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o Fundamentals on wood ignition
o Experiments on wood ignition
o Modeling and simulation of wood ignition
o Research gaps: heat transfer, fluid mechanics, pyrolysis,
combustion

Fundamentals Experiments

Models
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Emphasis on the essential role of fire safety in wooden structures for the

welfare of communities

Investigation of ignition of wooden surfaces under varying thermal conditions
In-depth analysis within the framework of LOF&BE fires (e.g. WUI, informal

settlements and urban fires)

Wildland or Forest

Direct flame
Radiant heat
Firebrands

- .
&~ .8 Structure-to-structure fire spread
Wi

contac

Informal settlement

[2, 30]
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« Fundamentals on wood ignition also applies to energy systems and buildings

Biomass appliances Timber buildings
+ Domestic wood heating +High-rise buildings
+  Grate biomass combustors +Historical and cultural heritage
+ Fluidized bed combustors buildings

Schematic of a biomass grate
combustor [14]

20-storey mass-timber building
in Sweden [15]
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Space and time scales involved

Difficulty to
model time
scales
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Wind (O,)

Wind, Topography

Combusgion

Reaction (um
Fuel particule (mm to cm)

Vegetation species (20 cm to 20 m) |

{eaq transfer

Plot scale in field experiments (100 m

Fire scale (km

Difficulty to
model space
scales

Source: Simeoni [22]
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Processes involved in fire development:

Thermal Physical
processes processes
~ Heat transfer v
~  Pyrolysis v
~ Production of gas volatiles
+ Volume change v

Four types of combustible materials:

Charring

Wood
polymer

Failure
processes

Chemical
processes

Water evaporation

Internal gas pressure

Properties of permeability and porosity
Mechanical behavior

Intumescent
polymer

Non-charring
polymer

Source: Shi and Chew [19]




INTRODUCTION urbes . OBrad

DYNAMICS LABORATORY

Brief history on fire thermophysical processes modeling:

v

1946: Bamford and Malan, The combustion of wood - Part I, Mathematical
Proceedings of the Cambridge Philosophical Society

1965: Tinney, The combustion of wooden dowels in heated air. Symp (Int)
Combustion

1972: Kung, A mathematical model of wood pyrolysis. Combust Flame
1987: Perre, Measurements of softwoods’ permeability to air: importance
upon the drying model. Int Commun Heat Mass Transfer

1990: Aerts and Rageland, Pressurized downdraft combustion of
woodchips. Twenty-third symposium (international) on combustion

1992: McManus and Springer, High temperature thermomechanical
behavior of carbon—phenolic and carbon—carbon composites, I. Analysis.
Journal Compos Mater

Afterwards, most studies are related to the determination of kinetic data
and properties of wood and other relevant materials for fire applications.

Source: Shi and Chew [19]




INTRODUCTION urRes . i

DYNAMICS LABORATORY

Experiments: ignition data currently available is closely related to the
methodology employed to get it [3]:

~ Nature of the test procedures

»Facilities, instruments and devices used

+  Post-processing (data analysis) method

FPA [4] Cone calorimeter
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Title of this lecture:
Ignition and burning of wooden
structures exposed to radiation heat
from flames and firebrands
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When vegetation and structures burn in large
outdoor fires, pieces of burning material,
known as firebrands, are generated, become
lofted, and may be carried by the wind.

1934 Hakodate Fire (Japan): 2,000 fatalities,
11,000 structures lost

2018 Camp Fire (CA): 86 fatalities, 18,800
structures lost, 153,000 hectares burnt (SP
city area)
Sub-processes involved:
~ Generation of firebrands
+ Their transport by plume lofting and drag /4 =
forces with the wind —
+ Deposition onto and ignition of fuel beds

+ Subsequent fire spread
Source: Manzello et al. [20], Franklin Fire, CA [21], Santa Rosa, CA [23]
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o Firebrand sub-processes:
Heating from flame, or

Lofting by buoyant smoldering/glowing reactions
fire plume TR
e r=

L=y,

Bodt J oF &7

Firebrand broken

off by wind and/or . *~ .  Dragforce from relative
- VI = i motion with wind
fire generated . ~
/ - .
plume £ > N,
=,y 4 N
—* Convective and ~ ~ |
-, »| Gravity radiative cooling g
~
.
|\/|OSt|y ~0.01-3 g \Snloldcring ignition Flaming ignition
'~
Up to ~100 g Reach: up to 40 km Y, ‘
N
No ignition
L ' ] \ J \ ' J
Firebrand generation Firebrand transport & thermo- Ignition of Target
chemical changes fuel

Most important aspect of the firebrand problem: whether a firebrand or a
shower of firebrands is capable of igniting a fuel bed after landing on it.

If enough energy is transferred from the firebrand to the adjacent fuel bed,

the fuel will heat up and may start to pyrolyze.
Source: Manzello et al. [20], Lin et al. [29]
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FIREBRANDS

o Depends on:

v The size and state of the firebrand: smoldering/glowing,
flaming.

v' Characteristics of the fuel bed on which it lands:
temperature, density, porosity, moisture content.

v" Environmental conditions: temperature, humidity, wind
velocity.

o lgnition of wildland fuels

v Fine fuels such as grass, leaves, needles, mulch, and
compost are typically the easiest and most common
type of fuel ignited by firebrands.

o lgnition of structural fuels (WUI, urban and IS fires)

v' Components vulnerable to ignition by firebrands:
roofing, gutters, eaves, vents, siding, windows, glazing,
decks, porches, patios, fences, mulches and debris. They
are also prone to accumulate fine fuels.

Source: Manzello et al. [20], Sonoma RCD [24], Quarles [25]
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o Experiments: dragon, real scale, cone with FB, idealized FB, electrical heaters

Firebrand exit ’ Y

®=30 cm
\

Connected to
Feeding System

N

\

168 cm|

Propane Burners

-

To Blower Driven by B :ﬂ'"'

Portable a'mmm
Electrical Generator :
v
ISO 6021:2024

Voltmeter

Q Variac

Ammeter

Heater Sizes(mm)

35
15 =
Heated Area
7.5 ——
Fle25—»

Source: Manzello et al. [20], Manzello and Suzuki [30], Zhu and Urban [34], Alvarez et al. [35]
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« Very few analytical or modeling studies have been conducted on the ignition
of wildland or structural fuels by firebrands or by hot particles.

o Hot spot ignition theory: the energy content of a particle can be used as an
ignition criterion, analogous to the minimum ignition energy concept for gases.
This way, if the energy content of a particle is greater than a particular
threshold, then ignition occurs.

« The governing equations for a non-reactive hot spot particle/firebrand
(subscript p) completely embedded in an infinite fuel bed are:

dTp _

a 2
forO <x <r: ppcp—_—kaT\:+ k RT{} E
dt ~— V x=r =8 P
p Fer cr PAAH E exp RT,,

aT E
forr=x <oo: PPyt = V- kVT + pAAH exp (_ﬁ) Critical radius for ignition

o CFD models: G-Pyro, FDS

Source: Manzello et al. [20]
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« Research example: critical ignition conditions of wood by cylindrical firebrands

+  Three dense woody fuels (cedar shingle, plywood, oriented-strand board)
» Piles of smoldering cylindrical firebrands were deposited onto the surface
+ Instruments: in-depth thermocouples, surface HF sensors, video camera

+  Tests performed in a small-scale wind tunnel (0.5 -3.5 m/s)

AAAAA

Deposition
Funnel

Flow Straightener

Door & Window

[t |

Source: Salehizadeg et al. [27]
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FIREBRANDS

Research example: critical ignition conditions of wood by cylindrical firebrands

v’ Larger piles (not larger FBs), higher temperatures.
v’ Target fuel density is a key parameter for ignition.
v Flaming: function of wind speed.

v" Ignition occurred while transient heating from the FB pile was increasing.

60 : T T 450
| Standard deviation
{ k ; - - - Individual tests 400 ¢
50 Average
& o~ 350 +
§' 40 Inert board 2300
< 30 < =
5 16 g of FB B0
o 2
< 20 2150t
= E
l =~ 100+
0
50+
0 1 1 1 A s 0 L
0 500 1000 1500 2000 2500 0
Time (s)

O Cedar 305 kg/m?

¢ Plywood 565 kg/m*® | 0

O OSB 662 kg/m? | 80 &
70 2
g
) 60 &
2
50 E
E
140 B
© ' w0
1 =]
- {30 E
®
@ @ i i 20 a
=
L % | 10
L D L . L i _0
0.5 1 1.5 2
Wind Speed (m/s)

Source: Salehizadeg et al. [27]
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Research example: wooden mulch beds exposed to firebrands under wind

L 2 2

Black mulch Forest floor Redwood Fir bark
Deposition
- \\\\
%
N
" \

Sieve %

¥
R . Y

Burner \\W /7

V" upto 1.4 m/s
wind tynnel

glass window
L

Fluted dowel pin: 0.64 cm*2.54 cm : 7 1
i I
1.0 = i : wind
2 myp=2-090p , @& v T
508 ‘Rezgge ! z N
S 0.6 ' i Firebrands_’ =
g ’ f S* ]
204 ' ' 4 '

N 4 T~
902 | | Mulch sample

o 0.0 v ’ —
=082 4 6 810121416 ceramic board

Number of dowels

v Critical surface temperature for self-sustained
smoldering and StF transition: IR camera (25-650
°C) and color pyrometry (600-1200 °C).

» Heat flux from piles on inert board: WC-HFG

A140 ¢ nowind
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s ¢ 091mis /+
> 100} % 121mss BEE
3 & - —
§ o0 %}/:f:/”ﬁ‘
x 40 t’o’:,_ T
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0
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>
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B . ,/;/i
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2o {::;/:: g b rownd
o /:*_,’ .50 m/s
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1.4
5 N ¥t Grmoiacing & Rarmiry et
12| x \.( ) Smo erng—?- laming transitign
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[} ~
%06 . -
§ 04 > X ¢ X
(1) No ignition -
0.2 X X b X 1200
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0'0_0 01 = 02 = 03 04 0‘4'5 1000‘ " Smoldering-to-flaming transition i
M f firebrand pile ({5 . F—————}——————— 1
ass of firebran ple(g 800/ 850 °C# {
e
& 600/
3 ¢
° Smoldering
B 00/350°Co., BN
Critical surface temperature 200!
measured for self-sustaining
smoldering and StF transition 0!

plack mulch gc park forest 1007 (o4 wood

Source: Lin et al. [29]
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WIND FIREBRANDS
SPEED =1.3m IKG

R |

t=30mm[7] 7

Thermal sensor

UPPER SURFACE
CONSTRUCTION MATERIAL

Ll
Thermocouple

o Research example: reaction of construction materials to firebrand piles

T T T T T T T
40 60 80 100 120 140 160 180

Time [min]

Temperature [*C]
@ 3 %) 2]
g8 8 8

8

40 60 80 100
Time [min]

40 &0 B8O 100 120 140 160
Time [min]

Source: Arruda et al

. [28]
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Title of this lecture:
Ignition and burning of wooden
structures exposed to radiation heat
from flames and firebrands

Wood?
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Average weight percentage of elements of woods:

Wood consists of three major components:

v

v

v

Element Hardwoods Softwoods Oak bark Pine bark
C 50.2 52.7 52.6 54.9
H 6.2 6.3 5.7 5.8
0 43.5 40.8 41.5 39.0
N 0.1 0.2 0.1 0.2
S - 0 0.1 0.1

Hemicellulose: 25—-35%
Cellulose: 40-50%
Lignin: 16—33%

Source: Park et al. [18], Shi and Chew [19]
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WOOD IGNITION




PROCESS OF IGNITION
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o As the exposed surface of a solid material is subjected to an external heat
source, its temperature starts to increase and a series of physical and chemical
phenomena takes place.

(PITT e

Y 4(0.1)

Yo.Yg Yo 0.1)

YF,S(X-U L
X:

ﬂq’{q(L,t)

X

v

Interactions:

Incident heat
Heat losses
Solid phase
Gas phase

Schematic of the different processes occurring as a material undergoes
degradation prior to ignition induced by an external source of heat [3]

Source: Torero [3]
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o As the exposed surface of a solid material is subjected to an external heat
source, its temperature starts to increase and a series of physical and chemical

phenomena takes place.

RRRRSINA
Pilot
J\QEV(O.. )

Y 4(0.1)

Surface
radiation

YF,S(X-U L
X:

ﬂq';\](L,t)

X

v

Gas
volatiles

Reaction heat

Convective
heat Evaporation

Char layer

Pyrolysis layer

Virgin wood

Thermal
conductivity

Schematic of the different processes occurring as a material undergoes
degradation prior to ignition induced by an external source of heat [3]

Sources: Torero [3], Shi and Chew [19]
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Pyrolysis: solid phase transforms into gas phase.

+  Generally implies the breakdown of the molecules into different and
smaller molecules.

« Pyrolysis reaction rates: Arrhenius-type functions or polynomials

= AYo"Ys"e E/RT = CYo"Ys"(T/T,)" (@[1/s])

rir

o Gasification rate per unit volume: o . kg/s.nf‘

o The process of pyrolysis can be extremely complex and depending on the fuel
and heating characteristics can follow distinctively different paths:

~ Numerous reactions
+ Influenced by the presence of oxygen
+Uncertainties related to the number of steps and their constants, etc.

Wood pyrolysis involves many physical and chemical processes: heat transfer, moisture
evaporation, decomposition kinetics, pressure build up in the solid, changes in material
properties with the extent of pyrolysis and temperature, anisotropic property behavior.

Sources: Torero [3], Park et al. [18]
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Example of a reduced kinetic mechanism for polyurethane (PU), obtained by
TGA and GA:

Step1 =1 PU — vp , B-PU + v, , Gas

&P ]» Purely thermal degradation

Step1 =2 p-PU  — v, pp Char + v, o Gas
PU + vo2,0 02 — v Char + v, , Gas
B-PU + vo2,0 02 — v, Char + v, , Gas [ Oxidation

Step1 =3

Stepi1 =4 Char + voa.c Oy — 1 Residue + v, . Gas

Source: Rein et al. [5]
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o Inert Atmosphere vs. Air atmospheres: effect of heating rate on MLR

Q
=)
o

6

3

(Nitrogen Atmosphere) 20°C/min (Air Atmosphers) N 50“‘C/min

3

(4]
o

s
s

Such  qualitative  and
quantitative agreement is
not usual for materials
commonly present in fire.

10°C/min

10chin |

ro
ro

Mass-loss rates [1/s] x 10
w

Mass-loss rates [1/s] x10
()

—
-

e 5°C/min L
5°C/min— e

e i s —_ L.l The problem of
100 200 300 400 100 200 300 400 ‘i .
Temperature [°C] Temperature [*C] eStab“Shmg the ChemlStry
of pyrolysis is not solved
in fire research.

s

TGA data for polyurethane extracted from reference [6]
(symbols) superposed to the reduced kinetic model from
reference [7] (lines) for inert atmosphere (a) and air (b)

. TGA data above: heating rates 5-20 °C/min
+ Typical fires: 10-200 °C/min

Sources: Torero [3], Chao et al. [6], Lautenberger et al. [7]
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o Example of a reaction model for the combustion of moist wood exposed to
moderate thermal irradiances:

1200
Moisture evaporation rate S g0l
E, B X aol Q,=50 kW/m’
W1 — — Ase RTp S , L=20mm |
d d€ P £ 300F Experiments 0 ] —
9 P o o Shiand Chew [61] 120 ; 3
. Y L Simulations l..o @
Wood decomposition & 185 2
§ o8 O OT 10 (E &
WovcC+uvrT +vsG = S Y 5 3, ¢
: e { L ®
E [ ! I ! I ! e O -~
A _R—FT 0 200 400 600 800 1000 1200
Wp = — Ap€ RlpPy t[s]
Char oxidation — 1200
]
5 1000
C+ (veo / 24 vco,) 02 = vcoCO + veo, CO2 5% aop
9 e Experiments .
A _% g- - =% Shiahd CHew [62] 130
= — € ) 9 Simulations =
C c PcPo, - —— Q=25 kw/m’ ‘25?1 3
O — %]
Products CO/CO, £ e f?,i >
2 108 8
E e Y ORG g =3
v {'pd _ g 3!\) o
0 _ A e RT G wil® o 8
de |l ! 1 <O TR 0900 0 ~
Vco, 0 200 400 600 800

t[s]
Kinetics parameters and properties from literature.

Source: Galgano and Di Blasi [16]
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Example of a model for the oxidative pyrolysis of wood:

Gpyro: open-source generalized pyrolysis model

wet wood — vg,dry wood + vy,oH;0
dry wood — veparchar + vg,thermal pyrolysate7) + 0, = pyrolysate oxidation products
dry wood + vp,4wO2 — VenarChar + vepoxidative pyrolysate
char + vo,charO2 — Vasnash + vegpchar oxidation products

Kinetics parameters and properties from GA optimization.

==Exp.
— Pred.

120 240 360 480 600

Time (s)

MLR of white pine 40 kW/m?
irradiance in nitrogen

MLR controlled by
a heat balance

Mass loss rate (g/ 2-s)

10

8

6 4

t t t t
0 120 240 360 480 600

Time (s)

MLR of white pine 25 kW/m?
irradiance in nitrogen

MLR controlled by a
decomposition kinetics

2

Mass loss rate (g/m"-s)

effect of oxidation -
reactions

0

t t t t
0 120 240 360 480 600

Time (s)

MLR of white pine 25 kW/m?
irradiance in oxidative atmosphere
(21.5% 0O,)

Source: Lautenberger and Fernandez-Pello [17]
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Example: heat and mass transfer processes during wood pyrolysis

Wood spheres (1” dia) were pyrolyzed in a vertical tube furnace.

1=

gas
AR
Model-1 wood ——Lp tar
N i ke2
ch: _E .
char k=de® i=t g c g2 c2
(1-y,) volatiles
hemicellulose —ib + (1-y2) volatiles
¥, intermediate —7> +
li =
solid 12 char k=de® =12
1lul ;!P (1-v4) volatil 1
cellulose -ya) volatiles + y4 char
Model-2
B
celluloseg ——»  (1-vp) volatiles + yg char
d 4 o s 2.
ﬂ:_‘{g Rt (1-0.990)" i=AB, o, = LT , =2 Py = Paa T Pas
d’ er () p(./fl‘ﬂ
k =1
lignin — (1-y,) volatiles + 7y, char k = Ae ®
by tar
wood
. . k
Model-3 b intermediate — ¥ char + (1-y) gas ;
et k=A™ i=1,2,3
gas
Proposed d /k,' Tkgi
model Woo! > tar koo
E
kiy intermediate solid — char k=Ae " ; given in fext
A

Kinetics parameters from literature and best fit to experiments.

Proposed model
0.9 .
Solid mass loss
08
~ 07
e
§ ot
3]
8 osf
12}
8 o4}
E
=
B 03r
o MNNY Ne ST
0.2
01
0 | | 1 1 |
0 200 400 600 800 1000
time(s)
Fig. 11. Solid mass fraction comparisons between the proposed model and
experiments (solid line: proposed model, dotted line: experiment). B31K
800 - Fikg s 783K
AT
- e T 736K
700 — -t 4 e
< iy e 688K
5 P e K
‘é 600 — —
@
a
E
L 500 —
Proposed model
400 -
i Center temperature
J 1 I 1 ! ! |
30GO 200 400 600 800 1000 1200
time (s)
Fig. 13. Center temperature comparisons between the proposed model and the
experiment (solid line: proposed model, dotted line: experiment).

Source: Park et al. [18]
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Example: detailed pyrolysis model for wood crib fires

Cellulose gas ]

R3

4—[ Hemicellulose gas ]
R8

R6
| Hemicellulose

R7

Lignin gas I
RS

Lignin

r
I
I
I

Ash

Water vapor J

Pyrolysis
= == Oxidation

I:l Combustible gas

Kinetics parameters from literature and best fit to experiments.

80 ;
o 70 -
g 60 ‘?.ﬁl
% 50 F
g 40r (]
% 30 —m— EXP. (by Dietenberger and Grexa) |
5 20r - —®— SIM. (original constants) 1
= 1ot ~®— SIM. (modified constants)
0 ' : :
100 | SIM. (original constants)
85: = —®— SIM. (modified constants)
—~ 6F
® af
= 2r
g Of
T
Ak .
<t Cone calorimeter
1o 20 3 50 &
External heat flux (kW/m?)
700 T E T T I T T T T T
Experiment | i
—~ B600L (NIST Fire Calorimetry Database) ]
E —— Simulation using HRR curve i |
o 500 Simulation using Pyrolysis model _
w - - - Simulation using Pyrolysis model | _
o ith ' baway' opti | | 3
o 400 ?Nlth burnT,laa option i -
5
T 300 -
o
T 200t
i}
I : i
100 SRR PO, i
(g . X Y@
0 500 1000 1500 2000 2500 3000 3500
Wood crib Time (s)

Source: Kim [31]
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« Before flaming ignition can occur, fuel in the gas phase needs to be produced.
o As temperature increases the pyrolysis reaction rates increase and the solid
fuel starts its degradation.

o Given the temperature distribution within the material, the rates of

decomposition are a function of x, with larger production of pyrolyzates close
to the surface and lower production in-depth.

o« Due to interactions between pyrolysis ' ﬂ ﬂ ﬂ ﬂ ﬂ ﬂq;(t)
and oxidation reactions, pyrolyzates are i |
composed by inert gases (e.g. water / N /" i
vapor), totally oxidized gases (e.g. CO,), | vuoo <o T,

Yo,Yg Yo 0.)

partially oxidized gases (e.g. CO), and
fuels (e.g. CH,, H,) [8].
« Very few data is available on the

degradation products of most materials o =
relevant to fire. Jaxawo

x=L

Sources: Torero [3], Kashiwagi and Nambu [8]
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« The total gaseous fuel production at the surface per unit area

Integration over the region where fuel is being produced

EF i=N
rhp(o-.t)( x(x 0 | Yes(x,0)) [A‘lYgi(x,t)Ygi(xgt)e_Eii/RT(K-t)} dx
Jo =
() (i) (i) ”
t q¢()
(/) Function of permeability, porosity, JEILL

Pilot
pressure and fractures within the material S\ 0
(i) Mass fraction of flammable gases |, , 7 | @, [

present in the local products of oo/ ﬂlww
degradation (global contribution of all

compounds that can be further oxidized)
(iii) Arrhenius reaction rates

vib

x=L

YF.S(X,I) _
ﬂq}’q(L_t)

X

Sources: Torero [3], Kashiwagi and Nambu [8]
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o Charring has an impact on both heat and mass transport.
« Role of charring on ignition:

+ Charring materials pyrolysis leads to the production of gaseous fuel
(pyrolyzate) and a residual solid phase char.

+ Char is mainly a carbonaceous solid that could be further decomposed.

» The secondary decomposition could be complete, leading to an inert ash
or to a secondary char that can be further decomposed.

« V. exposed surface (boundary between t ﬂ ﬂ ﬂ ﬂ ﬂ ﬂq;(t)
solid and gas) regression rate. Boundary Pilo
where complete consumption of the fuel / R L
is achieved. Yﬁg‘jj\zo_” Y(U)F%lﬁﬂ?ﬂ

o Carbonaceous chars can reach high BN ' s
temperatures leading in many cases to e
vigorous oxidation (surface glowing) that

can be the catalyser for gas phase Vrixd
ignition.

Source: Torero [3]
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« Vi velocity at which the thermal wave travels through material.
o &/(t): the end of the region that has been heated

e L>epx Semi-infinite solid
The thermal wave is far from the end of the sample. The fuel can be treated
as a semi-infinite solid (L = o=).

e &;2L: Thermally-thick and thermally-thin solid

The thermal wave has reached the end . ﬂ ﬂ ﬂ ﬂ ﬂ ﬂqg(t)

of the sample. Pilo
«  Thermally-thick:  a  significant J a r‘*:,gg(o.n ﬁ
thermal gradient exists within the [l NeOohog™s 4 &

solid before ignition (Bi ~ 1) o X ; Iy .:Tm
. Thermally-thin: gradient is s
negligible for most of the time
before ignition (Bi<<1) Vi ﬂ
qy(L.t)

Sources: Torero [3]
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€y depth at which the chemistry can be assumed to be significant (for x > &,

the solid can be considered inert).

V,: propagation velocity of the pyrolysis front.
The relevant thermal properties are: p(x,t), k(x,t), c(x,t)
+ Known for common materials, while still unknown for materials typically
present in fires (wood, complex plastics, composites, etc.).

g.: charring front depth, which moves at

a velocity V.

+~ Char properties are still the
permeability, the density, thermal
conductivity and specific heat but
precise values are mostly unknown
for most chars issued of materials
relevant to fires.

Pilot
Mo p| gkt
Y 0.0 7Y (0.0] x=0| | M6

TN

Yo.Yg Yo,0.)

YF,S(X~I)

Sources: Torero [3]
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WATER EVAPORATION

Endothermic phase change process that can have a significant effect on the

temperature distribution in the solid.

Generally incorporated to the energy equation as a heat sink where some rate
function is created to describe the conversion from one phase to the other.
The simplest procedure is to assign a critical temperature to the phase change
(i.e. 100°C for water).

The thermal wave can only proceed once the transition (liquid-vapour) has

been completed.

Sources: Torero [3]
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1946: Bamford et al. (wood board heated by a flame modeled as T,)

1972: Kung et al. (wood slabs heated externally)

- T |, - -
= o oT = oT 9p Coa  #Cre =\ =
Cpe 2= Z(F MgCpe %= + “£1Qp - pa_ _ Priee
T ai( )+ e ai+6f[Qp J.(l""f-’! i )"
1

2010: Park et al. (wood spheres in a vertical tube furnace)

JoT or 10T [, 0T
Cwpy+ Cuwpy +Cepo+ ECup, + fﬁCpgpg)EjL (Cpepy + CpgpPg )V — (r%_.—) +Q

or 2 or or

Q = —(kiAhy + kgAhg + kisAhi)p, — keAhepig — (Ke2Aho+ Kga Ahygs) p,

Software FDS — Fire Dynamics Simulator

oT, o [, OT,\ Ny e
PsCs (}IS Ix (‘F‘s Ix ) ‘|“~?;” gs _q’;’Lqu;”r '5}';!2: ' Z Z r&,ﬁ{x}Hr.a,B
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o 1946: Bamford et al. (wood board heated by a flame modeled as 7 )

Char region™ Decomposing Heating region:

C
RS,
e]0)]
00 L
Ss I L o region (570-  virgin wood
[ — N <
S n O 720 K) (0-570 K)
E c o A A
8 9 \ = 650 \
o B < ®
0O <~ °i 550
c g
(@) 3
O._D o 450
o0 3 < 550 %
c o o
S R §
M ‘gp N
R 250 ' L L I
I > = & 0 025 0-50 075 1400
Distance from heated surface (em.)

0-25
~ - — — Indicates decomposition zone. )
Distance from heated surface (cm.)

Fig. 2. Temperature-space curves (2 cm. sheet). Fig. 3. w-curves (2 om. sheet)

Mass of volatile products per cm? of wood
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Energy balance:
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Typical control volume for x < £, showing

Description In Out Formulation
Energy transported by gaseous

m ,,( xt.t )Cp.p(xH. 1) Tp( %t 1)
fuel traversing the control volume

i, (x, DCpp(x, OTp(X, 1)

qp(x*.1)
qp(x.t)
Energy transported by oxygen

m,(x*, 1)Cpo(xT, ) To(x™, 1)
traversing the control volume

My (x. HCp.o(x. DT, 1)
ps(xt ) VR(t)Cs(xH, ) T(xT, 1)
ps(x, OVR(DCs(x. DT(x, t)

qo(x™,t)
Jo(x.1)
Energy transported by solid

Gs(x*.1)
fuel traversing the control volume

ds(x.1)
tAl:‘.\n("- D]
denp (X721

drap (X. 1).dx

Heat conduction 'l\sd\‘\f\

AT
.}\de ‘ x=x"
Radiative absorption q/,: Ap (X, 1).dx

Z =N AHp ips (x, O [AYS (X, ) YR (x, )e-
E;/RT(x.1)]

Chemical energy

L.|: (x,1).dx
(generation/sink) >

Ecy = ps(x, )Cs(x, 1) T(x, 1) dx

a.E o o
= dg(x" 0+ dpl(x )

X =x +dx ﬁ ﬂ
Nl ‘ Uq';,(xut) Q.

the main heat transfer mechanisms
qp(x.1)

Qo (X, 1) 5 qéNp (X,t)
qS(HX?t) ﬂ

%qz’(xat) * dap (.0

e (X7, 1)

qp(x7.1)

06, 1) + denp(x0)| -

[qg(x + *t) + qE‘ND(K + =t) + q;(}( t) + q;(x t)} + L:IRAD(K:I)(IK + L:Ig (K:l)d}(

Source: Torero [3]
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o General energy equation for the control volume:

a [pSCST] L a [ aT] a [m;CPsPTP] - a [m:)CP,OTO} a[p5V]{CST] L
ot 0x ks x| T 0x Ox T x T drap

4 Zl NAHP P {A leYgie—Ej/RT]
To summarize, temperature
distribution is a function of:

« Solution provides temperature distribution e conductivity T
T(x,t) along the sample, which is used to  Specifichea gs“‘(’;)”
" p.p(X,
compute the fuel production rate, m;(0,1). Crolx)
Density of the solid p(x,t)
, e i=N Regression rate Vir(l)
mp(0,1) = [ #(x (YF s(x, 1) Z [A Yo' (x, ) Yg (x. t)e EI/RT(X'[)})dX Mass flow mhp
J0 i=1 m()”
Temperature of the gas phase Tp
T()
Radiative properties of the solid g (X,1)

(absorptivity, ag(x.t))
Heat of reaction AHp;

Source: Torero [3]
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SURFACE BOUNDARY CONDITIONS

o For the exposed boundary condition (x = 0):

OT
0= kg;— —&5(0,0)0(T*(0,t) — Ty) — hey(0)(T(0,t) — To)
Xlx=0*

o For the back end boundary condition (x = €), assumed to be in direct contact
with another solid:

oT 0Tg
0=—ks=—|  +kn
(./X y=l.— (/X J(:L+

qp(0.1) q,(0.1)

4o (0,1) VA
N qé’%l 0 quo, t)ﬂ ﬁq;'k (0,1)
x=0) =]

%q;tx,t) * Aap(0.1)
x=e i Boundary control volume for x = 0 showing
i ﬂ u the main heat transfer mechanisms
X qo(gat) QS(

&0 qle) UQenp (&:1)

dp(e, 1) Source: Torero [3]
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o After the onset of pyrolysis, gas begins to emerge from the fuel surface,
initially in very small quantities, but as € and T(x,t) increase the fuel mass
flux will increase.

« The emerging fuel will encounter the ambient oxidizer and eventually
produce a flammable mixture.

o Given that fuel is migrating into the oxidizer flow, the definition of a
flammable mixture is not a simple one.

« In standard test methods the ambient flow is well defined.

« In real fires, flow fields are defined by the flames themselves and by the
geometry of the environment (obstacles, fuel geometry, etc.) with the
possibility of complex flow patterns.

Nevertheless, from a phenomenological perspective, to achieve ignition,
what is required is to achieve a flammable condition (fuel concentration
between LFL and UFL) in at least one location in the gas phase.

Source: Torero [3]
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Once a flammable mixture has been attained, this mixture needs to increase
in temperature until a combustion reaction can occur.

>

Pyrolysis time: the time required to attain a flammable mixture.
>

Induction time: the time for the mixture to reach a temperature at which
ignition can occur.

'y

Time

Ignition time =

Ignition time = [ Schematic of the characteristic times
\ pyrolysis time + induction time | ! . . . L. .

‘_ involved in the ignition of a solid fuel
/ [9, 10,11]. In these experiments the
\ heat to initiate the combustion

+ Induction . . .

T e reaction is provided by a hot flow

) y impinging on a fuel surface that acts

Pyrolysis " as a heat sink.

Time "‘-.._:'_.x"

Ignition

Time

v

Flow Velocity

Source: Torero [3], Fernandez-Pello [9,10], Niioka [11]
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PILOTED IGNITION

Including a pilot flame or a hot spot is a practical experimental simplification
that has a basis on reality, since in most ignition scenarios there will be a
region of high temperature.

The presence of a pilot strongly simplifies the gas phase processes and
reduces the influence of environmental variables.

In the presence of a pilot, ignition can be assumed at the moment where a
flammable mixture (LFL) is attained at the location of the pilot.

To attain the LFL at the pilot location it is necessary to resolve the momentum
and mass transport equations simultaneously.

DYoo, >
> Po == pyDroV~Yo,
Du \ s Dt
Pop, = —VP+pyg +pVou
DYF,Q 2
P(]T = poDr.oV YE, o

Source: Torero [3]
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THE INERT SOLID ASSUMPTION

o The assumption that the solid remain inert until ignition is probably the most
far reaching of all proposed simplifications.
+~ As a result of this assumption the energy equation is dramatically

simplified:
0lpsCsT] 0 . oT L
- —— J— S -
Ot 0x 0x 4rAD
800 ‘ ‘ ‘ : :
00 oo b @ Piralei Tme L Characteristic ignition delay times
600 o 1 | o Ignition Time

(t;;) and times to the onset of
pyrolysis (t,) for PMMA and a wide
range of external heat fluxes
extracted [12]. Onset of pyrolysis or
ignition did not occur
below 11 kW/m?

500
t[s] 400
300
200

100

& [kW/m2]

Sources: Dakka et al. [12], Torero [3]
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ABSORPTION OF RADIATION & GLOBAL PROPERTIES

o The next major simplifications that are commonly accepted are to assume that
most of the incident heat flux is absorbed (a(t) = 1) at the surface and that the
thermal properties of the solid can be considered invariant. This results in:

dpsCsT] @ [ . 5T] ., O[T klaﬁT]

= = —> psCs
ot Ox 3x| T 9raD SSTO Ox2

+ The exposed boundary condition (x = 0) reads as:

0T
0= kg;— —&5(0, )5 (T*(0,1) — Ty) — hey(0)(T(0,t) — To)
Xlx=0*
C — aT L 4 4
0=kg=— 5 +q. —o(T*(0.t) = T;) — hey ()(T(0,t) — Ty)
x=07

o There is little true justification in the literature to support these assumptions,
nevertheless they are of practical use.

Source: Torero [3]
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IGNITION CONDITION

o If the solid is assumed to be inert until ignition and the gas phase heat
exchange can be summarized into a single total heat transfer coefficient (h;)
this amounts to the assumption that ignition will occur at the onset of pyrolysis
and that this process can be simply characterized by the attainment of a
characteristic_surface temperature that is commonly labelled the ignition
temperature, T,

o If the sample is suddenly exposed to an external heat flux, then the time delay
between exposure and ignition is named the ignition delay time, t;..

+ These two parameters represent then the entire process of ignition.

Critical heat flux for ignition: for tig .
infinitely long, there will be no . '
gradients of temperature within the Tig = Ty +
solid and surface heat losses will be

equivalent to the heat input.

Q¢ [kKW/m2)

Source: Torero [3]
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Imposing a constant external heat flux (q. = constant) and using all the above
assumptions allows for an analytical solution for T(x,t):

N

9e ~ X - \/ﬁ
T(x.t) — Ty = —° |erfc — — eV VkshsCs y
(x,1) 0 (hr) ( '—4(1[)1)

The surface temperature, T(0,t)

(br)”

t
) erfc

] —e (ESESES (hT)

1

\/Esﬁsas

To obtain the ignition delay time (t;)), 7; is substituted by T

tln %
leruerlg(( ) )]
lc

Source: Quintiere [13], Torero [3]

L

Ty +q—

(hr)

Ti(r

12

-

ks pSCS

= T,(t), is obtained from:

terfc

X

(hr)
ESﬁSES 4(1[)1

Characteristic time:
kspsCs
2
(hr)

e =
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SOLUTION

N

Tiy = To 4 e

(ht)

&

PaN
FRGS ol
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1
g lig ’
| — ewerfc —=
l¢

In order to solve for the ignition delay time (t;) a first order Taylor series

expansion is conducted for two conditions:

High incident heat fluxes where T
is attained very fast, thus t;, << t

(t;, /t.=20):

v

c

lin

&

Low incident heat fluxes where t; >

ﬂ’

m/kspscs < T

(independent of h;)

t. (t,-g [t.>o):

Source: Quintiere [13], Torero [3]
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“fundamental combustion research community may play a leading role” [26]

“fundamental experimental science community is more important than ever to

address the problems of a vastly diverse and growing world. ... a necessary step

to develop the next generation of computational tools to properly address the
LOF problem and in turn develop requisite mitigation strategies.” [30]

: material
experiments models heat transfer .
properties
: data acquisition
real scale phenomenology combustion :
and analysis
L. : mechanical
lab scale applications fluid flow :
behavior

Source: International FORUM of Fire Research Directors [26], Manzello and Suzuki [30]
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Cl Symposium areas

Fundamental Processes

v

v

v

v

v

Chemical kinetics

Flame dynamics and transport processes
Turbulent flames

Detonations and high-speed combustion
Heterogeneous combustion and processes

Enabling Models, Methods, Tools and Technology

v

v

v

v

Diagnostics and experimental methods
Modeling approaches

Numerical techniques

Enabling concepts

Applications

v

Energy and material conversion and heating
processes

Low-speed propulsion

High-speed propulsion and energetics

Fire and safety

& /\@
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|AFSS Symposium areas

Ignition, flame structure, and spread (including
pool fires and flame heat transfer)

Solid pyrolysis and smoldering

Material flammability (including flame retardant
materials, flammability testing, fire emissions and
their toxicity)

Enclosure fire dynamics (including compartment,
building, facade, tunnel fires, and smoke transport)
Large outdoor fires (wildland, wildland-urban
interface fires, and urban conflagrations)

Fires in energy systems and industrial
installations (including electrical vehicles, hydrogen,
photovoltaics, wind turbines, manufacturing and
storage facilities)

Fire detection and suppression

Structure-fire interactions (mechanical response to

fires of steel, concrete, timber or composite
structures)
Evacuation, human behavior, and societal

impact of fire
Fire risk assessment,
design, and fire forensics

performance-based
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UNDER DEVELOPMENT AT UFRGS

« lgnition of wooden structures at the WUI Fire re{ardants

o Fire retardants and suppressants for wildland fires and for developr}:ent
wooden dwellings and testing

o Firefighting devices for wildland fires

o Informal settlement fires

« Fire safety and risk analysis of H, systems

o Fire safety of cultural heritage and historic buildings fires
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