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ABSTRACT

The propagation of two-dimensional diffusive flame over combus-
tible material is studied numerioally by solving appropriate
oonservation equations for the reacting flow ooupled with the
energy equation in the solid fuel. Two kinds of mathematioal
desoriptions are oonsidered. Pirstly, boundary layer approach is
taken into account but in some oases (speocifioly, when free-
stream velooity is not sufficient to damp the molecular heat and
mass transfer in the upwind direction), the flame spread features
can not be desoribed correctly by this approximation. Hence, full
two-dimensional elliptic equations are solved. Among other
aspeots of flame spread prooess, presented study has been fooused
mainly on the central issue of theoretiocal analysis of considered
phenomena that oconsists in the predioction of steady flame spread
rate. Beoause the solving of unsteady elliptic equations is
fairly diffioult from the view-point of ocomputational efforts,
mathematioal model is formulated in the steady-state ocoordinate
system fixed on the flame front. Here, set of steady equations is
taken into account where steady flame spread rate appears as an
eigenvalue. Generally accepted method of eigenvalue problem's
solution relates to the using of integral mass balance in the
solid fuel. As it was shown, two-dimensional eigenvalue problem
has not unique solution if regression of burning surface is not
negleoted. It means that fuel's mass balance 18 kept for any
assigned value of flame spread rate. A new algorithm for the
prediotion of steady flame spread rate is proposed by using the
non-equilibrium thermodynamio approach.

The flame spread over PMMA slabs and thin samples of paper is
studied. The influence of some parameters such a free-stream
velooity and ambient mass fraoction of oxygen on the flame spread
rate is investigated.

INTRODUCTION

The problem of theoretical investigation of flame spread over
solid fuels was widely studied by different authors [1-5]. Among
lot of physiocal aspeots surrounding this phenomena, present study
has been mainly concentrated on the theoretical prediction of the
steady flame spread rate. As it was noticed [3], quite diffiocult
two-dimensional eigenvalue problem has been arisen if steady-
state ocoordinate system fixed on flame front is oconsidered.
Alternative approach is based on the unsteady equations in the
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coordinate system fixed on solid fuel. Using this approach [4,5]
one oan avoid eigenvalue problem but signifiocant diffioulties are
arisen to solve two-dimensional unsteady equations.

At presented paper only steady equations in the ooordinate
system fixed on flame front are taken into account and eigenvalue
problem is studied espeoially. In the originating work [2] the
solution of eigenvalue problem was received by using the integral
mass balance of solid fuel. In this paper the ratio of surface
regression to the flame spread rate was assumed negligible that
allowed to reduce full two-dimensional eigenvalue problem to one-
dimensional. In this regard, present study has been intended to
develop an algorithm for the prediotion of flame spread rate
basing on the analysis of full two-dimensional eigenvalue problem
where flame spread rate and solid fuel's pyrolysis rate relate to
each other as a two eigenvalues.

FLAME SPREAD MODEL

The oonfiguration of considered flame spread model is shown in
Fig.1. The horizontal flame spread is shown here but presented
analysis ocan be applied also to downward and even upward flame
spread sinoe the existence of steady propagation is the single
ocondition for suitability. The general form of equations is:
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solid fuel
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Here 7T is temperature, u,U are velooity components, Yi is mass

fractions where {=(0,F), O and F denote oxygen and gasified
fuel respectively, p is density, A is thermal oonductivity,
¢ is visoousity, C is speoifio heat, p is pressure, R is -spe-
oifioc gas constant, @ is effeotive heat of reaction, Ie is
Lewis number, uf and v_ are Bteady flame spread rate and linear

pyrolysis rate respectively, 4=0 for boundary 1layer approach
and A=7 for full two-dimensional elliptic equations.

The gas-phase combustion and s8olid fuel pyrolysis both are
desoribed by Arrhenius type formula:

im ;
= - /
Wg YPYORgeIp( Eg ’Rng) (11)

W

kexp(-E_ /R,T_) (12)

EIGENVALUE PROBLEM

Assuming pyrolysis product is gasified from the burning surface
as soon as it is generated, the 1linear rate of pyrolysis is
determinated from the fuel's mass conservation in the form [3]:

o]
v, =W, dy ; (13)
-5

The value of pyrolysis rate Ug in Eq.(13) relates to some coross-

seotion of fuel sample in the I-ocoordinate. The mass oonserva-—

tion equation desoribing the whole fuel sample is (see Fig.1):

L)
T

m
qu = g us(z)dx + uf(LPGm) (14)
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which yields
z

us, = f v_(z)dz _ (15)

Here z, is burnout point on the fuel surface beyond which pyro-
lysis no oocours. :

The thiokness of virgin material deoreases along the Z-ocoordi-
nate

L(z) = £(0)-8(z) (16)

and thickness of gasified material is defined as
a(z) = j‘ v (z)dt (17)

On the other hand, steady-state ocoordinate system is fixed on the
flame front and determination of steady flame spread rate yields

= ufdt : (18)
Replacing dt from Eq.(18) to Eq.(17) we receive

1 T
8(z) = - v_(z)dr (19)
uf £ a8
and for the whole sample
I
_1 =
8, = le g v_(z)dr (20)

Finally, replacing Om from Eq. (20) to Eq.(15) we get an identity

that means that fuel's mass oconservation is kept for any assigned
value of flame spread rate uf and eigenvalue problem has not

unique solution relatively to the spread rate. Therefore, some
additional correlations are needed.

BOUNDARY LAYER APPROACH

Conalderlng the elgenvalue problem presented in the prev1ou5
section, the following algorlthm is proposed for the predlotlon
of flame spread rate. The investigation [6] of dependence U (u

has shown that there is an extremum at whioh the pyrolysis rate
v_ reaches its maximin oorresponding to some value of flame

spread rate uf . The last one is considered as a sought steady

value. Because boundary layer equations are taken into aoccount
and terms describi heat transfer in the upwind direction are
negleoted, Egqs.(1)-(4) ocan not be integrated from the point z=0
in Pig.1 [7]. So, to begin the oaloulations some profiles of

predioted variables must be assigned at some oross_gection z,

in Fig.1. Actually it means that in the oase of opposed flow
flame propagatlon the flame spread rate ocan not be predloted by
theoretical study purely because boundary layer equa ns do not
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include any terms that desoribe meochanism of heat transfer in the
flame spread direction. Therefore, only an influence of some
parameters on the flame spread rate oan be studied by boundary
layer approach while one point of this dependence in any oase
must be guessed by ochoosing the 1initial profiles that satisfy
experimental result.

Some results of the investigation of flame spread over DPMMA
slabs are presented in Pig.2-3. The data of Pig.2 are quite
satisfactory while Fig.3 has not shown so good agreement. Author
does not hesitate to show achived results even if its have a
manner such as presented in Fig.3 beocause the limit of proposed
method for flame spread rate prediction must be settled olearly.

FULL TWO-DIMENSIONAT, EQUATIONS

Here, a mathematical model that includes full two-dimensional
equations are investigated. The study of influence of free-stream
velooity on the flame spread rate by using the method desoribed
in previous section (searching the extremum of vs(u )} distribu-

tion) was unsuoccesful as it was shown in PFig.3 for boundary layer
approach. Then, a new approach for the prediotion of flame spread
rate was developed by using the non-equilibrium thermodynamioc
analysis [8]. By this approach the steady flame propagation is
identified with the stationary state of irreversible thermodyna-
mic system that is oharacterized, according to theorem of
Prigogine, by minimal entropy production [9] .The result achived
by this approach is shown in Pig.4.
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ig.1 Flame spread model
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U, m/s

Pig.3 The Influence of free-
stream velocity on the
flame spread rate.

1 - present calculation
2 - measurements [6]

Pig.2 The influence of ambient
oxygen mass fraction on
the flame spread rate.

1 - present caloculation,
2 - empirio formula [10].
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U, m/s

Pig.4 The influence of free-
stream veIdcity on the
flame spread rate.

1 - present caloculation
2 - oaloulation [4]
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