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ABSTRACT

The coai combustion in fluidized bed combustor is
being highly studied because it is an interesting alternative
to minimize the environmental pollution.
If the coal is burned mixed with limestone, an important
part of the sulfur dioxide produced by the combustion
reactions is fixed as calcium sulfate. Bed temperature
control allows the minimization of nitrogen oxides
emission. Dust emission is minimized by cleaning the
combustion gases in high efficiency cyclones, filters or
electrostatic separators.

Combustion of carbon from Río Turbio (Santa Cruz
Province, Argentine) in fluidized bed is studied in this
paper.
Sulfur retention in the residual solids is expressed as a
function of the relation CaiS in the reactor feed.

causing visibility degradation, material corrosion and the
harmful acid rains. The NOx reacts with ozone and
contributes to the ozone layer destruction (W ark and
W arner, 1997; De Nevers 1998). The carbon dioxide,
produced by complete combustion of the carbon, is not
considered as a pollutant but the contínuos increase in its
production produces an increase in the mean earth
temperature (greenhouse effect).
The fuels generally used to produce energy in power
plants and industrial processes are natural gas, fuel oil and
coai. The order in which they have been mentioned
corresponds to the increasing levei of contamination they
produce by their combustion. Because the earth coai
reserves are much higher than the corresponding to natural
gas and crude oil, it is very important to study the clean
combustion of coai to minimize the environmental pollution
produced when coai is burned in conventional installations.
The combustion in fluidized bed reactors is an important
alternative to get this goal (Montes and Otero, 1997).
Coai combustion in fluidized beds permits the S02 and
NO, emissions minimization and the use of high overall
efficiency systems to recover the produced dust (Caibo
García, 1991; Tillman, 1991 ).

A computer program has been developed to carry on the
required caleulations to design and/or control the operation
of the fluidized bed combustor. lt gives the air required for
the complete combustion, the quantity and composition of
the combustion gases and efficiencies of combustion
reactions, limestone calcination and sulfur retention. lt can
also check out the fluidization conditions.

As it was said, the S02 produced by the coai sulfur
content can be fixed mixing the coai with limestone. Then
the so2 is retained as calcium sulfate, which is discharged
with the combustion residual ashes. This reaction of sulfur
fixing is helped by the high turbulence of the fluidized bed
reactors (Armes to et ai., 1993 ).

INTRODUCTION

The NOx emissions are minimized working at
temperatures lower than 900°C, because only above this
temperature levei the NOx formation begins to be
important. Bed temperature is controlled with heat
exchangers placed into the combustion reactor, where water
is used as cooling fluid, producing high pressure steam
(absorbing the vaporization heat).

When coai and other fossil fuels are burned to produce
thermal energy, a great number of pollutants are emitted
into the atmosphere. These include carbon monoxide (CO),
sulfur dioxide (S0 2 ), nitrogen oxides (NO,), hydrocarbons
and organic compounds produced by an incomplete
combustion, and particulate matter as smoke and ashes. The
most important contaminants among the above mentioned,
due to their global emissions and maximum admissible
concentration leveis are the S02 and NOx. They produce
very serious environmental problems through mechanisms
of photo-oxidation reactions, affecting human health,

The combustion process produces ashes (residual solids)
that are discharged from the bed and combustion gases that
are sent to cyclones and tilters to obtain clean gases.
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MASS BALANCE

E
conv

The mass balance of the t1uidized bed combustion
process is made according to t11e following considerations:

E

Air is used to carry on lhe combustion reactions and as
t1uidizer gas.

= C burned = 1 _ ( C unburned j
C fed
C fed
)

-1- ~ mdi (CTcti -Climedi)

conv-

where:

NOx are not formed from air nitrogen oxidation, due the
low temperaturc levei used in the t1uidized bed. But
from the point of view of environmental pollution it is
important to check out the NOx formation, even if it is
very low.

mdi=WctiiWr

Limestone mixed with the coai to be burned is fed to fix
an important part of S02 formed as CaS04. The
chemical rcactions are:

W di : mass t1ow in the discharges (kg/h)

md i: mass fractions in the solid discharges
being i = b (bed discharge), i
discharges)

= cf (cyclones

and tilter

Wr : mass t1ow in the feed (kg/h)
Cri: weight fraction of total carbon in solid discharge

Sulfur combustion
s (s) + 02 (g)

(5)

C

L.

?

C 1ime i = weight fraction of carbon in the uncalcined
limes tone

(1)

so2 (g)

Limestone calcination
CaC0 3 (s)

?

CaO (s) + C02 (g)

(2)

Complete combustion efficiency

so2 tixation
S02(g) + CaO(s) + Y2 Oig)

?

CaS04(s)

It is the amount of coai carbon burned to C0 2, related to
the total coai carbon burned. It is calculated from the
concentration of CO in the combustion gases:

(3)

ln fact, limestonc is formed by CaC0 3 and impurities as
MgC0 3 , inert components and moisture.
The quantity of limestone fed is a function of the coai
sulfur content. It is calculated from the molar relation:

R

_
lime -

Ca

moles

C burned

cc

C burned

(6)

Limestone calcination efficiency

(4)

S mo ]es

= C0 2 produced = 1 _ CO produced

E

It is the relation between the calcined limestone and the
fed limestone.

The residual solid discharged from lhe t1uidized bed is
formed by: CaS04 , CaC0 3 , CaO, MgC0 3, MgO, C (not
hurned) and inert components of the coai and limestone.

The uncalcined limestone and unreacted CaO are
discharged with the residual solids and the recovery dust
equipments. The limestone fed depends on relation (4)
used.

The dust concentration in the combustion gases depends
of the ovcrall efficiency of cyclones and til ter.

E

_ calcined limestone
fed limes tone

D lime -

EFFICIENCIES

E .

= 1 _ ( uncalcined limestone l

Dlune

Conversion coai efficiency
It is uclined as the quantity of coai burned related to the
quantity of coai fed to tl1e reactor. It is calculated from the
unburncd carbon prcsent i n thc residual solid discharged
from thc reactor:

fed limestone

E . =l-O 8 Calime ~ mcti Climei
Dhme
•
.t._.
Rlime S
Clime

)

(7)

Sulfur retention efficiency
It is the relation between the amount of sulfur retained
by the limestone (as CaS04 ) and the amount of coai sulfur.
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sectional area, A, is: u. = Q.IA.

lt is calculated from the amount of S02 in the combustion
gases.

=

E

S0 2 retained

RS

so2

=1 -

produced

The minimum fluidization velocity, Umr. was calculate
from the Kunii and Levenspiel equation (Kunii and
Levenspiel, 1969; Villaflor et al, 1998).

S0 2 unretained (8)
so2

produced

Urrü

=p/ ~42.9 2 ~- r+
d [
s p

Errü

0.57 Ga

$;

r;nf -42.9

~- l]
rrrü

01

)

AIR REQUIRED FOR COMBUSTION
f.1 :

n I air density (kg/m 3)
n.r solid density (kglm 3 )

The minimum amount of air required for the complete
combustion, Wam;,1 (kg air/kg coai), is calculated from the
data of an elemental coai analysis. It is calculated from the
combustion reactions (Dubbel, 1979), limestone calcination
and S02 fixing. Considering dry air (23.2 wt% of oxigen),
Wamin is expressed as a function of the coai composition.
1
Wa . = --[1.33 (E
mm

0.232

~ cc

+l)C+SH+(l+

air viscos i ty (kg/m s)

dr: particle diameter (m)

n.,: sphericity factor (dimensionless)
nm/ minimum t1uidization porosity (dimensionless)

9

ERS]s-O]E
()
2
conv

3

Ga= dr P (p,- p)g: Galileo Number (dimensionless)
f.12

Minimum air volume Vamrn (m3N/kg) is calculated with
a specific volume of0.773 m 3N/kg (0°C, 760 mmHg).

The operating t1uidized bed velocity was taken as: ur =r
Umr, where r> 1 is the t1uidization relation (r= ur/umr).

The actual air volume, Va (m3N/kg), is:
Va=n Vam;,,

n >1

S02 PRODUCTION

where n is a coefficient of air excess, which depends on the
kind of fuel used and of the combustion equipment used.
The so2 produced and discharged with the combustion
gases can be calculated from equation (1), the so2 specitic
volume and the combustion and sulfur retention
efficiencies. It is:

The wet air volume Var (m3N/kg), is calculated with a
correction factor f (Dubbel, 1979 ):
Var= fVa

%SOz =

COMBUSTION GASES

0.68 (1- ERS)
Vgr

s Econv xlOO

(12)

3

The combustion gases volume Vgr (m N/kg), is
calculated from the coai composition, n and f values, as
well its composition (CO, C0 2, S02 , H20, N 2, 0 2) (vol%).

EXPERIMENTAL EQUIPMENT

The combustion chamber is a 20 cm diameter
t1uidization column, constructed with stainless steel (Figure
1). The necessary heating to begin the combustion reaction
is made by electric energy with quartz candles.

Vg r = (1.86 C+ 0.68 (1- ERs) S + 11.2 H+ 0.8 N) Econv +
+ 1.24 H20 + 2.33 Rlime S Enlime Clime/Calime +
+ 1.55 HzÜiune Rlime S/Calime + (fn- 0.21) Vanün (10)

The coai and limestone are fed continuously using a
screw feeder. Residual solids are removed from the column
through an overt1ow pipe. They consist of ashes, calcium
sulfate and unburned coai. The fine particles may be
entrained by the gas. They are recovered with a high
efficiency cyclones system.

FLUIDIZA TION CONDITIONS VERIFICATION

From the knowledge of the air required for the coai
combustion, Var (m3N/kg coai) and the coai consumption
(kg/h), it is possible to calculate the air flow required for
the combustion: Q. =V ar Wr

A gas analyzer allows the measuring of the t1ue gas
composition (02 , S02 , NO, N0 2 , CO, C0 2 and CxHy),
temperature and air excess used to burn the coai.

The superficial air velocity, defined with the bed cross-
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Table II: Combustion gases composition
Combustion
gases

Fluidized
bed reactor
parti eles

parti eles

Chuter of

vol%

vol%

Rlirne= O

Rlirne = 1

COz

16.33

16.32

co

o

o

S02

0.1026

0.0755

HzO

8.96

8.99

N2

73.71

73.72

02

0.9

0.9

Ai r

Table III: Sulfur retention efficiency with different relations
Rlirne =CaiS

Figure 1: Fluidized bed for combustion experiments and
sultilr tixi ng

R lime

RESULTS

Fludization
Ai r
3
(m Nlh)

Combustion
gases
3
(m Nlh)

r

ERs

.
Some of the experimental results, obtained in
combustion and sulfur retention tests are shows in Tables I,
II and III.
The tests were carried out using lime for the sulfur
fixing as CaS04 , and different relations R1irne = CaiS were
also used.
Compositions of coai and lime fed to the t1uidization
bed are given in Table I. An example of combustion gases
composition is givcn in Tablc II for a test using R lime= 1.
Results of different combustion tests, with different
relations Ca/S are given in Table III.

1

5.56

5.93

4.83

0.257

1.5

5.40

5.76

4.69

0.404

2

5.18

5.57

4.50

0.487

3

5.36

5.73

4.66

0.688

CONCLUSIONS

Table 1: Coai and lime composition
The Río Turbio coai combustion in fluidized bed
reactors allows to reduce contaminative emission to the
atmosphere.

Coai
(%)

Lime

(%)

Carbon

61.0

C aO

71.58

Hydrogcn

4.2

MgO

8.2

Sulfur

1.0

Inert

14.25

Oxygen

11.2

Water

5.97

Nitrogen

0.6

Ashes

12.0

Watcr

10.0

The S02 retention efficiencies obtained are low. This is
because of the low sulfur content of the Río Turbio coal.
This makes necessary to work with high Ca/S relations.
NOx emissions are very low, due to the low combustion
temperature used ( 850°C) and the low air excess
required by the combustion in fluid bed reactors.

=

If the coal composition is known, the developed
computer program allows to calculate: air t1ow required
for the combustion, amount and composition of the
combustion gases. The different efficiencies of the
combustion process can be checked out with the
computer program.

Fluidization conditions can be calculated with the
computer program.
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