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In this work downward flame spread over single pine needle of Pinus Sibirica is studied. Pine needles
are thin cellulosic charring combustible forest fuel elements. Idealising pine needles to thin cylinders,
a 2D axisymmetric numerical model is developed accounting for char formation and char oxidation to
investigate the important mechanisms which control the downward spread of flame over a pine needle
in normal gravity, atmospheric condition and at various opposed flow conditions. Simultaneous formation
of char and pyrolysate during the pyrolysis process was found to significantly reduce the flame spread
rate over thin fuel. Presence of char resulted in change in distribution of fuel vapour mass flux above the
fuel surface which led to decrease in forward heat feedback to the fuel and hence the flame spread rate.
This mechanism is different from char acting as a thermal barrier to heat transfer from the flame in case
of thick fuel. Char oxidation had no influence on flame spread rate as char oxidation was found to occur
only after passage of flame with the availability of surrounding oxygen diffusing through the hot plume
of combustion products. Char oxidation was primarily controlled by oxygen diffusion rate to the charred
fuel surface. The flame spread data for quiescent flame spread, and the blow off opposed flow velocity
was used to calibrate gas phase kinetics and pyrolysis kinetics. The model predicted flame spread rate
variation with opposed flow velocity quite well. The predicted spatial distribution of temperature and

species concentration also compared very well with the experimentally determined flame structure.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The study of fire propagation in forest fuels is important be-
cause of the inherent risk of the potential fire hazard. It is impera-
tive to have a better understanding on how flame spreads over for-
est fuel so as to contribute to the progress in fire safety research.
The critical condition for fire propagation depends on the indi-
vidual fuel element [1] especially thin components like leaves or
the foliage. Therefore, studying the combustion and flame spread
mechanism of a single pine needle (SPN), which is one of the most
combustible components of forest fuel, will help in understanding
the mechanism of flame spread over thin charring solid fuels and
ground fire spread.

Flame spread over charring fuels has been studied primarily for
thick fuels and study of flame spread over thin charring fuels has
received comparatively little attention. A flame spread study over a
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solid fuel slab by Carrier et al. [2] modelled degradation of the fuel
into only pyrolysate, and later incorporated char formation along
with pyrolysate in the model, [3]. The study [3] showed that the
char layer plays a significant role in thermal resistance, heat re-
tention and solid surface emission. In a study by Wichman and
Atreya [4] a simplified model of pyrolysis of thick charring materi-
als identified four stages of pyrolysis namely, inert heating, initial
pyrolysis, thin char, and thick char. Study showed that the surface
temperature controls the volatile production rate at the initial py-
rolysis stages (the kinetically controlled regime), while the tem-
perature gradient controls the volatile production rate at the thick
char stage (the diffusion-controlled regime). In the numerical stud-
ies of Di Blasi et al. [5] for concurrent flame spread and Di Blasi
[6] for opposed flame spread, solid fuel is treated as consisting
of two components: combustible pyrolysate and non-combustible
char. Char formed from pyrolysis of virgin fuel is considered to
occupy the initial volume of the virgin fuel. The study in [5] fo-
cused on model development for thin charring fuel under concur-
rent flow conditions and showed a good match of prediction with
the experiment. The work in [6] is focused on the influence of

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

As Virgin fuel pre-exponential factor (=9.8x10
6 mm/s)

As Non-dimensional virgin fuel pre-exponential factor

] (=As/Ug)

Achar Char oxidation pre-exponential factor (=10 685 —1)

Achar Non-dimensional char oxidation pre-exponential
factor (=Ac/(Ur/Lg))

Acs Non-dimensional cross-sectional area of the fuel
(r})

Agurf Non-dimensional surface area per unit length of the
fuel (277y)

Bo Boltzmann number (= p*c;Ug/ (o T2)))

By Gas-phase pre-exponential factor (=15x10 12
mm?3/ (kg-s))

Cp Non-dimensional gas- phase specific heat (=¢p /c})

Cp Gas- phase specific heat = Z{L Cp.iYi

c Reference gas- phase specific heat (=1.38 3 kJ/kgK)

Cs.v Specific heat of virgin fuel
(Cs.y = (0.004T + 0.02) kj/kgK)

Cehar Specific heat of char/ash (= 1.46 kJ/kgK)

Cs Solid- phase specific heat (= Csy * (0s/0710) + Cehar *
(Pc + Pasn)/ P10)

Cs Non-dimensional specific heat of solid (=¢s /c})

Da Damkéhler number (= a*p*Bg/U3)

D; Non-dimensional diffusion coefficient of species i
(oDi/p*D;) = (T/T*)%7 (Sutherland law)

Eg Gas- phase activation energy (= 1.25 x 10° k]/kmol)

Eg Non-dimensional gas- phase activation energy

. (=Eg/(Ru T))

Es Solid -phase activation energy (= 10.9 x 104 k]/kmol)

Es Non-dimensional solid phase activation energy

_ (=Es/(Ru To))

Echar Char oxidation activation energy
(=1.16 x 10° kJ/kmol)

Echar Non-dimensional char oxidation activation energy
(=Echar/(Ru Too))

fi Stoichiometric mass ratio of species i |/ fuel in gas
phase

F; Stoichiometric ratio of species i/char in char oxida-
tion reaction

g Gravitational acceleration

Ze Gravitational acceleration on the surface of earth
(8. = 9.81 m/s?)

g Non-dimensional gravitational acceleration (g/g.)

G Total incident radiation

h; Non-dimensional enthalpy of species i =
(hf + fTTozzgs k CpidT)/CpTe0

AHR Heat of combustion (=16.9 x 103 kJ/kg)

AHp Non-dimensional heat of combustion
(= AH}‘;/(CZ;TOO) =40.9)

1 Intensity of gas radiation

Iy Blackbody intensity at local temperature

k Non-dimensional gas thermal conductivity (= k |
k*)

k* Reference gas thermal conductivity (=4.6 x 10 ~6k]/

] (m-s-K))

ks Thermal conductivity of solid fuel (=1.73 x 10 ~>k]J/
(m-s-K))

ks Non-dimensional  solid thermal conductivity

(= ks/k*)

Absorption coefficient of the medium
Non-dimensional latent heat of pyrolysis (=0)
Lewis number of species i (Ler=1,Leg, =
1.11, L8C02 =1.39, LeHzo = 083,)

Reference length (gas-phase thermal length, (o*/
Ur)

Mass flux from solid (=Asps exp(—Es/Ts))

Non-dimensional mass flux from solid (= m s |
(p*Ug))
Non-dimensional mass of carbon consumed per unit

_m -
volume (=m. / (p*Ur/Lg))
Non-dimensional mass of oxygen consumed per

unit volume (=, / (0*Up/Lg))

Non-dimensional pressure (= (p — poo)/(p*U2))
Ambient pressure (=1 atm)

Gas radiation heat flux

Non-dimensional conduction heat flux from gas to
fuel surface (:E”/C’I;p*UR)

Net radiation heat flux at the fuel surface
(= Gr/oT2)

Heat release due to char oxidation per unit mass
(=28 x 103 kJ/kg)

Heat release due to char oxidation per unit mass
(= qchar/(C;Toc))

Positive and negative component of g, in r-direction
Positive and negative component of g, in x-direction
Non-dimensional r-coordinate (7/Lg)

Radius of the fuel (=0.4 mm)

Non-dimensional radius of the fuel (=7;/ Ly)
Universal gas constant (= 8.305 kJ/(kmol-K))
Reynolds number (= p*UgLg/*)

Universal gas constant (8.314 kJ/mol-K)

Reference temperature (1250 K)

Non-dimensional gas-phase temperature (T/T*)
Non-dimensional temperature at which latent heat
is given
Non-dimensional
(:TS/ Too)
Ambient temperature (=300K)

Non dimensional time (=f/tg)

Reference time (=o*/U2)

Velocity in x-direction

Non-dimensional velocity in x-direction (=1i/Ug)
Buoyant reference velocity [ggfBr(Too — Tp)at*]1/3
Reference velocity (=max (Uy + Ug), 50 mm/s)
Forced flow velocity

Velocity in r-direction

Non-dimensional velocity in r-direction (= /Ug)
Non-dimensional velocity in r-direction at the solid
surface

Non-dimensional velocity vector (= u i+ v )
Non-dimensional elementary volume of pine needle
Dimensional flame spread rate

Non-dimensional flame spread rate (= V;/Ug)
Non-dimensional x-coordinate (X/Lg)

Mass fraction of species i (i=F, O,, CO,, H,0)

Mass fraction of pyrolysate (=0.62)

Mass fraction of carbon present in char (=0.342)
Mass fraction of ash present in char (=0.038)

Mass fraction of char (=Y + Yy)

solid-phase temperature
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Greek Symbols

a* Reference gas thermal diffusivity (2.13x10 —*
m?/s)

B Extinction coefficient (= k + o%)

oOs Scattering coefficient

) Scattering phase function

" Non-dimensional gas dynamic viscosity (= @ [ u*)

w gas viscosity (4.1 x 10~° kg/m/s) §

d)i’ Sink/source term in gas-phase reaction (= fid)'F =
fiDap®YrYoz exp(—Eg/T))

@ oig Rate of char oxidation (= AcpcYorexp(—Ec/RuT))

Jo Non-dimensional gas density

p* Reference gas density (0.275 kg/m3)

Pchar Non-dimensional char density (= pear [0¥= pc+
Pash)

Pc Non-dimensional carbon density (= pc [p*) in the
char

Pash Non-dimensional ash density (= o4, [0*)

o Non-dimensional density of unburnt solid fuel
(=ps [p*)

oT Non-dimensional total density of the fuel
(=pr/P* = Ps+ Pehar)

o710 Initial total density (=600 kg/m?3)

PTO Non-dimensional initial total density of the fresh
fuel (= pro/p*)

o Stefan-Boltzmann constant (5.678 x 10
~8]/m?/s/K*)

&, u, n Direction cosines in X, r and 6 directions

£ Solid emittance

o Solid absorptance

Subscripts

B Buoyant

b Black body

c Carbon

F Fuel or flame

g Gas phase

i Species i

R Reference

s Solid phase

w Value at wall

00 Value at far field

Superscripts

* Evaluated at T*

- Dimensional quantity

fuel thickness on opposed flow flame spread. The work reported
three main regimes of opposed flow flame spread depending on
fuel thickness. The dominant mechanism of heat feedback to the
unburnt fuel was determined to be conduction from gas phase. It
was predicted that as the solid fuel thickness increases, the solid
phase conduction becomes important and can reach up to 50% of
the total heat feedback mechanism. In both [5] and [6] role of char
on the flame spread process was not explicitly explored, especially
for thin fuels. In an analytical model for flame spread for thick
charring fuel proposed by Atreya [7] the char layer that is formed
is considered to insulate the fuel surface. It thickens with time and
gives rise to a two-phase moving boundary in the solid. The con-
sideration of insulating char layer is reported to have significant
influence on the flame spread rate, as the char layer thickens flame
spread rate decreases. The study on the heat and mass transfer
processes during wood pyrolysis by Park et al. [8] considered the
fuel to decompose into three major products: tar, gas and an inter-
mediate solid by three parallel endothermic reactions and then an

exothermic reaction wherein the intermediate solid decomposes to
char, and tar decomposes to gas and char. The key finding from
this study was that elevated pressure develops inside the fuel and
causes the sample to split during pyrolysis. In the ignition transient
studies by Nakamura et al. [9,10] char oxidation sub-model was in-
cluded in the model. However, the role of char oxidation and its
phenomena were not explored.

It is clear from the above works that role of char in thin
fuels has not been explicitly explored. Therefore, the purpose
of this study is to numerically model char oxidation and other
important mechanisms that govern downward flame progression
along charring combustible materials, here represented by a sin-
gle pine needle. A axisymmetric computational model is developed
where the shape of the pine needle is taken as a thin cylindrical
segment.

Experimental work [11] is appreciated for the fact that only lim-
ited data are available on flame spread over a pine needle. Experi-
mental and numerical studies on cylindrical fuel were conducted
by many researchers [12-18] in the past. The main objective of
these studies was to study the effect of gas flow velocity, ambi-
ent oxygen concentration, pressure, gravity, fuel thickness on flame
spread rate but no char formation was considered. Therefore, in a
collaborative effort an experimental study was taken up recently
by the Korobeinichev et al. [19] on downward flame spread over
pine needle segments. This study has been crucial for the present
work to provide not only global data like flame spread rate under
different opposed flow conditions but also flame structure details
and consistent fuel properties required for numerical modelling.
The experiments in [19] are summarized next.

2. Experiments

The details of the experiments on downward flame spread over
a single pine needle have been reported in a recent work by the
authors [19]. Here only a summary is presented for adequate back-
ground and completeness of information required for numerical
modelling. Experiments of downward flame spread over a single
pine needle were carried out for straight pine-needle (Pinus Sibir-
ica) segments of nearly identical size. The typical pine needle in
the experiment was about 20-25 mm long and had a cross section
of about 1mm x 0. 6mm. A schematic of a pine needle with loca-
tions of temperature measurement are illustrated in Fig. 1.

The figure on the right side shows an instantaneous image of
the downward spreading flame in a typical experiment. The pine
needles were dried in an oven at the temperature of 60 °C for
a period of 24 hours. This ensured that the moisture content in
the pine needle was nearly the same, typically between 7.8% and
9.4%. A thin Pt-Pt + 10% Rh thermocouple (T1), 0.05 mm in diame-
ter, was placed inside the pine needle at the midpoint of its length
and in the middle of its cross section. The pine needle was posi-
tioned vertically by the leads of this thermocouple. The gas-phase
temperature was measured with a 0.02-mm Pt-Pt+10% Rh ther-
mocouple (T2). The junction of T2 was placed near the mid length
of the pine needle and at a distance from the surface of the pine
needle which varied from 0.2mm to 7mm. The temperature was
measured at a frequency of 1kHz and with an accuracy of +5K.
The appendix shows two figures from [19]. Figure A1 of Appendix
(Fig. 6 of [19]) shows typical measured temperatures T1 (at 0.2 mm
from pine needle surface) and T2 along the length of the pine nee-
dle. The figure is obtained by translating temperature data mea-
sured in time to data varying along the pine needle length by mul-
tiplying time with flame spread rate. Also shown on the figure are
numbers 1-7 which indicate turning on/off of LED lamp at var-
ious instants of time. The spreading flame positions at these in-
stances are shown in Fig. A2 (Fig. 7 of [19]). In addition to micro
thermocouple measurements, mass spectrometry with microprobe
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Fig. 1. Schematic of pine needle and snapshot of downward spreading flame over single pine needle from the experiment.

sampling (with relative accuracy error of about+5-10%) was used
to measure the concentration profiles of O, and the main combus-
tion products (CO,, CO, Hy0). The microprobe was positioned in
the middle of the pine needle along its length, and at distances
from the pine needle surface which varied from 1mm to 7 mm.
The microprobe sampling method was also used to measure tem-
perature distribution for downward flame spread along the nee-
dle length. The downward flame spread rate was also measured
for several counter-flow air velocities up to the point of extinc-
tion to obtain dependence of the flame spread rate on counter-flow
velocity.

3. Numerical modelling

Modelling the pyrolysis and combustion processes in flame
spreading over a single pine needle is a complex task. Complex-
ities may include non-simple geometries, heterogeneous compo-
sition, heat and mass transport, fuel pyrolysis processes and ki-
netics and transport process in the gas phase. Numerical models
to predict flame spread phenomena have evolved over nearly five
decades. As mentioned before, the numerical models have progres-
sively included more sub-models to explain subtle details of the
flame spread mechanism. However, some simplifying assumptions
were still essential even in contemporary numerical models.

The key assumptions in the present numerical model are sum-
marized next. First, the pine needle was modelled as a cylin-
drical fuel with a uniform diameter. The Tmm x 0.6mm cross
section of pine needle was approximated by a cylindrical cross
section of diameter 0.8 mm. The downward flame spread was seen
to achieve a steady value within 1-2 s after ignition. Therefore, the
flame spread rate was assumed to be quasi-steady in the flame
fixed coordinate system and the flame anchoring position is lo-
cated at the middle of the pine needle. Figure 2 shows mass bal-

CTOZ 0,  Pyrolysate
mass of solid fuel out l mass of solid fuel in
= <_|_ ................... i«-“-—-_ e
X x+dx Vy

Fig. 2. Schematic showing mass balance about an elemental control volume drawn
about a segment of the pine needle.

ance about an elemental control volume, Fig. 3a shows a schematic
of the pine needle model, and Fig. 3b shows the computational
domain, grid structure and flame anchoring location (x=0).The
fuel was assumed to be both aerodynamically thin and thermally
thin. Here aerodynamically thin implies that aerodynamics effects
of pine needle thickness at the leading and trailing edges are ne-
glected.

The pine needle surface was assumed to be flush with the gas
domain at leading and trailing edges. Thermally thin implies that
no temperature gradient exists radially inside the solid fuel. This
condition holds true when the thermal diffusion time is small,
compared to the time for the flame to spread over the character-
istic length scale. The flow velocities are small (<1-2m/s), so the
flow is assumed to be laminar. The fuel in the pine needle is as-
sumed to comprise combustible cellulosic pyrolysate vapours, car-
bonaceous char and inert ash in known proportions. The decompo-
sition of fuel is assumed to take place in two steps. In the first step,
virgin fuel decomposes to form volatiles or the pyrolysate and solid
carbonaceous residue char. This carbonaceous solid is assumed to
comprise pure carbon and ash. In the second step, the carbon in
the char oxidises to form carbon dioxide, and ash is left over as
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(M
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A one-step, second-order global gas-phase reaction between
fuel vapour and oxygen, obeying Arrhenius type kinetics is as-
sumed. The ideal gas law holds for all the component gases. Spe-
cific heats are functions of temperature for each species and are
obtained from standard reference. The transport properties are
modelled following [20]. Solid fuel pyrolysis follows a first-order,
one-step Arrhenius kinetics. The gas-phase thermal radiation is as-
sumed to come from carbon dioxide and water vapour only. The
solid radiation is assumed to be diffuse.

The pyrolysate fuel is cellulose material with chemical formula
of CgH190s. The stoichiometric combustion of fuel in air can thus
be written as:

CsH1005 + 6(05 + 3.76N,) — 6CO, + 5H,0 + 22.56N, )

For the above one-step cellulose and air stoichiometric re-
action, the stoichiometric mass ratios are (fr=-—1, fg»=-1.1852,
fco2=1.6296, fyr0=0.5556, fy» =3.901)

Oxidation of carbon in the char by air is described by reaction

C + (05 + 3.76Ny) — CO;, + 3.76N, 3)

The stoichiometric mass ratios for char oxidation are as Fr=—1,
Fo;=—2.66, Fco, =3.66

The rate of char oxidation is controlled by sequential or par-
allel processes of boundary layer diffusion, chemical reaction and
pore diffusion. Several investigators [21,22] have postulated the ex-
istence of three different regimes in which one or more differ-
ent processes control the overall reaction rate. In the literature the
models for char oxidation are broadly classified into two main cat-
egories, namely, global models and intrinsic models [23]. In the
intrinsic models, the active surface area and the oxygen concen-
tration within the char are taken into account, while in the global
char oxidation model, pore diffusion is neglected and the char ox-
idation rate is controlled either by reaction kinetics or oxygen dif-
fusion rate at the surface. The pine needle being a thin charring
fuel, a global char oxidation model is sufficient (and simpler) to
account for essential physico-chemical process involved compared
with complex intrinsic model.

The present 2D axisymmetric numerical code is developed from
an existing 2D planar opposed-flow flame spread model for thin

X (fm)

(b)

Fig. 3. (a) Schematic of pine needle model, (b) computational domain, boundaries and grid structure.

fuels [24-26] which has been used successfully to predict various
aspects of flame spread over thin fuels. The governing equations
and boundary conditions in the gas phase and the solid phase are
detailed next.

4. Gas-phase model

The gas-phase model consists of governing equations of full
Navier-Stokes equations for laminar flow, along with the conser-
vation equations of mass, energy and species in cylindrical co-
ordinates. The species equations are for fuel vapor, oxygen, car-
bon dioxide and water vapor. As mentioned previously, a one-step,
second-order finite-rate Arrhenius reaction between fuel vapor and
oxygen is assumed. The governing equations are presented in a
non-dimensional form. The non-dimensional gas phase equations
are summarized below.

4.1. Continuity equation

dp  dpu  dpv

pv
ot T ox Tar T 70 “)

4.2. Axial or x-momentum equation

9 (pu) w o 9p, 1[0 (1 du 2udv
R U A Ry A E e o
10 av 1(1/nov

TrRear\Mox ) T Re| v\ 3 0%

Us\* (p=px) , (9Vr) (= peo)
(o) e <dt>(pf-pw) 2

4.3. Radial or r-momentum equation

a(pv) % _op, 1[0 Jau
g+ V[ - V] __81'+Re[8x<ﬂar>}

+1 d (nov 2 du +1 11 v 4 v
Re|ar\3ar 3"3x )| Re|7\3"or "3M7
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Where,

v . .
V= U—f = non-dimensional flame spread rate
R

V¢ = dimensional flame spread rate
Ug = reference velocity
Re= p*UgLg/* = Reynolds number

4.4. Species equation

A(pYi) _ 1\, 9(pY)
at +ax<py’”_(Le,->D' ox

;(,OYU (Lel>D'8(éO:()>

( ) Dl8(pY) pvYi v
Le;

ar r i
Where

i=F 05, CO,, Hy0, N

Y; = mass fraction of species i

D; = diffusion coefficient of species i

@, = sink/source term in gas-phase reaction

1
.
= fiwr = fiDap?Y¢Yo, exp(—Eg/T))
where,
fi is the stoichiometric mass ratio of species i and fuel
Da =Dambkohler number = characteristic flow
characteristic reaction time

_ l_,R/UR Bg,O*LR a*p*Bg
~ pr/p2Bg Uk Uz

time/

Here, Ly is reference length, o*, p* are thermal diffusivity and den-
sity of the gas phase at reference temperature T*(1250K) respec-
tively and Bg is gas phase pre-exponential factor.

Le;=Lewis number of specie ‘i’=diffusion time/(convection/
conduction time)

L/D; _L3/D; o

~ Le/Ug 2/a* D

(Lep =1, Legy; = 1.11, Lecor = 1.39, Leyro = 0.83, Leny = 1)

4.5. Energy equation

a(pcpT) aT ad aT
BT 8 pcpul — ka + 5 /ocva—ky

N
+ 1,0T
2}( ),oDcp,VYVT ;hw + ke
Ve, vT( X ( )Vq (8)
b Cp BO
where

Cpi is non-dimensional specific heat of species i.
cp is non-dimensional gas- phase specific heat and it can be cal-
N
culated as Y ;7 cpY;
k is non-dimensional gas phase thermal conductivity.
h; non-dimensional enthalpy of species i=

(h? + ﬁ 0s k CpidD) /T

By =Boltzman number
_ p*CEUR
oT3

The term V.G, is the divergence of radiation heat flux which
accounts for energy exchange due to presence of radiatively par-
ticipating media.

5. Gas-phase boundary conditions

The elliptic nature of the governing equations requires bound-
ary conditions to be specified at all boundaries. These boundary
conditions are listed below.

Inlet or upstream (X =Xmax)

U —Vy

i (9.1)
T=1, Yo =Yopinter Yi = 0(i = F,COz, H,0) (9.2)
Exit or downstream (X =Xmin)
au av
=0 3x = 0 (10.1)
aT aY;
i 0, 8——0 (i=0,,F,COy,H,0) (10.2)
Top (Y=Ymax, Open domain)
U -V,
U Ve v (11.1)
Ur ay
aY; .
T=1 8—y=0 (i =0y, F,COy,H,0) (11.2)
Fuel surface (Y=20)
Vv
u=-2 v=uwv, T=T (12)
Ur
where,

vy is the wall velocity at the fuel surface and it is calculated as
follows:

vw = Mass flux at the fuel surface/density of the gas phase at
the interface

m'/ p

U, is opposed flow velocity and Ty is non-dimensional gas-solid
interface temperature/solid temperature.

5.1. Fuel

In the following equations, +and - sign represents upper side
(gas) and lower side (fuel) of a gas-fuel interface respectively
when char present

(,ODF/LEF) * (8YF/8r)W = rh”Yp,W_ (131)
In the above equation, the term on the LHS represents the com-

bined species mass flux due to convection and diffusion at the up-

per side of the interface, while the RHS represents species mass

flux at the lower side of the gas-solid interface. Here, m”Yg,,_ =

Ypyroty, which is the mass flux of the pyrolysate and i1, is calcu-

lated as rh;/ = Asps exp(—Es/Ts) using first order pyrolysis law.
when char not present,

Yrw— =1, and mass fraction of pyrolysate Ypyo =1
Eq. (13.1) reduces to

mNYF‘W+ — (pDF /Lel:)>i<(8Y1:/81”)WJr = m”

where

- 1
MYy —

(13.2)

m// — m;/
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5.2. Other species

when char present

no char oxidation

"Y, i — (pD; /Leg) % (3Yi/01)yy, = 11"Yiy =0 (14.1)

(i=0,,C02,H,0)

In the above equation, Y;,,_ =0
char oxidation

. D;
m//Yi,w+ _ (pL i

(14.2)

) * (aYl/ar)wJr = m//Yi,w— =0
(i=H,0)

PD;
Le;

Y s — ( ) « (Y)Y, = 11"Yiy (14.3)

(i=C0;z, 02)

In the limit of diffusion controlled char oxidation
Oxygen:

Yo,w+ =0, Yo,w =0 (14.3a)

and oxygen mass flux at the fuel surface can be determined as

(pDo, /Leo,) * (0Yo,/0r)ws and hence we can also determine
carbon dioxide mass flux as follows:

Carbon dioxide:

11"Yco, w— = (FCO2/FOy) % (Do, /Leg,) * (0Yo,/07),,, (14.3b)
In the limit of kinetic controlled char oxidation
Oxygen:

m//Yozyw_Asurf =FO, % (:Ué/}:ar oxid * AV (143C)

Agr and AV are elemental surface area and volume of the pine
needle fuel

@ o oxig = Rate of char oxidation (= AcpocYorexp(—Ec/RuT))
Carbon dioxide:

mNYCOsz_Asurf = FC02 * d)é/h/ar oxid * AV (143d)

here,m" = mgoz + 11'162 + Ypyromy

5.3. When char not present

M"Y wy = (pD; /Le;) x (3Y;/0r),,, (i = 02,COz, H>0) (15)
Symmetry condition on segment that is not fuel surface (Y=0)

au

—_—= = 1 .1

oy =0, v=0 (16.1)

aT aY; .

5 = 0, a—r' =0 (i =0,,F,CO,, H,0) (16.2)

6. The solid phase model

6.1. Solid phase mass conservation equation

oo, 0pr
ot T ox

ASUTf 4 . 2 N4 .
= _( Ypyromg + 1, | = r*Ypyroms +me
f

(17.1)

2mreAX
[— =2 and pr = ps + Pc + Pash

nr;Ax Iy

Asurf

where AV

I

M, = mass rate of char consumed per unit volume

. . . < I .
=mass rate of carbon oxidation +ash production= . +rm_,
ua

m. =mass rate of carbon per unit volume leaving the fuel as
carbon dioxide

=Yc* mg;mr/ (Yash +Ye)

I . .
1, = mass rate of ash produced as a result of char oxidation

= Igsh* mz;mr/ (Yasn +Ye)

Here, char is considered to comprise of carbon and ash

The first term on the right hand side of Eq. (17.1) is the mass
rate of pyrolysate formed per unit volume from pyrolysis of virgin
fuel. The second term is the mass rate of carbon per unit volume
leaving the fuel as carbon dioxide. As mentioned before, ash is as-
sumed to be a component in carbonaceous char. The mass rate of
conversion of carbon in the char to carbon dioxide is related to the
mass rate of oxygen consumption through carbon oxidation reac-
tion stoichiometry.

Ye i ( 1 ) i
_— = =) *
(Yc+Yash) char F02 0,
The oxygen mass consumption rate can be obtained as m’gz =
FO, @,y ... if char oxidation is kinetically controlled or as rhg2 =
(pgDo, ) (8Y0, /07w * Agyrp/ AV if the process is diffusion controlled.

The slower of the two processes controls the overall char oxidation
process.

6.2. Mass conservation equation for char

0 cn 0 0ch 2 o m
actar —Vy 8Cxar = E(Yash + YC)ms = Mepgr (172)
6.3. Mass conservation equation for ash
apash aloash Yash . 1
- = 17.3
3t TTox T (gt Yo) ehar (173)

Subtracting equations of conservation of char and ash from the
solid phase mass conservation Eq. (17.1), a conservation equation
for pyrolysate can be obtained.

0 s d s 2 .
Sy s 2 174
ot I 9x Ty s (17.4)
In the absence of char pr = ps, and the mass conservation
equation for the solid fuel reduces simply to the equation for con-
servation of pyrolysate shown above.

6.4. Energy conservation equation

0csTy ocTy 2 v oqr” 0 oT
pTT _pTUfW = rf((h + Bo ) + 8x<_k58x>

+M. Gepgr — M CsTs — Ems Cs

X((1 =0T = L+ Ts(c = Ypyro))

In the above equation, the first term in the RHS, q.” is the con-
duction heat flux from the gas phase to the solid, the second term
g/ is the net radiation heat flux from the flame to the solid fuel,
the third term is the heat conduction term along the fuel axis,
and the fourth term, q.,, is the energy release due to char oxida-
tion. The last term on the right-hand side is the heat of pyrolysis,
L is the latent heat which is taken as zero in case of a pine needle,
T; is the temperature at which the latent is given and c is ¢p/cs.
When char is not present, the source term of heat released due to
char combustion is omitted from the equation.

(17.5)
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7. Solid phase boundary conditions

The boundary conditions for the solid phase governing equa-
tions are prescribed fuel thickness and surface temperature at the
fuel leading edge upstream of the flame at (x = xg)

i.eat x = xo (leading edge of fuel sample upstrem of flame)
I =1, Ps = Ps0, Pchar = 0 and Pash = 0

8. Radiation transport

In addition to the solid and gas equations, the only other quan-
tity that needs to be determined is the radiation heat flux and
its divergence, which appear in the gas and solid governing equa-
tions.

(QV)I(F, @) = KO, — BDI(T, )
2O [ o(e. Q)i(r. )y (18)

+
Q'

where

€ = Solid angle

I = intensity of gas radiation, I, = blackbody intensity at local
temperature

K = absorption coefficient of the gas mixture, 8 = extinction
coefficient

o5 = scattering coefficient, ® = scattering phase function

The local Plank-mean absorption coefficient for the gas mixture
can be given as Pco,kco, + Pi,0kn,0, Where P; represents the par-
tial pressure of species i. The values of k for each species were
obtained from [27] as a function of temperature. The mean ab-
sorption coefficient is calibrated by following the work of [28]. The
calibration is necessary because even for a flame as thin as one
or two centimetres, the flame is not optically thin because of the
self-absorption of the gaseous species in their radiating bands. It
was shown that the Planck-mean results over-predict net emis-
sion from the flame. To improve the computed heat flux at the
fuel surface or to the ambient surrounding, the absorption coef-
ficient is calibrated against the narrow-band resulting through a
quasi-one-dimensional flame which accounts for different optical
lengths in different parts of the flame and the effect of spectral
self-absorption of gaseous species. Therefore, the local absorption
coefficient K used in this work is set to equal to CKp, where C is
the correction factor. In the downstream flame region of X> 0, C is
determined by an optical traverse in the R-direction (perpendicu-
lar to the solid) and using the empirical relation proposed in [29].
For the region of X <0 where the flame is highly two-dimensional,
two traverses are made from X =0, one in the Y-direction and the
other in the upstream X-direction. The correction factor in this re-
gion is then the average of these two traverse values. A uniform C
is assumed in this domain. Note that since the steady-flame solu-
tion is obtained iteratively, the distribution of C is also determined
iteratively.

The boundary condition at the wall can be expressed as

(rws 8) = &(ra)ly ()
. [ @it 2)a2 ne =0 (19)

here, ¢ and « are the emissivity and absorptivity of the solid fuel.
The above set of governing equations and boundary conditions
completely define the problem and can be solved numerically.
The Radiative Transfer Equation (RTE) can be represented using
the Discrete Ordinate Method (DOM) as follows:

AI(F.x. Q) pol(fx. Q) 10[nl(fx Q)]
5 ax Tt a7 oy

+BI(T.x. @) = S(F.x. Q) (20)

where

&, 1, n are the direction cosines in x, r and 0 directions

Source term, S(F,x, )= k(P)ly(F) + (0s(F)/4AT) foy (X, D)
I(F, $)dSY

The RTE equation shown above can be written as a set of equa-
tions for each direction as follows:
gmI , wPAOT 19

ax r ar r oy

The index p indicates the value of & associated with the direc-
tion € and the second index, q, increases with the value of p as-
sociated with &.

The total incident radiation, radiative flux and the divergence of
radiative flux can be calculated from the radiation intensity from
the following formulae:

Incident radiation:

G(r,X) = Aﬂl(rﬁ X, )d$ (22)

(PIIPT) + BIPT = SPI (21)

Radiation heat flux in x and r directions:

qrt(rx) = f E1(r x, Q)dQ (23.1)
£>0

q(rnx) = / EI(F. x, 2)d$ (23.2)
£<0

gt (rx) = / (7. x, 2)d$ (23.3)
>0

qr (r.x) = / JI(F,x, 2)dS2 (234)
<0

The net radiation heat flux in x and r directions:
qr(r,X) = g5 (1. x) + g7 (1, x) (24.1)
qr(r,x) = q; (1, %) + g+ (1, X) (24.2)

The divergence of radiative flux for the assumptions of emitting,
absorbing and non-scattering gray medium is shown below:

V.Gr = k(r,x)[40T*(r,x) = G(r, %) (25)
8. The solution procedure

The system of coupled elliptic partial differential equations for
the flow and combustion in the gas phase is solved numerically by
the SIMPLER/PISO algorithm [30]. The non-linear gas-phase equa-
tions are discretized using a finite-volume based difference tech-
nique. The velocities are stored at staggered grid locations with re-
spect to scalar variables. The resulting set of algebraic equations
are solved by sweeping plane-by-plane in each direction. Along
each plane, a line-by-line procedure is used, which is a combina-
tion of Gauss-Seidel and the tridiagonal matrix algorithm (TDMA).
In addition, the gas-phase system is coupled to the solid-phase
equations, which are solved by the finite-difference technique. The
steady flame spread rate (the eigenvalue of the whole system) is
determined iteratively by using a bisection method to force the
pyrolysis front (95% of the fresh fuel mass) to occur at X=0. The
Discrete Ordinate Method (DOM) is used for solving the RTE by
sweeping in four directions as follows:

Sweep 1. £P9 <0 and uP9 <0 Sweep 2. £P9>0 and P71 <0
Sweep 3. £P9 <0 and uP9>0 Sweep 4. £P9>0 and uP?>0
Since the radiation equation and the rest of the combus-

tion/fluid equations are coupled, they are solved iteratively. In the
present work, the radiation routine was invoked every 10 gas-solid
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Table 1
Flame spread rates for different grid sizes in axial (x) and radial (r) directions.

169

Total number of grids in x and r-direction

Minimum grid size in x-direction (x Lg)

Minimum grid size in r-direction (x Lz)  Flame spread velocity (mm/s)

188 x 141 0.5 0.05 2.6
202 x 153 0.2 0.02 29
214 x 159 0.1 0.01 3.12
225 x 166 0.05 0.005 3125
251 x 183 0.01 0.001 3.126
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Fig. 4. (a) Computed flame structure of downward spreading flame over a pine needle, (b) heat flux distribution over surface of pine needle along its length.

iterations. Convergence to a steady state solution is determined by
the fixed flame spread rate over a couple of thousand iterations in
conjunction with satisfaction of continuity to the order less than
10-3. Ideally it takes around 60,000 to 80,000 iterations to get con-
vergence. The flame spread rates for different grid sizes in the x
and r-direction are shown in Table 1. A grid size of 214 x 159 is
chosen since more refinement of the grid has negligible effect on
flame spread rate.

9. Results and discussion

The effect of char formation on downward flame spread rate
over thin solid fuels, the prediction capability of the present model
and its comparison with experiments, and the char oxidation phe-
nomena are discussed in this section.

9.1. Influence of char on flame spread rate over thin fuel

A pine needle is a charring fuel; therefore, accounting for char
formation is essential to modelling of flame spread over it. The
present solid-fuel model accounts for char formation and its sub-
sequent oxidation as indicated in Eqs. (17.1) to (17.3). Figure 4a
shows the detailed flame structure of downward spreading flame
in flame-fixed coordinates predicted by the present quasi-steady
flame spread model with all input data from [31] and for no ex-
ternal flow. The upper half of the figure shows streamlines and
the flame shape represented by the area enclosed within the re-
action rate contour of 10~4 g/cm3/s. Stream-lines originating from
the fuel surface show fuel pyrolysate emerging from the fuel sur-
face. The streamlines also show entrainment of surrounding air to-
wards the flame. Considering symmetry about the fuel surface, the
flame is tear shaped about 1cm long and 0.6 cm wide. The lower

half of the figure illustrates temperature contours in the flame and
the flow field vectors. The velocity vectors show flow accelerates in
the hot buoyant plume downstream of flame. The maximum flame
temperature reaches a little above 1600 °C. The flame leading edge
is located at about X=0 where the flame anchors on the fuel sur-
face. Figure 4b shows the computed heat flux distribution along
the pine needle surface. The figure shows conductive-convective
heat flux (mentioned here as conduction heat flux) and net radi-
ation heat flux components (the sum of flame radiation feedback
and surface radiation loss) along with total or net heat flux. It is
clear that conduction is the only significant source of heat feed-
back from flame to the fuel surface and net radiation heat flux is
the heat loss component. This indicates that the flame radiation
feedback from flame to fuel surface is negligible as compared to
conduction heat flux. However, flame radiation is important to ac-
count for the radiation heat loss from the flame to obtain a correct
flame temperature prediction. Here flame radiation loss was found
to reduce flame temperature by about 200 °C. The heat flux distri-
bution shows an intense heat flux (with peak reaching in excess
of 350kW/m?) just downstream of the flame leading edge that
steeply decays away from the peak location over a span of 2-3 mm.
In the region x < —10mm conductive heat flux at the fuel surface
is negative, this is because of the fact that the surface temperature
is higher than the gas temperature owing to the exothermic char
oxidation reaction. The computed flame spread rate for the above
case was found to be 3.2 mm/s.

In the presence of char in the fuel, the flame spread rate de-
creases with increased char amount [7]. For thin fuels, the de-
crease in the flame spread rate could be due to several factors.
To assess the role of these factors, char formation was modelled
in two ways. In the first model (Eq. (17.4)), char is treated as in-
ert mass which is left over after all the pyrolysate is gone. In this
model, as long as pyrolysate is present, char is considered to be not
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Fig. 5. (a) Effect of pyrolysis model and char oxidation on normalised fuel density along the fuel length. (b) close up of the pyrolysis region shown in (a).

exposed. This model is similar to the fuel model of composite fu-
els, such as cotton fabric woven over fibre glass [32]. Here we refer
to this model as a ‘staged char model'. In the second model, re-
ferred here as a ‘simultaneous char model’, pyrolysis of virgin fuel
results in simultaneous formation of pyrolysate vapours and char.
This later model provides a more realistic description of char for-
mation and has therefore been used by researchers [3-8]. In addi-
tion to above char models, two additional simulations were made.
In case one, fuel was assumed to consist of pyrolysate alone (i.e. no
char present, Eq. (17.4)) and in the second case, the char formed by
the simultaneous char model is assumed not to oxidise (Eq. (17.1)
where m is zero).

The flame spread rate computed for the ‘no char’ fuel compris-
ing entirely of pyrolysate was found to be 6.6 mm/s. The computed
flame spread rate for the case of ‘staged char’ model was found
to be slightly lower at 6.2 mmy/s, which in turn is about two times
higher than the computed flame spread rate of 3.2 mm/s for both
‘simultaneous char’ models (i.e. with and without char oxidation).
Nearly the same spread rate in cases of char oxidation and no char
oxidation indicates there is negligible influence of char oxidation
on the flame spread rate.

One effect of char is to act as a heat sink in the fuel preheat re-
gion by absorbing a part of the heat feedback from the flame and
thereby not contributing to the heat release in the flame. It is inter-
esting to note that the flame spread rate decreases by only about
6%, when the flame spread over no-char fuel is compared with the
flame spread over charring fuel (staged char model) with nearly
38% char. It is even more interesting to note that the flame spread
rate substantially differs between the two char models (nearly 50%
drop with respect to the ‘staged char’ model). Figure 5 shows vari-
ation of pine needle density normalized to virgin pine needle den-
sity with distance along the pine needle. The curves shown in
the figure correspond to different char fuel models, namely, the
‘staged char’ model, ‘simultaneous char model’ and ‘oxidising char’.
In Fig. 5, downstream of the flame anchor location (X=0) the pine
needle density drops steeply over a distance of just about 1 mm
seemingly identically for all the three fuel models. The drop in
density corresponds to pyrolysate present in the virgin fuel. For
the oxidising char model, the fuel density further decreases grad-
ually about 4-5 mm downstream of the pyrolysis region before re-
maining constant beyond some distance (here 30 mm). However,
this constant density is significantly higher than the density where
only ash is left (3.8%). This implies that beyond some distance char

does not oxidise anymore. Figure 5 shows a close-up of the pyrol-
ysis region. While the difference due to three fuel models can be
seen more clearly here, the curves are still close, especially those
for the ‘simultaneous char’ and ‘char oxidation’ models. At any lo-
cation on the pyrolysing needle, the normalised density is lower
for the ‘staged char’ model, compared to the ‘simultaneous char’
model.

The two char production models differ in pyrolysate mass flux
distribution along the fuel surface. The fuel mass flux correspond-
ing to the two char formation models is shown in Fig. 6a. Also
shown in the figure is the pyrolysate mass flux in the case where
no char is present in the fuel. The pyrolysate production for the
‘staged char’ model (and also no-char case) starts further upstream
and has significantly higher mass flux for most locations on the
pine needle surface, compared to pyrolysate production by the ‘si-
multaneous char’ production model. Since the flame spread rate is
directly proportional to heat feedback from the flame to the pine
fuel upstream of the flame front, higher fuel mass flux near the
leading edge would result in higher conduction heat feedback to
the fuel in the preheat region ahead of flame.

Figure 6b compares net heat flux profiles for the two char pro-
duction models. The net heat flux profiles clearly show higher heat
flux for ‘staged char’ model (and also for no char case) in the
preheat region which extends further upstream compared to the
‘simultaneous char’ model. The flame shapes represented by
the enclosed area of reaction rate contour 10~4g/cm3/s and the
temperature field of the spreading flames for the two char models
are shown in Fig. 7a and b. Clearly the flame front for the ‘staged
char’ model is further upstream of X=0 (determined by location of
5% reduction in fuel density) of the flame front for the ‘simultane-
ous char’ model. Due to higher fuel mass flux, the flame is longer
and hotter, as well, for the ‘staged char’ model. The phenomenon
of char oxidation does not affect pyrolysate mass flux distribution
at the fuel surface and heat flux distribution in the preheat region
and hence the flame spread rate. However, the difference between
the case of ‘char oxidation’ and the case of ‘no char oxidation’
can be seen in the surface temperature (Fig. 8a and b). Figure 8a
and b show the fuel temperature along the pine needle and
temperature in the flame at a distance of 1 mm above the fuel sur-
face for the case of ‘no char oxidation’ and the case of ‘char oxi-
dation’, respectively. The surface temperature is always lower than
the gas temperature when char does not oxidise but when char
oxidation is considered, the fuel temperature is seen to increase
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Fig. 9. Variation of flame spread rate with pyrolysis law constants Es and As.

significantly higher than the neighbouring gas temperature owing
to heat release from oxidation of char.

9.2. Comparison of numerical prediction of the downward spreading
flame over a single pine needle with experiments

The present model has evolved from an existing numerical
model [25] with extensive modification to predict details of down-
ward spreading flame and over thin cylindrical cellulosic charring
solid material. As mentioned before in this collaborative research
work, detailed measurements on downward spreading flame over
a single pine needle [19] has been carried out to provide data for
model validation. In this study, detailed scalar field variables, like
temperature and species concentration, have been measured along
with the fuel temperature profile. The work also provides consis-
tent fuel properties and reaction kinetic information. In the frame-
work of all this information, the present numerical model is as-
sessed for its prediction capability and validated. The information
related to gas phase combustion reaction kinetics and to some ex-
tent the fuel pyrolysis kinetics need to be calibrated with the ex-
perimental data. The flame spread rate predicted using gas phase
reaction combustion kinetics from [33] for ethanol combustion and
pyrolysis kinetics is taken from [31], as mentioned earlier in the
context of Fig. 4. The deviation from the pyrolysis kinetic data of
[19] is expected as the data were obtained using TGA at the heat-
ing rates which were much lower, compared to what is observed
in the pine needle flame spread experiments. The computed flame
spread rate for this case is 3.2 mm/s, which is about 60% higher
than the corresponding experimental value, 2 mmy/s.

A parametric study was carried out to investigate the influence
of pyrolysis kinetic parameters on the flame spread rate. Figure 9
shows variation of the flame spread rate with the pre-exponential
factor (As) and the activation energy (Es) in pyrolysis kinetics. The
flame spread rate can be decreased if Es is increased or As is de-
creased. It is also to be noted that beyond certain values of Es and
As the flame extinguishes. Since rapid pyrolysation processes are
known to have low values of Es, As was decreased and in order to
assure the flame not prematurely extinguish, the pre-exponential
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Fig. 10. Variation of downward flame spread rate over a single pine needle with
opposed flow velocity.

factor (Bg) of gas phase combustion reaction was increased. This
trial and error process was continued with one more constraint on
flame extinction. Experiments in [19] were carried out under vari-
ous opposed flow conditions where the external opposed flow ve-
locity was varied from no flow (0 mm/s) to about 130 mm/s until
the flame consistently failed to spread down the vertical pine nee-
dle. Therefore, the value of As and Bg were calibrated such that the
flame spread rate was within the error bar of 2 mm/s experimen-
tal spread rate and the extinction opposed flow velocity is between
11cm/s and 12 cm/s as observed in experiments. Figure 10 shows
the variation in the measured flame spread rate with externally
imposed opposed flow velocity. Also shown in the figure are the
predicted flame spread rates using kinetic parameters modified by
the process explained above and original parameters used in the
numerical prediction in Fig. 4.

In Fig. 4 structure of downward spreading flame over a single
pine needle was shown. In this case there was no externally op-
posed flow. However, in presence of an external opposed flow, the
flow field is expected to be quite different with presence of veloc-
ity gradient due to boundary layer over the pine needle. Figure 11
shows flame at no external flow (Fig. 11(a)) and spreading flame
for imposed external flow of 8cm/s (Fig. 11(b)). The flame is rep-
resented by contour of reaction rate 10~%g/cm3s and flow field
represented by streamlines and velocity vectors in flame fixed ref-
erence at about 5mm upstream and downstream of the flame
leading edge. One can note that for the pure downward spread
(Fig. 11(a)) air is drawn from the sides, the small amount of air
from upstream is due to flame spread velocity which is seen as in-
flow from upstream in flame fixed frame of reference. In the pres-
ence of externally imposed opposed flow most of the flow to the
flame is seen (Fig. 11(b)) coming from upstream and the flame is
situated within the boundary layer. The flame is smaller and closer
to surface compared to the case of no external flow indicating in-
creased convective heat loss from the flame which eventually leads
to flame extinction by blow-off at about 12 cm/s.

As mentioned before, the flame spread rates predicted us-
ing original kinetic parameters are higher than corresponding
experimental values and at the same time extinguishes at a much
lower opposed-flow velocity (of about 6.5 cm/s), compared to those
measured in experiments. The flame spread rate, which is an
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Fig. 11. Flame shape (area enclosed by reaction rate contour of 10~% g/cm?s) and velocity field (shown by streamlines and velocity vectors in flame fixed frame of reference,
at about 5mm upstream and downstream of flame leading edge) for downward spreading flame over a pine needle subjected to opposed inflow velocity of (a) 0cm/s, (b)

8 cmy/s. The gravity vector is directed to the right.

eigenvalue in the solution of the present numerical model and the
flame extinction opposed velocity are two important global value
parameters used for calibrating the kinetics parameter for combus-
tion and pyrolysis. Adoption of modified kinetic parameters thus
obtained resulted in better prediction of the flame spread rates
with opposed velocity. However, these global values depend on
non-linearly coupled complex flow, heat and mass transport pro-
cesses that take place in the flame spread process. In order to
ensure consistency of the numerical model in predicting actual
physical processes adequately, it is vital to examine the numer-
ical prediction with more detailed measurements in the spread-
ing flame. In the preceding work [19], a detailed flame structure
measurement involving spatial measurement of temperature and
species was carried out. Therefore, detailed scalar fields of tem-
perature and species obtained numerically for the case of down-
ward spreading flame over a single pine needle with no externally
opposed flow is compared with corresponding data from experi-
ments. Before we look at these comparisons, it is useful to review
how data is measured and what numerical data from a simula-
tion represents. It was mentioned earlier in the section describing
experiments that the measuring probe (a thermocouple or pneu-
matic probe) in the gas phase was located at about the mid of
the length of the pine needle and at a distance perpendicular to
the needle surface, which varied from 0.2 mm (1 mm for concen-
trations) to 7 mm. For each experiment, the position of the mea-
suring probe was kept at a fixed distance from the surface and the
scalar data (temperature or concentration) was recorded with time.
This scalar-time data was translated to scalar-space data by using
the measured steady flame spread rate. The complete temperature
field was obtained after several experimental runs with the mea-
suring probe placed at a different perpendicular location above the
fuel surface. The experiment has transient segments, namely, the
ignition to steady state transition (see Fig. A2(a) of the Appendix
or Fig. 7(a) of [19]) and steady state to end of burn (see Fig. A2(d-
g) of the appendix or Fig. 7(d-g) of [19]) when the spreading flame
reaches the bottom end of the fuel. The former can be eliminated
by starting the count of time when steady state is attained, the lat-
ter one requires longer specimens which were difficult to handle
for two reasons; one, it is difficult for a pine needle to be straight
and two, it is difficult to insert a thermocouple in it for fuel tem-
perature measurement. On the other hand, the numerical model
solves for the quasi-steady flame located at about the centre of
the pine needle of finite length to account for the end effect. How-
ever, in the experiments temperatures are measured at the middle

of the pine needle (at about 12.5mm from one end) with time.
This local temperature versus time data is translated into tem-
perature versus distance plot by making use of measured steady
spread rate. When using this approach to describe spatial temper-
ature variation along the pine needle, a steeper drop in tempera-
ture downstream of flame is obtained corresponding to the flame
positions very close to the lower end on the pine needle to the
point it quenches. If the pine needles used in experiments were
longer it would be possible to get much closer match of tempera-
ture and species profiles between simulations and experiments for
downstream segment beyond - 5 mm. This was however, not pos-
sible because pine needle length limitation was posed by the want
of straight segment of pine needle for experiments and challenge
in inserting thermocouple inside the pine needle along its length.
Other approach would be to have a more complex and involved
complete transient simulation (not in flame fixed co-ordinates) of
the flame spread process. Therefore, deviations between experi-
ments and numerical prediction are expected further downstream
of the spreading flame. However, this segment which is far down-
stream has practically no influence on flame spread process.

Figures 12-19 present comparisons of scalar data measured in
experiments and corresponding numerical prediction. These are
discussed next in order. Figure 12 shows the complete temperature
field for a downward spreading flame over a single pine needle. In
the figure, the flame is spreading from left to right with the gravity
vector pointing to the right.

The upper half of the figure shows temperature contours from
experiments and the lower half shows the corresponding contours
obtained from the simulation data. The experimental flame width
is about 6 mm and that in the numerical simulation is nearly same
at about 5 mm. The maximum flame temperatures are of the same
order - about 1600 °C. A more detailed comparison of flame tem-
perature distribution is shown in Figs. 13 and 14. Figure 13 shows
the temperature profile along the length of a pine needle at loca-
tions 0.2 mm, 1 mm, 2mm, and 3 mm above the surface of the pine
needle, and Fig. 14 shows temperature profiles in the direction per-
pendicular to the pine needle surface at locations of 8.2 mm and
12mm downstream of the flame leading edge. The experimental
temperature measurements shown are measured by two different
approaches, namely, thermocouple and micro probe [19]. Figure
13a-c show very good qualitative and quantitative match of ex-
perimental and predicted temperature profiles. The difference be-
tween the experiment and simulation is noted further downstream
of the flame leading edge (between X < -5 to —10 mm), which as
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Fig. 12. Comparison of measured flame temperature (upper half) and predicted flame temperature (lower half).
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Fig. 13. Comparison of measured (thermocouple and pneumatic probe) and predicted flame temperature in the direction along the pine needle at a distance of (a) 0.2 mm

and (b) 1mm, (c) 2mm and (d) 3 mm from the pine needle surface.

explained before is due to transient processes towards the end of
burn where the flame stops and goes out.

Due to this, the quasi-steady flame spread prediction shows
slower decay in flame temperature further downstream com-
pared to experiments. The experimental temperature profile for
Y> 3mm shows large fluctuations in measured temperature (as
in Fig. 13d for Y=3 mm) for both thermocouple and micro probe
measurements. These fluctuations in measured temperature are
caused by flame fluctuations, related to variations in the evolv-

ing of pyrolysis products (gas micro jets) from the pine nee-
dle surface [19]. Therefore, comparison with simulation is not
made for Y>3 mm. The transverse temperature profiles shown in
Fig. 14 also show good match of the experiment and the pre-
dicted temperature data. However, further downstream (at location
12 mm, Fig. 14b), the difference between the experiment and the
simulation data is again due to transient processes at the end of
needle.
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Fig. 14. Measured and predicted flame temperatures perpendicular to the pine needle at a distance of (a) 8.2mm and (b) 12 mm downstream from the flame front.
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Fig. 15. Measured and predicted surface temperatures along the pine needle.

Figure 15 shows the measured and predicted fuel temperature
along the pine needle. Except for the difference due to end of
burning further downstream, the two curves are qualitatively the
same and the peak temperatures nearly the same. However, the
predicted temperature profile shows a steeper rise in temperature
compared to the experimentally measured profile. The thermocou-
ple was placed centrally along the length of the needle; therefore,
this difference may be due to the ‘thermally thin’ approximation
made in the model. Subsequently the temperature difference be-
tween the surface and the centre of the pine needle was also mea-
sured in another test and the two differed by about 70K, indicating
the existence of a thermal gradient inside the pine needle.

Figure 16 compares the measured and predicted CO2 concentra-
tion along the needle length at distances 1 mm and 2 mm from the
pine needle surface. Figures 17 and 18 show similar comparison
of water vapour and oxygen molar fractions, respectively. The fig-
ures illustrate a good match of measured and predicted trends. The
CO, and H,0 are somewhat over-predicted, and consequently O,
is under-predicted. It is interesting to note that there is almost no
available oxygen close to the pine needle surface for some length

immediately downstream of flame leading edge where there is a
strong reaction zone. The fuel vapour and product gases in the
flame shield the charring pine needle from getting exposed directly
to the ambient oxygen. This is why char oxidation takes place af-
ter passage of the flame leading edge when surrounding oxygen
can finally diffuse to the needle surface. Since the fuel samples
were short (about 25 mm) the effect of end of burning shows up
in experiments where the oxygen molar fraction steeply rises to
near ambient values. On the other hand, the simulation results for
quasi-steady flame spread show a more gradual rise in the oxygen
level. Simulations for higher opposed flow velocities show a pro-
gressive reduction in length of low oxygen region with increased
opposed velocity; consequently, char oxidation begins closer to the
pyrolysis front.

The profiles of the molar fractions of O,, CO, and H,0 (both
measured and computed) are also plotted with distance perpen-
dicular to the surface of the pine needle at locations about 2.3 mm
and 3.5 mm downstream of the flame leading edge. Since concen-
tration data using micro-probe was measured closest up to 1 mm
from the pine needle surface, the measured and computed pro-
files are plotted for distances within the range from 1 mm to 7 mm
from the fuel surface. The computed and measured profiles show a
reasonably good match. These comparisons and those presented in
earlier figures also suggest that over all flame structure has been
well captured by the present numerical model.

9.3. The char oxidation phenomenon

The detailed species measurements revealed negligible oxygen
levels for a few millimetres downstream of the flame leading edge.
This suggests that the char oxidation process can become signif-
icant only at locations further downstream. This fact is also re-
flected in the results of the numerical simulations. For example, in
Fig. 5a region with nearly constant normalized density just down-
stream of the location where pyrolysis ends indicates negligible
char oxidation. The normalised density decreases due to char ox-
idation only further downstream and stops decreasing again at
some point further downstream.

Near the end of burning when the flame reaches the bottom of
the needle, the flame reduces in size and extinguishes. This result
is sudden or steep increase in availability of oxygen at the surface
of charred pine needle causing it to oxidize rapidly.

Due to this rapid char oxidation, the pine needle temperature
is significantly higher in experiments for distances further down-
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Fig. 17. Comparison of measured and computed water vapour mole fractions along the pine needle at a distance of (a) 1mm and (b) 2 mm from the pine needle surface.

stream of about 8 mm (Fig. 15). On the contrary, in quasi-steady
numerical predictions the rising plume of combustion products
continue to shield the charred pine needle from direct exposure
to atmospheric oxygen and so oxygen diffuses to the surface grad-
ually over a distance and thus predicts low char oxidation rates
compared to experiments and hence lower and gradually decreas-
ing pine needle temperature. At some point where the temperature
drops low enough, char oxidation is not significant any longer and
in such a situation there is no further change in the pine needle
density, as noted in Fig. 5.

Although there are differences in the present comparison of the
rate of char oxidation due differences in the conduct of experimen-
tal and numerical conditions, it is nevertheless useful to under-
stand the factors involved in the char oxidation process. The char
oxidation phenomenon has been investigated in the past. Typically
char oxidation rate depends on transport of oxygen to the hot char
followed by its diffusion into the solid mass and subsequently its
reaction with char. The rate of char oxidation is determined by the
slowest of the three serial processes involved. In the case of a pine
needle owing to its small thickness, only transport of oxygen from
ambient air through the combustion product plume layer and reac-
tion kinetics of char oxidation are considered as competing effects
in determining the overall char oxidation rate. The slower of the
two processes controls the overall char oxidation rate.

In order to study the contribution of char oxidation kinetics
and diffusion, a set of simulations were carried out where the pre-
exponential factor in the char oxidation kinetics was varied. Figure
20a shows variation of char density normalised to virgin fuel den-
sity along the length of a pine needle and Fig. 20b shows the cor-
responding pine needle temperature. For the original char kinetics
(Fig. 5), one can note that first there is a steep increase in char
density due to formation of char from the pyrolysis process, then
char density remains constant at about 0.4 (which is carbon + ash
fraction in the virgin fuel) for about 4 mm and, finally char density
decreases as char oxidises to carbon dioxide and leaves behind ash.
As noted in Fig 20a (and Fig. 5), at some point downstream (here
when normalized char density is 0.26) char stops oxidizing any fur-
ther. The pine needle temperature (Fig.20b) also falls more steeply,
as there is no heat release in the pine needle due to char oxida-
tion. The pre-exponential factor in char oxidation kinetics was in-
creased by one order, two orders and four orders. The correspond-
ing curves are identical except that char oxidation does not stop
as in the case of original kinetic parameters and continues to de-
crease. Identical char density curves and pine needle temperature
curves show that the char oxidation process is limited by oxygen
diffusion to the surface and char oxidation kinetics control only in
regions where there is surplus oxygen.
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Fig. 20. Variation of (a) char density and (b) surface temperature with distance along pine needle for various char oxidation reaction rates.

To clearly identify the roles of char oxidation kinetics and
oxygen diffusion, the oxygen mass flux required for oxidising
available char by oxidation reaction is determined in addition to
oxygen mass flux available by the convection diffusion process at
the surface of the pine needle. The process with lower oxygen flux

dictates the overall oxidation process. Figure 21 compares the oxy-

gen
dle.

mass flux for the two processes along the length of pine nee-
It is interesting to note (see Fig. 21a and b) that the avail-

able oxygen mass flux by diffusion shows a sharp increase near

the

flame leading edge (about X=0) and at some distance down-



178 K. Naresh et al./Combustion and Flame 197 (2018) 161-181

0.05 r O, mass flux at the gas solid interface ; !
I \
I \ I
0.04 [ \ h
0 L \ I
Nm | \ I
€ [
D 0.03[ Arrhénius kinetics "
= I - — — - Diffusion I
X I \ I
2 6 1\ |
= - _ -
002 A =63x10°sT |
] [ ¥
© [ \
£ [ \ 1
H L \ I
S 0.01 - N n
g | . 5
°© m’\—
0 AN
L P L L L

-0.01,

30 -20 -10 10
X(mm)
(a)
0.08 O, mass flux at the gas solid interfgce
0.04

Arrhenius kinetics
— Diffusion

e
o
@

LA AL B L e B e |

it
o
=2

Oxygen mass flux (Kg/m’s)
o
o
N

. - -
0.01 -20 -10 0 10
X(mm)

(©

[
=]

0.05 O, mass flux at the gas solid interface

0.04

Arrhenius kineti
— — — - Diffusion

0.03

Agpar = 6.3x10" s

0.02

‘Char

0.01

L UL UL N N i e |

Oxygen mass flux (kg/m’s)

. I 1

0'01-30 -20 -10 0 10

X(mm)
(b)

0.05 r 0O, mass flux at the gas solid interface

0.04 [
mn |
o~ -
E B . " .
D 0.03 | Arrhenius kinetics
= I — - — - Diffusion
< [
E |
% 0.02F Ay = 6.3x10"s™
o O F
© [
£ I
< [
S 0.01 -
>
X F--——-"—---== - =
° [ N

() o S -
L T 1 1 |
00135 -20 -10 0 10

X(mm)

(d)

Fig. 21. Computed oxygen mass flux distributions at the pine needle surface due to kinetically controlled char oxidation and diffusion controlled char oxidation.
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Fig. 22. Variation of (a) oxygen mole fraction and (b) carbon dioxide mole fraction with distance along pine needle at pine needle surface for various char oxidation reaction

rates.

stream of the flame. This is due to high oxygen levels close to
the pine needle surface in these regions (see Fig. 22a). In-between
is the region of low oxygen diffusion mass flux due to fuel mass
efflux at the surface and flame enveloping the pine needle surface
which consumes oxygen diffusing from the ambient. The oxygen
mass flux required for oxidising the available char exhibits a peak

in the region, where available oxygen is at a minimum. The two
oxygen mass flux curves are useful to describe the char oxidation
process in the pine needle. In the preheat region as the pine nee-
dle start to pyrolyse, char formation also starts; however, the char
fraction is small, and so the oxygen flux required is small, indi-
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cating that not enough char is present for oxidation and thus the
process is kinetically controlled.

Further downstream char is available (and hence the required
oxygen mass flux is high) but oxygen is practically not available,
hence the process here is oxygen diffusion controlled. In fact, most
of the char oxidation happens in this regime when oxygen reaches
the surface. Lastly there is again a kinetically controlled regime
where the char oxidation rate falls because of reduced available
char and a drop in temperature. At the point char oxidation stops
CO2 concentration also drops. This can be seen in Fig. 22b. Increas-
ing pre-exponential factor in the char-oxidation rate therefore in-
creases (Fig. 21b-d) char oxidation in pine needle to proceed via
oxygen diffusion limited process.

10. Conclusion

A detailed numerical model has been developed to predict op-
posed flame spread phenomena over thin cylindrical charring fuels
considering oxidation of char. Coordinated and detailed experimen-
tal measurements on downward flame spread over a pine needle
were used to compare and validate the numerical model. The ki-
netic parameters for combustion and pyrolysis were calibrated us-
ing experimental downward flame spread rate data and blow-off
extinction opposed flow velocity. The calibrated model predictions
of detailed flame structure compared quite well with those ob-
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For thin fuels, char formation strongly influences the flame
spread rate. The influence of char to decrease the flame spread
rate was primarily due to the way formation of char is accounted.
Char formation simultaneously with pyrolysate upon pyrolysis of
virgin fuel had a much higher influence than char formation in a
staged fashion. This was found to be due to significantly lower fuel
vapour mass distribution near the flame leading edge compared to
the staged char model.

Char oxidation was found to occur a few millimetres down-
stream of the end of the pyrolysis zone due to lack of oxygen at the
fuel surface in the immediate vicinity of the flame leading edge. In
this region, atmospheric oxygen is consumed by the combustion of
pyrolysate. This is confirmed in both experiments and simulations.
This distance decreases with increase in opposed flow velocity.

Char oxidation for thin fuels is influenced by char oxidation
kinetics and the oxygen diffusion rate. However, oxygen diffusion
rate mostly determines the char oxidation rate. Char oxidation ki-
netics limit the overall rate at the flame leading edge and in re-
gions further downstream.
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tained from the experiments. In addition to establishing the model, Appendix A
several interesting features related to influence of char and its ox-
idation in the flame spread process were revealed. These can be
summarized as follows.
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over a single pine needle [19].
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" Fig. 12.7

Fig. A2. Instantaneous pictures (a-g) of downward flame spread over a single pine needle of length 20 mm [19]. These various instants during the flame spread process are
at times of LED switch on or off indicated by points 1-7 respectively in Fig. Al.
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