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Abstract

In this paper, particle size effect on pinewood combustion in a stationary packed bed was investigated. Mass loss rate, temperature profile
at different bed locations and gas compositions in the out-of-bed flue gases were measured at a fixed primary air flow rate. Pinewood cubes
was fired with size ranging from 5 to 35 mm. A unique numerical model applicable to thermally thick particles was proposed and relevant
equations were solved to simulate the non-homogeneous characteristics of the burning process. It is found that at the operating conditions of
the current study, smaller particles are quicker to ignite than larger particles and have distinctive combustion stages; burning rate is also
higher with smaller fuel size; and smaller fuels have a thinner reaction zone and result in both higher CO and CH,4 concentrations in the out-
of-bed flue gases; on the other hand, larger particles produced a higher flame temperature and result in higher H, concentration in the flue
gases. Larger particles also cause the combustion process becoming more transient where the burning rate varies for most part of the

combustion process.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomass is playing an important role for domestic
heating and power generation, especially in some European
countries. With the increasing concerns over global
warming from fossil fuel combustion in recent years,
some organisations have proposed energy crops to cut
down the net CO, emission to the atmosphere [1,2]. In a
broad sense, biomass fuels range from pruning waste,
industrial and agrarian residuals, waste wood, cultivated
crops to sewage sludge from domestic and industrial water
treatment plants and paper industry. Although biomass
burning is as old as humankind’s history, the modern large-
scale production of heat and electricity from biomass need
sophisticated technology to control the process to minimise
its environmental effects and promote efficiency. In most
cases, raw biomass fuels cannot be burned as they are.
Instead they need some pre-treatment. Pelletisation is now
an accepted practice before biomass fuels are burned in
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furnaces or on beds. One of the key questions arises from
this is what are the effects of the particle size on the
combustion behaviour and how to assess the optimum pellet
size from economic and technical points of view.

In this paper the size effect of pinewood cubes is
investigated both theoretically and experimentally for
packed bed combustion. Pinewood fuel is easy to prepare
and can be cut into different sizes and shapes and is a good
simulation of pelletised biomass fuels. The latter are
normally difficult and expensive to prepare in terms of
size variation. General combustion behaviours of biomass
fuels on packed beds have been studied by a number of
researchers. Gort [3] had conducted a series of tests on
combustion of wood chips under different operating
conditions. Friberg and Blasiak [4] measured the mass
flux and stoichiometry of conversion gas from three
different wood fuels as function of volume flux of primary
air. Ronnbick et al. [5] studied the influence of primary
airflow and particle properties on the ignition front, its
temperature and on the composition of the exiting gases in a
biomass fuel bed. Saastamoinen et al. [6] investigated the
propagation of ignition front in beds of wood particles
where the effect of air flow, moisture, particle size, density
and wood species were considered. Van der lans et al. [7]


http://www.fuelfirst.com

Y.B. Yang et al. / Fuel 84 (2005) 2026-2038 2027

Nomenclature

C constant; molar fractions of species (fuel,
oxygen)

Cruel fuel concentration, kg/m3

Cpe specific heat capacity of the gas mixture,
J/(kg K)

Chuix Mixing-rate constant

D,y in-flow dispersion coefficient in bed, m?/s

D, molecular diffusion coefficient of volatile hydro-
carbons in air, m>/s

D;, dispersion coefficients of the species ¥z, m*/s

dp particle diameter, m

dpore pore diameter in particle, m

D, cross-flow dispersion coefficient in bed, m>/s

1 radiation heat flux, W/m?

H, gas enthalpy, J/kg

H; solid-phase enthalpy, J/kg

h convective heat transfer coefficient between
solid and gas, W/m’K

k, absorption coefficient of radiation, 1/m

ky rate constants of char burning due to diffusion,
kg/atm m? s

k, rate constants of char burning due to chemical
kinetics, kg/atm m? s

kg scattering coefficient of radiation, 1/m

k, rate constant of devolatilisation, s !

M moisture fraction in solid

M, initial moisture fraction in solid

De gas pressure, Pa

(o heat loss/gain of the gases, W/m®

(0% thermal source term for solid phase, W/m?

q, radiative heat flux, W/m?

Ronix mixing-rate of gaseous phase in the bed, kg/m’ s

S stoichiometric coefficients in reactions

S, particle surface area, m?

Sse conversion rate from solid to gases due to
evaporation, devolatilisation and char burning,
kg/m® s

SYig mass sources due to evaporation, devolatilisa-
tion and combustion, kg/m3 S

Syis source term, kg/m’ s

t time instant, s

T, gas temperature, K

T, solid temperature, K

Ty solid temperature at the particle surface, K

Vg velocity of a moving boundary, m/s

V, superficial gas velocity (vector), m/s

VM volatile matter in solid

VM, initial volatile matter in solid

Y, mass fractions of gaseous compositions (CO,
COz, 02, CH4, H2, etc.)

Y mass fractions of particle compositions (moist-
ure, volatile, fixed carbon and ash)

yJr distance above the bed-top surface, m;

&p solid emissivity
o, Boltzmann radiation constant, 5.86 X 1078 W/m?K*
void fraction in the bed

Pe gas density, kg/m?

Ps solid material density in the bed, kg/m®

Aax in-flow diffusion coefficient in bed, W/m K

Ae thermal conductivity of char, W/m K

Ag thermal dispersion coefficient, W/m K

A cross-flow diffusion coefficient in bed, W/m K
As solid-phase thermal conductivity in bed, W/m K
Avooa  effective thermal conductivity of the wood

material, W/m K

performed experiments on straw combustion in a 15 cm
diameter and 137 cm long vertical reactor where both air
flow rate and inlet air temperature were varied. Channelling
phenomena in packed beds have been studied by Yang et al.
[8,9]. Other important works were summarised by Thunman
[10], Thunman et al. [11] and Peters [12].

Though those studies provide important information on
biomass combustion in packed beds, the obtained data were
still very limited and in most cases only ignition speed and
maximum flame-front temperature were reported. Results
concerning particle size effect were also inconsistent. For
example, Gort [3] and Ronnbick [5] have reported
increased ignition speed for larger particles in the size
range of 10-30 mm while Peters [12] reported the
maximum ignition rate was obtained at 15 mm in the size
range of 5-25 mm. On the other hand, Friberg et al. [4]
demonstrated decreasing burning rate as particles size
increased.

Current work focuses on both experimental and
theoretical studies for packed bed combustion and particle
sizes from 5-35 mm were used. For the experimental work,
a pot reactor of 0.2 m in diameter and 1.5 m in height was
used. Some researchers [13] have used Thermogravimetric
System (TGS) to study biomass combustion which gives a
strictly controlled environment. The benefit of employing a
pot reactor, however, is that it provides more realistic results
for practical furnaces.

For mathematical modelling, a unique numerical model
was proposed and detailed equations governing the fluid
flow, heat and mass transfer between solid and gaseous
phases were employed and solved. The advantage of
theoretical study lies in its ability to reveal the detailed
structure of the burning process inside a solid bed, such as
reaction zone thickness, combustion staging, gas emission
and char burning characteristics, thus contributing to better
understanding and controlling of the process. These
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Table 1

Proximate and ultimate analysis of willow wood fuel

Moisture (wt%)  Volatile (wt%) Fixed carbon (wt%) Ash (wt%) C (wt%) H (wt%) O (Wt%) LCV (MJ/kg)
7.5 79.7 12.7 0.1 479 6.2 38.3 17.6

parameters are otherwise hard to obtain by conventional
experimental techniques.

2. Experimental facilities

A fixed-bed reactor was employed to burn the pinewood
fuel. This reactor has been used in previous studies [14—16].
It was a vertical cylindrical combustion chamber suspended
from a weighing scale. The height of the chamber was 1.5 m
with an inner diameter of 200 mm. It consisted of an interior
tube surrounded by a thick layer of insulating material and
an external casing. The grate was located at the bottom of
the chamber and consisted of a perforated plate made from
stainless steel, with approximately 700 holes of 2 mm
diameter, representing 7% open area. Thermocouples were
used to monitor the temperature of primary airflow,
temperature inside the bed at different height levels and
temperature of the flue gases. There was a gas-sampling
probe inside the chamber at 430 mm above the grate. The
main components of the gas measurements of interest were
0,, CO, CO,.

A gas burner was placed at a 45° angle toward the waste
at 750 mm above the grate. The gas burner was used to
initiate the burning process of the fuel sample and switched
off after a steady combustion was observed. Primary air was
fed from the bottom of the fixed bed reactor through the
grate without pre-heating.

The pinewood fuel was cut into four different sizes: 5X
5X35, 10X10X10, 20X20X20 and 35X35X35 mm.
Proximate and ultimate analysis of the fuel are shown in
Table 1. Density of the fuel material was measured being
820 kg/m” and the bulk density in packed state is around
290 kg/m’, giving a bed porosity of 0.65. For each run
3.8 kg of fuel was used and the initial bed height was around
410 mm. The primary air employed was 0.1 kg/m? s at room
temperature for all the cases.

Fig. 1 illustrates the packed bed dimensions and
operating conditions.

3. Mathematical model for biomass combustion in
a packed bed

Peters [12] summarized the previous mathematical
models on packed bed combustion. Those models can be
generally classified into four categories: continuous-
medium models [17-19] where the solid bed was treated
as a continuous medium; neighbouring-layers models [20,
21] where the packed bed above the grate was divided into

four layers representing fuel, drying, pyrolysis and ash;
well-stirred reactor models [22,23] where the bed was
simulated by a cascade of well-stirred reactors; and the 1d +
1d model [24] where a one-dimensional and transient
single-particle model in spherical coordinates was
implemented in a transient one-dimensional fuel-bed model.

The model used in current work is based on the
governing equations proposed by Peters [25] for both the
gas and solid phases in a moving bed and the previous
modelling works of the authors [8-16]. The major
difference of the current model from all the previous models
is that it calculates both outside and inside the particles and
thus fully accounts for the inhomogeneous nature of the bed
and the effect of thermally thick particles. Compared to the
1d+1d model [24] the proposed mathematical method
provides a more realistic simulation to the real combustion
bed.

Illustration of the model concept is shown in Fig. 2. A
packed bed consists of particles and the voids between them
(Fig. 2a). By discretising the bed, three types of cells
emerge: void cells, boundary cells and inner cells (Fig. 2b).
The void cells are where the gas-flow passes and the inner
cells are inside-particle cells. Boundary cells are solid-phase
cells neighbouring the gas-flow around the particle outer
surfaces. Thus, a particle is represented by a set of inner and
boundary cells and the bed an assembly of inner, boundary
and void cells.

For each cell, the law of conservation in momentum,
energy and chemical species is applied and different
schemes are employed, depending on the cell type. For
example, for an inner cell heat conduction is the only heat
transfer mode. But for a boundary cell, heat conduction,
convection and radiation all play a part in the heat transfer
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Fig. 1. The employed packed bed dimensions and operating conditions.
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(a) The packed biomass particles

I:] void cells

[ boundary cells

(b) Numerical discretisation of the packed bed

Fig. 2. Mlustration of the model concept for thermally-thick particles.

process. For the void cells, apart from all these three heat
transfer modes, turbulence effect is also included.

3.1. Transport equations for the gas phase in the void cells

The equations include mass continuity, momentum
conservation, heat transfer and species transport.

d(dp,)
at

Continuity : + V(pp, (Vg — V) =S, (1)
where Vj is the gas velocity and Vg the velocity of a moving
boundary. The source term S,, is the conversion rate from
solid to gas due to moisture evaporation, devolatilisation
and char combustion.
(P Vo)

t

e Vg,V = V)V

= —Vp, + F(v) 2

Momentum :

where F(v) represents resistance of solids to fluid flow in a

porous medium and is calculated by Ergon’s equations [26,

27].

a(¢ngig)
ot

Species transport : + V(pp,(V, — Vp)Y,o)

= V(Digv(ngig)) + Syig (3)

where Y;, is mass fractions of individual species (e.g. H,
H,0, CO, CO2, C,H,, ...). The source term S,,,accounts for
mass sources of the individual species during evaporation,
devolatilization and the combustion of volatile gases and
char.

The fluid dispersion coefficient D,, consists of diffusion
and turbulent contributions. For Re>5, the corresponding
cross-flow and in-flow dispersion coefficients are given by
the following Egs. [28]:

D, =E"+0.1d,|V,]| (4a)

B e cells
D, = E" 4 0.5d,|Vy| (4b)
where E° is the effective diffusion coefficient.
d(ppgHy)
Energy :  —— =+ V- (¢n (Vg — V)H,)
= V- (4,VT,) + Shy(Ty, — Ty) + O (5)

where H, represents gas enthalpy, A, the thermal dispersion
coefficient and Qy, the heat gain of the gas phase due to heat
release during combustion. The thermal dispersion coeffi-
cient A, consists of diffusion and turbulent contributions in a
similar way as species dispersion, and can be expressed as
[28]:

A, =23 4 0.1d,|Vglp,Cp (6a)

Aw = Ag 4 0.5d,|V,lp,Cpe (6b)

Where Ag is the effective thermal diffusion coefficient.

3.2. Governing equations for solid phase cells

Volume shrinkage of biomass particles during combus-
tion is calculated by the following equation:

\%4
—=1- al(MO —M) - a2(VM0 - VM) - 03(C0 - C)

Vo
(7)

where V and V,, represent the current and initial volumes of a
particle and a;, a,, as are shrinkage factors during moisture
evaporation, volatile release and char burnout respectively.
Their values are chosen such that a;=1 represents the
volume of the particle shrinking linearly with moisture loss
and a;=0 means no volume shrinkage occurring during
evaporation. The same principle applies to a, and a;,
Energy conservation for the boundary cells is described by

d(p,H,)

ot = V(ASVTS) - Sah_/v(Tso - Tg) + VCIr + Qsh (8)
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where H; presents the solid-phase enthalpy, A, is the effective
thermal conductivity of the solid bed and ¢, the radiative heat
flux. The source term Qg, summarises heat effects due to
moisture evaporation and heterogeneous combustion.

For inner cells the above equation is reduced to

d(p,H,)
ot

by dropping out the radiation and convection terms.
The effective thermal conductivity of the solid material
consists of a conductive and a radiative contribution [29]:

= V(AYVTY) + Qsh (83)

Ay = &,2g + Mhyood + (1 = MAc + Ang ©)

where ¢, is the local porosity of the solid cell and Ayood, Ac
are thermal conductivity of the wood and char. The radiative
part is calculated as following [30],

Arad =4X €rad0p ngpore (10)

where ¢,,4 is the emissivity of the pores inside a particle and
dpore the diameter of the pores.

The solid fuel is assumed to consist of four components:
moisture, volatile matter, fixed carbon and ash. The
incineration process of solid wastes can be divided into
four successive sub-processes: evaporation of moisture
from the solids, volatile release/char formation, burning of
the hydrocarbon volatiles in the gaseous space, and the
combustion of char particles. Calculation of the rates for
moisture evaporation, devolatilisation and char burning can
be found in the works of Yang et al. [14,15].

3.3. Mixing of volatile gases with under-grate air

Gaseous fuels released from the devolatilization process
have first to mix with the surrounding air before any
combustion of them can take place. Obviously the burning
of the volatile hydrocarbon gases is limited not only by the
reaction kinetics (temperature dependent) but also by the
mixing-rate of the gaseous fuel with the under-grate air
flow. The mixing rate inside the bed is assumed to be
proportional to energy loss (pressure drop) through the bed
and can be expressed as [31]:

150 —= +175-%
dgqﬁ d,¢

Cue C
X m]n{# R ﬁ}
Shiet  Son
(11

Where Cpix is an empirical constant, D, the molecular
diffusivity of the combustion air, V, the air velocity, d, the
particle diameter, ¢ the local void fraction of the bed, C the
molar fractions of the gaseous reactants and S their
stoichiometric coefficients in the reaction.

In the free-board area immediately next to the bed
surface, ‘flame tongues’ shoot out of the bed surface and the

Rmix = Cmixpg{

mixing rate of the volatile gases with surrounding air
decreases with increasing distance from the bed surface.
Detailed CFD calculations with simulated particle beds
were conducted and have produced the following corre-
lation between mixing rate and the distance from the bed-
top [14]:

Ryix = Riyixo(2.8¢ 027 F — 1.86_2}'++)min{§;jz:ll ’%}
(12)

and

yHt = y+/dp 03

where R.,,, is calculated from Eq. (11) without the species

concentration terms at the bed surface. y* denotes the
physical distance from the bed top.

The actual combustion rate of the volatile gases is taken
as the minimum between the mixing rate calculated by the
above equations and the kinetic rate. Calculation of the
latter can be found in Ref. [15].

3.4. Radiation heat transfer in the bed

Radiation is the major mechanism of heat transfer
between solid particles in a packed bed. The widely used
flux model [32] is employed:

L = —(k, +k)I; + ] k,E, + : k EN(X +1;)
/'i a s/ xi ZNa b N si lt xi
(14a)
— Xi——(k + koI -I—lkE—i-lkEN(x + 1)
li_ a s xi 2Nab IN sil i xi

(14b)

where N is the total number of space discretisation and I;
and I; (i=1,N) are the radiation fluxes in the positive and
negative directions respectively of each discretisation. E),
represents the black-body radiation. k, and k, denote the
absorption and scattering coefficients. In this work kg is
assumed to be zero and k,, is approximated by the following
equation [19]:

kg = — In(¢) 15)

d,

3.5. Particle size effects

According to the governing equations described above,
particle size affects the combustion in five different ways.
First is the two-phase heat and mass transfer (between the
gas and solid), as indicated by the second RHS term in Eq.
(8). These convective processes occur at the particle
external surfaces and the rates are approximately inversely
proportional to the particle diameter. Therefore, particles of
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a smaller size can enhance the moisture evaporation and
char burning rates in the bed. Temperature difference
between the solid and gas is also smaller for small particles.

The second effect is on the radiation heat transfer, as
indicated in Eq. (15) where the bed absorption coefficient to
radiation flux is inversely proportional to particle diameter.
This means that a bed of smaller particles absorbs radiation
more quickly. But the radiation flux, on the other hand, is
less absorbed by a packing of larger particles and hence
penetrates a longer distance in the bed. This can produce a
thicker flame front in the bed and affects the temperature
and gas concentration profiles as a consequence.

The third effect is on the turbulent dispersion of energy
and gas species in the packed bed. As indicated in Eqgs. (4)
and (6), both the effective thermal and fluid dispersion
coefficients are proportional to particle diameter. Larger
particles produce larger-scale turbulence in the local bed
structure and facilitate the cross-flow and inflow mixing in
the gas phase. As a result, the reaction zone in the bed can be
thicker for larger particles and thinner for smaller particles.

The fourth effect is on the burning rate of volatile
gaseous fuel both in the voids of the bed and in the
immediate area above the bed. The process is basically
diffusion-controlled. As indicated in Eqgs. (11)-(13), the
mixing rate of the fuel gases with air flow from under the
grate is a function of particle size and small particles
produce higher rate the other conditions being the same and
hence intensity the combustion in the gas phase.

The fifth effect lies in the non-uniform temperature
distribution inside a particle. A large particle tends to be
thermally thick and large temperature gradient exists inside
the particle, especially during the period of ignition or
around the flame front. This affects the moisture evaporation
rate and devolatilisation rate of the particle, which are
strong functions of local solid temperature.

4. Solving technique and boundary conditions

The solving technique is based on the SIMPLE algorithm
[33] for the governing equations of both gas and solid
phases. The whole bed is discretised into around 300 cells
along the bed height and time-dependant numerical solution
is sought for a set of parameters, including gas and solid
temperatures, concentration of gaseous species (CH,, CO,
H,, O,, CO,, H,O and N,), gas velocity and the four
components of the solid phase (water, volatile matter, fixed
carbon and ash). The calculation also gives detailed process-
rate profiles such as hydrocarbon-gas production and
consumption, char burning rate, radiation absorption, etc.
The radiation equations are solved by the fourth-order
Runge-Kutta method [34]. The total number of space
discretisation in Eq. (14) is taken as two.

The composition of the volatile gases released during
devolatilisation process is assumed to be 36% CH,, 34%
CO, 9.5% H,, 13% CO, and 7.5% H,O by volume. This is

based on both elemental and heat balances so that the total
masses of C, H and O in the product molecules equal to the
those from the ultimate analysis and the total heat from the
burning of the combustible gases equals to the calorific
value of the volatiles, which can be deduced from the LCV
of the fuel.

Particle shrinkage factors a;, a, and a3 in Eq. (7) are
taken as being 0.8. Other fuel properties employed in the
model are: the porosity of the wood particle ¢,=0.6; wood
conductivity Ayo0q=0.2 W/m K; char conductivity Ac=
0.1 W/m K particle pore size dpore=50X 10~° m; and pore
cell emissivity ¢,,,=0.9. These data are based on reference
[12].

The empirical mixing coefficient, C,;x, in Eq. (11) is
taken as 0.5 [14,15]; The gas-to-solid heat transfer
coefficient, 4, in Egs. (5) and (8) is calculated from Nu
(=d,hj/Ag)=2+1.1Pr'’Re*® [28]. The fuel devolatilisa-
tion rate parameters are those of Alves and Figueiredo [15,
35] where k,=7.0X 10* exp(9977/T;) and the kinetic rate of
char combustion, k,=2.3 Ty exp(— 11100/T}) [15].

The fuel is assumed to be ignited by over-board radiation
at a temperature of 1173 K with emissivity of 0.8. This
radiation source is present for the whole combustion
processes. Primary air at 20 °C enters the bed from under
the grate. Initial bed height is taken at 410 mm. The
combustion starts at the bed top and the bed height falls as
the flame front travels down towards the grate.

Boundary conditions: at the upper boundary, gradients of
the gaseous temperature, concentrations and velocity are
assumed to be zero (the second-type boundary). For the
solid phase, the third-type boundary is assumed at both the
bottom of the bed and the top surface for temperature
(conduction and radiation heat exchange with the grate and
over-bed radiation source are considered).

5. Experimental results
5.1. Mass loss history

Fig. 3 shows the mass loss history of fuel expressed as
percentage of remaining mass on the bed as a function of
reaction time. After switching on the over-bed gas-burner
for initiating the reactions (t=0 min), there was an initial
ignition period before a steady stage was reached. For the
5mm pinewood fuel, the initial mass loss was quick,
reaching a steady state at =2 min. For the 10 mm pine
wood cubes, the initial mass loss rate was slightly slower,
reaching a steady state at r=3.5 min; For the 20 mm particle
size, it was only after r/=7 min that the mass loss rate
reached a steady state. The 35 mm pinewood produced the
longest ignition period (15 min) before a fully steady
combustion stage was reached.

After the initial ignition period, a linear decrease in the
total mass of the bed fuel was observed. Depending on the
particle size, the length of this constant burning period
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Mass loss history

5

2 1004
=

S 80
S

= 60
£
3]

e 40
[o))

£ 20
=

£

E o
a4

Time, min

Fig. 3. Mass loss history as a function of reaction time.

ranged from 23 to 15 min, with the largest particles having
the shortest period of constant burning.

Further on as the reaction time increased, the rate of the
bed mass loss slowed down. For the small pinewood cubes
of 5 mm, this final period of combustion was about 13 min
before the whole combustion completed. For the 10 mm
fuels, it increased to 15 min and for 20 mm, the final burning
period further increased to 18 min. The largest fuel size,
35 mm, featured the longest final burning period of 25 min.

It was clear that the total burning time increased with
increase in the fuel particle size. The obtained value was 42,
45, 50 and 57 min respectively for the pinewood of 5, 10, 20
and 35 mm.
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Fig. 4. Gas composition in the flue gases out of the bed top vs. reaction time.
(a) Fuel size 10 mm; (b) fuel size 35 mm.

5.2. Gas composition in the out-of-bed flue gases

Fig. 4 shows the gas composition in the flue gases out of
the bed top as a function of time for 10 and 35 mm pinewood
chips. For the smaller size (Fig. 4a), the O, concentration in
the flue gases quickly dropped from the ambient level of 21%
to a minimum level (~1.0%) as soon as the gas-burner for
ignition was switched on. There was an initial sharp spike for
both CO and CO, concentrations, followed by a relatively
steady and short period of low levels of CO and CO,. Further
on at about 8 min, the measured CO and CO, rose to an
elevated steady state of 18 and 12%, respectively, while the
O, remained unchanged (1.0%). At about 34 min, both CO
and CO, began to rise again and peaked at 40 min with a
value of 25 and 17%, respectively before quickly reducing to
0% at 44 min to complete the combustion.

For the 35 mm pinewood chips, the gas composition
profile against the time (Fig. 4b) was different from the case
of 10 mm chips in two ways: firstly the variation with time
in the flue gas O, and CO, concentrations was less intensive
during both the initial ignition stage and the final burnout
stage; secondly, the levels of O, and CO, concentrations
were higher while the CO concentration was lower during
the major stead-state burning period. The CO, level was
14% on average compared to 12% and CO 13.5% on
average compared to 18% for the 10 mm fuel.

5.3. Temperature profile in the bed

Fig. 5 shows the measured bed temperature against time
at different bed heights above the grate for chip sizes of 10

(a) 10mm
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Fig. 5. Bed temperature vs. reaction time at different bed heights above the
grate. (a) Fuel size 10 mm; (b) fuel size 35 mm.
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and 35 mm. For the smaller pinewood (Fig. 5a), local bed
temperature rose sharply from room level to a peak value as
high as 910 °C as the flame front passed, then dropped
slightly to a lower but stable level around 800 °C. It can be
deduced that the flame downward propagation speed was
14.5 mm/min and the average time span for the local
temperature rising from the ambient level to the peak level
was 2.5 min, giving the flame front thickness of 36 mm (3.6
times the particle size). As the combustion approached the
final stage (after =30 min), the bed temperature rose to an
even higher level of around 1100 °C, presumably as a result
of char burning.

For the largest size of 35 mm (Fig. 5b), two differences
can be noticed in the temperature profile from the case of
10 mm size. The first is the longer time span for the rising of
local temperature from ambient level to the maximum point
as the flame front passes. An average of 6 min was recorded
(compared to 2.5 min for the 10 mm particles). The
flame downward propagation speed is calculated being
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13 mm/min, thus the flame front thickness is deduced to be
78 mm, or 2.2 times the original particle size.

The second difference is the measured maximum
temperature level. The 35 mm pinewood produced a higher
flame temperature than that for the 10 mm pinewood,
reaching 980 °C at the flame front compared to 910 °C with
10 mm (excepting the final char burning stage).

6. Modelling results and comparison with experiments

6.1. Calculated process rates

Fig. 6(a) and (b) demonstrate the moisture evaporation
rate distribution inside the bed as a function of time for the
10 and 35 mm fuels. For the 10 mm fuel (Fig. 6a), the upper
boundary of the major moisture evaporation zone lies about
50 mm below the bed top and the zone extends 70 mm
downward. The maximum local evaporation rate in the
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Fig. 6 (continued).

constant stage is around 550 kg/m’h; for the 35 mm fuel
(Fig. 6b), the upper boundary of the evaporation zone lies
around 140 mm below the bed top and the zone extends
125 mm downwards. The maximum local rate in the
constant stage is around 100 kg/m’h, only a fifth of that
with the 10 mm fuel.

Fig. 6(c) and (d) demonstrate the devolatilisation rate
distribution inside the bed as a function of time for the two
particle sizes. For the 10 mm fuel, the upper boundary of the
major devolatilisation zone moves away from the bed top as
the combustion proceeds and reaches a maximum 40 mm
below the bed top line. The devolatilisation zone extends
28 mm along the bed height. The maximum local devolati-
lisation rate in the constant stage is around 1.2 X 10* kg/m>h;
For the 35 mm fuel, the thickness of the devolatilisation zone
increases to around 75 mm and the maximum local rate in the
constant stage reduces to around 3.5X 10° kg/m’h, only a
third of the level for the 10 mm fuel.

Fig. 6(e) and (f) illustrate the char burning rate
distribution along the bed height as a function of time.

The char combustion and gasification zone extends about 20
and 30 mm in the bed for the 10 and 35 mm fuels,
respectively.

Fig. 7 shows the bed-height integrated process rates vs.
reaction time for the two fuel sizes of 10 and 35 mm. The
moisture evaporation rate rises to a peak value shortly after
the over-bed ignition source is switched on and the other
two sub-processes, i.e. volatile release and char burning
follow consecutively. For the smaller fuel (Fig. 7(a),
devolatilisation starts at t=2.5 min and the volatile release
rate reaches an elevated and constant level at =6 min. For
the 35 mm fuel, devolatilisation starts at 3 min but the
volatile release rate takes a much longer time (at =18 min)
to reach a stabilized level of around 165 kg/m?h, which is
compared to the average level of 185 kg/m*h for the 10 mm
fuel. As devolatilisation approaches completion, the two
particle sizes demonstrate different behavior: the 10 mm
particles illustrates a surge in volatile release while the
35 mm particles show a smooth decline in the devolatilisa-
tion rate. The smaller fuel also has an earlier start in char
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Fig. 6 (continued).

ignition and an overall higher char combustion/gasification
rate than the bigger particles.

Fig. 7 also shows the calculated mass loss rate (including
all the rates for the three sub-processes) compared to
experimental measurements. The 10 mm particles feature a
more constant and steady burning process during their major
combustion stage while the 35 mm particles have most part
of their combustion period undergoing gradual changes.
Comparison between the modeling results and the measured
ones are satisfactory for both the particle sizes.

6.2. Fuel size effect on major combustion parameters

Fig. 8 shows the fuel size effect on the average flame
propagation speed during the major combustion stage
(excluding the ignition and final burn-out periods).
Experiments indicate a decreasing flame propagation
speed with increasing particle size and the 35 mm fuel
produced the lowest flame propagation speed of
150 kg/m>h, compared to 205 kg/m*h for the 5 mm fuel.

The modeling prediction, however, shows the highest flame
propagation speed is obtained at the fuel size of 10 mm.
Consistency between experiments and predictions for the
other three particle groups is fairly good, however.

Fig. 9 illustrates the fuel size effect on the average flame
temperature during the major combustion stage (excluding
the ignition and the final burn-out periods). Depending on
the particle size, the measured level of flame temperature
ranged from 810 to 900 °C and it is seen that fuel with a
bigger size produced a higher combustion temperature. The
model predicts the correct trend with variation in the particle
size, but the calculated temperature level is 20~30 °C
higher than the measured ones, in general. This could be
caused by the measurement error where the tips of the
thermocouples were exposed to the cooler walls of the test
rig and possibly gave a lower temperature reading.

Fig. 10 demonstrates the fuel size effect on the gas
composition in the out-of-bed flue gases during the major
combustion stage. A general trend is the declining CO
concentration as particle size increased. The model
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predictions correctly reflect the measured trend but gives a
slightly higher CO level across the whole size range.

Fig. 11 shows the predicted CH4 and H, percentages in
the out-of-bed flue gases as a function of fuel size. It is seen
that the CH, concentration decreases with increasing fuel
size, from 11% at 5 to 7.5% at 35 mm. The H,
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Fig. 8. Flame propagation speed vs. fuel size.

concentration, however, increases as fuel size increase,
from 2.6% at 5 mm to 6.8% at 35 mm. Increasing in H, is
due to slower mixing rate inside the bed of bigger size fuel
between the H, and under-grate air. H, is both one of the
primary devolatilisation products and the intermediate
burning product of CHy.
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Fig. 9. Flame temperature vs. fuel size.
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7. Discussion and conclusions

The experiments demonstrated that a smaller size fuel
tends to produce an earlier ignition of the bed than does a
bigger size fuel, as indicated in Fig. 3. This is consistent
with the experimental results of Friberg and Blasiak [4]
where three different size fuels of wood were used.
Mathematical modeling (Fig. 7) revealed that the smaller
particle bed has a faster initial moisture evaporation rate
when the over-bed ignition source is switched on so that the
top surface of the bed is quicker to get dry and subsequently
ignited. Similarly, dry-out of the whole bed is responsible
for the temporally surge in the mass loss rate towards the
end of the constant burning stage, as indicated by both the
experiments and modeling prediction in Fig. 7 (more clearly
for the case of 10 mm fuel).

Another obvious feature of the fuel size effect is that a
bigger particle-size bed tends to burn transiently while a
smaller particle-size bed can quickly build up a constant and
steady burning pattern (Fig. 7). This finding is consistent
with the results of Friberg and Blasiak [4]. This suggests
that the control of a practical furnace firing bigger size fuels
needs to be more carefully planned because of the constant
variation of the burning pattern either with time if the bed is
stationary or with bed length if the bed is moving. This can
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Fig. 11. Predicted CH, and H, concentrations in the out-of-bed flue gases
vs. fuel size.

be explained by the ratio of the initial bed height to the
reaction zone thickness. In the current experiments, this
ratio is around 11.4 (410/36 mm) for the 10 mm fuel and 5.2
(410/78 mm) for the 35 mm fuel.

The measured flame propagation speed vs. particle size
(Fig. 8) is consistent with the findings of Friberg et al. [4]
who demonstrated decreasing burning rate as particles size
increased. But the modelled trend is similar to the findings
of Peters [12] who reported the maximum ignition rate
obtained at 15 mm in the size range of 5-25 mm. However,
the current results are contrary to the findings of Gort [3]
and Ronnbick et al. [5] who reported increased ignition
speed for larger particles in the size range of 10-30 mm.

At the operating conditions of the current investigation,
all fuels of the four sizes were burnt under sub-
stoichiometric (fuel-rich) conditions. Understandably, a
larger particle size produced a higher flame temperature
(Fig. 9) as the burning rate slows down and the combustion
shifts to less fuel-rich state.

Mathematical modeling results (Fig. 7) also reveal that a
bed of small-particles has a distinctive final burning stage
where all the moisture and volatile matter have been
released but there is still a noticeable quantity of char
remaining. The remaining char continues to burn until the
total completion of the combustion process. For a bed of
large-particles, however, the final burning stage features
both the char burn-out and solid devolatilisation at the same
time to a large extent. The knowledge of this difference is
important because the operator of a real furnace has to plan
the primary air distribution as correctly as possible for the
emission control and optimization of the combustion
efficiency.

In general, the following conclusions can be drawn from
the current study in terms of the fuel size effect:

1. Ignition time is shorter with a bed of smaller particles
than with larger particles at the same operating
conditions;

2. Reaction zone is thicker with a larger-particle bed than

with a smaller-particle bed;

Burning rate decreases with increase in fuel particle size;

4. Smaller fuel particles resulted in fuel-richer combustion
and both higher CO and CH, concentrations in the out-
of-bed flue gases; but the H, concentration decreases
with decreasing in fuel size, according to model
predictions;

5. Larger fuel particles produced higher burning tempera-
ture in the bed;

6. Small particles presented a uniform flame propagation
speed during most part of the combustion process while
large particles showed a more transient feature where the
burning rate changes for most part of the combustion
process;

7. In the final stage of the combustion, residual char burn-
out is the only process occurring in a bed of small

»
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particles. But in a bed of large particles, both char burn-
out and fuel devolatilisation occur at the same time.
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