 0.25 kg/m5/2) and the results may be
distorted by incomplete involvement of the fuel surface. Therefore a smaller
fuel bed was taken - 25 per cent of the floor area. The CIB tests were carried
out with three window sizes — 4, & or the whole of the width ¢f the compartment,
and the window height equal to the compartment height. The burning rates have
been computed for these three window shapes but, as mentioned before, burning

rates are considerably over-estimated for compartment configurations with

10
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1
AT/AW H® ¢ 10 m . For this reason, only the 4 opening conditions will be

conzgidered further.

Burning rates, gas temperatures and radiant intensities at the window

opening are given in Table VI,

The effect of the main variables is considered in Table VII. For comparison
the equivalent results from the CIB programme are given; clearly quantitative
agreement in individual tests would be fortuitous since the fuel bed and fuel type
are different. However, semi-quantitative results such as the percentage change
in a variable over the range of the experiments can te compared. With a few
exceptions, agreement with the CIB data is quite gocd indicating that the energy
balance can reasonably predict the behaviour of ventilation controlled fires.
The exceptions arise particularly in the case cf the 441 compartment where two effects
may distort the results - the compartment is far from cubical so the radiation path
length varies, and the fuel bed area is also very large compared with the window

cpening.

The variations in temperature and radiant intensity are predicted reasonably
well for all the shapes and scales but the effect of scale on the burning rate
was not the same. The experimental data show a small decrease ~ about 15 per cent
in R/Qﬂ% when changing from the smallest scale to the largest; the heat balance,
however, predicts an increase of 25 per cent under the same conditions if a low
absorption coefficient is assumed or a 13 per cent increase with a higher absorption

coefficient,

The effect of changing the scale and the absorption coefficient on the radiation
intensity at the window opening is shown in Fig. 11. PFor the largest scale and a
high value of absorption ccefficient, the intensity follows closely the Stefan-
Boltzman relationship I = § (Tg4 - T04) showing that the emissivity of the gas is
high enough for the effect of the lower wall temperature con Iw to be unimportant.

As the scale and absorption coefficient fall, Iw beccmes less than the predicted
value and for 8 = 0.5 m and & = 0.5 m | the radiant intensity is less than half
the Stefan-Boltzman value. Unfortunately, these data cannct be compared directly
with the CIB data - in general the readings of compartment gas temperature are
under-estimated owing to heat losses from the thermocouple and the majority of

experimental points therefore lie on or above the Stefan-Boltzman line.

The effect of scale on temperature is shown in Fig. 12. Although there is
a noticeable effect of scale on temperature (Table VII), a graph of ©
againﬁt AT/AWH% shows that this variation can be attributed to the change in
AT/ﬁgg with scale and on this basis the smallest scale gives the highest temperature.

11



L .
The variation of ® with AT/Qyz is not linear for all the scales taken t%gether,

but for a given scale it is approximately so.

]

1 1

Finally, a comparison with the CIB correlation of~the form R (D/W) E/Asz
against AT/AWHE, reproduced in Figs 13 and 14, is shown, with data from the energy
balance (Fig. 15). There is a residual scale effect which prevents the thecretical

peints forming a single curve.
4. DISCUSSION

The use of the dual heat balances for the gas and condensed phases separately
described in this paper removes the restrictions implied by an assumption of
R proportional to M and thus permits an investigation of the effect of fuel type
on the behaviour of a compartment fire. As the theory does not predict proportion-
ality between R and AWH%, the scatter found in experiments with a range of window

3 have demonstrated

‘openingscan in part be attributed to this. Thomas and Nilsson
the curvature in a statistical analysis of Nilsson's scaled experiments. However,
other assumptions restrict the useful range of applicability of the heat balance.
In particular, the effect of increasing the window size beyond the upper limit of
ventilation control is not allowed for here. Also compartments with large windows
are much less likely to have a temperature distribution approximating to the Twell
stirred' model so a multi-zone approach1o of the type used in more complex furnace
calculations would be required. A more complete analysis of the airflow, such as
that recently described by Prahl and Emmon525 would improve the accuracy of this

part of the energy balance, at the cost of greatly increased complexity.

The representation of the gases within the compartment as be%pg tgrey! and of
an emissivity depending only on the scale and  absorption coefficient also
needs to be improved. Althoﬁgh information concerning the effective emissivity
of C0,/H,0/soot mixtures is becoming available, for example reference 26, soct
formation will be affected by the fuel type, burning rate and temperature. Most
published data concentrate on soot formation and behaviour in furnace systems;
a compartment fire, while having many points of comparison with such systems, has
a very inefficient combustion process and thus may be outside the range of interest
of studies of soot formation in furnaces. Although visually the flames within a
burning compartment mzy appear 'thick' enough to obscure the wall behind, they
may still be significantly non—black10, especially for non~cellulosic fuels.

27

Heselden ' quotes emissivities for lumincus burning of town gas in a 900 x 700 mm

compartment in the range 0.1 to C.2.

In all the results described there is a strong interaction belween burning rate

and temperature in a given situation with the temperature falling as the burning

12



rate increases, This can be aitributed to the major source cf heat loss from

the compartment which is the convective flow through the window openings (typically
accounting for about 2/3 of the heat evolved within the compartment, with 1/4 lost
to the wallg and 1/10 radiant transmission through the windows). As the rate of
burning increases, the temperature tends to fall (because of the increased outflow)
and alsc the air supply is reduced slightly’so that the heat release within the
compartment is lessened. There are also effects discussed by Thomas, Heselden and
Law12 which arise if non-uniformity is allowed for — the flow pattern and regions
of com?ustion change and may alter the 'driving' heat flux within the compartment.

Thus there is a 'negative feedback' tending to stabilise the fire.

Although steady state conditions have been considered throughout this rerort,
the time dependence due to the wall thermal inertia could be included by modifying
the steady state wall conductance U to allow for the thermal capacity. A transient
solution could then be obtained. Initially, however, the burning process is
convection controlled until the fuel bed reaches boiling peint and this aspect

carnnot so easily be allowed for.

Because convective transfer is neglected here, errors will arise under certain
coenditions — for instance, where flaming is restricted to the volume immediately
over the fuel area. This occurs in the 'smouldering' regime with small window
openings described in section 3.1. The burning process here is convectiocn controlled,
and the main effect of the compartment will be to lower th. ambient oxygen

concentration within the compartment.
5. CONCLUSIONS

5.1 A radiation-based energy balance for a simple liquid pool fuel in a compartment
under fully-developed steady-state ventilation-controlled conditions in which there
is no direct coupling of the burning rate with the air mass flow rate, has heen

described.

5.2 The theory does not predict proportionality between the burning rate and the
i 1

ventilation parameter AWHE ; the constant of proportionality falls as AWHE increases.

5.3 The burning rate and compartment gas temperature increase with heat of
combustion (per unit mass of air) of the fuel. The burning rate falls as the latent

head of volatilisation increases, but the gas temperature rises.

5.4 Under steady state conditions the wall thermal conductiviiy and fuel area have
a large effect on the burning rate; gas and fuel-bed emissivity have a smaller
effect and wall emissivity and internal wall convection heat transfer coefficient
have little effect on the burning rate in the range of values of thése variables

used in the analysis.

13



5.5 The effects of shape and scale on burning rate are predicted moderately

well, but are limited by assumptions concerning the variation of absorption

cecefficient of a tgrey' gas with fuel type, burning rate and temperature.
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8. NOMENCLATURE

B R oA me ®BE Q0P »
) .

o]
™

r{ol;(/aop ® MK = 3wl me

|4
=

an!

Suffixes refer to:

a

H O H o o 0y

Qo

area of surface

air mass flow rate

radiosity

emissivity

reflectivity
ambient air density

air flow constant

transmissivity

black body
combustion products
fuel vapour
outer wall surface
inner wall surface

ambient conditions

coefficient of discharge
wall thickness
specific heat capacity
. path length
black-body emissive power ( =g T
view factor from body i to body j

4y

gravitational acceleration

incident radiant flux

convective heat transfer coefficient
wall thermal conductivity

latent heat of volatilisation
air oxygen concentration
enthalpy transfer rate

. tburning'! rate, ie rate of volatilisation

stoichiometric oxygen fuel ratio

absclute temperature

overall wall heat transfer coefficient
absorption coefficient

compartment gas temperature

Stefan-Boltzman constant

heat of combustion per unit mass fuel

heat of combustion per unit mass air
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convective heat transfer
radiative heat transfer
surface number

wall surface

windcw
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APPENDIX I

Reduction of equations

W, = & + eC(WF, , +W,F, +E F -1
1 1Eb1 QEtafre * Moo Eb3‘l3)_+ QE‘Z\F‘bg
W, = EzEb + \L(w1 21 * WaFpy + By Fou) + QﬁgEbg -2
3
Qs& = T(—A1W1F13+A2WZF23) +A3%Ebg-A3 Eb3 -3
Q = UA,I(T,I—'I‘O) = g,._(w1 - B )A1 +hI(Tg-T1)A1 . - 9,10
R 1
Q = R = E'?-A"-(NZ-Ebz) -4
(1..
ua(T, = T, ) +RL +'C(A W, +A2w2F23) + Ay adEbg- Ay Eb3
{
+RC Tg-MCT +MC Tg-RC,T)-MoW - 0 - 12
ie R(&'+Cp TgHUAT, + T (4, 113+A'.«:F23) +M C Tg+A3€qu -k =0
g
-
where o = L -~ Cf T2
‘ k, = MAK + TO(M c, + UA1) + Ay Eb3

Elimination of R with equation (4) gives

t_,_ni_(vg' - C‘,—Sy W,- E*.z) + VAT + TAW R+ m&NiFB * AS%E",Q
Ca ’ + M(_P—[:g - hl = 0

or

w, ( i,,_hzk' + E’zA}.C{’T +TR "23)"‘ TA W\ Fy+ b«szaEb. + VAT,
| -

\y e - -1 ( & - k, =0
where k, = R+ E-?.AL“IEVL ‘ &( —?CCL (?)

G

Substituting for W, from equation (2)

{_F"’ (q_‘-Wt'-rfz,iaEv }{"S-riz }-1-'1:5\”\'—'3-.-;\3 AE‘_ + VAT

-E(gtggh\ -V\(‘,)- k =0
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W, (A-r 1F, itAzc‘!,E)¢ E,,%(Qlia\( + Aasa) + %QZ__Ach E@'& + tf‘ra + OAT - b~3 =0

where O = Iﬂtﬁ;s"'"ﬁ':,z .3
- LAG(p-6&) v 1 G
O
h_3 = k,- P\'

and with W, from equation (1)

{E,,' + j{n(m he) = O_E,EJ - (‘%-r%}(aﬂ-tvyiiﬂzgra)* %E&&( \,}uAa)
+ 546 &'E‘ +§Tq + VAT -k, zO
L

Thus with € = et

'f—a?—zfz&?-"lgg - IVu%Azfxfﬁ"’TA - AETY 4 %‘((ﬁ‘*“@-ﬁ"

- ) —_ A —
“+ Lrbgq_zzjg(u*»@_-r‘g il { “r;f?f-z"-‘ch-“rg -((,Izb+ OQ'LE:-S_LA&TO -\o),na

*(glorh)arun) T k=0
where HP‘-‘ bs* Oc::—‘—o

which is of the form

A'I'g_ + 13'1‘21 Tg+CTﬂ'+DI‘g4+El‘1-Tg + F'I'g2+ GTg + HI, +J =0

where A = EEZ,,_AZ&G'
it~
B o= TRIGAGE
L.
'
£ = L-CJT,
N AR L TaE,
o
C = DG
D = za( 0% + Ag)€
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E = TF, 64 Ge (Vs h)
6L

P - phelRLGAG
gL

P = E’ZEb'z_ -+ ('L—L an Eﬁ:g

¢ - £hG(p- &, ) ¥ TG

Ca

o -+ ~(ehes - vq,ﬂ;ta.,n}.%}- £)

m
I

{ & (B +h)A + uc\\\)
El

<
1

- (To(2gh + MG oR) P+ B AN e
(1.

The second equation is obtained by cross eliminatingW, and W, from equations (1)
and (2)

Wl g TR) = B8y + g TR (Gl (TRt (TR By
§|163E&3 + f‘iﬁEﬁ'&
- LVW, = € E, + (%Eﬁr ("’ (’LT’FE.)*' ~5
where 5L = (t(l‘thEb. 66—3( 12 23(’2_ *Yf—C’FB)
Yy = "'(’ F, - (‘afbtl‘:s?_ﬁ |

@ . _ - .t,LT,.-Z_-r“_‘__.n" "qu ‘
+(R+ VT
e

ie KT4+L'I'4+MT +NIg + P =0

1 g 1
where K = C’(f,‘-llv')
L= gy s (e i)
M = u‘(l)‘*'“r)
N = QZ \’\rclq’
P = (S'L+ L.fl'e‘ W
o ()

20




APFENDIX 11

SOLUTION OF SIMULTANECUS EQUATIONS WITH 2 UNKNOWNS BY THE NEWTON-RAPHSON METHOD

Given two equations with unknowns x and y :
F1 (xfy) = 0 )

) =1
F2 (X:Y) = 0)

Let F. (xn, yn) be denoted by F, , where n denotes the nth approximate value
of x and y. The Taylor series expansions of F1 and F2 about the points (xn, yn)

ares

Flxg)= R+ (x-x) i_v’._ﬂ v (gD + (xox) F
- ol ,

b

Qa 2! dx*>
+ 2( X ) IE ( > Y
NETX Y TYn ) I ha + Mg e ) 0 T e
2.1 i c):xzba 2. BQ

RGup= R+ (- 2D 34 v (4 - g03%s + (x-x TR,

g

Provided that the derivatives of F, and F, are bounded in a region containing
(xn, yn) and (x,y), a new approximation (xn+1’ yn+4) to the solution can be

generated, ignoring seccnd and higher orders in the expansion:

FT"\ + (xn-«—l_‘ 1’)‘»3 —_._.3 F""‘ - (anw—l'ah) %l-:‘_.“ =0
P 3

Fon + (ne '*;Irh) dFen + (55“*-* - a,.) 53_53,\ - O
) o

x 4
.Sol_d-\-f\a FO‘— (1n+l )‘\aH‘J) = Qﬁn aﬁm
~ - [ €3, - 23, chere 5= | 9
B LN
d J ) % 3.
‘aﬂa-\ = av\ - —_L’{F‘—’\ d%n - R %ﬁi" a
n o= o




where (xn+1, yn+1) is a better approximztion to the true value of the

functions than (xn, yn). Thus, provided that F1(x,y) and Fé(x,y) are
inderendent functions, the Jacobian Jn does not vanish and the equations 2

give a method of successive approximations for the solution of equations 1.
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APPENDIX III
DETEEMINATION OF VIEW FACTORS FOR 3 SURFACE COMPARTMENT

Having obtained the view factor of the window from fthe fuel bed (FZQ)’

all the other view factcrs can be derived.
There are three cases to consider:

(1) Window width less than fuel bed widih

: WINDOW _——Ii
: ' 2 3 WALL
|
|
_ —J
uh. r | ! |
x 0 5 e
) B Loa -
zY ' :
: |
! {
S T | FLOOR
t:;ue_u._ R ED
1
| I
1 1

Fige 1

Consider the twelve areas in the diagram above. We require the view factor
F(10;11+12).2 « In practlce,_if 1§_Eé51er to work with exchange areas (denoted by
a bar over the areas) since ab = ba (= a Fab =b Fba) but F;k;#;Fka' We
can establish the exchange area for any pair of surfaces in perpendicular planes

provided the surfaces have the same width (x) and touch along the z-axis.
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(To+i1+12).2 = 2.(70.2) + 711.2 by symmetry (10.2 = 12.2) (1)

consider the exchange between areas (1+2+4+5) and (7+8+10+11)

10.2 + 11.2 + 10,7 + 17.7 + (0+714748). (445)4(T+48). (1424445 )=(T48) . (4+45)

= (To+1T+7+8. (T+2+4+5) (2)

By the Yamauti principle 11.1 = 10.2 (3)
and for the areas (1+44) and (7+10)

101 = (1047).(447) = T.(4+1) = (10+7)4 + 7.4 (4)

thus combining (2), (3) and (4)

/
2 (10.2) + 11,2 + (10.7).(4+1) = 7.(441) = (10+7).4 + T.4 + (10+11+7+8}.(445) -

(748).(445) = (748).(142+4+45) = (T0+11+748).(1+2+4+5) (5)

and with (1)

(10+11+12).2 = (10411+4748). (1+24445) = (10+47).(441) + 7. (4+41) + (10+7).4 = 7.4 (6)

—- (10+114748) . (445) + (748).(445) = (T48).(142+4+5)

Thus the fuel bed -~ window exchange area is found in terms of eight other exchange
areas, each of which is given by the formula

T - -'-lh[ (2 +a3‘ )4 ol ]
(x>~

)
™y % e T oy (>

(7

+ ;zéjtaaq i;- + xz b’ ;;: - :x;(é--+-2{§) th”1cg;%§=*§;HL

where x, y and z are the dimensions of the areas a and b.
The view factor P is given bty the fuel bed-window exchange area divided by

the fuel bed area.
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(2) Window width equal to fuel bed width

WIiNDow
WALL -
1
~N [N
d x | 2 |
— — > I i —— —
_ZV ' 3 .
L FLoorR
FueL. BED

Fig. 2

4.7 = (443).(247) = (443).2 = 3(2+7) + 3.2

(3) Window width greather than fuel bed width

Because of the basic symmetry of the exchange areas, the same formula

(equation (6)) as in section (1) can be used, with the y and z values interchanged.

These formtlae break down if either the‘window or fuel bed touch the commcn
edge. In the FORTRAN program this was allowed for by making the areas 4.9 (Fig. 1)
small, for this situation, but finite, which did not affect the accuracy of the

result appreciably.

Having established the value of F,, the remaining view factors can be determined,

23
Fop = Fy3 = 0 (ie the fuel bed and window 'see!
no part of themselves)
and since F21 + F22 + F23 = 1
F
21 = 1 = F23
P F..e A s
32 23 _g from the definition of exchange area
A
3
and F31 =1 = F32 since F33 =0
= A
Fiy = Py Ay
A
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i2 21 ~2
Aq
and F11 = 1-F12 - F1§ F11 indicategs the amcunt of radiation
from the walls which is incident on
other parts of the walls
REFERENCE

EOTTEL, H C and SARQOFIM, A F. Radiative Transfer. McGraw-Hill 1967.
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0,06430

0,2549
0.1237
0,25648
0,1202

0.1958%
0,0763
0.1954
0,0743

00,3134
0.1841
0,3133
0.1783



TABLE I

Constants used for computations in 3.1

U 0.02 kW/h2 K
by 0.01 kw/hz K
C. 1.0 kJ/kg X
c 1.25 kd/kg X
C. 1.5 kJ/kg K
T, 293 X
T, 356 K
& 0.8
€2 0.8
g 0.5
A, 50 o’

2
A2 4 m
TABLE IT

' 1
Variation of Ay H? (m5 2) at lower intersection
of fuel and air controlled curves with heat
of combustion and latent heat

L(kJ/kg)
256 | 500 | 750 | 1000 | 1250 | 1500 | 1750 2000
H (kJ/kg

500 - - - - - - - -

1000 0.19 | - - - - - - -

1500 0.075 |C.167 |0.22 | - - - - -

2000 0.047 |0.071 |0.120 |0.20 [0.33 [0.44 | ~ -
2500 €.035 |0.045 {0.06C 10.085 |C.141 [0.15C [0.265 0.42
3000 0.026 |0.036 |C.044 |0.065 |0.076 |C.101 |0.141 0.20

AT = 50 m2
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TABLE I1I

Ccmpartment conditions at the interface of ,

tsmouldering' and ventilation controlled burning -
a comparison of data

Scale A AT/A:‘,/E R MI
Scurce Fuel type |(height) T/Aq 1 5/2
m m = kg/m =
0.17 1.61 280 0.17
(18} |Fibreboard
Gross and Robertson cribe 0.45 1.1 280 Q.17
1.45 0.9 - 2.2 295 0.22
16
(16). Ci‘fggg 0.53 - 350 0.25
Tewarson
(17) ™S 0.53 78 350 |C.1 = 0.5
12 700 0.07
This study s 3
3 1200 0.06
Thomas (15) 330
TABLE IV
Low and high values of parameters
used in factorial analysis
Variable Symbol tLow! 'High!
Wall thermal conductance'(W/m2K) U 5 30
Internal convective heat transfer
coefficient (W/mgK) HI 10 30
Wall emissivity E1 0.5 1.0
Fuel hed emissivity E2 C.5 1.0
Cas emissivity EG 0.1 1.0
Fuel bed area (m2) A2 2 8
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TABLE V

Factorial effect means:

- U HI ULHI
~| 0.153 -).118 ~0.,000 0,006
A2( 0,095 -0,013 ~0,000 =0,002
E2 0,067 =0.006 ~0,000 ~0,001
E2. 42| 0.007 0.066 ~0,000 0,000
1 -0,006 ~0.006 0,002 0.001
Et.. a2{ ~0.002 =0, 002 0,001 | 0,004
E1.E2 ~0,001 ~0,001 0,000 0.000
E1.E2. A2| 0,000 0,000 0,000 0.000
By 0.032 0:004 =0,003 0.001
By 2| 0,011 0,003 -0,001 0.000
Eﬁ' E2 n,006 p.u01 =0,001 0.000
Ey B2. 42| 0,001 0,000 -0, 000 0.000
Bq. B1 0,001 -0, 001 =0,000 <0, 000
By.E1. 22| =0,000 -6, 000 -0,000 ~0,000
By E1.E2 =0.000 -0.00¢ =0,000 =0.000
Bg.B1.E2. 42| =0,000 0.000 ~0.000 0,000
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TABLE VI

Effect of shape, Fcale and absorption
coefficient on burning rate, temperature
and window radiant intensity; % opening

R [AH™ (kg/m5/ 2$) Té () Tw (Xu/n°)
Scale | Shape
(m) Absorption coefficient (m1) Absorption coefficient (n1) Absorption coefficient (m ')
0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0
11 | 0.053 0.063 0.067 1263 1189 1145 69 77 83
211 | 0.062 03071 0.076 1301 1226 1181 78 88 94
0.5 | 121 .062 .070 074 1124 1045 997 38 42 45
221 075 .085 091 1170 1092 1043 46 52 55
441 .089 .099 . 106 1060 977 924 27 30 32
111 065 .069 072 1290 1249 1229 113 120 124
211 .071 077 .080 1325 1283 1261 125 133 137
1.0 {121 075 .080 .083 1141 1097 1074 65 69 7
221 .089 .095 .098 1186 1142 1119 76 81 "84
441 106 13 17 1062 1013 987 45 48 50
111 068 071 .073 1324 1298 1286 144 " 150 152
211 074 078 .080 1356 1329 1316 159 165 167
1.5 [ 121 .081 .085 .086 1171 1143 1130 85 89 90
221 094 .098 .100 1215 1186 1173 99 103 104
441 114 119 121 1084 1051 103% 59 62 63
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TABLE VII

Comparison of CIB summary with energy balance results

Theoretical enel:gy balance

T

CIB programme

Independanty Dependant
variable | variable Quantitative . .
Qualitative effect effect over Qualitative effect Guantitative
. : . effect over rangd
range of experimenty of E
Lo P LS
R[AWH#- increases with both ot £ " R(A\,.Hli— is only weakly Larges+t
W/H and D/H. RIA, W% very 5072 for lt_)wh dependant on the shape, - difference
large for 441 due to large 3 or high «- mainly the W/H ratio. 30% w~ R/A, M
R floor area; 111 gives Highest values of '
smallest RfAH are obtained for compart-
ments with a square floor
© falls with increasing 5% for W/H B increases slightly with 6% for W/H
Compartment D/H; rises with W/H with ~20% for D/H W/H and decreases with -23% for D/H
shape e exception of 441. increasing D/H. Highest
Highest 9r for 211 shape for 211 shape
I decreases as D/H 100% for W/H I increases with W/H and | 60% for W/H
I increases and increases _—50% for D/H decreases with increasing -—35% for D/H
W as W/H except for 441 D/H. Highest I with 441
shape
R increases with scale; 25% for low of |Very little effect beyond | —-15%
for high absorption 13% for high o |[that implied'by the
R coefficient effect is less constancy of RH\,, W%
gince emissivity does not
vary so mich with scale
Compartment }I-;?rge scales gitve . 2055; gor high o ]I;grger scales give 25%
scale 8] igher -bempt'era. ures an e for low K igher temperature
the effect is more
pronounced for high &«
I I_.increases strongly 100% Larger scales give 90%
W with scale higher intensities
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