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Abstract : Devolatilization and char combustion of solid fuel particles of which typical size was in the
order of 2cm and combustion of evolved volatiles were investigated, using two different FBCs (fluidized
bed combustors). By varying the combustion conditions, fraction of bunt carbon was estimated from gaseous
concentration measurements in a laboratory-scale FBC and the fraction of the original volatiles burnt above
the bed was determined from the calorimetric calculation in a semi-pilot-scale FBC.

Combustion of solid particle and volatiles in a FBC was modeled by a simulation model where two sub
models were introduced; a particle combustion model and a three-phase bed model. The particle combustion
model considered devolatilization and char combustion, external and internal heat and mass transfer, and
changing fuel properties. The three phase mathematical model for a fluidized bed described the bed
hydrodynamics and gas exchange between phases as well as the combustion of volatiles from the fuel
particle. The particle combustion model provided the inlet conditions for the fluidized bed model such as
gaseous products and the fluidized bed model provided the combustion environment for the particle
combustion model.

Comparison of the experimental results and the predicted results by the model showed a good agreement
as to the fraction of carbon conversion and the fraction of volatiles burnt in the freeboard. Interrelation of
the fluidized bed conditions and particle combustion was adequately treated in this simulation model by
combining the particle combustion model and the fluidized bed model.

Key Words : devolatilization, char combustion, fluidized bed combustor, particle combustion model, three
phase bed model
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INTRODUCTION

Fluidized bed combustors (FBCs) can burn a
wide range of solid fuels, such as coal, solid
wastes including sludges with a high percentage
of moisture and ash, and the highly volatile
biomass and RDF, thanks to the good mixing
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and long residence time.'

Growing interest in the application of FBC
technology to high-volatile fuels is emphasizing
the importance of understanding the sub-pro-
cesses, such as devolatilization, volatile mixing
and combustion.”
interrelated with the achievement of substantially

These processes are closely

higher combustion efficiency and uniform tem-
perature profiles in the combustor, which would
ultimately lead to lower level of pollution.
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FBC design parameters should be optimized
to guarantee low pollution and high combustion
efficiency. One of the most important factors in
operating FBC is to maintain uniform tempera-
ture distribution both in the bed and in the
freeboard. In order to control the temperature
distribution, the amount of heat release should
be optimized.® It is not possible without precise
information on fuels in FBC.

As to the devolatilization and combustion of
the volatiles, three assumptions were suggested:
(1) the volatiles are released and burned instan-
taneously at the feed point’ ®; (2) uniform
volatiles combustion throughout the bed'”; and
(3) volatiles burning mainly in the freeboard by
forming a plume.'"'" Validity of these assump-
tions depends on the comparative rates of
devolatilization and their subsequent combustion
in comparison with the rates of solid mixing and
gaseous mixing in the bed. The mixing time lies
within 10 sec'”, but the devolatilization time
ranges from a few to hundreds of seconds,
according to the experimental condition: bed
temperature, particle size, fuel type, etc.” 7

In this study, the combustion processes of
solid particles, of which combustible is mostly
volatile matters, were characterized through ex-
perimental and numerical approaches. The fuel
particle in the fluidizing bed was numerically
modeled using the concept of a dynamic model
suggested by Winter et al.'"¥ who considered a
temperature profile inside a particle, rather than
assuming an isothermal particle. The gas phase
mixing and reaction of volatiles in isothermal
fluidized beds was explained based on the
three-phase model. The nonisothermality of the
bed resulting from the combustion reactions is
taken into account through inclusion of an
energy balance for the bubble phase as Srira-
mulu et al. did."™ This paper reports an attempt
to develop acombined simulation of the particle
combustion model and the fluidized bed model
that considers the interrelation between fuel
particles and the fluidized bed system. The
particle combustion model provides the inlet
conditions for the fluidized bed model such as

gaseous product and the fluidized bed model
provides the combustion environment for the
particle combustion model.

EXPERIMNETAL

Two experimental apparatuses were construc-
ted to generate the combustion environment
similar to the one in an actual FBC as shown in
Figure 1. The main bodies of FBCs were made
of stainless tubes and were covered with
rock-wool blanket of low thermal conductivity.
External electrical heaters were used to heat the
combustor body and fluidizing gas, hence pro-
viding a uniform combustor temperature.

Laboratory Scale FBC (batch operation)
Combustion characteristics of the fuel particle
were investigated in a laboratory scale FBC. A
batch of fuel particles was introduced into the
bed from the top of the combustor. The com-
position of the combustion gas was continuously
measured at the outlet. The progress of reaction
was observed by determining the fraction of
carbon conversion (f), which was determined
from the measured concentration of carbon con-
taining species, namely CO, CO; and CiH,. The
accuracy of the experiment was checked with
the carbon recovery (r.). The definitions of the
experimental parameters are as follow.

f= Jl]\‘, x100, where
Ny
n= _JUQ( Cep + Ceo,+ Cendt, (N

tn
N= fn ACco+ Ceo, + Cepdl

N
YC= Tcarbon in fuel 100, where )
carbon in fuel = LT;MJM

Some features of this experimental metho-

dology were adopted from the coal combustion

experiments by Lau et al."™®
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Figure 1. Fluidized bed combustors.

Semi-pilot-scale FBC (continuous operation)

The semi-pilot-scale FBC was run continu-
ously and temperature profile in the combustor
and gas concentration at the exit were measured
under the steady state condition. Percent of
excess air was adjusted by changing the feeding
rate of the fuel and by adding nitrogen to the
fluidization air. An indirect method. energy ba-
lances in conjunction with mass balances, was
adopted to determine the extent of combustion
of volatiles in the freeboard where it is difficult
to measure the gas concentration. Bautista-
Margulis et al.'” used the similar method for
the combustion of coal volatiles.™"

The energy balances were performed in the
bed and six freeboard sections divided by the
temperature measuring positions. In the bed
section, the heat inputs were the enthalpy of the
fluidizing gas and the fuel, the gross calorific
value of the fuel. The heat output were the
enthalpy of combustion gas, heat loss to sur-
roundings, and heat release to the freeboard by
unburned combustibles. The energy balance equ-
ation could be constructed as follow.

Qu = (Qz + Q./mr/ + Qu ) (Q,, ot Qh o) 3)
Therefore the energy fraction of the volatile

component transferred into the freeboard and
burnt there was deduced from the overall energy

balance.

A, = _%‘ where Qg = m(LHV o~ HHV,, % f,.)

v _toiial

4

At a freeboard section, the energy balance
equation and the energy fraction could be made
as follows;

Qe 4 Q) therefore By =T
! vl tetal

(5)

Qv/,y = Qu in i

PARTICLE COMBUSTION MODEL
AND FLUIDIZED BED MODEL

Figure 2 shows the flow chart of the model
constructed by combining a particle combustion
model and a fluidized bed model. The model for
thefuel particle combustion model predict the
progress of combustion of the particle and pre-
dicts the amount of gaseousmatters from the
burning particle, which are introduced into the
fluidized bed model as the inlet conditions. The
fluidized bed model solves the gas phase mixing
and reaction of volatiles in the bed, subsequently
provides the changed conditions of the particle
combustion to the particle model.

The gaseous matters generated from the par-
ticle are assumed to distribute uniformly in the
cloud-wake and emulsion phases in the three-
phase fluidized bed model.

Particle Combustion Model

The fuel particles are divided into many
homogeneous spherical shells. Each spherical-
shell experiences one-dimensionally progressing
combustion processes; drying, devolatilization,
and char combustion. At each time step, energy
equation was solved for each shell by taking
into account convective and radiant heat transfer
to the particle and heat transfer inside the
particle by conduction. The evaporation and
devolatilization model was solved according to
the temperature of each shell. Thermal decompo-

VOL.. 9, NO. 4, 2004 / ENVIRONMENTAL ENGINEERING RESEARCH



146  Jinhwan Choi and Sangmin Choi

e

Amount of gases : CO, CO,, H,0,
volatile

Single particle model

drying, devolatifization, char combustion
A

Temperature, O, concentration

Initialize condition at each time step

velocity, bed hydrodynamic conditions

Gas concentration, temperature,

[

Solve volatite and CO combustion e~

Two step global reaction

Mass transfer between the phases of

the bed

Bubble, wake, emulsion phases

ax CO, Error < convergence criteri ‘

Mass and heat balance

Combustion and heat transfer

<w€rgence

criteri

Figure 2. Flow-chart describing the calculation process in the fluidized bed model
combined with a particle combustion model.

sition heat and latent heat for evaporation were
considered in the energy equation as well as the
enthalpy loss by mass transfer of the vaporpro-
ducts from the drying and the devolatilization
processes. The char combustion was modeled by
using the concept of shrink particle model and
considered to take place at the outer shell after
all the moisture and volatiles were released.

The model assumes the particle to be an
unsteady one-dimensional system. The energy con-
servation equation and the corresponding boun-
dary condition become:

9 1 (., 0Ty 1 0 ,
- sT)=——rk— |-—==— (" p U c T)~—
ar(p ¢, T) p Br(r ) 3 (r p.Y,c, Y=Y cuction (6)

o T _ o T _ _
or ”7“—0, k Jr ’ y»/(wm/f(Th )
(boundary condition), T,= 293K (initial condition)

(7

where U, is the velocity of vapors inside the
particle. In this model, U, is assumed to be very
high, which means the volatile or water-vapors
are discharged outside the particle immediately
after they generated. The last term of the energy

equation (Greaciion) represents the heat generation
and consumption by reaction such as char
combustion, evaporation and devolatilization.

Sub-models for the heat and mass transfer,
the char combustion and the devolatilization
were given in Table 1, in addition to a method
of the property calculation changed by reaction.
The fragmentation and attrition increase the
reaction rate of the char by enlarging the volu-
metric surface area by generating fine fragments
of low heat capacity and large volumetric sur-
face area. There's no appropriate way except
some ambiguousones to reflect the phenomena.
To take into account the fragmentation and
attrition effects to the reaction rate, a modified
model was suggested as shown in Table 1. The
attrition effect constant was introduced from the
drastic simplifying hypothesis; the chemical reac-
tion rate was boosted up by the some fraction
of the mass transfer rate.

Table 2 reports the values of the main physi-
cal parameters utilized in the present simulation,
which are typical for the wood particle.

Fluidized Bed Model

ENVIRONMENTAL ENGINEERING RESEARCH/VOL. 9, NO. 4, 2004
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Table 1. Sub-models for heat and mass transfer, char combustion and devolatilization
Mass Re)* ¢ oy | Devolatiliza “X_wdm—de’“{‘i)x A:53x10% E:8.53x100 | (22
transfel' Sh=2e + 06{—;—] Se "tiOﬂ at RT wolat 3 y
Heat 113 i3 -7 [23)
transfer 0.125(1- &, )| 1+33. 3[[5—"1] [‘;"C") (u —u_,)}
ﬂ=
kg k ’ u
1+ —2-{1+0.280-¢,) % (u—u ) —*
o " [ ] [[ N
p 1/3 T T
+o.165 | —Le | |14 0.05) 22 -
[p’ - pg ] I: { kg Tb T
B -8
Where |, = , 0 =567x10
' [Jg(p, - p,)]
Char N 1 [24]
i < Y A o s w230 exp(- 1110/+)
combustion « o€ 0 o c,+ % gurion)* 1/ % m P
¥ gariion * OW  vnon effect on reaction rate - « k,
where e+ B) o
= , (a+ -t aCO,+BCO
AEES s @ Bo+( 58 oy vaco, 8
%: 1336 exp(~7463/T) [for T <970K] =0.00472exp(4539/T) [for 970< T <1220K]
Fuel ZX_iki d
properties k= 'ZX +13.50 T° —, d :pore diameter 0.0lmm, w solids emissivity 0.95
; @
ZX €p i M
ZX dm—,p= poZX_,,,X_, =m where total __ M, :initialtotal mass
Table 2. Main physical parameters utilized in the present simulations
Parameter Symb. Value Units Parameter Symb. Value Units
Conductivity kv 0.21 W/m’K | Specific heat Cv 2000 J/kgK
Ke 0.085 Ce 1000
Ka 0.1 Ca 1000
Mass fraction X, 0.8 Heat of devolatilization q -480 Jkg
Xe i 0.19 Char attrition constant @ 0.9
Xo | 001 Density oo 600 kg/m’

In the three-phase bed model, the fluidized
bed is assumed to consist of three distinct pha-
ses namely, a solid free bubble phase, a cloud-
wake phase, and an emulsion phase.'” The kin-
etic rate parameters, the correlations for the
estimation of the bed hydrodynamic parameters,
and governing equations summarized in
Table 3.

The particulate phases are assumed to be

are

isothermal because the temperaturechange in the
phases is negligible in the steady state due to
the high specific heat of inert particles.

EXPERIMENTAL RESULTS
AND MODEL PREDICTIONS

Internal temperature of the particle

An accurate estimate of the particle tempe-
ratureis essential to evaluate the mechanisms of
the drying and devolatilization, and to predict
the reaction rate of char combustion.

Temperature at the center of awood particle
thermocouple
spiked into the particle. Figure 3 shows mode-
results of the particie
the

was measured with a 0.3mm

ling and experimental

progress of temperaturevarying moisture
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Table 3. Sub-models for heat and mass transfer, char combustion and devolatilization

Parameter w-U 'z 4 Gas U Dt 125
Y ny g )

and dy =|:O'46 go i,s +dﬁ,mul zs:| exchange Ky 4~{‘(};‘]+5'87( Kd”\ > ) 26]
correlation efficient :

dyri =L3(u-—U,",-)°" N, 4>4gwoz CO € De ,UB 102

Ky =677 =228 1 ity U, =0.71gd,

Uy ==U,)+071/gd, dy

Sy =03
Material u= Unf;; + f,g(fu km{UB‘ + [1 - fs(] + /n )kmrUE s UE = Um/ /sml [] 8]
balance Bubble phase
equation IC. NU.I.C .

f})“‘i"”'—(""m‘)'*’/;;[(ew(cha —Coy)tmip=0

ot Jdz
Wake-cloud phase
aC, , WUy [ S Co) .
fafwf,n/ al‘u + ”"% + fsfu’gml Ky (Cw =Cip)+ f»fu’em/KEw (Cop ~Cip)tmin =0
Emulsion phase
— aC, U (L~ fa = [/ )C, ) X , .

(- /B - -/Bfn' )E,,,,~ Wr— +E, : fﬁaz ”f"' . tE,y - /B - fs.fw)KEw(Cw - Ci.W) +mig =0
Ener, 0, o fuPeslen) Mo sUnfalypTos) h [27]
Eq. 2y - w8 '*alw g8) | Hn ”az CRAM +fRIZAI-I“,,rate,I,; +6i,f,,(Tg‘,, ~T4)=0
bubble —6h. T h. d
phase hy =0.25U,7,¢,p,(1 —exv[cp—’;’]] , —";{——i =2+0.6Re?Pr, 1= 114d,7g , 7, =15x10"
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Figure 3. Temperature-profile for the wood at the
center (d,=2.5cm, Ty=600°C, u=0.77m/sec,
moisture content = 0 ~ 42%),

content. The time-resolved temperature profile
shows the reaction at the center of the particle;
the drying period in which the particle tem-
and below
100°C, the char combustion period started where

perature rises very slowly near
the temperaturerise very rapidly about 500°C
and the devolatilization period between the two
periods. After sharp rise during the initial phases
of char combustion, temperature maintains at a
constant level during the char combustion.

At the end of the devolatilization the wood

inserted thermocouple. Oxygen diffused through
the crack enabled the char combustion, which
resulted in the temperature peaks. The irregu-
larity of the crack led to inconsistent values of
the temperature peak. When the crack grew
enough, the thermocouple was separated from
the particle. The temperature of the later part of
the peak was not the particle temperature, but
the bed temperature instead.

Parametric Study

Figure 4(a) shows experimental and modeling
results for the dry wood particle of different
size. Rate of carbon conversion duringthe devo-
latilization phase decreased with the sizes of
particles. The trend was maintained during the
char combustion.

As shown in Figure 3, during the drying
the
slowly. At the low temperature devolatilization

period, particle temperature rises very

goes on slowly even though it starts at the same
spite of the
devolatilization time. the overall combustion time

time as the drying. In longer
does not increase greatly (see Figure 4 (b)),

which means that char combustion has gone

ENVIRONMENTAL ENGINEERING RESEARCH/VOL. 9, NO. 4, 2004
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independently to other two processes. Overlap of
the processes becomesmore significant when the
moisture content gets higher; the char combus-
tion is going on in the dry outer shell of the
fuel particle, which has been already devo-
latilized while the inner shell is under devo-
latilization period.

Figure 4(c) and (d) show the results obtained
for the wood particle in varying operating
conditions; bed temperature, oxygen concen-
tration of fluidizing gas. Higher temperature
increased the rates of the devolatilization and
char combustion and led to shorter combustion
times.

The fraction of carbon conversion profiles of
Figure 4(d) for wood particles suggested that the
oxygen concentration of the fluidizing gas had
little effect on the devolatilization. But they
changed the rate of char combustion for which
oxygen was necessary. The higher oxygen con-
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centration guaranteed higher mass transfer rate
of oxygen at the char particle's surface, which
led to higher char combustion rates.

Values of the carbon recovery were over 90%
for all cases, which meant that most fuel carbon
injected to the combustor was converted into the
gas phase carbon (CO, CO: and CH,) and
recovered by the gas analyzing system. The
validity of this experimental methodology could
be verified with the high value of the carbon
recovery.

Combustion of Volatiles for the Wood
Figure 5 shows the extent of volatile com-
bustion above the bed for the wood, which was
calculated from the simulation model and the
energy balance in the bed and the freeboard of
the semi-pilot-scale FBC. The fractions were
found to range from 5 to 35% with excess air
levels varying from 65 to 15% and at the bed
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Figure 4. Comparisons of predicted and experimentally measured fraction of carbon conversion for Ty =
600 ~ 800°C, u=0.86m/sec, CO.5 ~21%, moisture contents 0 ~59%, d, 1.2 ~3.7cm.
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Figure 5. Theoretical and experimental compari-
son of the combustion of wood volatiles:
constant flow rate, varying oxygen con-
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temperature of 850 ~ 980°C. Values of fraction
estimated from the energy balance in the free-
board showed more scattercompared to the
valuesfrom the energy balance in the bed. In the
freeboard, heat loss was comparable to the total
amount of heat release, which was the main
source of error.

The model results are consistent with the
experimental results. The model results reflect
the effects of varying fuel feed rate, which is
hidden in the experimental results due to the
error. On the same excess air, the extent of
volatiles combustion above the bed increases
when the fuel feed rate increases. Figure 6
shows the gas concentration in the emulsion
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Figure 6. Gas fraction with varying fuel feed rate
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phase and the bubble phase at the same excess
air of 37%. The temperature values used in the
model are the measured values. As feed rate
increases the oxygen lack region starts in the
lower part in the emulsion phase (see Figure 6
(a)), hence incomplete combustion product such
as CO and volatiles increase in the region (see
Figure 6 (b)). The bed temperature varies as the
feed rate changes, but the effects of the tem-
perature is small compared with that of excess
air,

CONCLUSION

A dynamic simulation model which simulates
the behavior of a single fuel particle was
proposed to describe the processes of fuel par-
ticle combustion in the FBC. In spite of the
drastically simplified assumptions, the simulation
showed a good agreement with the experimental
results for various cases of moisture content,
particle sizes, bed temperature and oxygen con-
centration of the fluidizing gas. The present
simulation model gave a picture of the mecha-
nisms of combustion for the large fuel particle
with high volatile content in the FBC. The
drying, devolatilization and char combustion pro-
cesses overlapped with each other. Temperature
profile of the particle was very important in
drying and devolatilization, which took place at
relatively lower particle temperatures. The char
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NOTATION

effective surface area

concentration

<CO>: CO, <CO»>: CO,, <C,H,>: hydro carbon

heat capacity, <P>:fuel particle, <g>gas, <p>fluidized particle, <¢c> char, <v>:
volatile, <a>: ash

diffusivity

pore diameter

bubble diameter

fraction of carbon conversion

<C>: carbon mass fraction from element analysis

<char>: char mass fraction, <W> wake fraction of bubble

acceleration due to gravity

effective heat transfer coefficient

higher heating value

gas exchange coefficient, <BW>: between bubble and wake, <WE>: between
wake and emulsion, <BE>: between bubble and emulsion

thermal conductivity

<r>: reaction rate, <m>: mass transfer rate <attrition>: reaction rate by
attrition effect, <g>: gas thermal conductivity

gross calorific value, <fuel>: fuel, <char>: char

characteristic length scale <I>: laminar flow

mass of fuel particle

fuel feed rate

mass generation by reaction , <B>: bubble, <E>:emulsion, <W>: wake

mass flow controller.

mass of fuel input

total mole number

mole number

Prandti number

combustion gas flow rate

enthalpy, <b_loss>: bed heat loss, <fuel>: enthalpy of fuel, <g_in>: enthalpy
of fluidization gas, <g_out>: enthalpy of combustion gas, <vf>: total heat of
volatile transfer to freeboard,

gas constant, correlation coefficient in linear fitting

Renold number

radius

carbon recovery

Sherwood number

Schmidt number

temperature, <g>: gas, <0>: initial <b>: bed

time

overall burnout time

thermo couple

superficial velocity

gas velocity, <mf> minimum fluidization velocity, <g>: gas, <B>: bubbie
phase, <E>: emulsion or particulate phase

mass fraction, <c>: char, <v>: volatile, <a>; ash, <C0O>:CO mole
fraction, <CO,>: CO, mole fraction

density, <0>:initial value, <g>: gas, <p>: fluidize bed particle

energy fraction of the volatile transferred into the freeboard

Boltzman constant

void fraction

void fraction at minimum fluidization

viscosity

attrition constant

gravimetric stoichiometric constant

emissivity
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mol/Nm®
W s /kgK

m¥/sec

W/ mK
Jkg
H/sec

W/m*K
m/sec

Jkg
kg

kg/sec
kg/sec

mol
mol

Nm*/sec

J/molK

%

°C
sec
sec

m/sec
m/sec

kg/m®
%

kg/ms
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combustion was accompanied by rapid increase
in temperature and was going on at a constant
level of intra-particle temperature.

Fraction of the volatiles burnt in the freeboard
was experimentally determinedby applying the
calorimetric method. The fractions were found to
range from 5 to 35%. The amount of volatiles-
burnt in the freeboard was linearly dependanton
the excess air ratio, for the temperature ranges
of the test, ie., between 870°C and 950°C,
which meant the mixing of volatiles and oxygen
in the bed was the main parameter of the
volatile combustion. The fluidized bed model
combined with the particle combustion model
has been shown to give satisfactory predictions
of the combustion of wood volatiles above the
bed of a semi-pilot-scale FBC.
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