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SUMMARY

Tbe paper describes some experiments undertaken to test the feasibility

: of designing a small-scale model that may be used in the laboratory for the

study of multiple fires. Tbe results are disGussed in terms of a geometric.

scaling law, relating the .i.nf'Low velodties to the s quar-e root of the flame

height, and compared with some observations on large scale fires conducted

under the auspicies of Project Flambeau.

The behaviour of the array of fires was i.nfluenced by the separation

.-

between the fuel beds and the type of fuel.

fire whirls were observed .

In some of the fires persistent
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SOME MODEL-SCALE EXPERIMENTS WITH MULTIPLE FIRES

by

P. H. Thomas, R. Baldwin and C. R. Theobald

1. Introduction

This report describes a scale model for use in the study of multiple

fires. The si tuation envisaged is too t in whi,ch a large number of similar

square-based fires are burning in a regular geometric pattern forming a

square matrix. Large-scale experiments with such a configuration have been

conducted elsewhere under the auspi~es of Project Flambeau, in which each

individual fuel bed comprd sed 20 tons of.aI"-H(JJ~ted wildland fuel in a square

pile approximately 50 ft square and 7 ft high and in the most recent fire,

the largest of the series, the matrix eontained 342 fires. These large

experiments, covering 50 acres, are very costly and time consuming and there

is clearly a great advantage in devising a small-scale model, incorporating

the essence of the multiple fire, which can be studied under laboratory

conditions. Comparisons with such a 'model would also assist i.n assessing

the value of theoretically-dad ved scaUng laws.

The present paper is concerned with some aspects of the aerodynamic

behaviour of multiple fires in the absence of rotation and in particular

with the scaling laws for such fires. The experiments described, which

preceded the last 50-acre fire, were undertaken to test the feasibility of

designing a model that could be used in the laboratory and partly to examine

the validity of the scaling laws. This examination was rather restricted

because of the limited instrumentation available, but comparison with Flambeau

and with theoretical predictions enables some useful connlusions to be drawn.

2. Theory

In the absence of rotation and an ambient wind the only forces present

are buoyancy J inertia and friction. Apa.rt from the ground boundary layer

there is no balance of forces to be conserved in scaling and hence the only

independent dimensionless parameters are



where L
}

flame height for assembly= mean the.
t

L* :::: mean flame height for one of the unit fires burning by itself at
'..
the same rate .. and hence measuring the burning rate

D .- linear size of a unit fuel bed

S :::: separation between the fuel beds

and N = number of fue l. beds.

For flames which are not merged L/L*~~ 1, so that if N is held constant the

only indepe;ndent scaling parameters are sin and Lin. Thus for fires involving .....

the same number and arrangement of uni t fj res a geome tri::: scaling law is

appropriate in whf.ch .SiD and Lin are held constant.

A particular case of this, s calLng law has been dcr-i.ved by Ba'l.dwi.n
1

to show

tha~ the aepa.rat.Lon ~ at. the onset of merging is independent of N and given hy

a relat~onship.

i
~
f

3. Experimental

Frojeet Flambeau fires have been conduc t ed with N ranging from 36 to. ,

342, the remaining parameters having the following values;

L :::: 50 ft

D :::: 50 ft.

s ~ 25 and 125 ft

The experiment~l fires so far conducted do not appear to exhibit any

phenomena near .~he burning fuel that are not also present in smaller fires;

there appears to have been little or no Lnte rac td on between the atmosphere

and the burning .fuel, and where fire whirls have oocurr-ed they have been

restricted to a very small area of t.he fire. Therefore for these fires,

the geometrici s:~aJ.ing law d eri ved above would seem to b e appropriate, and

the values of the scaling param~ters are

*:::: 1, ~ = 0 . 5 and 2. 5

- 2 -



- 3 -

(



fires is measured in the same way as for the unit fires! 'that is the period

from ignition to loss of coherence when the flames were about 6 in high.

This is a rather subjective measurement~ but was observed by the same person

throughout and is probably repeatable within about a minute.

Table 1

Characteristics of the ~~dividually burnt unit fires

Shape Fuel LAmount Duration Flame
hei.ght

i

-Circular Fibreglass soaked in kerosine .. 1
~;O() ml 17 mi.n 15 inI

covered with a layer of asbestos [of' paraffin

/

,
paper.

- -,

Circular A number of small wood blocks eaeh 2 Ib 14 min 14 in
2 in x 1 in x 1 i.n, packed

Square randomly into a C'lontainjng collar 2 Ib 10 oz 14 min 14 in
or tray.

-.

TabIe 2

Data from model-s~ale multipI!: fire experiments

'"

-'

1 .0

1 .15

1.5

0.9

0.7

0.9

ft/s

Mean
velocity

8

18

I
13 I

11

16

17

12 \

1 5 I

Mean
flame
height

in

Up to
60

1
20

18

18

18

18

16

1
2"

I 8 j"t
1-- -1 -1

t~ I
I 0 I~'quare

wood

Square
wood

Square
wood

Square
wood

Square
wood

Circular l
wood !

Unit fuel!
"bed

Circular
kerosine

wi(:k

II Ci r-oular ; 1

d '4woo _J

, !
! Cirr:ular ,

wood

,
I'

I

I. 0 I ~
'------4--__~_3l_-,~_j

6 x 6

6 'x 6

I

J Matrix
1 size
i
!-

I ;0 x 10

I 16 x 16

I 10 x 10

I 6 x 6
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4. Discussion

The fire behaviour was sensitive to both the type of fuel bed and to the

separation between the individual fuel, but appeared to be relatively insensitive

to the number of fires involved.

The most marked effect of the type of fuel on fire behaviour occurred with

the kerosine-wick fire which burnt about twice as quickly as the corresponding

isolated unit fires. The wood block fires tended to burn rather more slowly

in combination than thE! corresponding unit fires .. presumably because of oxygen

starvation near the centre. This difference in behaviour is even more marked

in the photographs (Plate 2): in the kerosine fire the flames were about 5 ft

in height fonning a merged body of flame, whereas the wood fires burned quietly

with flames rather shorter than the isolated unit fire.

Since the heat output of the unit fires is very similar this difference

in behaviour is due to the different responses of the two fuel beds to thermal

feedback and to .changes in oxygen concentration. The rate of emmission of

volatiles in a wick fire is· governed by the rate at which heat is received by

the '~Urface of the wick, which in multiple fires is increased by the proximity

of other fires, whereas the rate of burning of piles of randomly packed wood

b.Locks depends more on the heat and mass transfer and the chemical processes

within the fuel bed itself and since these are shielded from external radiation,

the wood fires are hardly sensitive to thermal feedback.

Persistent fire whirls occurred within the fire area with continuous fuel

beds, aometamea as high as 6-8 ft and 1 ft in diameter, and their size appeared

to increase· with the size of the fuel bed. However, except for the 16 x 16

fire in which a few whirls ocourred in the centre, the whirls in the fires

with separated fuel beds occurred. largely in the period when the fire had

died down and were not usually in the centre. The whirls always rotated in

the same direction and IDay p,~e3umably be a t tr-Lbu t ed to a slight vorticity

induced by the asymmetry of the air inlets of the laboratory: by opening a

- 5 -



door to admit inflowing air in a di.rection opposed to the rotation of the

vortex the fire whirls could be destroyed.

Plate 3.

One of the whirls is shown in

1
For the .fires with separated fuel beds, theory predicts the onset of

merging when S/D = ~. This is consistent with observations in the

experiments in that the fires were certainly not merged when - .L- 2, but

Thus if this is a truein most cases were merged when S/D =~.

representation of large-scale multiple fires, the experiments show that

the separation employed in Project. Flambeau (S/D =t) was too large to

produce a merged fj re. This result is consistent with the recent large-

scale Flambeau experiment in whi ch the merging was not sustained. and where

it· did 'occur Was only local and transient.

5. Scaling of velocit.ies

Table 2 gi ves details of the measurements of mean air speed at ground.

level 6 in outside the fire area in line with the central channel of each

side. Within the limitation of the few results available there appears

to' be no systematic variation wi th the number of fires or their spacing,

and for these fires we may take a representati.ve value of 1 ft/s for the

velocity at this point.

In the recent 18 x 19, t-spar.ing .. Project Flambeau fire. Lommasson
2

. ,

measured an air inflow velocity cf 4-7 ft!s at a point about 100 ft outsi~e

the fire area near one Corner of the array. Heselden and Woolliscroft3

also obtained some rough estimat.es of air speed wi.thin the fire zone by

placing two types of indicator designed to blow over at 30 and 60 ft/s

on the ground on the axes of symmetry of the array. Except in a region

in which there was intense fire whirl act iv.i, ty it was observed that the

30-ft/s indicato.rs were blown over, but the others not, indicating that

each experienced a velocity of somewhere between 30 and 60 ft/s.

- 6 -
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likely that this was due to gusts rather than to the steady component of

the wind, sinoe this type of device is bfass ed towards indicating the

maximum velocity rather than the mean.

For a previous Flambeau fire with 15 x 16 closely spaced piles, _

Nielsen~ has given the velocities at a point midway between the centre

and outside, at a height of 7 ft on the axis of symmetry of the array.

The average velocity over the first t hour of the fire was about 20 ft/s,

but there was considerable scatter, with gusts up to 30 ft/s.

These'measurements of air velocity in the different fires may be

discussed in terms of scaling laws, as follows. At a point outside the

fire area, at a sufficient distance for the flow to be reasonably uniform,

the fire acts rather as a large finite sink, drawing in air towards itself.

The flow is then determined by the total air entrainment of the fire, A,

say, and the distance from the edge, together with the macroscopic length

scale , that is the linear size of the whole fire, R, say.

A simple scaling law now follows if we assume that:

(i) 'the flames are not fully merged

(ii) the air requirement of the whole fire is 'the sum of the

air requirements of the individual fires

(iii) all air flows horizontally from outside the fire area

through the channels separating the fires.

(iv) the entrainment of air by the individual fires is

unaffected by

The entrainment theory of

the presence

6Thomas then

of the other fires.

shows that:

A ·('LND J-i:~- g

where N is the number of fires.
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Thus if vis the inflow velocity at dis tancec from the edge of the fire,

a dimensional argUment based on ~ontinuity of air flow shows that:

Rv---- -::

Nn :: gL
r ;

• J,

and since

Therefore
v

' ....e-:••--

: "r
~-

1 + 3}n

f (I')
(R)

( 1)-

Lommasson5 assumes that a .la.rge fire' behaves as a horizontal section of a

strai:ght-sided plume from an effer::tive point source below so that the well known

plume results can apply ~ 1.. e .. inflow ve'loc i td e a are proportional to the upward

axial velocity in the' flame, and the I nf'Low velocity at the edge of the fire
1

is therefore ,proportional to (O/R)"- where Q i.s the total heat release rate

"

of the fire. A simi1ar argumen t to tha t above leads to:

'v• 1. ,_
: i I iR)3.....,'

I r )
f (­

"R)
(2)

't"
.'1

This can be shown to be approximately e qud vaLen t to equation (1) because

Thomas6 has shown that for single piles at least
s.

( ) ~,Os '
(~5)

where Qs is the heat release of a single pile.

rewritten to give:

Equation (2) may now be .-

L

Thus it appears that apart from a weak function of the number of fires and

the ratio sin, the scaJing 1aws derived from two different sets of assumptions

are equivalent and exactly so for similar geometries in whf.oh N and SiD are

the same;

Then

- 'TIT ~: ~.I.J

~."-. i.:iJ
" 8··



Clearly an examination of the limited data available can give no

indication of the validity of either set of assumptions. The result that

v~ is a function of the. geometry is not based on

similarity of Yroude. Number. The v and J-L~ are

velocitles and quantities of air not with a balance

arguments leading to a

here associated with

of imposed vertical

and buoyancy forces.

We can make a rough numerical check on the validity of equations (1),

(2) and (3) from the measurements as follows:

For the present model experi.ments

i = 1~0 sIn = 0.25 N = 256

L = 1.5 ft v __ 1 ft/s

and for the Flambeau fire

L = 50 ft S/n, = 0.5 N = 342

and thus equation (1) predicts that at r =
R

This is not directlyof Flambeau fire) the mean velocity v

11 (or 35 - 40 ft from the edge
40

is 5.4 ft/s.

comparable with J..C'rol'lp.s~~:),\';; measurements of 4 - 7 ft/s at r - 1£14 but as the
R -

is probably a fairly weak function for these vaJues offunction f CD
(R)

(it certainly would be if the fire were actually behaving as a finiter
R
sink) the ~reement is encouragi.ng"

The rate of burning of the model-scale experiments was about 2.5 lb

in 15 min (the exact amount is not important since the rate' of burning is

raised to the. -1 power). In the Flambeau experiments about half' the fuel

b t · 1 hwas urn ~n 2 our. Equation (2) then predicts that v = 4.5 ft/5,

which is in reasonable agreement with the Lommasson observation.

No measurements comparable with those of' Nielsen or Heselden and

Woolliscroft were made in the present model experiments, but if we employ

the aasumptd.ons made about air flow in the first model discussed above, we

may derive a theoretical expression for the veJocity u in the channels

separati.ng the fires nameJy:

- 9 -



where N is the number of fires at equal or less distance from the fire centre

and 9f l, Tf l are the temperature rise and absolute temperature of the fires

taken to be about 1000
0 C. The constant K (= 0.054) is a feature of Thomas'

entrainment theo~6 and has been evaluated by an analogy with thermal plumes

rather than by direct measurements and its application in the present context

must be viewed with some reservations. For Nielsen" s measurements

JN t:£ 7! SiD - ~, L = 50 ft

and then equation (4) predicts

u. = 26. 5 ft/s

which is a little high but within the scatter of the data. A similar

oalculation for the data of Haselden and Woolliscroft leads to a maximum

value of the velocity of u _. 68 ft/s which is once again a little high

and by about the same fraction as for Nielsen" s results. In view of the

very crude approximation employed in deriving equation (4) the agreement is

remarkably good.

6. Conclusions'

1. The behaviour of an array of fires was sensitive to the separation between

individual fuel beds. The 1arge continuous fuel beds were especially

sensitive to ambient vorticity; but the same behaviour was not

exhibited by separated N.res of comparable overall size.

2. The results of the experiments are consistent with calculations of the

degree of flame merging in multiple fires; and suggest that the 25-ft

spacing (SiD =t) adopted in the Project Flambeau fires was too small

to produce a merged fire.

3. In modelling real fire situations such as fires in cities care must be

taken to reproduce the response of the individual fuel beds to thermal

f'eedback ,

- 10 -
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(4)

(6)

4. Given the absence of significant rotation~ the measurements of induced

air velocity in the model fires and in Project Flambeau are consistent

with a simple scaling law.
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Ai r f'lpw raeasur-emen t.a

The air flow towards .he fires was measured by means of: simple vane

anemometers in which the vanes consisted of a strip of one or two layers

of aluminium foil, 10 em x 1 r":m x 0,.002 em thick .. suspended from a nail

in a vertical piece of wood. A quadrant of cardboard. marked in degrees,

was also mounted on the upright to enable the deflection to be observed.

A diagram is appended in Fig. 1.

Several complete anemometers were ~alibrated for different wind

-- speeds of 1 - 10 ft/s in a small wind tunnel; and the results are shown

in Fig. 2. It was found that, within the accuracy required, similar

vanes gave the same defleGtion at a given wind speed; so that a single

calibration could be employed for all vanes of the same thickness.
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a) Multiple fire experiment before ignition
(10 x 10, t spacing)

b) 6 x 6 fire with t spacing. Circular unit fire
MULTIPLE FIRE EXPERIMENTS.

PLATE 1
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c) 6 x 6 continuous fuel bed (zero spacing)
Square unit fires .

d) 6 x 6 fire with t spacing, Square unit fires.

MULTIPLE FffiE EXPERIMENTS

PLATE 1



e) 10 x 10 continuous fuel bed (zero spacing)
Square unit fires.

f) 10 x 10 fire with t spacing; -Square unit ffres

MULTIPLE FIRE'"'E*PE"RIMENTS

PLATE 1
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g) 16 x 16 fire with t spacing. Square unit fires

MULTIPLE FIRE EXPERIMENTS

PLATE 1
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a) Unit fuel bed: pile of small wooden blocks

b) Unit fuel bed ~ paraffin soaked wick

THE EFFECTS OF THERMAL FEED BACK. TWO
EXPERIMENTS WITH 6 x 6 FIRES, t SPACINGS

AND DIFFERENT TYPES OF FUE L

PLATE 2

1



~f..

A PERSISTANT FIRE WHIRL OBSERVED
IN AN EXPERIMENT WITH A 10ft SQUARE

CONTINUOUS FUEL BED

PLATE 3
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