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SUMMARY

This report describes some field measurements on fires in
heathland fuels. Flame radiation appears to be the factor
controlling head fires in the field. Fires in mixed fuels
containing dry grass spread as fast as they would if oniy grass

were present.
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Introduction

Rates of fire spread and thermal measurements were made at controlled
burnings carried out by the Forestry Commission in the New Forest in the
Spring of 1968, '

Similar work has been carried out in three previous years 1,2,3

and
the purpose of this year's visit was to add to and consolidate that wbrka
The -aim was to concentrate on head fires in fuel with good uniform
coverage since the head fire is the most hazardous kind of fire and one
whose mechanism of spread is the most difficult to understand quantitatively.
As can be seen from Table 1 below this was largely achieved. Unless the
fuel coverage is uniform the rate of spread of the fire cannot be constant
and the understanding of fires spreading at constant speed is a first requisite.
Thé Fires

A'summary of the fires is giwven in Table 1.

Table 1. Summary of fire conditions

Fire
number fire condition

Type of Wind

Date Fuel and notes

12. 3. 68 Head Light Fairly uniform coverage of heather
and a little dead grass.

2 13.°3., 68 | - Head Moderate Fairly uniform coverage of heath

and fine grass. Boggy.

3 | 13. 3. 68 Flank iight and | Rather patchy coverage of mixed

Afternoon variable fuel - dwarf gorse, heath and
grass. Boggy, in a clearing.

4 14. 3. 68 Head Light Tall gorse, good coverage for

type of fuel.




Measurements and results

As a result of the experience of previous years and because only two
scientific staff were able to attend the fires the scope of the meaﬂﬁrements
was simplified. A plot was laid out with a standard arrangenment. - of Earker
poles and instrumentation as shown in Fig. 1. Experience in previous years
had shown that the rate of spread did not vary much across a plot so%this
year the matrix was reduced to a. square of side 10 m. The rate and ﬁirection
of spread was determined from the time at which the fire reached eaci pole.

Two radiometers measuring radiation through the fuel bed were uged;
one, the modified King type radiometer used in previous years1, the second
a standard J.F.R.0: field radiometer. Last year this type of radiometer,
the joints of which are silver.soldered with a melting point of 500°C, was
used to measure flame radiation when placed in a tlearing in the fuel bed
and came to no harm. A calculation showed that even when exposed to 8 W/bmz
for a period of 1 minute, (the maximum probable radiation for the maximum

‘residence time) the radiometer would reach only approximately 200°C. An

average exposure, sSay 4 W/bm2 for 30 5, would give a temperature of only

some 60°C. This type of radiometer.had in the past been accidentally

exposed to flames in compartment fires for short periods with no ill effects.
The "flame radiometer" was the standard J.F.R.0. field radiometer

pointing vertically upward md placed in a clearing in the fuel bed. Cans

of water giving a less exacit measure of heat transfer were placed beside
each instrument. These served as a reserve measurement in the even€ of
failure of the radiometers, but the radiometers worked satisfactorily and
the measurements from the cans were not used on account of their wide
variation. The output f&om the thermo~electric instruments was mea;ured
using a portable chart recorder sited some distance from the fire with

disposable ledds from the ingtruments. Measurements of flame dimensions

" “'were obtained from colour photographs, several being teken at each fire,

Fuel height was measured by plunging a steel measuring tepe‘vertically
into the fuel bed until it reached the ground. A sample of the fuel was
cut on a measured area and weighed to give, together with the height, a
measure of bulk density of fuel. These samples were taken back to the
Fire Research Station, broken down into type of fuel, e.g. gorse, heather,
grass and needlea, stema, branches, and the welght and moisture content of

each component measured Flame temperature was measured by means of &

':: disappearigg—f%laﬁent byrometer,

Detailed results are given in Table 2.
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k.

Theoretical background
4.1. Bquation of fire spread

The equation for the rate of spread of fire in deep fuel beds in

still air that has been developed from laboratory experiments ish e

RPp AH = i - 2.676K6, (1)

where R 1is the rate of spread

Pb is the bulk density of the fuel

A H is the heat required to ignite unit mass of fuel

io is the intensity of heat radiation through the fuel bed
2.670(90 is a cooling correction

o¢ is a heat transfer coefficient and 90 is the rise in

temperature of the fuel at ignition,

~ For spread in a light wind it has been suggested that equation (1)
should be modified” to

Rp, AH Cos g = i, = 2.67e¢8 (2)

where # 1is the angle of the flame front to the vertical,

These equations are simply heat balances through the fuel bed and
assume that the flames above the fuel bed are so thin that they do not
sontribute significantly to heating the fuel bed.

A.Z. It can be shown3 that the ratio of heating by flame radiation to

heating by bed radiation is given by

if EfL(T + 5in #) Cos ﬁ (3)
. 2 iB h EB'
where if is ghe intensity of a black body radiator at the flame temperature.
. Ef is the flame emissivity |

L is the flame length
#  is the angle between the flame and the vertical

 is the intensity of a black body radiator at the temperature
of the fuel bed

h is the fuel heighi
Eb is the emissivity of the fuel bed.
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The above ratio is greater than the simple ratio of measured
flame radiation/measured fuel bed radiation due to the greater

configuration factor of the flame,

In the analysis of these results a more precise estimate of the

cooling correction than the constant value of 3.7 W/cmz assumed previously
X
has been introduced. For thin cylinders in firee space6

N’uu.(1 = 2 . (4)
(“ i‘l + 5
Gr.)*
qa
where Nud is the Nusselt number
Grd is the Grashof number for cylinders of diameter d

The Nusselt number is a dimensionless number containing the heat
transfer coefficient. The Grashof mumber is another dimensionless num?er
expressing the thermal and fluid cdhditions of the cylinder and the flow

.

round i%.
For the large values of Grd that obtain, equation (4) becomes

.
Nag == 0.4(Gr,)*

' " so that the heat transfer coefficient is approximately proportional to
L .
1/,%, thus o< does not vary very mich with d and so the assumptiom of

constancy for the tooling correction gave a fair approximation.

For 1aminae7 of thickness x, e.g. grass

1
N = 0.360 (er)4
and X = h/é (cxx)
where ;R is the mean heat transfer coefficient
'and < is the heat transfer coefficient at x .

xK o
Strictly this is only valid for vertical plates but the loss from hot
» horizoﬁtal surfaces facing upwards7 exceeds the loss from vertical surfaces
by & fraction similar to that by which the heat loss from a vertical s&rface
exceeds the heat loss from a downward pointing surface. The resultant effect
is the same as if all surfaces were vertical. Dead grass is of course‘usually

not vertical,

¢ In fact, of course, the stitks are not in free space but are within a fuel bed
so this is still only an approximation,
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5. Discussion. of results
"This year's data comprise:-
3 head fires, two unfortunately in light winds, and 1 flank fire
in a light wind and in a clearing, This latier might almost be
¥ regarded as a still air fire.
5.1. Head fires

+As in previous fires1’2’3 it can be seen from Table 2 that the observed

.rate of spread could not possibly have been accounted for by radiation through

the fuel bed alone since if fuel bed radiation were the only source of heat
there would be no spread at all or a much lower rate of spread than that
observed. From Table 2 we can construct the summary Table 3.
Table 3. Summary of heat balances
. Total heating
Fire Bed Heating due to Total heating required
number radiatipn -flame radiation available (calculated)
. RPb'AH + 2.670(90. -
W/on> W/bmz W/cm2 W/cm2

1 3.k 2.7 6.1 12,5

2 3.1 5.3 A 27.5

L h.2 15ak 19.6 27.0

”spread is not directly proportional tc the total heating.

Since:the equation of fire spread is a heat balance it is simpler ta

- talk in termp of heating rather than spread and it is easy to convert back

_intd rate of spread. However, due fto the cooling correction the rate of

In each case the
head 'fire spread faster than estimated from heating measurements.

In the case of fire No. 2 it may be that the value of total heating
required had been over-estimated, The fuel bed for this fire contained
14 per cent by weight of fine grass and’as in the mixed fuel head fire in
19662 it may well be that this fire spread as if only the grass were present.
Then the calculated heat required to maintain spread is reduced from
27.5 W/on® to 5.5 W/om® and this is about equal to the total heating availsble.
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Assuming the grass to be the only fuel which burned in the burning zone
also brings down the theoretical flame length to nearer the measured value
(Table 2) and the relationship for flame length has in general in the past

‘been found reliable.

flaming of a particular piece of fuel, of 9 secs is more likely to correspond

The measured average residence time, the time of

In the case of fire No. 2 the presence of fine grass
In the case of fire No. 1 the

to fine grass than heath.
may also have speeded up the rate of spread.
discrepancy in the heat balance may also be .due to the presence of dry grass.
' ; ' Whilst
the discrepancy in the heat balance is not very large, the Home Office Mamial

This still leaves the gorse fire (fire No., L) for consideration.

of Firemanship8 states that "gorse is liable to cast showers of sparks which
may be carried long distances and may continue to bum for some time,"™ and
this may aceount for this discrepancy. The high values of intensity given
by the cans of water is probably due to heating by ash and glowing embers

after the fire had passed.
5.2, Flank fire

The rate of spread in fire No. 3 observed here gave a total heating
requirement commensurate with what might be expected, including a reasonable

_ estimate of flame radiation:-

Table 4, Heat balance of flark fire
. Bed Heating due to N . '.'
Fire radiation flame Tadiation Total heating | Total peating_
number . -available required
(measured) . (estimated) .

W/bmz W%bmz W/cm2 Wybmz
3 2,9 7.4 to 8.3 104 to 1.5 | 104

y X s ‘

Here we have no measured value of flame radlation but in the light of
knowledge already o‘btained3 it is reasonable to expect heating due to flame
radiation to be some 2} times that due to bed radiation.

The theoretical value of the ratio

i, E, L (1 +Sin g) Cos ¢

2 iB*E;h

inserting the measured values of flame temperature, flame length, bed

radiation, flame angle, and estimating Ef from flame thickness, is 2.8.
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The smaller components of the other fuels were included in the burnt
fraction and constituted 44 per cent of this fraction. Hence it would
seem that this fire was not controlled by the grass alone., Thus flank or
still air fires in mixed fuels are probably not grass controlled unlike
head fires in mixed fuel.

5.2.1. Attenuation coefficient, flame length and flame angle

It waszonly possible to obtain attenuation coefficients in

two cases. In the case of fire No. 2, the heath and grass fire,

the measured value (Table 2) shows good agreement with that

calculated fromh:—

a = G-Fb (5)
L Po
where a is the attenuation coefficient

Pr is the density of the solid fuel

and. & is the surface per unit vohme taken as L/diameter
for needles and 1/thickness for grass.

For fire 2 the agreement is not good when the fire is regarded
as grass only, indicating that the heath had a part in attenuating
the radiation even if it did not contribute much to the spread.
| In the case of the gorse fire the agreement is not good probably
because the radiometer was placed too near the ground where the
vegetation was less thick, the needles being denser tﬁwarﬁs the top
of the bush. '

In general the formula

9

2
L=£400R3 ' (6)
where L is the flame length (cm)

and n' is the burning rate per unit width of fire front

’ (C.G.S, units)

gives values of flame length in good agreement with those observed.
There are tﬁo fires where the agreement is not good. Fire 2 is
probably really a grass fire thus i' is overestimated and in . .
fire 4 n may be overestimated due to spotting.

The flame angle formu1a10
Cos g = O.GS/U* 0.49 (7)

gave rather poor ag¥eement with the angles observed, tending to
overestimate deflection. This is in agreement with last year's
findings and is in spite of the wind speed being measured at the

fuel height.
-7 -



6.

Conclusions

(1) - Flame radiation is probably the controlling factor in fire spread
in head fires in the field, but head fires spread faster than

present theory calculates.

(2) Head fires in mixed fuels (for which no theory exists) containing
" an appreciable quantity of dry grass probably spread as fast as

they would if only the grass were present, 1.e. are grass controlled.
(3) Conclusion (2) is probably only valid for head fires.

(4} The rate of spread of a head fire in gorse may be influenced by
spotting.

(5) The laboratory relationship for flame sngle and windspeed is not
valid in the field.
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F.R.Note No. 744
_TABLE 2
Observed and derived data
1 2 3 5 6 7 8 9 10 11 12 13 14 15 16
Number Bulk |[Mass burning Flame " Hoistare
and Date Fuel R:;e ngii Fraction| density| rate per VWind speed |Dimensionless| angle to content Ignition Be:ion fuaan
type of type soread| densit burnt |of burnt|unit area of |(at fuel ht)| wind speed |vertical f of fuel enthalpy ‘inadi"temity tehmmp
Pire p a4 material| fire front U U® degrees S AH L T .
cn/s | mg/cod |per cent| mg/ecmd [B® mg cm-2s-1 en/s per cent /e W/on? °c
radio-
meters cans
0 8.8 2. L 1. 4 30 3.35 8.4 1050
1 Head {12.3.68 |OPeeTved . Heather 7% o b3 5 % 9.3 [ 1.07 4:2 1065
Theoretical|Grass 3% spre o
Observed Heath 86%| 21 63 1.7 36 417 50 Heather 30 3.12 11.6] 1070
2 Head [13.3.68 No 2.71 4. 05 Grass 18 1010
8-0.  Ifheoretical|Grass  14%|spread 702 |Weighted
mean 27.5
Gorse 26
Observed Gorse L6%| 2.8 112 40 Heath 30 2.96 0.96 1010
3 Flank[13.3.68 Heath 25%| po 7.2 52 3.75 10.5 1.72 , |Crass 9 785
P.B. |Theoretical|Grass 29%|spread 58 Weighted
mean 17
Observed Gorse 15 3.09 48 1.5 127 30 35 8 4.2 9.2 1080
4 Head |14.3.68 1 22.5 0. 935 1180
Theoretical 0.13 162
8 Observed 21 0.38 100 0.38 417 50 18 3.12  11.6] 1070
2AHead"{13.3.68 Grass 8.0 6.85 5 - 810
a,.o, Theoretical ' 74
Notes -
1. From equation (2) neglecting flame radiation
2, FIrom equation (7
3. PFrom equction (6
4. From eq: . tion (5;
5. From z;iation (3) Theoretical values derived from theoretical values of flame Ba%agtion calculated from
flame temperature assuming E =1 - &** D where D is the thickness of the flame in cm

6. Caleculated assuming zero flame angle since this was a flank fire

7
8.

9.

From equation L4
Values calculated for fire No,2 assuming that only the fine grass burnt
From equation (2)




TABLE 2 (cont'd)

F R.Note No.7L44

- 1 17 18 19 20 21 22 23 2L 25 26 27 28 29
[}
Ratio of heating
Number Mass burning Length ] Black by £1 Heat transfer
and Flame Fuel rate per Flame of Residence |Attermation body adiati N Mean dia, of f'f'ici' ¢ Heat loss|gr Pv OH Cos J o
type of |radiation|height{ unit width [length|burning| time |coefficient|radiation h;'atigg g; b:d burnt material from focl be g | from fuel| ['5 ¢o o,
fire If. Ef h of f'u;:' front L zgm tb a ;: radiationd o 2.67 < Bq
W/cn? om g cm~1s~1 m z .8 om=1 W/cn? cm W cn~2 oc-1x10-3|  W/cm? W/en?
0' 2 . - » .
1 Head 95 50 0-10-6‘& 5 1.0 11 0 85 0.05
4.55 2.35 17.5 2.4 7.47 5.5 12.5
2.5 40 1,3 1.8 9 0.032 1.7 HeathO, 06
2 Head 1.45 5 Grass0. 016
5.13 0, 0354 18,3 3.1 (thickness not dia)| Heath 6.57 4.0 27.5
x(0.25 width Grass 1.72
- 35 1.7 | 1.3 39 - HeathO, 035-08
3 Plank 0.368 6 Gorse 0.1 7
2,053 15.4 2.8 Mean 008 5.5 4.15 10.45
5.4 150 5.0 |3 20 0,035 3.75 0.12
4 Head 3.37 -
9.03 0.016% 19.0 5.3° 5,37 4.0 27.0
g 25 40 1.3 | 1.8 9 0,032 1.7
2A Head 0.32 0.016 thick
1.83 0. 00754 18.3 3.7 x0.25 wide 1,727 1.3 5.5
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