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ABSTRACT

Recently straw-bitumen-pellets have been proposed as an alternative fuel. This work
presents a mathematical model for steady state combustion of siraw-bitumen-pellets in a
bubbling fluidized bed. The combustor is divided into three zones: dense bed, splashing zone
and freeboard. Imponrant processes including volatile segregation, char comminution and
elutriation, bed particles ejection; and post-combustion in splashing zone and freeboard have
been considered and simplified. Submodels for hydrodynainic, volatile release and combustion,
and char consumption have been implemented. Energy balance for splashing zone and freeboard
has been set to predict axial temperature profile.

Model results demonstrate that about 53% of volatiles combustion and about 62% of the
total heat release take place within the bed. The fraction of heat released in the splashing zone is
about 33% whereas the remainder portion (7%) releases in freeboard beyond the splashing zone.
The ejected sand particles; however, recover back to the bed about 83% of heat released in the
two latter zones.

The model yields the axial profiles of different species concentrations in the two bed
phases {bubble and emulsion), in the splashing zone and in the freeboard. Moreover, the model
predicts the axial temperature profile in the splashing and the freeboard zones that characterizes
by two maxima. A small peak is built in the splashing zone with a small overheating as the
ejected sand particles recover the great part of released heat. Another maximum arises in the
freeboard where the flux of the ejected particles turns out to be very few and its impact on gas
temperature becomes insignificant. The second maximum has relatively much higher
overheating temperature.

The influences of operating variables on the combustion performance have been
evaluated as well, In particular, the maximum overheating in freeboard gets higher with
decreasing excess air factor, with lowering bed temperature and with increasing fluidization
velocity. Bed temperature among the others has the highest impact on combustion performance.

An acceptable agreement are found between the predicted and the measured
concentrations and temperature profiles.
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NOMENCLATURE
Anea bed cross section area, m’

Asp cross section area of splashing zone, m’
Ars  Archimedes number for bed materials
C  molar concentration, kmole/m®

Cg.« exponential decay constant, !

Cpg specific heat capacity of gases, J/(kg.K)
Cps specific heat capacity of sand, J/(kg.K)
d.s average diameter of char, m

d.p ,initial average size of fed fuel pellets,

m

d. average size of bed particles, m

EA Excess air factor, dimensionless

g  acceleration of gravity, m/s’

hw.ov overall heat transfer coefticient through
the combustor wall, J/(m’.5.K)

hy; heat transfer coefficient to- an ejecied

sand particle, J/(m’.5.K)
Hew expanded bed height, m
Hmi bed height at minimum fluidization, m
HR heat of reaction, J/kmole
K. coefficient of mass finterchange
between bubble and emulsion phase, s
k.4 reaction rate constant for char

combustion, /s

ke, reaction rate constant of

hydrocarbon, m'*/(kmole’”.s)
kcoreaction rate constant of carbon

monoxide, m’/(kmole.s)
mass transfer coefficient, m/s

Ly peripheral of the combustor cross-
section in the splashing zone, m

M molecular weight, kg/kmole

M, mass flux of ejected sand, kg/(m’.s)

My initial mass flux of ejected sand
particles, at the surface, kg/(m’.s)

iy mass rate of fuel feed into the bed, kg/s

m  particle multiplication factor due to
primary fragmentation

m  particle multiplication factor due to
secondary fragmentation

Ng molar flow rate of gases, kmole/s

qi local rate of species release,
kmole/(s.m)

Q: cumulative rate of species release,
kmole/s

species release rate from fuel, kinole/s

Qs local heat transfer rate between ejected
sand and gases, J/(s.m}
{},, local heat ¢ransfer through wall, J/(s.m})

feh.y SPECific carbon combustion rate at char

surface, kg/(mz.sb

Reh,g Char combustion rate, ky/s
Repr, fine fine generation rate from coarse

char, kg/s |
R reaction rate, kmolef(m“.s}
Ry reaction rate of CHy, kmole/(m’.s)

R reaction rate of carbon monoxide,
kmole/(m” )

R, universal gas constant, J/(kmole.K)

1
T  temperature, K

Tam ambient temperature, K

Thed bed temperature, K

T char temperature, K

T, temperature of gjected sand particles, K

Tysp BaS lemperalu:re in splashing zone, K

t time, s
up bubble nise velocity, m/s

u. superficial velocity of the gas through
the emulsion phase, m/s

unr superficial gas velocity at minimum
fluidization conditions, m/s

u  superficial gas velocity, m/s

usp superficial gas. velocity in splashing
zone, my/'s

Vash volume fraction of ash in char particle

W, load of char in the bed, kg

x  mass fraction of constituent in fuel

y  molar hydrogen fraction in the
hydrocarbon due to devolatilization,

z  height above gas distributor, m

Greek Symbols

a coefficient in Eq. 18, dimensioniess

a,, fitting factor for CHy oxidation

e,y fitting factor for CO oxidation

B constant in equation 3

&y voidage fraction in the emulsion phase

at mintmum fluidization
€., char initial porosity, dimenstonless
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a
Oy char density, kg/m’

s density of bed particles, kg/m“
& | fraction of bed in bubble

char critical porosity, dimensionless

Subscripts
b bubble
ch char

e  emulsion
eb expanded bed

gj ' ejected

F  fuel

FC fixed carbon

g  pases

mf  minimum fluidization
o initial

ov ' overall

s sand particle
sp  splashing
w wall

1. INTRODUCTION

Utilization of biomass energy has
growing interest for reducing greenhouse
effect as well as lessening the dependence
on fossil fuels. In many cases; however,
there are some difficulties including cost,
availability and/or quality that limit the use
of biomass. The co-combustion with fossil
fuel seems to be a more concrete option to
overcome those difficulties and to expand
economically utilization of biomass fuel
{(Ekmann et al, 1996, and Adanez et al,
2003). Several studies have dealt with the
co-combustion of biomass and coals
(Leckner and Karlssgn, 1993; Hein and
Bemtgen, 1998, Ammesto et al, 1997,
Fahlstedt, 1997, Werther et al., 2000,
Karakas, 2001; and Amand et al., 2001).

Recently co-combustion of biomass
and bitumen has been performed by Okasha
et al. (2006). The authors proposed an
alternative fuel that consists of rice straw
and bitumen pellets. Experiments showed
that pellets of rice straw and bitumen are
attractive to be used as an alternative fuel
being characterized by a relatively high

combustion efficiency. moderate  NOy
emissions {peak value= 128-135 ppm) and
“intrinsic” sorbent capability plied by ashes
of rice straw.

The combined biomass-bitumen fuel
like many other alternative fuels has
physical and chemical characteristics much
different from coal that greatly affect the
combustion performance. The lower density
affects the fuel distribution inside the
combustor. The higher volatile content calls
attention lo mixing/segregation
phenomenon. Yates et al. (1980), Atimiay
(1980), Pillai (1981) and Fiorentino et al.
(1997a, b) observed bubbles formation
around devalatilizing fuel particles. The
draft effect of forming bubbles in addition to
the lower density of biomass causes
segregating fuel particles near the bed
surface (Davidson 1992). Furthermore, the
friable structure of remaining char has a
major impact on the comminution
phenomena. As reported by Gulyurtlu et al.
(1984 and 1991), Arena et al. (1995a, 1995b
and 1996), Salatino et al. (1997 and 1998)
and Scala et al. (2000}, the generated carbon
fines due to fragmentation and attrition are
much greater compared with that of coal.
Therefore, the combustion modeling of
those alternative fuels needs reconsideration
for most of fundamental processes.

In  pioneer modeling work on
fluidized bed combustion of high volatiles
solid and liquid fuels a diffusion-based
plume model was proposed by Park et al
(1980 and 1981) and Stubington and
Davidson (1981). Stubington et al. (1990
and 1993) supgested a multiple discrete
diffusion flame mode! which accounts for
devolatilizing particles stepwise motion to
the top of the bed under the action of the
ascending fluidizing gas bubbles. A three-
phase FBC model has been proposed by
frusta et al. (1995) that took into
consideration comininution  phenomena.
Volatile was assumed to release partially in
the bed and partially in the freeboard based
on an adjustable parameter. Borodulya et al.
(1995) presented a medified two-phase
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plume model for fluidized bed combustion
of biomass. The model takes into account
combustion of volatile and chars in the bed
as well as the freeboard in which about 40%
of wvolatile bums according the model
prediction. A comprehensive model for
continuous combustion of lignite in an
atmospheric  bubbling fluidized bed s
presented by Selcuk et al. (2001). In the
latter work the model of Stubington et al.
(1990) is appiied 10 estimate the fractions of
volatiles refeased within the bed and in the
freeboard. Volatiles are assumed to be
released uniformly in the emulsion phase.
The mode! estimates that about 9% of
volatiles are released in the freeboard
considering  bottom feeding of lignite
particles. Morte recently Scala and Salatino
{2002) proposed a model for fluidized bed
combustion of high volatile solid fuels. The
mode] takes into account phenomena that
assume particular importance with high-
volatile solid fuels, namely fuel particle
fragmentation and attrition, volatile matter
segregation and post-combustion above the
bed. The model calculations deicate that
combustion occurs to comparable extents in
the bed and in the splashing region of the
combustor. Extensive bed solids re-
circulation associated to solids
ejection/falling back due to bubbles bursting
at bed surface promotes thermal feedback
from this region to the bed of as much as
80-90% of the heat released by afierbuming
of volatile matter and elutriated fines.

Miccio et al. (200]), Faravelli et al.
(2003 and 2004) and Scala et al. (2004) have
given a significant contribution for modeling
of combustion of liquid in FB, The modeling
development has been centered on the fate
of rising fuel vapor bubble as a consequence
of reaction, mass and heat transfer. A
simplified model for desulphurization of
heavy liquid fuel has been proposed by
Miccio and Okasha (2004). Okasha and
Miccio (2006) have developed a model for
the interaction of the assisted-air-liquid fuel
jet with fluidized bed particles. The model
can predict the rate of liquid fuel
evaporation inside the jet flare. Moreover,

the model can be utilized to determine the
initial concentrations of fuel vapor in bubble
and emulsion phases. More recently a one-
dimensional model for  continuous
combustion of liquid fuels in fluidized beds
has been presented by Okasha (2000).

[n this paper a model for fluidized
bed combustion of straw-bitumen-pellets has
been developed. The model considers the
important aspects discussed above including
volatile release and segregation, char
combustion and comminution; and post-
combustion in the splashing and the
freeboard zones. The model yields the
concentration profiles of different species in
the two phases of the bed, in the splashing
zone and in the freeboard. [n particular the
model is able to predict the temperature
profile within the splashing and the
freeboard zones.

2. MATHEMATICAL MODEL

A one dimensional model for fluidized
bed combustion of straw-bitumen-pellets is
developed and described. The combustor is
axially divided in three zones: dense bed,
splashing zone and freeboard. The gases in
the three zones including the emulsion phase
are assumed in plug flow. The conservation
equations of chemical species are expressed
in the three zones. Five chemical species
(CHy, O,, CO, H;0 and CO,) are considered
in this model. Energy equations of the
spiashing zone and the freeboard are derived
to predict axial temperature profile.

2.1, Hydrodynamic

The bed is modeled according to the
two-phase theory of fluidization {Toomey &
Johnstone 1952; Davidson & Harrison
1963). As recognized by Hilligardt and
Werther  (1986) and  Kunii  and
Levenspiel(1991)  the  superficial  gas
velocity through the emulsion u, is given by

the following expression instead of
minimum fluidization velocity umr.
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(“u '”mf)f(u-umf) =1/3 {0

The excess of gas(u, —u,) passes through

the bed as bubbles. An average bubble size
i1s assumed and estimated according to
Darton et al. (1977). Bubbles are assumed to
be solids free. The gases in both bubble and
emulsion phases are assumed to be in plug
flow. The mass transfer between the
emuision phase and the bubble phase is
determined using the correlations I:I‘eported
by Kunii and Levenspiel (1991)] |

The splashing zone is located above
the bed zone where a more effective mixing
is established due to bubbles erupting
(Pemberton and Davidson, 1984; and Van
der Honing, 1991). The gas is assumied to be
in plug flow after instantaneous mixing at
the bed surface. Ejected bed particles and
elutriated fines are in uniform distribution
neglecting  clustering  of  particles  as
suggested by Benoni et al. (1994). The mass
flux of ejected sand particles is expressed
with the following exponential decay
function.

Mg=Mg, exP[_Cej,s(Z — Hep)l (2)

where My, is the initial mass flux at the bed
surface and may be given by (George and
Grace 1978, Pemberton and Davidsan 1986)

Mo = BPs(L— €y Yitg =ty ) (3)

In the present work the parameter [} is
assumed to be 0.1 although the proposed
values in literatures have a broad range
(George and Grace, 1978; Pemberton and
Davidson, 1986; Briens et al., 1988; Baron
et al., 1990; Fung and Hamdullahpur, 1993;
and Milioli and Foster, 1995). Cg, is an
adjustable parameter and H. is the
expanded bed height,

2.2. Yolatile Release and Combustion

Previous studies (Prins, 1987; Madrali et
al., 1991; Ogada, 1995 and Fiorentine et al.,
1997a b) indicated that the fuel particles
tend to concentrate close to the bed surface

during  devolatilization  peried.  This
consequence may be attributed to the draft
effect of forming volatiles bubbles
(Davidson 1992). This is particularly true
with biomass fuel because of the higher
volatile content and the lower density. The
formation of bubblés around devolatilizing
fuel particles is observed by many authors
(Yates et al.. 1980; Atimtay, 1980; Pillai,
1981 and Fiorentino et al., 1997a,b).
According to Fiorentino et al, (1997a,b) the
released volatites itend to form bubbles
whereas the amount of wvolatile that
percolates through ithe emulsion phase is
very small less thani1%.

It is more probably that those embryonic
bubbles forming due to volatile release are
engulfed by the larger bubbles formed at the
air distributor and grew along the bed
height. Accordingly, as a first approximation
the volatiles are assumed to release in the
bubble phase according 10 a distribution
function of the bed height, z.

_dO; 40, 3

J
b=, Hfh {4

This function form s an adjusiable
parameter chosen based on experimental
results as discussed below. ¢; is the feeding
molar rate of moisture and volatile species
that may be calculated as:

Q11,0 =0 X1,0 Myp,0 ()
Qo, =mpxp! Mg, (6)
Qcyr, =1y (xe —xpe) Me (7)

In this stage sulfur and nitrogen aren’t
considered. The wolatile is assumed to
release as hydrocarbon CHy (Philippek et al.
1997). The value of y can be calculated from
the ultimate analysis,

R (8)

Two-step reaction is appled for volatile
combustion. Volatife primarily reacts to
carbon monoxide and water vapor. The rate
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of hydrocarbon conversion is determined by
an expression developed by Dryer and
Glassman {1973).

. 0.8, 0.7
Rew, = -keiylCo, I Con ] (9
with
kery = a1 58%10'exp[-24157/7]  (10)

a, is a fitting factor for higher oxygen

concentration that was experimentally
determined by Philippek et at. (1997) to be
30,

[n the second step carbon monoxide
reacts with oxygen to form carbon dioxide.
The expression developed by Howard et al.
(1973) is used to calculate the rate of the
latter reaction.

. , ENYS)
Reo =-kcaCooCriroLCor) (11)
where

keo = @,2.1.3.101 exp[-15088/ 7] (12)

According to Hayurst and Tucker
{1990) the large surface of solid particle in
fluidized bed deactivates radicals leading to
a reduction in CO oxidation rate. The
results obtained by Loeffler and Hofbauer
confirmed that oxidation rates are
significantly reduced in the particulate phase
whereas the effect of heterogeneous radical
quenching is slight in the bubble phase. The
factor «a,, is inserted to take into
consideration the impact of radical
quenching. a,;is considered 1.0 in bubble

phase and is taken to be 0.1 as
experimentally determined by Phitippek et
al. (1997).

2.3. Char Consumption

Char inside the bed is consumed by
combustion process and due to comiminution
impacts. The char burning is described by a
shrinking particle medel assuming CO; as
the dominant product (Leckner et al., 1992
& Adanez et al., 2001). Taking diffusion and
kinetic resistances inte consideration and
assuming a first order reaction with respect

{0 oxygen, the specific rate of carbon
conversion at the char surface may be given
as

- |2CO2

Fog B =— "% 13
R k1 k) (13)

where mass transfer coefficient k, s
calculated using an empirical correlation
proposed by Leckner et al. (1992). Kinetic
of char combustion K is estimated by an
expression obtained by Adanez et al (2001).
However; the coefficients of the eguation
are slightly modified to fit better with
experimental results of batch combustion
tests performed on rice straw-bitumen-
pellets (Okasha et al., 2006).

ke =1.045 ¥ Ty exp(~70400/ R, Top)  (14)

The char temperature is assumed to be
uniform and is calculated by the following

correlation {Leckner et al, 1992 and
Borodulya et al., 19935).
Ten! Thea = 0.844r, (15)

The combustion rate of char particles with a
load, W, is evaluated using the equation:

6Wch
pch‘dc'h

chyg = ";dl.g (16)

where pen is the char density and dq, is the
average diameter of the char particle in the
bed that is expressed according to Chirone et
a). {1984) and Arena et al. (1995)

iy + 1

depy = 0.8eep o [m ()13 (17)
where n, and ny represent the char particle
multiplication factors due to primary and
secondary fragmentations, respectively.

The burning char particle yieids fines
due to fragmentation by peripheral
percolation and surface abrasion. For the
high volatile biomass fuel fines generation is
proportional to the carbon-burning rate at
the particle surface. The fine generation rate
may be expressed as (Salatino et al.,, 1998;
and Scala and Salatino, 2002)
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Rc}'r.ﬁm‘ = “a'Rch.g {18)
where
-V -8,
a = ( asht (] ) (;9)
6’” - 90

0, and Oy are the char initial and critical
porosities, respectively, and V., is the
volume fraction of ash in the char particle.
Equation 16 is also used for fine char
combustion rate. The average diameter of
fine char is assumed to be constant (Arena et
al., 1983) and may be taken 100 wm for
biomass fuels as suggested by Chirone et al.
(1999)

2.4. Mass and Energy Balance Equations
2.4.1. Bed zone

The bed is considered isothermal where
the two phases have a uniform temperature,
namely, bed temperature, Five species have
been treated that include released volatile as
hydrocarbon (CH ), oxygen (0Og), water
vapar {H;0), carbon monoxide (CO) and
carbon dioxide (COa). Axial variation of the
species concentrations may be described by
the following differential equations.

Mass balance of species i in bubble phase b

d("h!' K &
s K Gpr L S

1
——; (20)
Apeg .24y

Mass balance of species i in emulsion phase e

dC, .
— Ol g The Khe (CIJJ _'Cs.i)"'
dz U, :
Emf(1~-8)
T(Z Re i) {21)

o

in the latter equations the first term
of the right hand side represents the
exchange of gases between emulsion phase
and bubble phases. The second term
accounts for the sum of generation and
consumption of ™ component due to

chemical reaction. Those later take 1the
following expressions:

Hydrocarbon {Ch,) =

>R, = Rews (22)
> R, =Reuy. (23)
Carbon monoxide (CQ) i=2
Z R po = Rems + Reos (24)
> Ry = Repye ¥ Reo, (25)
Carbon Dioxide {(CO4) i=3
2 Rs=Reon (26)
R{‘h o Rﬁm‘ g

- _ . R it I, Lo 2

Z“ Reo.e B = (27)

Water vapor (H.0) i=4
Z Rb,d = —(y/.?).R('H),.‘h (28}

2R, 4= IRy (29)

Oxygpen (O7) 1=5
)J
Z Ry =050+ E)R(,'Hy.b +05Rcg, (30)

ZRG,S = 05(] + yf2)R(”{ +

O.SR(j()_(, C!’lg”2+R,-‘“m }‘”2 (3‘)

The mass balance on the coarse char is given
as
!5?;.'.,\”_’((_. = _Rch‘g = Rc‘h.ﬁne (32)

2.4.2. Splashing Zone

Mass balance of species, i, in splashing
zone, sp, is expressed as

dCsp.i

— - —(Z Rsp.i) (33)
dz Yoy

The terms R, ; have expressions similar to

those of emulsion phase but with dropping
coarse char items where the splashing zone
is assumed to be coarse char free.
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4.1. Base Case Measurements and
Computations

Steady state combustion experiments
have been carried out to determine the two
adjustable parameters of the model, namely,
the distribution function of volatile release
and the exponential decay constant for
gjected sand particles, A comparison
between measurements and predicted results
1 also done to assess the validity of the
proposed model. The experiments have been
conducted under the base case conditions.
The superficial gas velocity was adjusted to
1.0 m/s and the bed temperature was
maintained at about 850 °C while the excess
air factor was kept at 1.2. Sand of a 0.65 mm
mean size was considered for the base case.
The used fuel pellets have a diameter of 1S
mm and a length of 15 mm.

The axial profiles of species
concentrations and temperature have been
estimated using the model considering the
base case conditions. The obtained results
are presented in Fig.s 1-6.

The predicted profiles of
hydrocarbon are shown in figure 1. Cleacly
CH, concentration grows much faster in
bubble phase as volatiles species are
assumed to be released only in bubble phase.
The rate of increment is small in the lower
part of the bed whereas it multiplies with
height in accordance with equation 3.
Existence of hydrocarbon in emulsion phase
is on account of mass transfer process. The
concentrations of CH, reach maximums at
the bed surface while the volatile release
brings 10 an end. It is interesting to state that
about 53% of volatiles complete burning in
the bed according the mode! estimation
under the base case conditions (see table 2).
This value is comparable with that estimated
by Borodulya et al. (1995) which is about
60%.

Oxygen concentration reduces faster
in emulsion phase as shown in figure 2. This
should be ascribed to char combustion that is
assumed 1o be uniformly fed in emulsion
phase, However, the oxygen concentration
in bubble phase turns out to be lower in the

upper part of the bed as the hydrocarbon
oxidation becomes more intensive.

9
ok - splashing zone
I P .o
7 E i | —~— — Bubbte phase !
3 l': - - Emulsion phase |
@ [ |
@5 E L Average
2 6 : . | ayee .
L i
%5 3 i
* IR
= g [ T
27 t
S i
sl i
o "
1
2 [T
[ '
1 o
7
0 it L e,
1} 1 2 3
Haight, m

I'ig. 1. I'rofiles of hydrocarbon concentration at
the hasce case conditions

25
R splashing zone

Lt
E=1
-

- — - Bubble phase
----- Emulsion phase
Avarage

¥ Mgasuament

-
tn
Y

Q.. vol. % dry basis
o

0 1 2 3
Henght, m
Fip. 2. Profiles of oxygen concentration at the hase
case conditions

The higher oxidation rate of
hydrocarbon in bubble phase results in a
higher H;O concentration as shown in figure
3. Of course the increment in H;0
concentration is partly attributed to releasing
fuel moisture content in bubble phase as
well. The divergence between the profiles of
H,O concentration considerably grows with
height as the release of volatiles and
moisture contents multiplies. On the
contrary, CO  concentration  profiles
presented in figure 4 exhibit a convergence
with bed height. This trend should be
ascribed to the higher oxidation rate of
carbon monoxide in bubble phase. On the



Mansoura Engineering Journal, (MEJ), Vol. 31, No. 2, June 2006. M. 88

other side, the oxidation rate of CQ in
emulsion phase is very slow mainly for three
reasons: deactivation of radicals by solid
particle, the lower concentration of H,O
(See Eq. 11 and Fig. 3) and the Jlower
concentration of Oz (See Eq. 11 and Fig. 2).

sphshing zone |

u
L]
o
£
3
z
R
3
>
g P
T — — — Bubble phase
----- Emulsion phase
l Average
a 1 2 3

Height, m
Fig. 3. Profiles of water vapor concentration at the
base casce conditions

0.9 splashing zona
08 . I
| = = = Bubble phase
2 U D b S e Emulsion phase |
8as Average '
tall l 8 Measurement
§ s o oo et SO
= 0
3 04
S 03
Q.2
21
o]
1] 1 2 3
Height, m

Fig. 4. Profiles of carhon monoxide concentration
at the hase case conditions

The axial concentration profiles of
carbon dioxide are presented in Fig. 5. CO»
concentration in emulsion has approximately
a linear trend that mainly demonstrates the
uniform burning of char in emulsion phase.
On the other side, CO; concentration profile
in bubble phase is in accordance with the
volatile release function (see Eq. 4).

In the splashing =zone the
concentration profiles exhibit very fast
changes as the species of the two phases are

assumed to be instantaneously well mixed at
the bed surface. As shown in figures 1 and 4
CH, concentration rapidly drops while CO
profile has an acute peak. There are also
major changes in the concentrations of Oa,
H»O, and CO, as shown in figures 2, 3 and
5, respectively.

16 e splashing zone
14 m ¥ =N v
ol

w 12 .
E .
o
3 .
z 10 i
-
£ g
o
>
6 . - ,
8 . — — ~ Bubble phase

4 7 A R Emulsion phase

A Average
2] - !.f . B Measuremeni |
s
D
o 1 2 3
Height, m

Fig. §. Profiles of carbon dioxide concentration at
the base case coaditions

Figure 1 also illustrates that a non-
negligible portion of hydrocarbon still
completes burning in the freeboard beyond
the splashing zone., CH, concentration;
however, reduces close to zero at height of
1.25 m above the distributor. On the other
side, carbon monoxide concentration
steadily diminishes along the freeboard
height.

The measured values of Q., CO and
CO; concentrations are also plotted in
figures 2, 4 and 5, respectively. A good
agreement between the measurements and
the predicted profiles is observed.

The predicted axial temperature
profile is shown in figure 6 in comparison
with measured values considering the base
case conditions. The model results are in an
acceptable agreement with the
measurements.

The predicted temperature profile
yields a small peak in splashing zone with a
maximum temperature of 10 °C overheating,
The ovecheating appears relatively very
small as the intensive combustion reactions
in this zone release about 33% of the total
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heat. The ejected sands particles; however,
recover the great part of the released heat
that damps the overheating for higher
temperature. In fact, the model calculations
estimate that 83.3% of heat released above
the bed zone is recovered by the ejected
sand particles (see table 2). This latter value
is well comparable with that obtained by
Scala and Salatino (200) where they
estimated the recovered heat to e 80.90%.
Past the splashing zone gas temperature
begins to increase with higher rates and the
profile exhibits another peak. This latter
peak has a much higher overheating, about
66 *C above the bed temperature even
though the fraction of heat released in this
zone doesn’t exceed 7%. Certainly the
ejected sand particles that travel beyond the
splashing zone turn out to be very few.
Thereby the bheat recovered by them is
negligible and its impact on gas temperature
becomes insignificant. This latter finding
has been experimentally confirmed by
Miccio et al. (2003) where the maximum gas
temperature was found above the splashing
zone. The phenomenon of ovetheating of
gas in freeboard has been experimentally
confirmed by many authors (Peel & Santos,
1980; Hampartsoumian and Gibbs, 1980;
Gulyurtlu and Cabrita, 1984; Achara et al.,
1984; Jovanovic and Oka, 1984; Leckner et
al., 1984; Andersson et al., 1985; and Trusta
et al., 1995). After the maximum point the
gas temperature gradually decreases due to
the heat loss through the combustor wall.
The concentrations of coarse and fine
chars in the bed are presented in figure 7 as
a function of height. The char concentration
increases with height as the oxygen
concentration in emulsion phase gradually
lessens {see in figure 2). The char
concentration close to the bed surface is
about twofold of that near the distributor.
This trend is based on the assumption that
original char of the fed fuel i$ uniformly
distributed along the bed height. The latter
results appear more realistic; than the
assumption of uniform char concentration as
many authors experimentally found that the
biomass char tends to be more concentrated

close to bed surface (Miccio et al., 2003;
Philippek et al., 1997 and Ogada, 1995).
Certainly the finer char has much lower
concentration since it has much larger
burning rate owing to the very much larger
surface area. The average concentrations of
coarse and fine char in bed are reported in
table 2. The table also reports the fractions
of elutriated carbon at the bed surface and at
the combustor exit. The elutriated carbon is
very small and fixed carbon burning
efficiency is close to unity although a large
amount of elutriable fines is generated due
to percolative fragmentation, 1t appears that
the high reactivity allows fast burning of
fine chars during their residence in the bed.
These results are in accordance with that
obtained by Scala and Salatino {2002).
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Combustion efficiency on energy
basis is reported in table 2 as well. The
predicted combustion efficiency is very
high, near complete combustion is obtained.

For the applied fuel, the: initial and
critical porosity (6, and 9.) aren’t well-
known. Alternatively, the corresponding
values for robina reported by Scala and
Salatino (2002) have been used to calculate
the coefficient a wusing equation 19.
Therefore, a sensitivity analysis has been

|
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performed to assess the impact of the
coefficient a on the model outputs and the
obtained results have been reported in table
2. The results indicate that the deviation in
coefficient o has a moderate impact only on
the char concentrations and elutriated fixed
carbon. On the other hand, #t has
insignificant effects on the other outputs
including  species  concentrations  and
temperature  profiles; and  combustion
efficiency.

‘Tah, 2. Model results and sensitivity analysis at the base case conditions

] | base case Scasitivity
Cocfficicnt in Eq. I8, a - 0.75 | 0.965 0.98
Fraction of volatile burned within the bed, % 52,87 52,87 52.87 =0.0
Fraction of heat release within the bed, % I N1 P 61.77 61.77 =00
Iraction of heat recovered by ejected sand, % 83.3 3.3 83.3 = 0.0
Average concenlration of coarse char in the bed, kg/m® | 0.593 0.535 0.530 | 0513
Average concentration of fine char in the bed, kg/m’ 00250 | 0.00282 0.00285 0514
Ratio of elutriated FC from the bed o fed FC 3.35¢-4 | 3.78¢-4 3.82¢-4 0.513 |
Maximum temperaiurc in [recboard, K 1189 1189 | 1189 0
| Maximum overheating above bed:temperature, °C 66 66 66 0
Maximum CH, conceniration, % 4.1 4.1 4.1] 0
Maximum CO concentration, % ; 0.823 0.823 0.823 ]
 Exhausted CO concentration, % B.102 | 0.102 0.102 0
Ratio of exhausted FC from the combustor to led FC 1.7¢:6 [ 1.92¢-6 | 1.94¢-6 0.514
Cambustion efficicncy, % 99.59 | 99.59 199,59 5.09¢-7

4.2. Influence of Operating Variables

The influences of the most important
operating variables on the combustion
performance have been estimated and
discussed below. The studied variables
inciude excess air factor, bed temperature
and fluidization velocity.

4.2.1. Influence of excess air factor

The mathematical model has been
used to predict the influence of excess air
factor on combustion performance while
keeping all other variables at the base case
conditions. The obtained results are
presented in Fig.s 8 and 9 as well as table 3.

The axial profile of CH,
concentration is shown in figure 9.a as a
function of excess air factor.' The peak
becomes more pronounced with decreasing
excess air factor while the maximum value

of CH, concentration turns to be greater as
reported in table 3, The result appears
reasonable as CH, oxidation rate reduces at
a smaller value of excess air factor due to
the lower concentration of O- (see figure 9.c
and Eq. 9). The results imply that a higher
fraction of unburned hydrocarbon reaches
splashing zone at a smaller excess air factor
as indirectly reported in table 3.
Accordingly, the pos-combustion of CHy in
splashing zone becomes more intensive
resulting in a higher concentration of carbon
monoxide. The latter consequence is
demonstrated in figure 8.b and in table 3
where the peak of CO profile develops into
higher and the maximum value becomes
greater. Figures 8.a and 8.b also illustrate
that larger fractions of CHy and CO bum in
the freeboard above the splashing zone with
decreasing excess air factor.
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¥ig. B. InMucnce of excess air facior on species concentration profiles

The axial profile of gas temperature
as a function of excess air factor is shown in
figure 9. The gas temperatures are
practically the same in the splashing zone
whatever the excess air factor. It appears

that the ejected sand particles have the
ability to damp the gas temperature
regardless the fraction of heat released in the
plashing zone. Alternatively, beyond the
splashing zone the gas temperature becomes
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higher with decreasing excess air factor. The
maximum gas temperatures are estimated to
be 1236 1189 and 1161 K with overheating
above the bed temperature 113, 66 and 38 °C
for excess air factor 1.1, 1.2 and 1.3,
respectively (see also table 3). In fact
beyond the splashing zone the flux of
ejected sand particles tums out to be very
low and the heat recovered by those particles
becomes insignificant. Therefore, the rates
of heat released due to burning processes are
directly demonstrated as gas temperatures.

1300
F splashing zena
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1200 |
1150 |
! L
s 1100 3
a [
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E 1000 |
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950 | e Excass air=1.1
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850
800 i
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Helght, m
Fig. 9. Influence of excess air factor on axial
temperature profile

‘Table 3 reports the influences of
excess air factor on some important model
outputs. In line with the trends discussed
above the fraction of volatiles burns in the
bed and the percentage of the heat released
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inside increase with the excess air factor.
The heat recovered by ejected sand particles
back to the bed increases with excess air
factor as a smaller amount of unburned
hydrocarbon burns past the splashing zone.
The combustion efficiency always very
high; however, it slightly improves with
excess air factor mainly due to the lower
concentration of exhausted CO.

The carbon loads of both coarse and
fine char in the bed reduce with excess air
factor. This trend is directly attributed to the
higher oxygen concentration in the emulsion
phase as shown in figure 10. "This latter
intensifies char burning rate (see Eq. 13).
The elutriation rate of fine char is also
reduces with excess air.
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Fig. 10, Influence of cxcess air factor on axial
concentration of (3 in cmulsion phase

Tab. 3. Infivence of excess air factor on model resulis

base case
Excess air faclor L.] i.2 1.3
Fraction of volatile burned within the bed, % 51.25 52.87 54.3
Fraction ol hcal release within thebed, % _ 60.47 61.77 62.94 |
Fraction of heal recovered by cjected sand, % 78.3 833 86.8
Average concentration ol coarse char in the bed, kg/m’ 0.601 0.535 0.483
Avcrapge concenlration of fine char in the bed, kg/m’ 00316 0.00282 0.00255
Ratio of clutriated FC al the bed surface to fed Tuel FC 3.92¢-4 3.78c-4 | 3.67c4
Maximum [cmperalure in [reebpard, K 1236 1189 1161
Max. overhealing above bed temperature, °C 113 66 38
Maximum CIL, concenltration, % 4.61 4.11 3.7
Maximum CO concentralion, % 0.36 0.823 0.785 |
| ixitausied CQ concenlralion, % 0.129 0.102 0.076
Ratio of exhausted FC from the combustor (o fed fuel FC | 1.47e-5 t.92e-6 2.94e-7
Combustion ¢licicney, % 99.5 99.59 99.67




M. 93 Okasha, F

4.2.2. Influence of hed temperature

The influences of bed temperature on
combustion performance are estimated and
presented in figures 11 and 12 in addition to
table 4. As illustrated in figure l11a CH,
concentration in the bed zone grows with
higher rates at lower bed temperature and
then the peak concentration becomes more
pronounced at the bed surface (see also table
4). Evidently the reaction rates lessen with
decreasing bed temperature that allows a
larger fraction of unburned hydrocarbon to
surpass the bed (see table 4). For the same
reason CO concentration still exhibits higher
value at lower bed temperature as shown in
figure 11b. f
In the splashing zone the gas temperature is
maintained close to the bed temperature for
all cases considered in figure 12; The impact
of temperature on the reaction rates is still
almost the same as that in the bed.
Therefore, larger fractions of CHy and CO
escape the splashing zone  without
combustion at Jower bed temperature as
shown in figure 11.a and 11.b, ;respectiveiy.
Shortly past the splashing zone there are
dramatic changes in the profiles of CH,, CO
and gas temperature in the case of the lowest
bed temperature (Th=1073 K}. €CH, and CO
concentrations suddenly drop while there is
a quasi instantaneous jump in gas
temperature. Beyond the splashing zone the
mutual effects between reaction rates and
gas temperature appear very serisitive as the

impact of ejected sand particles turns out to
be insignificant. This mutual effect becomes
more pronounced when larger fraction of
combustible surpasses the splashing zone,
more specifically at Tb=t073. The impact
of operating bed temperature on freeboard
overheating is major as depicted in figure
12. The overheating above bed temperature
is predicted as 236, 66 and 8 K for operating
bed temperature 1073, 1123 and 1173 K,
respectively (see table 4), Thanks to this
great overheating in freeboard CO
concentration turns out to be very low at the
combustor exit, about 30 ppm (see table 4).

As reported in table 4 the fraction of
heat released in the bed increases with bed
temperature as a higher amount of
hydrocarbon burns in. Moreover, the heat
recovery back to the bed by means of
ejected sand particles becomes greater at the
higher bed temperature since a smaller
fraction of combustible burns past the
splashing zone. It appears reasonable that
combustion efficiency improves with bed
temperature  due to enhancement of
combustion processes in bed and splashing
zone as reported in'table 4. The combustion
efficiency;  however, improves  with
decreasing bed temperature on the other
side. This latter result should be mainly
attributed to the high increase in gas
temperature within freeboard that greatly
minimizes the exhausted CO.

Tabie 4. Influence of bed temperature on model results

base casc

| Bed temperature, K 1073 1123 1173
Fraction of volatile burned within the bed, % 42.58 52.87 61,88

| Fraction of heal relcase within the bed, % 534 61.77 69.1
Fraction of heat recovered by ejected sand, % 70.7 83.3 91.7
Avcrage concentration of coarse char in the bed, kg/m’ 0.54] 0.535 0.529 |
Average concentration of fine char in the bed, kg/m’ 00288 0.00282 0.00276

| Ratio of clutriated FC at the bed surface 1o fed fuel FC 3.59¢-4 3.78¢-4 3.96¢-4
Maximum temperature in frecboard, K 1299 1189 1181
Max. overheating above bed iemperature, °C - 226 66 8
Muximum CH, concentration, % 5.02 4.11 3.31
Maximum CO concentration, % 0.903 0.823 0.742
Lxhausted CO concentration, % 0.003 0.102 0.04
Raltio of exhausted FC from the combustor o fed fuel FC | 2.4e-6 1.92¢-6 1.95¢-6
Combustion efficiency, % 99.98 99.59 99.85
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Figure 11, Influence of bed temperature on specics concentration profiles

The influence of bed temperature on
the bed carbon load is also reported in table
4. The average concentrations of coarse and
fine chars reduce with increasing bed
temperature due to  enhancement of
combustion kinetics. The elutriation rate of

fine chars at the bed surface; however,
slightly increases with bed temperature most
likely because of viscosity effect.
Alternatively, at the combustor exit the
elutriated fine char is estimated to be the
greatest in the case of the lowest bed
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temperature even though freeboard exhibits
the highest temperature as shown in figure
12. Obviously the higher gas temperature
results in a higher gas velocity and in a
shorter residence time. 1t appears that the
impact of residence time on the fine char
burning in freeboard overcomes the
enhancement due to gas temperature.
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Fig, 12, Influence of bed temperatare on axial
temperature profile
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4.243. Influence of fluidization velocity

Figures 13 and 14 as well as table 5
present the influences of fluidization
velocity on combustion performance. The
obtained results indicate that the peak value
of CHy concentration becomes higher with
increasing fluidization velocity (see figure
13.a & table 5). This result appears realistic
as gas residence time decreases with
increasing fluidization velocity. Thus greater
fraction of unburned hydrocarbon reaches
splashing zone resulting in more intensive
combustion  processes inside. As a
consequence the peak of CO concentration
becomes more pronounced with increasing
fluidization velocity as shown in figure [3.b
and the maximum value of CO
concentration turns out to be greater as
reported in table 5. It is also noted that the
peak position and the splashing zone are
shified up as the bed expands higher with
fluidization velocity.

The influence of fluidization velocity
on temperature profile is shown in figure 14.

Differently from the above results the first
smaller temperature peak in the splashing
zone notably gets higher with increasing
fluidization  velocity. The first peak
temperature values are predicted 1129, 1133
and 1146 K corresponding to fluidization
velocities 0.75, | and 1.25 m/s, respectively.
This result is attributed to multiplying heat
release rate in the splashing zone mainly due
to increasing fuel feed rate to keep constant
excess air factor. The greater fraction of
unburned hydrocarbon that reaches the
splashing zone at higher fluidization velocity
gives a further contribution. In freeboard
beyond the splashing zone the maximum
temperature gets higher with increasing
fluidization velocity because a larger
fraction of combustibles surpass the
splashing zone. The maximum overheating
in freeboard above the bed temperature is
reported in table 5 as a function of
fluidization velocity.

In accordance with the above results
the fraction of heat released in the bed
reduces with increasing fluidization velocity
as reported in table 5. The recovered heat by
gjected sand particles decreases with
fluidization velocity as larger fractions of
combustibles  surpass  splashing zone.
Combustion efficiency slightly changes
according to  the  exhausted CO
concentration. The coarse and fine
concentrations in the bed slightly vary with
non-monotonic trend because three factors
mainly affect their value with different
impact. Oxygen concentration in emulsion
phase which increases with fluidization
velocity as depicted in figure 15. Of course
the higher O, concentration reduces char
concentration. The second factor is the feed
rate of original char that increases with
increasing fluidization velocity since excess
air factor is kept constant. It should
increases char concentration. The last
parameter is the expanded bed height that
grows with fluidization velocity. This latter
should lessen the char concentrations. The
elutriation rate increases slightly with
fluidization velocity.
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Tab. 5. InNuence of Muidization velocity on model results

hase case

|_Fluidizalion vclocity, m/s 0.75 .0 1.25
Fraction of volatile burned within the bed, % 54.47 5287 51.13
Fraction of heat release within the bed, % 63.07 61.77 60.37
Fraction of heat recovered by cjected sand, % 88.34 83.3 77.94
Avcrage concentralion of coarsc char in the bed, kg/m* 0433 | 0.535 0.53
Average concentration of fing char in the bed, kg/m’ 0.0023 0.00282 0.00275 |
Fraction of elutriated ¥C at the bed surface 1o fed fucl FC 2.29¢-4 3.78¢c-4 4.62e-4
Maximum 1emperatuore in freebourd, K 1147 1189 1246 |
Max. overheating above bed temperature, °C 24 66 123
Maximum CH, concentration, % 3.96 4.11 4.26
Maximum CO concenlration, % 0.789 0.823 0.861
Exhausted CO concentration, % 0.057 0.102 0.068
Fraction of cxhausled ¥C from the combustor 1o Ted fuel 1FC 1.37¢-6 1.92¢-6 2.22¢-6
Combustion efficiency, % 99.77 99.59 99,70

5. CONCLUSIONS

A one-dimensional model has been
presented to simulate fluidized bed
combustion of straw-bitumen-pellets based
on the two-phase theory of fluidization. The
model considers and simplifies the different
important  processes including volatile
release and segrepation, char comminution
and elutriation, bed particles ejection and
post-combustion in splashing zone and
freeboard.  Although the model is rather
simplified it describes in a good way the
combustion performance and the influence
of operating variables. The model yields the
axial  profiles of different species
concentrations in the two bed phases (bubble
and emulsion), in the splashing zone and in

the freeboard. In particular, the model
predicts the axial temperature profile in the
splashing and freeboard zones.

The model results estimate that about
53% of volatiles combustion and 62% of the
total heat release take place within th-
considering the basis case cor™
fraction of heat release
zone is about 33%
portion (7%’
the splas’
particles
about

zone.

temper:
maximui
the splasi



1.

Mansoura Engineering Journal, (MEJ), Vol. 31, No. 2, June 2000.

overheating as the ejected sand particles
recover the great part of released heat. The
second maximum arises in the freeboard
where the flux of the ejected particles turns
out to be very few and its impact on gas
temperature  becomes insignificant. The
second maximum is relatively much higher
with 66 °C overbeating.

Combustion efficiency is always
very high, greater than 99.5%. Char
concentration in the bed is estimated to
increase with height that appears more
realistic than uniform concentration. It is
based on the assumption that the fresh fed
char is uniformly distributed along the bed
height. The rate of elutriated fine char is
very low,

The influences of operating variables
on the combustion performance have been
evaluated. The fractions of volatile burning
and heat release within the bed; and the
fraction of heat recovered by ejected sand
particles are found to increase: with
increasing excess air factor, with incr!easing

bed temperature and with decreasing
fluidization velocity.  Alternatively the
maximum  overheating temperature  in

freeboard becomes higher with decreasing
excess air factor, with lowing bed
temperature and with increasing fluidization
velocity. Bed temperature among the others
has the highest impact on combustion
performance.

An acceptable agreement are found
between the predicted and the measured
concentrations and temperature profiles.
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