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Heat Is supplied from the fire to the

potential fuel, the surface is dehydrated
and further heating raises the surface
temperature until the fuel begins to

pyrolyze and release combustible
gases. — — B e




When the gas evolution rate from the

potential fuel Is sufficient to support
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 Gradually, a constant rate of spread Is
attained which is called “quasi-steady
state” wherein the fire advances at a

rate that Is the average of all the

elemental rates.




A mathematical model to determine rate

of fire spread and its intensity is
formulated. The model is developed by
R.C. Rothermal (1972) and it s

considered as the basis In the National

Fire Danger At Sy ool
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The model considers physical and
chemical properties of the fuel and the
environmental conditions in which it iIs

expected to tingle.




« The physical properties incorporated are

1
2
3.
4
5

. fuel loading

. fuel depth

fuel particle surface area to volume ratio

. fuel particle moisture, and

. the moisture content at which extinction iIs

expected.




 Environmental inputs are
1. mean wind velocity

2. slope of terrain.




guasi-steady rate of spread, ft/min

Horizontal heat flux absorbed by a unit volume of the fuel
Xig  at the time of ignition B.t.u./ft? min

p,. Effective bulk density (the amount of fuel per unit volume of
the fuel bed raised to ignition ahead of the advancing fire),
lb/ft3

Q Heat of pre-ignition (the heat required to bring a unit weight
®  of fuel to ignition), B.t.u./lb

(@lzj The gradient of the vertical intensity evaluated at a plane at
. aconstant depth, z., of the fuel bed, B.t.u./ft2 min

X Horizontal coordinate

Z Vertical coordinate
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* Using conservation of energy principle
to a unit volume of fuel ahead of an
advancing fire in a homogeneous fuel
bed (by Fransen (1971))

| j)‘ [alz j dx heat flux received
R — e S \oz ), . from the source
PbeQig heat required for

ignition by the potential fuel




e The fuel-reaction zone interface iIs fixed

and the unit volume is moving at a
constant depth, z., from x = - infinity
towards the interface at x = 0. The unit

volume ignites at the interface.




 The heat required for ignition depends upon

(a)lgnition temperature
(b) moisture content of the fuel, and

(c)Amount of fuel involved In the ignition

Process.




 The energy per unit mass required for
ignition is the heat of pre-ignition, q,.

Q, =f(M;,T,),B.tu./1b (2)

where

M. : ratio of fuel moisture to ovendry weight
T,, T 1gnition temp.




« The amount of fuel Involved In the

Ignition process Is the effective bulk

density, ..

* An effective heating number: Is ratio of
the effective bulk density to the actual

bulk density.

g=— (3)




» The effective heating number Is
dimensionless which will be nearly
unity for fine fuels and

. Therefore,

ppe = f (bulk density, fuel size) (4)




* Propagating Flux

It IS given by

(o1,
|p=|Xig+jw( =~ )chx (5)
U J

horizontal

flux
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 The figures Indicate that the vertical
flux 1s more significant during wind-
driven and upslope fires because the

flame tilts over the potential fuel,

thereby,




 Assume that the vertical flux Is small
for no-wind fires and let 1,=(1,), . This is
the basic heat flux component to which
all additional effects of wind and slope
are related.

» With (3) = (5) in (1) and 1,=(1,), and R=R,

0

for the no-wind case, we get




 The energy release rate of the fire front

IS produced by burning gases released

from the organic matters in the fuels.




« The rate of change of this organic
matter from a solid to a gas Is a good

approximation of the subsequent heat

release rate of the fire.




« The heat release rate per unit area of
the front is called the reaction intensity

and Is defined as

dwv
el — h
= dt

ma!loss

7)

Heat content of fuel

rate per unit area in the fire front




 The reaction intensity Is a function of
fuel parameters such as particle size,
bulk density, moisture, and chemical

composition.

 The reaction intensity is the source of

the no-wind propagating flux




* Wind and slope change the
propagating heat flux by exposing the
potential fuel to additional convective

and radiant heat.




—¥ |nternal radiation
' & convection

—’

.—__’.
Q\‘e Radiation




 Let 4, and ¢, represent the additional

propagating flux produced by wind and

slope. The total propagating flux is

,=(1,), @+, +4,) (9)
 Approximate rate of spread (eqg.(1)) becomes

(%%@+%+%)




- Specific heat of dry wood

ATig Temperature range to ignition

M, Fuel moisture Ib. water / Ib. dry wood
pr Specific heat of water

AT, Temperature range to boiling

\V Latent heat of vaporization

n
/
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* Q, for cellulosic fuels Is determined by

considering the

as

Qg =CpdT, + M, (C,, AT, +V) (11)




 Taking temperature to ignition Iin the
range of 20% to 320°% and boiling
temperature to be @ 100°%, eq. (11)

becomes

Q, =250+1116M ,Btu./ Ib (12)




 To determine the effective bulk density,

we need to compute the efficiency of

heating as a function of particle size.




 An exponential fit Is given by

= exp

where o is particle surface area to volume ratio, ft ™

138

O

)

(13)
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 Rearrange eq.(7) as

dw \( dx
IR:_(dxj(dtjh (1)

where % = R,the quassy-steady rate of spread

- I,dx =—-Rhdw (16)

« To solve (16), integrate x over the

reaction zone depth D, and w over the

limits of |Oadm_g_m-the-|-eaetrm-z-e-n-e\
= AprIIZ 2015 IWM2015 Delhi-Uni:




dex_ thdw:l D=Rh(w, —w.) (18)

n

where

n Reaction zone depth (front to rear)
W Netinitial fuel loading, Ib/ft

w,  Residue loading immediately after passage of the
reaction zone, Ib/ft?
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 The time taken for the fire front to travel
a distance equivalent to the depth of

one reaction zone Is the reaction time,

R = R (19)

Then eq. (18) becomes
_ h(w, —w, )

IR




 Next, we defilne a maximum reaction
Intensity where there iIs no loading
residue left after the reaction zone iIs
passed and where the reaction time

remains unchanged.




 The reaction zone efficiency Is

I W, —W
]75 == R — i s (22)
I R max Wn
LA th77§

ol = (23)

In (23), the net fuel loading Is given by

W0
W, =
1+S;
where

(24)

w, = ovendry fuel loading, Ib/ft’

S = fuel mimeral content, Ib minerals/Ib dry fuel \
— ) Apnlz 2015 IWM2015 Delhi Uni.




« The reaction velocity denotes the
completeness and rate of fuel
consumption. It is defined as the ratio
of the reaction zone efficiency to the

reaction time.
I :@ * reaction velocity/min. 25 \»

TR




1. Moisture content

2. Mineral content

3. Particle size, and

4. Fuel bed bulk density




74

Potential reaction velocity/min

M Moisture damping coefficient having values
ranging from 1 to O

n. Mineral damping coefficient having value
ranging from 1 to O
Then
I =111, (26)
then the reaction intensity is
Iz =w,h/ "7, (27)

One can evaluate reaction velocity and the moisture

and mineral damping coeffiecients bx eerriments.

o
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* ltis defined as

e = (28)

R max M =0
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It was evaluated from thermo gravimetric

analysis (TGA) data of natural fuels by Philot
(1968). It is assumed that the ration of the
normalized decomposition rate will be same

as the normalized reaction intensity.
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 Next, we need to consider two

parameters:

1. The reaction intensity — fuel bed

compactness, and

2. Fuel particle size




Assume that low values of fire intensity
and rate of spread occur at the two

extremes of compactness (loose and

dense).

In dense beds, this can be attributed to
low air-to-fuel ratio and to poor

penetration of the heat beyond the upper
‘ﬁ

surface of the

—
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* In loose beds, low intensity and poor
spread are attributed to heat transfer

looses between particles and to lack of

fuels.




e Between these two extremes, there
must be an optimum best equilibrium
of air, fuel and heat transfer for both

maximum fire Intensity and reaction

velocity.




e The compactness of the fuel bed Is

guantified by the packing ration, which
IS the ratio of the fuel array to fuel

particle density.

packing ratio, f = P (31)

Prp

where p, : fuel array bulk density, lb/ft’

p, : fuel particle density, Ib/ft’




e The surface area-to-volume ratio, o IS

used to quantify the particle size.

 For fuels that are long w.r.t. the

thickness

4

here d denotes diameter of circular particles
or edge length of square particles.




|
|
| Mass loss trace
|

Derivative of
mass loss
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The mass loss rate IS

E:(Wn —w, )RW (33)

W : width of the platform.

The efficiency of fire is




 With efficiency and the reaction time,

the reaction velocity Is

1 dm

(35)

" WRWz, dt
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Combining these two eqs. gives

r':r;nax( ﬂﬂp} exp{A(l ﬂ’ip H (38)

with A = . (39)

4.775°1 -7.27




These will predict reaction velocity for
any combination of fuel particle size and
any packing ratio. The eqgs. will predict
reasonable values when Input

parameters are extrapolated. This will

nelp us to predict reaction intensity and,

subsequently, rate of spread over a wide

range of— fuel a
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The no-wind propagating flux is
(Ip)0 = Ry, 0,£Q,, ( we know from (6))

A ratio ¢ relating the propagating flux to

the reaction intensity Is
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A respective fit is

£ exp[(0.792+O.681\/E)(,3+0.1)] (42)

T 192+ 0.259¢
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Combining the heat source and heat sink

terms results into the no-wind rate of

spread equation as

Ry =12 (43

pngig
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