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Model-aided understanding
of
smoldering combustion under micro-gravity
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What is smoldering combustion ?

Smoldering is the slow, low temperature, flameless of combustion,
sustained by the heat evolved when oxygen directly attacks the surface of
a condensed-phase fuel. Many materials can sustain smoldering reaction,
including cellulose, wood, cotton, tobacco, peat, duff,....

Common examples of smoldering combustion are the initiation of
residential fires on upholstered furniture by weak heat sources
(e.g., a cigarette, a short-circuited wire)
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Smoldering combustion ©

World Trade Center Debris: After the attack, fire and subsequent collapse
of the Twin Towers on September 11, 2001 the colossal pile of debris left
on the site smoldered for more than five months. It resisted attempts by
fire fighters to extinguish it until most of the rubble was removed. The
effects of the gaseous and aerosolized products of smoldering on the
health of the emergency workers were significant but the details are still
a matter of debate.
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Smoldering combustion is
dangerous but is possibly

and easily occurs everyWhel’e. ] (http://en.wikipedia.org/wiki/Smoulder)
Smoldering pile of debris after Sept. 11 Attack, 2001

Smoldering pattern in microgravity '
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Fingering patterns with tip-splitting in biological systems
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Fingering patterns with tip-splitting in biological systems

Hele-Shaw cell
(a thin incompressible fluid-filled gap between two plates)
when a less viscous fluid is injected into a cell containing a more viscous fluid.
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flame tip
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S. L. Olson, H. R. Baum and T. Kashiwagi (‘97)

wind of 0,/N,

ashes (0.5 cm/s)

(char)

upstream smoldering
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Irregular patterns in moldering combustion under ug (
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Experiment ( Olson, Baum and Kashiwagi(‘98)) i 5
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the upstream smolder fronts (oxygen shadow effect),
as discussed later.

Figure 2 shows the smolder patterns obtained at
four imposed-flow velocities in microgravity. As the
velocity increased, the number of smolder fronts
(fingers) increased. The size of the smolder spots was
independent of velocity. After the upstream smolder
reached the edge of the sample (not shown), smol-
der fronts turned downstream. Eventually, most of
the sample was consumed, with the exception of the
0.5 em/s smolder test, where downstream smolder
was not viable. Although these fingerlike smolder
patterns seem chaotic, there is a great deal of order
in the system. ...
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Experimental approach ( Zik, Olami and Moses(‘98)) @ )|

D4V REFRDIFRIEYIRI IL—T

80 cm

® 00 000D ® @

FI6. 1. Schematic represeatation of the setup: (1) glass top, (2) variable gap between top and bottom plates A, (3)
outflow of combustion products, () spaces to control , (5) ignition wire, (6) hest conducting boundaries, (7) Rame
front, (8) fuel, (9) interchangeable bottom plate, (10) unifarm Bow of OyNy, (11) gas diffuser, (12) gs alet,

Fix the concentration of 0,/N, suitably

R T e llllllaﬂwmmmmms

faster

Flame smooth front
propagation
planar in-stability I

slower

uneven front 7.5 cm/s
connected front

14

Fingering pattern with tip-splitting
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wind velocity of gas

0.03 cm/s
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Message from experiments

Occurrence of qualitatively four different patterns
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What is the mechanism behind smoldering
combustion in pg ?

Why does it generate such diverse patterns?

€ Understanding by mathematical modeling approach

Modeling:
A. Fasano and M. Primicerio (Univ. Firenze, Italy)

Simulation:
H. lzuhara (Paris-Sud Uni. France)

Analysis:
K. Ikeda (Meiji Univ., Japan)

Thank to

E. Moses (Weizmann Inst. Sci., Israel)
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Modeling of a slow smoldering combustion process

Research Article

Raceved 30 Movember 2009 Published online in Wiley Intersclence

[ Al ) DOk 10, L1301

MO subject classification: I I; B

Modelling a slow smoldering combustion
process

A.Fasano®*t, M. MimuraP and M. Primicerio®

We present a mathematical model for the slow and partial combustion process of a sheet of paper ignited on one side
and in the presence of a flow of air confined in a narrow gap above the paper. The model includes mass and thermal
Ibalance for the various components. After having i som a sultable is PQF'I‘II’IIII‘“
some limit cases are examined. Two classes of travelling wi ding to the

cases of a sufficiently large or of a modaerate alr flow. Copyrlgmc muunnn Wiley & Sons, Ltd.

Keywords: combustion; travelling waves
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The combustion reaction takes place between cellulose and oxygen

cGH-lﬂos + 602 f—* 6002 + 5“20

exothermic reaction
FER
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Modeling of a slow smoldering combustion process

An exothermic reaction approach

Fasano, M. and Primicerio (2010)

\VA

« The state of paper

T(t,x): paper temperature (K)

p(t,x): density of cellulose
* The state of gas

T,(t,x): gas temperature (K)
po(t,X): concentration of oxygen
p4(t,x): concentration of reaction product

p,(t,x): concentration of inert gases

23

Modeling of a slow smoldering combustion process

Final unknown variables

* Mass balance in the gas — p,(t,x): density of oxygen
-Thermal balance in the gas — T(t,x): gas temperature
* Thermal balance in the paper — T(t,x): paper temperature

+ Mass balance of the cellulose — p(t,x): density of cellulose

24
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A free boundary problem and thin layer approach

Fasano, M. and Primicerio(2008)

glass plate T,
wind of gas (velocity /)
‘! gas —
H=2-14 nm free boundary
e —
T, paper { ntxy) | 0.2mm
glass plate "0

h H
Ttxy) = B ([ Texy2dz+ [T txy2)dz)
0 h
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An over-simplified toy model of reaction-diffusion system

T(t,x,y): temperature (K)

\VA

y wind of gas
p(t,x,y): density of paper
u(t,x,y): concentration of Oxygen — m?a:m g
X
- heat radiation
T,= dyAT + Sk(Tpu =T =T,) + AT,
~ AN O L e
b= - It(l’)puN -
u, = d,Au - k(T)pu + Au,

MUAN M A

Note: By ¢,p, << c,p,, We take 1’ =0
26

Reaction rate k(u) \l_,

T,= d.AT + SK(Tpu—r(T-T,)
p,= - k(T)pu
u, = d,Au - yk(T)pu + Au,

ignition temperature
. { exp(-E/R(T-T))) T=T,

k(T) =
M 0 0<T<T;

Note: We may simplify k(T) by

B { 1 T=T,
kD=1 o o<T1<rT,

27




Boundary conditions

T,= d AT + Sk(T)pu —rT
p = - k(T)pu
u, = d,Au - yk(T)pu + Au,

...........

T-T,>T

T= TO(X) +&(y) Neumann (or periodic) boundaries for T and u

\, ;

u:free T=0 u="4
= n* )
T:free . p=p T,=0
y U=t fi{fé'ié'}iat clear
\—x Neumann (or periodic) boundaries for T and u

28

Existence and asymptotic behavior (lkeda-M. (’08)

Consider the initial-boundary value problem for (T, p, u).

Theorem 1
There exists a global (in time) solution

(T, p, u)(t,x,y) for0 <t <0

29

Existence and asymptotic behavior (Ikeda-M. (’08)

Theorem 2

Combustion goes out

There is P, (X,y) = 0 such thaf/
lim,__(T, p, u)(t,x,y) = (0, po?(x..y), Ug)

Ch%EXSC EHERR !

Note
p;= - k(T)pu

p(0,x) = p*
t
p(tX,y) = p*exp( f0 K(T)udk)

30
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(1) Can we obtain the spatial profile of p_(x,y)
such that

“ml\—s-oopﬂsx!') = poo(xl-')h
for which p* - p_ exhibits char pattern.
ZOEHICIE T,uDERBBEEZINSBIFINIEL SN

(2) Does it exhibit qualitatively similar to the
patterns observed in the experiment, depending
onA?

31

T, = d; AT + Sk(T)pu — T
p;= - k(T)pu
wind of 0,/N, u, = d,Au - k(T)pu + Au,
v=w|  QRORBERY Parameter vlues

d; =10, d,=3.0

f=20.0y=1.0
u, =02 p*=1.0
r=0.25,

I L, =400, L, =200

A Is a free parameter

0 l'y. 32

(A =9)

- _.‘. ! | .
T = 75592400 SPEED - 1050105 lambda - 0.700000
T
x
f1
—p L
» fA—— P
z X — I"ﬂ
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Destabilization of the planar front of T

(M=0.7)

connected front (p)

ashes region

time
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(AVA

(A =0.35)

splitting of moving spots (T)

propagation

1=499.992500 0.00

A =0.225
00 w020 1,00 0.20
— '

1=599 987500 0.00 - 0.00 0.00 =599 987500 0.00 000 0.00

36

PPM 2010-01 | 12



13 | PPM 2010-01

Phase diagram of patterns

flow velocity
A planar front
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Propagation velocity ) \/
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simulation
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When the flow velocity Mis large,

the flame front is planar, that is, the
dynamics can be treated by 1 dim.
problem.

Traveling wave (TW) solution ( @

(T.pu)2) @=x-cl)

¢ ~cT,= thT,+ sk(T)pu - /T
~cp, = ~k(Tpu z2€ER
o, = AU, Yk(T)pu - M,
Ceu=)=0p%) e

< (Gpu=) =0,p.0) T@),

AARARAREARA LA y"
undetermined a priori o) [| e
— e

e

A
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Global structure of TW solutions when A is varied

Numerical results

N velocity
15 * 16 s T T
: " stable fast TW
0000 15 uO 08
04 ]
o} B unstable slow TW
] )\‘c 1 2 3 4
How is the analytical result ?

Partial results for large A

Remark. If A is large enough, the system reduces to
almost 2 component system for (T, p) with u = u, constant.
(Ikeda-M.(08))

This reduction enables us to discuss the existence and stability of
traveling wave solutions.

[ - eT, = thT, + Suk(T)p - 1T

- op, = - k(TP 2R
* (T, p)() = (0, p*) @ | o |
L R~ S ) S|

41

Limiting situation when X tends to infinity

Numerical results

velocity [ | =T, =d;T, + uk(T)p - T
z
fast TW -cp, = - Eugk(T)p
(T, p)(=) = (0, p¥)
slowt™ .o (T, p)(-2) = (0, p.)

Theorem (lkeda-M.(10))

Suppose that ¢ is sufficiently small.

(1) For r large enough, there is no TW solution.

(2) For suitable r, there exists a TW solution.

ER

2
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2D traveling waver solutions
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Occurrence of traveling finger solutions

A=018 A=0.16 A=0.14
LS 0 L L BT X TR Am ey YT N FER ey Y
fingering growth without splitting extinction
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Occurrence of traveling finger solutions .

1

A moving spot of T A movifig figger of p
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A moving hole of u

currence of traveling finger solutions
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Asymptotic patterns of “paper” p(t,x,y) '_‘fj: \l L

If the upstream smoldering collides and dies with the
upper wall x = L,, then we may expect something.
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planar combustion
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Upwind 'and‘downwind traveling waves

@ non-existence of TW s
@ o existence of up-wind TW only Ha = .
@ existence of up- and down-wind TW ::
°e
i 11
upstream TW = : = g
—— 0000
Lt — | p* 00000
. | ¥ ssasss
\ 0 0000000
o9000000
ittt
downstream TW 0000000000
000000000000
0000000000000
p | —, 0.0 - 9-0-9-8-0-0-6-0-0-0-0- -0 u0
N —)\ U, 00 0.7

Concluding remarks (©))

(1) Understanding of spatial pattern of p_,(x,y)
arising in smoldering combustion is not so trivial.

(2) The system which | discussed is a”toy” model.

51









