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The speed of the propagation of the ignition front downwards against the air flow in a fixed bed of burning
wooden particles has been studied. The ignition speed reaches a steady state soon after ignition at the surface,
if the inlet air temperature is the same as the initial temperature of the fixed bed. Modeling of the
quasi-steady-state speed of propagation of the ignition front is considered. The effects of the flow rate of air,
moisture, particle size, density, and wood species on the velocity of the ignition front and on the maximum
temperature in the bed are studied experimentally and interpreted by modeling. A maximum speed of
propagation was observed with a specific air rate. Correlations for estimating the velocity of the ignition front
and maximum temperature in the bed are presented. © 2000 by The Combustion Institute

NOMENCLATURE

a thermal diffusivity, a 5 l/(rc), m2 s21

c specific heat, J kg21 K21

Ċ0 flux of heat capacity, Ċ0 5 cṁ0, W
m22 K21

C- heat capacity per unit volume, (1 2
e)rpcp, J m23 K21

d particle diameter, m
DH effective heat of combustion, J kg21

h heat transfer coefficient, W m22 K21

K effective radiation coefficient
l heat of vaporization or pyrolysis, J

kg21

M molecular weight, kg/kmol
ṁ0 mass flux, kg m22 s21

Q- energy/volume, J m23

q0 heat flux, at ignition front q 00 5 KTf
4,

W m22

q- rate of heat generation per unit
volume, W m23

R thickness of a plate, radius of a
cylinder or a sphere, m

r coordinate inside a particle, m
S- surface area of particles per unit

volume of bed, S- 5 (1 1 G)(1 2
e)/R, m21

T temperature, K
t time, s

U dimensionless ignition velocity, U 5
C-wig/Ċ 0g

U* dimensionless ignition velocity, U* 5
R2aw/ap

u moisture content (dry basis), mass of
water per unit mass of dry solid

v mass fraction of volatile matter in dry
ash-free fuel

w velocity, m s21

x coordinate, m
x* moving coordinate, m
YO2 mass fraction of oxygen in gas (0.232

for air)

Greek Symbols

a decay coefficient, m21

G particle shape factor, 0 for a plate, 1
for a cylinder, 2 for a sphere

d thickness, m
e porosity of bed
h coefficient for heat recovery to gas flow
q dimensionless gas temperature, q 5

(Tg 2 T`)/(Tig 2 T`)
u dimensionless particle temperature,

u 5 (Tp 2 T`)/(Tig 2 T`)
L dimensionless parameter, L 5 hS-/

(aĊ 0g)
l thermal conductivity of dry layer, W

m21 K21

k coefficient for char temperature at
reaction zone
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j dimensionless coordinate, j 5 hS-x*/
Ċ 0g

r density, mass/volume, kg m23

s Stefan-Boltzmann’s constant,
5.67 z 1028 W m22 K24

F dimensionless heat flux, F 5 aq 00R/
[S-lp(Tig 2 T`)] 5 aq 00R2/[(1 1
G)(1 2 e)lp(Tig 2 T`)]

f dimensionless ignition parameter, f 5
(q-/hS-)/(Tig 2 T`)

Subscripts

0 at ignition front
` initial, inlet, far from ignition front
a adiabatic
b dry bed
c char
f effective flame seen from the ignition

plane
g gas
ig ignition
max maximum
p dry particle
vap vaporization, water vapor
vol devolatilization, volatiles
w liquid water

INTRODUCTION

There is a vast literature on both experiments
and models of the propagation of forest and
grass fires [1–8], but their applicability to com-
bustion in fuel beds used for energy production
is limited. In furnaces the fuel beds are much
denser. The speed of the ignition front with
combustion on a grate is of practical interest.
Ignition in the combustion of coal [9–13] or
wastes [14–18] on a grate has been studied and
also summarized [19]. Recently, there has been
new interest in combustion or gasification [20,
21] on a grate, as used for generating small and
medium-scale heat and power. Wood and bio-
mass combustion is feasible only in small and
medium-scale furnaces, since wood must not be
transported too far due to high costs. Some
models for the propagation of combustion in
fixed beds [22, 23] have been presented. Com-
bustion of wood or biomass particles in fixed
beds has been studied experimentally [24–30]
and by modeling [25, 31]. Experimental results

and modeling of the flame speed in a bed of
wooden particles are presented in this paper.
The ignition front propagates to the initially
cool bed against the flow of air. There is an
analogy between a fixed bed and a moving bed
[32] and the results can be applied to estimate
ignition above traveling grates.

The use of wood and biomass as fuels is
expected to increase in the future, because of
the need to decrease carbon dioxide emissions.
In addition, incineration is becoming more im-
portant for solid waste, with the beneficial side
effect of producing energy. Waste disposal by
landfill is expensive and often impossible.
Knowledge of the factors affecting the speed of
the ignition front is important, since this velocity
often determines the heat output from the
grate’s area. The release of volatiles, volatile
nitrogen species (NH3 and HCN), and NO
formed from volatiles is directly related to the
speed of the ignition wave inside the bed.
Furthermore, knowledge of ignition is impor-
tant for optimizing gas-phase combustion above
the bed to minimize emissions. In this paper,
flame propagation in underfed combustors is
considered, i.e., the combustion air flows against
the propagation of the ignition front. The re-
sults can also be applied to traveling grates,
where the fuel is ignited on top of the bed and
the air flows upwards through the grate and the
bed, as depicted in Fig. 1.

EXPERIMENTAL

Two pot furnaces were used: A at VTT Energy
(VTT) and B at Lappeenranta University of
Technology (LUT). Pot furnace A (diam. 244
mm and height 300 mm) was on a balance. Pot
furnace B had a square cross-section (150
mm 3 150 mm 3 900 mm). One fuel (fuel a)
was used with furnace B and several fuels (b, c,
d, e) were used with furnace A. Fuel a consisted
of thin wood chips (mixture of spruce and pine)
produced when notches of construction baulks
are cut. Thus, the particles were quite long (;35
mm) and thin (thickness ;1 mm). Average fuel
moisture contents were specially prepared to
have three different values, namely 8.9, 17.3,
and 29.7 wt % (wet basis) for fuel a. Likewise,
the average measured bulk density of the beds
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(rb calculated for dry fuel) had one of three
values: 58.4, 57.5, and 75.7 kg m23, respectively.
The moisture contents of the medium size par-
ticles b (sieved spruce wood chips, 5–20 mm)
were 10.8, 18.8, 27.1, and 33.5% and the corre-
sponding dry bed densities were 157, 145, 142,
and 140 kg m23, respectively. The largest parti-
cles c (30 mm) were a mixture of spruce and
pine, almost dry (2.1% wet basis) and the dry
bed density was 230 kg m23. In addition, two
particle sizes of both birch (d) and alder (e)
were studied. The shape of c particles was
approximately cubic. The shape of the other
fuels was typical of wood chips with one dimen-
sion smaller than the other two.

An example of temperature measurements
inside the fuel bed is presented in Fig. 2. The
flame speed inside the fuel bed was calculated
by measuring the times needed for temperature
waves of 673, 773, and 873 K to travel the
distance between two thermocouples. The flame
speed was calculated as the average of these
values.

MODELING

The distance from the fuel’s inlet at which the
surface of a moving bed is ignited depends on
the radiation to the bed and on the density and
specific heat of the fuel. In addition, wood
contains a significant amount of moisture, which
greatly affects the distance traveled before igni-
tion occurs. A simplified formula for estimating
the ignition distance of the top surface of the
fuel, including the effect of moisture, has been
presented [33]. In this case there is an ignition
source (a flame) in the moving front and the
temperature for ignition is much lower (;630
K) in piloted ignition [34, 35] than for sponta-
neous ignition [36], where no flame is initially
available in the neighborhood.

After ignition at the surface, a flame starts to
propagate downwards into the bed against the
air flow. Again, there is a flame present and
piloted ignition is assumed to take place, when
the solid’s surface reaches a given ignition tem-
perature, Tig, due to the burning of volatiles
from the surface. After some time the ignition
wave stabilizes to a constant velocity and the
system can be treated as a wave in an infinite
medium. This system under study is presented
in Fig. 2. The main mechanism causing the
ignition front to propagate is assumed to be
radiation, since air is in counterflow, but con-
duction and gas mixing near the flame front are
also important. Turbulent mixing and combus-
tion near the flame front, together with radia-

Fig. 1. (a) Analogy between combustion in a fixed bed and
on a grate. The box drawn with the dashed line is a control
volume which corresponds to a fixed bed. (b) Propagation of
an ignition plane in a fixed bed.

Fig. 2. A pot furnace experiment for the study of the
combustion rate of a wood chip layer (fuel d). Measured
mass of the layer and temperatures inside the fuel bed as
function of time. Locations of temperature measurements 1,
2, and 3 are 250, 148, and 50 mm from the bottom of the
bed, respectively. The mass flow rate of air was 0.15 kg m22

s21 with sieved (SCAN-CM 40:88 standard) birch chips 13
mm, moisture 12.8% (wet basis).
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tion, are difficult to model, even for a bed
consisting of regular particles. The wooden
chips used in commercial boilers are irregular
with a size distribution and random orientation.
From a practical point of view, simple models
with suitable experimental parameters to ac-
count for randomness seem more useful than
highly sophisticated models. In the models pre-
sented here, it is assumed that the local absorp-
tion of energy in the bed is directly proportional
to the local heat flux. Then the heat flux from
the burning particles through the bed decays
exponentially with distance, q0 5 q 00
exp(2ax*), which gives the local heat genera-
tion q- 5 2dq0/dx 5 aq 00 exp(2ax*). The
relationship a 5 S-/4 has been presented for
randomly arranged fuel elements, provided they
have no negative curvature [1]. An alternative
approach is to lump the complicated processes
in the fuel bed in an overall thermal heat
conductivity, l, where the effect of radiation is
included in the dependence l ; T3. Then the
problem is reduced to a simple heat conduction
model [16].

Thin Dry Solids Including the Effect of
Convection

The particles are so thin that their temperature
can be assumed uniform. The heating of the
oxidizing gas flowing against the moving ignition
wave is described by the energy equation

Ċ 0g
Tg

 x
5 hS-~Tg 2 Tp! (1)

where the term on the right-hand side describes
the convective heat exchange between the gas
and particles. The heating of the solid fuel in the
bed is described by

C-
Tp

t
5 hS-~Tg 2 Tp! 1 q- (2)

The boundary condition far from the ignition
front is Tp(`) 5 Tg(`) 5 T`. The location of
the moving ignition front is propagating with a
steady velocity wig. We apply a new moving
coordinate x* 5 x 2 wigt and obtain

Ċ 0g
dTg

dx*
5 hS-~Tg 2 Tp! (3)

2C-wig

dTp

dx*
5 hS-~Tg 2 Tp! 1 q- (4)

Equations 3 and 4 can be presented in dimen-
sionless form as

dq

dj
5 q 2 u, 2U

du

dj
5 q 2 u 1 f (5)

By eliminating u, we obtain

Uq0 2 ~1 1 U!q9 5 f (6)

Equation 6 can be integrated to yield:

q9 2 ~1 1 1/U!q 5 q9~0! 2 ~1 1 1/U!q~0!

1 f0L@12exp~2j/L!#/U

(7)

The temperatures of the gas and solid can be
derived in the form:

q 5
f0L exp~2j/L!

U~1 1 1/L 1 1/U!
;

u 5
f0~1 1 L! exp~2j/L!]

U~1 1 1/L 1 1/U!
(8)

At the ignition front j 5 0, the solids are at the
ignition temperature Tp(0) 5 Tig and u 5 1;
this gives the solution for the velocity of the
ignition front in dimensionless form as

U 5 f0L 2 L/~1 1 L! (9)

which in dimensional form is

wig 5
1

C- S q 00
Tig 2 T`

2
Ċ 0g

1 1 aĊ 0g/~hS-!
D (10)

The radiative flux depends on the effective
temperature of the flame zone Tf, q 00 5 KsTf

4,
where K (,1) is the effective radiation coeffi-
cient. Tf depends on the stoichiometry, the
calorific value of the fuel, etc.

Equation 10 predicts that the flame will prop-
agate, when the effective radiation temperature
exceeds the critical value

Tf . S Ċ 0g~Tig 2 T`!

Ks~1 1 1/L!D
1/4

(11)

In this treatment, it has been assumed that the
temperature of the gas far from the ignition
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plane is the same as that of the solid. If the air
is preheated, the velocity of the ignition front
will accelerate. It is possible to estimate this
effect by using formulae for transient tempera-
tures in packed beds [37]. The effect of drying
can also be estimated [38]. In the limiting case,
if heat recovery by the gas flow is assumed
negligible (L 3 0), we obtain wig 5 q 00/
[C-(Tig 2 T`)].

Effect of Moisture

Wooden fuels usually contain moisture. The
propagation of the ignition front is described by
the quasi-steady energy balance

d~q0 2 Ċ0Tg!

dx
5 wig

dQ-

dx
(12)

where q0 2 Ċ0Tg describes the heat flux and Q-
denotes the energy per unit volume required to
heat the solids and evaporate the water, so

Q- 5 ~1 2 e!rp@cpTp 1 u~lvap 1 cwTp!# (13)

Integration of Eq. 12 gives the ignition velocity
in a fuel bed of thin, moist wooden chips as

wig 5 @q 00 2 hgĊ 0g~Tig 2 T`!

2 hvapĊ 0vap~Tig 2 Tvap!#/Q-ig (14)

where

Q-ig 5 ~1 2 e!rp~cp~Tig 2 T`!

1 u`@lvap 1 cw~Tvap 2 T`!#! (15)

The coefficients hg 5 (Tg,ig 2 T`)/(Tig 2
T`) , 1 and hvap 5 (Tg,ig 2 Tvap)/(Tig 2
Tvap) account for the fact that the gas temper-
ature is lower than the ignition temperature of
the solids at the ignition plane. hvap can be
related to hg by hvap 5 [T` 2 Tvap 1 hg(Tig 2
T`)]/(Tig 2 Tvap). In the case u` 5 0, hg 5
L/(1 1 L), which can be seen by comparing
Eqs. 14 and 10. Equation 14 predicts that igni-
tion will take place provided that Tf .
{[hgĊ 0g(Tig 2 T`) 1 hvapĊ 0vap(Tig 2 Tvap)]/
sK}1/4. For fuels other than a (see “Experi-
mental” section) the particles are not thin. Then
the particle’s temperature is nonuniform, the
interior of the particle may still be wet, and only
the outer surface of the particle is at the ignition

temperature at the time of ignition. In this case
the energy required to heat the particle to the
ignition state is less than Qig (see Eq. 15).

Effect of Particle Size

Here it is assumed that the wooden chips are
plates (so G 5 0). q0 5 q 00 exp(awigt), where
the time t is defined in the range t 5 2` . . . 0
and t 5 0 corresponds to the instant when the
surface reaches the ignition temperature. A
simplified problem is studied in order to obtain
an analytical solution able to illustrate the effect
of different parameters, such as particle size.
The heat is assumed to be absorbed symmetri-
cally on the surfaces of the plate (or perfect
insulation is assumed on the plane of symme-
try). In practice, however, the fuel has a size
distribution and wooden chips may have thin
sharp edges, which are ignited more easily. Also
the radiative flux to the solids is not symmetrical
in practice; this leads to numerical solutions of
three-dimensional heat conduction problems
for a specific configuration of the solids in the
bed. Here the fuel is assumed to consist of
plates of a constant thickness. The analysis
could be extended to cylinders or spheres. Heat
transfer to the particles, when convection is
neglected, can be described by Fourier’s equa-
tion:

1
ap

Tp

t
5

2Tp

r2 (16)

with the initial, final, and boundary conditions

Tp~2`, r! 5 T`,

Tp~0, R! 5 Tig, lpSTp

r D r5R

5 ~aq 00/S-! exp~awigt!,

STp

r D r5R

5 0 (17)

Equation 16 with the boundary conditions of
Eq. 17, can be solved by applying the finite
Fourier cosine transform [39]
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f̃~n! 5 E
0

R

f~r! cos~npr/R! dr (18)

Using the transform f̃(n) Eq. 16 becomes

1
ap

dT̃p

dt
5

aq 00
S-l

cos~np! exp~awigt!

2 ~np/R!2T̃p (19)

The solution for the transformed transient tem-
perature of the particles becomes

ũ 5
~21!napaq 00/@S-l~Tig 2 T`!#

awig 1 ap~np/R!2 exp~awigt!

(20)

The temperature distribution is found by apply-
ing the inverse transform [39]

f~r! 5
1
R

f̃~n 5 0! 1
2
R O

n51

`

f̃~n! cos~npr/R!

(21)

giving

u 5
apaq 00

RS-lp~Tig 2 T`! S 1
awig

1 2 O
n51

` ~21!n cos~npr/R!

awig 1 ap~np/R!2D exp~awigt!

(22)

5
aq 00

RS-lp~Tig 2 T`!Îawig/ap

cosh~rÎawig/ap!

sinh~RÎawig/ap!
exp~awigt!

At ignition, t 5 0 and u 5 1, and we obtain the
relationship

ÎU* tanh~ÎU*! 5 F (23)

between the dimensionless ignition velocity U*
5 R2aw/ap and the dimensionless heat flux
F 5 aq 00R/[S-lp(Tig 2 T`)]. Equation 23
gives the dependence U* 5 F1(F) or wig 5
apF1(F)/(R2a). For small values of F(30),
U* 3 F, i.e., wig ' q 00/[rpcpS-R(Tig 2 T`)],
which does not depend on R if the porosity of
the bed remains constant, since S- 5 (1 1
G)(1 2 e)/R. This is the same result as given by
Eq. 10 for the case L 5 0. For large values of F
(3`), U* 3 F2, i.e., wig ' aq 00

2/
[rpcplpS-2(Tig 2 T`)2]. In this case wig is
directly proportional to R, if a } S- } 1/R.
Both dimensionless quantities depend on the
particle’s size. The effect of this size can be seen
more clearly by using the dimensionless velocity
U*/F 5 F2(F), which does not depend on R, if
the porosity is constant. Then we obtain the
relation wig 5 q00F2(F)/[(1 1 G)C-(Tig 2 T`)].

Let us finally consider the case of parallel
plates, with the distance between the plates, Rg,
kept constant, but the thickness, R, of the plates
changes and radiation through the gas q9g 5
q 00(R 1 Rg) is assumed to be independent of R.
In this case, a and U*/F2 5 F3(F) do not
depend on R and we obtain wig 5 a(q 00/
S-)2F3(F)/[lprpcp(Tig 2 T`)2] 5 aq9g

2F3(F)/

[lprpcp(Tig 2 T`)2]. The functions F1(F),
F2(F) and F3(F) are presented in Fig. 3.

Thick Moist Solids

As a limiting case, very large particles are
considered. Then the solids can be approxi-
mated as semi-infinite, since only a thin layer
has been dried at the time of ignition. The
drying of the surface layer of the solid can be
described by the simplified equation

q0 5
lp

d
~Ts 2 Tvap! 5 rpu`lvap

dd

dt
(24)

when the temperature distribution in the dry
surface layer (thickness d) is approximated as
linear. The first term, q0, is the radiation ab-

Fig. 3. The functions F1(F), F2(F), and F3(F).
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sorbed at the surface. It is also that conducted
through the dry surface layer, as accounted for
by the second term in Eq. 24. Finally it is the
energy consumed in vaporization, as accounted
for by the last term. The energy of vaporization
is assumed to be much greater than that for
heating the material and the liquid water, but
the accuracy can be improved if this sensible
heat is accounted for by using an effective heat
of vaporization. Eq. 24 can be solved to give

wig 5 a~q 00/S-!2/@lprpu`lvap~Tig 2 Tvap!# (25)

Energy is consumed also in heating the combus-
tion air; here it can be approximately taken into
account by using an effective heat flux q 00 2
hgĊ 0g(Tig 2 T`) 2 hvapĊ 0vap(Tig 2 Tvap)
instead of q 00.

Adiabatic Temperature of the Flame from the
Volatiles

Steam from drying and volatiles are released to
the gas flow. The volatiles are assumed to be
CH2.26O0.99 and also to react by CH2.26O0.99 1
AO2 3 B1CO 1 B2CO2 1 B3H2O 1 B4CH4.
This is for a typical elemental composition of
wood, if the char is assumed to consist of carbon
and its yield is 18 wt %. The coefficient A and
the heat of decomposition DHvol are defined by
the stoichiometry; A depends on the primary air
mass flux ṁ 0g and the mass flux of the volatiles
generated. The mass flux of dry fuel to the
moving flame zone is related to the velocity of

the ignition front ṁ 0p 5 (1 2 e)rpwig and the
mass flux of the volatiles is ṁ 0vol 5 v(1 2
e)rpwig. The coefficient A 5 (YO2ṁ 0g0/MO2)/
(ṁ 0vol/Mvol). The values of B are readily calcu-
lated from the balances for C, H, and O, when
A is known. The flux of water vapor generated
due to moisture is ṁ 0vap 5 (1 2 e)urpwig.

The adiabatic temperature of the flame from
burning the volatiles can be estimated from a
simple heat balance on the moving flame zone,
if it is assumed that the gases leave the zone at
that temperature. The heat balance is

O
i51

g

q0 5 0 (26)

where the terms q015vṁ0pDHvol; q0252vṁ0plvol;
q0352u`ṁ0plvap; q045cwu`ṁ0p(T`2Tvap); q055
cpṁ0p (T`2Tvol); q065Ċ0g(T`2Ta); q075cvolvṁ0p
(Tvol2Ta); q085cvapu`ṁ0p(Tvap2Ta); and q095cck
(12 v)ṁ 0p (Tvol2Ta) are the energies associ-
ated, respectively, with combustion of the vola-
tiles, the pyrolysis reactions, the evaporation of
water, heating of water to the temperature for
evaporation, heating of particles to the devolatil-
ization temperature, heating of combustion air to
the reaction temperature, heating of volatiles to
the reaction temperature, heating of water vapor
to the reaction temperature, and the heating of
char close to reaction temperature. Due to a time
lag, the char does not reach the gas temperature,
which is accounted for by assuming a value of 0.9
for the coefficient k. Equation 26 gives

Ta 5

O
i51

5

q 0i 1 Ċ 0gT0 1 ṁ 0p$@cvolv 1 cck~1 2 v!#Tvol 1 cvapu`Tvap%

Ċ 0g 1 ṁ 0p@~cvolv 1 cck~1 2 v! 1 cvapu`#
(27)

At low flow rates of air, the temperature of the
reaction zone can be assumed to be close to the
adiabatic flame temperature (so Tf ' Ta), when
the particles are small. Then the effects of air
flow rate (reaction stoichiometry) and moisture
on the temperature are adequately described by
Eq. 27. When the particles are large, volatiles
are released in a thicker zone and the difference
between the effective radiating flame tempera-
ture Tf and the adiabatic flame temperature Ta

will be greater. The thickness of the zone, where

simultaneous drying and pyrolysis take place,
can be calculated from the relationship Ld 5
tdwig, where td is the drying and pyrolysis time
of the particles as estimated by a model pre-
sented earlier [40].

DISCUSSION

The size, shape, and orientation of a particle
affect the local turbulence, the mixing of fuel-
volatile with oxygen, and also combustion in the
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bed, all of which are important factors affecting
ignition. The particles used in the experiments
do not have a specific shape and size, since they
are fuels used in practice. Consequently, times
for ignition and ignition temperatures in a bed
of fuel vary from case to case due to the random
size, shape, and orientation of the particles in
the bed. However, it is important to get some
quantitative approximation for the velocity of
the ignition front. Here we suggest the use of
Eq. 14. The time needed to heat a particle to the
ignition temperature is directly proportional to
the particle’s density and specific heat by theory.
Thus the velocity of the ignition front is in-
versely proportional to the bulk density of the
dry mixture rb 5 (1 2 e)rp and specific heat of
wood, which are included in Eq. 14. The fuel’s
properties (bed density, moisture, and specific
heat) can be measured. More difficult is the
determination of the parameters related to ra-
diation and convection and also modeling of the
particle size effects. These effects are lumped
into an experimental coefficient K and the
maximum temperature Tmax, which is assumed
to correspond to the effective radiation temper-
ature Tf. The coefficient K was evaluated from
Eq. 14 by using measured values of wig and
Tmax. Values of cp 5 2000 J kg21, T` 5 293 K,
Tig 5 650 K, and hg 5 hvol 5 0 were used in
these calculations.

The flux of volatiles at the surface of a
particle depends on its size, so that ṁ 0vol ;
R12n, if the devolatilization time is ;Rn. A
simple analysis shows that the distance d from
the ignition front (see Fig. 1), where the gas
mixture reaches the stoichiometric fuel/oxygen
ratio, depends on the flow rate of air, ṁ 0g, and
the size of particles, R, by d ; ṁ 0gR

n, since S-
; 1/R. If we roughly assume that the stoichio-
metric condition corresponds to the maximum
flame temperature Tf and that radiation also
decays exponentially between the locations of
maximum temperature and ignition, we obtain a
simple relationship K 5 Kf exp(2ad) ' Kf 2
const. 3 ṁ 0gR

0.5, since a ; 1/R and n 5 1.5
[42, 43]. Kf is a constant. This approximately
linear relationship with respect to ṁ 0g is seen in
Fig. 4. It also predicts that K is higher for small
particles, which is seen in Fig. 4, when compar-
ing fuels a, b, and c. The largest c particles are
practically dry and the release of volatiles be-

comes faster than with the other fuels, making d
smaller; this is probably the reason for the
relatively high values of K for this fuel. The
available data are too scarce to obtain a single
expression for K accounting for the effects of a
particle’s size and moisture content. Experi-
ments with particles of different sizes but equal
shape are needed to develop this.

The following correlations for Tf and K can
be used in Eq. 14 in units of K and kg m22 s21,
when fuel moisture (wet basis) is below 30%.
For fuel a Tf 5 997.8 1 1415 ṁ 0g 2 1646 ṁ 0g

2

and for other fuels Tf 5 903.2 1 5547 ṁ 0g 2
11,626 ṁ 0g

2. The best lines for the radiation
coefficients are for fuel a: K 5 0.943–1.008
ṁ 0g, for fuel b: K 5 0.714–2.002 ṁ 0g, and for
fuel c: K 5 0.819–2.100 ṁ 0g. At ṁ 0g 5 0.15 kg
m22 s21 the values of K obtained from the
trendline were 0.79, 0.41, 0.50 for fuels a, b, and
c, respectively. For fuel d the values K 5 0.30,
0.28, and 0.25 were obtained for particle sizes
7–13, 13, and 30 mm. For fuel e the values K 5
0.53 and 0.30 were obtained for small and large
size fractions, respectively. In addition, one
experiment with wooden pellets gave K 5 0.24.
Thus, there are rather large differences between
the fuels, which could be due to differences in a
fuel’s properties other than bed density or mois-
ture, such as the kinetics of pyrolysis, the prod-
ucts of pyrolysis (including ignition tempera-
ture), and specific heat, for which a constant
value of 2000 J kg21 was assumed. In addition,
differences in shape and size distributions and
orientation of the particles affect K.

Fig. 4. Calculated effective radiation coefficient K based on
the measured ignition velocity and maximum temperature
in the bed. Fuel b (moistures are 10.8 ‚, 11.4 Œ, 18.8 E, 27.1
3, and 33.4 F % in wet basis), solid trendline; fuel a dashed
trendline; fuel c dotted trendline.
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Figure 5 shows the effect of the flow rate of
air on the measured maximum temperature
inside the bed. The temperatures in a bed of the
thin particles a are clearly lower than those of
other fuels with larger particles. For larger alder
particles, the maximum temperature in the bed
was higher than for smaller ones. A similar
trend was obtained for birch particles, if average
values of the points for each size are used. The
lower maximum temperatures of fuel consisting
of smaller particles can partly be explained by
the higher value of K (greater losses from the
flame). Another reason might be a lower value
of k for larger nonisothermal particles. Figure 6
shows that moisture seems to have no influence
on the maximum temperature, when the mois-
ture content of the fuel is below ;30% (wet
basis). The calculated adiabatic temperature
also predicts this. Increase in the moisture con-
tent decreases the velocity of the reaction front,
changing the conditions more rich with oxygen,
since the rate of devolatilization decreases. The
net result is that the temperature remains quite
constant, in spite of the increasing amount of
energy consumed in vaporization.

The adiabatic temperatures for fuel b with
moisture 10.8% shown in Figs. 4 and 5 were
calculated iteratively from Eqs. 14 and 27. The
velocity of the ignition front was estimated by

Eq. 14 using the correlation presented above for
K and assuming Tf 5 Ta. Figure 4 shows that,
when the air rate is small, the adiabatic temper-
ature is close to the best-fit second-order poly-
nomial. At higher flow rates of air, the calcu-
lated adiabatic temperature becomes higher
than the measured maximum temperature,
which is believed to be due to the endothermic
gasification reaction (C™CO2 and C™H2O),
which becomes important at high temperatures,
decreasing the temperature, but was not in-
cluded in the calculation of Ta.

The measured velocities of the ignition front
presented in the literature for counterflow sys-
tems are summarized in Fig. 7. The velocity
reaches a maximum at a specific flow rate of air
for fuel a (thin wood chips) as shown in Fig. 8.
It is also seen that the ignition front moves only
for a specific range of flow rates of the primary
air; otherwise combustion is extinguished. The
range of flow rates for a moving front becomes
narrower with increasing moisture content, so
the ignition front no longer propagates above a
specific moisture level. The model predicts the
effects of both the flow rate of air and moisture,
but not the limits of sustaining combustion.
Similar trends are seen in Fig. 9 for fuel b with
medium size particles; here the flame speed
depends on the flow rate of air to some extent at
moisture contents of 10.8 and 18.8 wt % (wet
basis), but is rather constant at a moisture

Fig. 5. Effect of flow rate of air on the maximum temper-
ature measured by the middle thermocouple. Fuels (and
moisture contents in wet basis) are a (8.9%, ■, trend line;
17.3% F; 29.7% Œ), b (10.8% ‚; 11.4% 1; 18.8% 3;
227.1%; h 33.4%), c (E 2.1%) and d ({ 12.7%; 32.3–
33.9% ***). The upper solid line is the best-fit second-order
polynomial for points for fuels b, c, and d with moisture
,30%. The dashed line is the calculated adiabatic
temperature.

Fig. 6. Effect of fuel moisture on the maximum tempera-
ture measured by the middle thermocouple. Fuels are a (2),
b (3), c (1), d (h 7–13 mm, E 13 mm, F 30 mm), e (‚
small, Œ large), and wood pellets (■). The line is the
calculated adiabatic temperature. Air rate is 0.15 kg m22

s21.
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content of 34.4 wt %. For the largest, almost
dry, particles c, Fig. 9 shows no such maximum.
In fact, the ignition speed slightly increases with
decreasing flow rates of air. However, it is clear
that if the flow rate is further decreased, the
ignition speed must decrease, since in the lim-
iting situation of zero flow rate, the speed must
be zero. From a pollution point of view it is
more favorable to choose a flow rate for air
below that giving the maximum ignition speed,

since fuel-rich conditions are usually more fa-
vorable, when considering NO formation [41].
Also fewer particles are entrained from the
grate. It is not possible to increase significantly
the combustion intensity from the devolatiliza-
tion zone of the grate beyond the air rate giving
the maximum ignition velocity, since the mass
flux of volatiles released from the bed is directly
proportional to the velocity of the ignition front.
However, the rates of char combustion and
gasification above the flame zone increase with
the flow rate of air.

The flame temperature depends on the local
ratio of [fuel]/[O2] and reaches a maximum at a
specific flow rate of air. After that, increasing
the flow rate of air dilutes the gas in the flame,
so the temperature falls. The rate of pyrolysis
depends on the particle size and the pyrolysis
time is usually represented by a power law t ;
dn, where n 5 1.5 [42, 43]. For small particles,
the rate of devolatilization is faster and more
volatiles are available in the flame zone. When
the flow rate of the air and the temperature are
constant, the ratio of fuel mass to oxidizer at the
start of the flame zone is proportional to 1/d1.5.
Then the maximum velocity of the ignition front
is reached for small particles (Fig. 8) with a
higher flow rate of air than for larger ones (Fig.
9) with moisture contents less than ;20%. If the
particles are large, the rate of generation of
volatiles in the flame zone is not so intense.
Then, increasing the flow rate will lead to a

Fig. 7. Summary of literature values of the velocity of the
front in beds of wooden particles: Birch 11% [30] (F), birch
38% [30] (E), willow 28% [28] (‚), willow 40% [28] (Œ),
softwood 40% [28] (3), softwood 13% [28] (}), wood 30
mm, 10% [25] (h, solid trendline), wood 10 mm, 10% [25]
(■, dashed trendline), wood 10 mm, 30% [25] (1, thin solid
trendline) on a wet basis. The ignition velocities for the
results of Gort [25] have been calculated by assuming a dry
bed density of 200 kg m23.

Fig. 8. Measured and calculated velocity of the ignition
front as a function of the flux of primary air in a bed of wood
particles (fuel a) with different moistures 8.9 (e), 17.3 (F),
and 29.7% (‚) on a wet basis. Solid lines are calculated by
Eq. 14, h 5 0, rb 5 58 (8.9), 57 (17.3), and 76 kg m23

(29.7%).

Fig. 9. Measured velocity of the ignition front as a function
of the flux of primary air in a bed of wooden particles. Open
symbols are for fuel b (spruce, 5–20 mm, moistures are 10.8
h, 18.8 E, 27.1 {, and 33.4% ‚ on a wet basis, solid
trendlines) and filled ones for fuel c (mixture of spruce and
pine, 31 mm, 2.1% F on a wet basis, dashed trendline; 3
based on visual observations).
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decrease in the flame temperature, due to dilu-
tion with excess air, resulting in a decrease in
the velocity of the ignition front after the opti-
mal stoichiometric condition. This takes place
at a lower flow rate of air than for smaller
particles, as seen from Fig. 9 by comparing fuels
b (medium size particles) and c (large particles).
If flue gas recirculation is applied, the oxygen
content is lower and more oxidizing gas is
required for the same stoichiometric conditions;
this decreases the flame temperature and the
propagation rate.

The maximum ignition speed for the thin
particles (Fig. 8) is greater than that for the
larger ones (Fig. 9), but this is mainly due to the
difference in bulk density of the bed, which was
small for thin particles. Equation 23 (and also
Eq. 25) predicts that the velocity of the ignition
front increases with a particle’s size provided
that K is constant. However, measurements and
the simple analysis indicate K decreasing with
increasing size; this has the opposite effect on
the velocity. Figure 10 shows no clear experi-
mental effect of the size of a particle on ignition
velocity. The ignition mass fluxes, defined as

ṁ 0ig 5 rbwig, are of equal magnitude for a wide
range of dry bed densities (56 to 612 kg m23) as
seen in Fig. 10, where the ignition velocities
have been normalized to the reference dry
density rb,ref 5 150 kg m23 by multiplying the
measured ignition velocity with rb/rb,ref. Equa-
tion 23 (and also Eq. 25) predicts that the
ignition velocity is lower for materials with a
higher thermal conductivity, especially when the
size of the particles is large. The normalized
velocity is clearly lower for the dense wooden
pellets with a high thermal conductivity (caused
by the greater density).

An increasing moisture content of the wood
particles decreases the flame speed in two ways:
the temperature of the ignited region decreases
due to dilution, and the energy needed to heat
(and dry) the particles to the ignition tempera-
ture increases. Figure 10 shows that the calcu-
lations using Eq. 14 predict the effect of mois-
ture content quite well. The treatment of the
solids as thermally thick (Eq. 25) gives the same
trend, but at a higher level; the thickness of the
dried layer at the moment of ignition is dp,ig 5
S-lp(Tig 2 Tvap)/(aq 00) 5 1.7 mm.

In practical grates, the movement of parts of
a grate relative to the others or vibrations can
increase the velocity of propagation of the igni-
tion front. The direction of the combustion air
can also be such that it entrains hot combusting
gases to heat the nonignited fuel convectively,
thereby increasing the speed of the front.

CONCLUSIONS

Ignition in beds of wood particles has been
studied for the incoming air and propagating
ignition wave in counterflow. Modeling the ef-
fects of the flow rate of air, the moisture content
of the fuel, particle size, and properties of wood
(density, specific heat, thermal conductivity) is
discussed and used for interpreting the experi-
mental measurements. A sustained ignition
wave is obtained over a specific range of flow
rates of air, depending on the moisture content
of the fuel. At very low flow rates of air, the
flame temperature remains too low, due to a
lack of oxygen, so extinction takes place. As the
flow rate of air is increased, the conditions close
to the ignition front change from fuel-rich to

Fig. 10. Measured and calculated effect of fuel moisture
content on the normalized ignition velocity. Mass flux of air
is 0.150 kg m22 s21. Measurements: fuels and average dry
bed densities (rb) are a ({, 54 kg m23), b (3, 149 kg23), c
(1, 230 kg m23), d (h, 7–13 mm, 196 kg m23; E, 13 mm, 210
kg m23; F, 30 mm, 216 kg m23), e (‚, small, 140 kg m23; Œ,
large, 141 kg m23) and wood pellets (2, 8 mm, 612 kg m23).
Calculated results: solid line is Eq. 14 with h 5 0; point ■ is
Eq. 23 with R 5 0.01 m; dashed line is Eq. 25 with effective
heat of vaporization [5 lvap 1 cp(Tig 2 T`)/u]. In the
calculations K 5 0.3, Tf 5 1473 K, cp 5 2000 J kg K, S-
5 150 m21, a 5 37.5 m21, rp 5 500 kg m23, and lp 5 0.14
Wm21 K21.
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oxygen-rich. Then the gases are diluted with
excess air, so temperatures decrease, resulting
in extinction, when a specific flow rate of air is
reached. Increasing this flow rate also moves the
region of the maximum temperature farther
away from the ignition front, decreasing the
radiation from the hot combusting zone.

Several experiments studied the effects of the
flow rate of air, the moisture content of the fuel,
the particle size, the density of the bed, and the
type of wood. Moisture was found to signifi-
cantly lower the speed of the ignition front.
However, moisture did not have any noticeable
effect on the maximum temperature in the bed,
when the moisture content (wet basis) was less
than 30 wt %. No effect of particle size on the
ignition front’s speed was found, but increasing
the particle size increased the maximum tem-
perature in the bed to some extent. The velocity
of the front was found to be inversely propor-
tional to the density of the fuel bed and the
specific heat of wood. Also the velocity of the
ignition wave and the maximum temperature in
the fuel bed were found to reach maximum
values at specific flow rates of air. Correlations
for the maximum bed temperature and the
effective radiation coefficient in the bed are
presented. The effect of the principal factors,
such as the flow rate of air, moisture content,
and the density of fuel on the ignition velocity
can all be explained by modeling.
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