Fluidized bed combustion of coals and alternative fuels

This document has been downloaded from Chalmers Publication Library (CPL). It is the author’s
version of a work that was accepted for publication in:

Proc of the 8th International Conference on Fluidized-Bed Combustion held in Houston
Texas USA, March 18-21, 1985

Citation for the published paper:

Andersson, B. ; Leckner, B. ; Amand, L. (1985) "Fluidized bed combustion of coals and
aternative fuels'. Proc of the 8th International Conference on Fluidized-Bed Combustion
held in Houston Texas USA, March 18-21, 1985, vol. 2 pp. 1019-1029.

Downloaded from: http://publications.lib.chalmers.se/publication/238078

Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.

Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.

The CPL service is administrated and maintained by Chalmers Library.

(article starts on next page)


http://publications.lib.chalmers.se/publication/238078




DOE/METC-85/6021
(CONF-850302--Vol. 2)
(DE85013689)

Distribution Category UC-90c
UC-90e

CU-90h

Proceedings of the
Eight International Conference on
Fluidized-Bed Combustion, Volume IJ

By

Special Projects Branch
Coal Projects Management Division

Held at
Westin Galleria Hotel
Houston, Texas
March 18-21, 1985

U.S. Department of Energy
Office of Fossil Energy
Morgantown Energy Technology Center
Morgantown, West Virginia 26505

Tennessee Valley Authority
Chattanooga, Tennessee 37401

Electric Power Research Institute
Palo Alto, California 94303

July 1985




The 8th Intermational Conference 6n Fluidized Bed Combustion
Houston, March 1985

FLUIDIZED BED COMBUSTION
OF COALS AND ALTERNATIVE FUELS
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Abstract. The 16 MW demomstration plant at Chalmers University of Technology was
designed to burm coal but measures were taken also to allow the use of altermative

fuels.

Results of comparative tests with bituminous coal and alternative fuels, brown coal,
peat, and wood chips, are presented. The combustion characteristics of the various
fuels are illustrated with temperature and heat flux profiles in the freeboard.

It is found that the volatile fuels tend to burn to a large extent above the bed
and secondary air is necessary to complete the combustion. However, -if secondary
air is used, a combustion efficiency close to 100% is easily obtained. Bituminous
coal, on the other hand, does not readily burn with a high combustion efficiency

in the boiler used.

INTRODUCTION

There are two reasons for study-

ing the behavior of various fuels

in a fluidized bed combustor: First,
a comparison of fuels reveals their
combustion characteristics and forms
a basis for design. Second, opera-
tors of industrial and district heat-
ing boilers are interested in being
able to change from one fuel to an-
other as a consequence of the fluctu-
ations in price and availability

of the fuels.

The present study emphasizes the
first aspect and is thus concen-
trated on the combustion chamber
itself. It must be pointed out, how-
ever, that an essential problem re-
lated to the burning of different
fuels is found outside the combus-
tion chamber, namely in the hand-

ling of fuels with greatly different
volumes per unit of heat power and
with different requirements for the
design of storage and transportation
equipment.

The questions of interest in de-
signing the combustion chamber, and
indeed also in operating the boiler,
are such as: How much heat is releas-
ed in the bed and in the freeboard?
How much of the fuel is burned in

the bed? Which ranges of fuel proper-
ties can be tolerated for satis-
factory operation of the boiler?

The present investigation aims at
providing some basis for answering
this type of questiomns by study-

ing the combustion of various fuels
such as bituminous coal, brown coal,
peat, and wood. To a certain degree,
the influence of the size of the

fuel particles is also considered.

An example to illustrate the impor-
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tance of the last aspect is given
in fig. 1, which shows the change
in combustion chamber operation at
constant boiler operation but with
a gradual transition in fuel from
brown coal briquettes with a size
between 0-20 mm to the same fuel
but with a size between 20-40 mm.
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Figure 1. Change in Combustion Cham-

ber Operation with a Gradual Transi-
tion in the Fuel Size Distribution.
Brown Coal, 0-20 - 20-40 mm.

The figure shows how the control
system of the boiler increases the
bed height in order to compensate
for the increased in-bed combustion
resulting from the coarser lumps

of fuel. At the same time, the in-
creased in-bed combustion is accom-
panied by a smaller over-bed com-
bustion which leads to a decrease
in the freeboard exit temperature
and also to a decrease in the secondary’
air supply.

For a complete answer to the ques-
tions posed there are at least four
groups of influencing parameters

to consider:

@ Fuel composition (volatile mat-
ter, fixed carbon, moisture etc.)

@ Fuel particle size

® Operating conditions (load, ex-
cess-air, secondary air etc.)

® Design variables (boiler size,
fuel feed method, fluidization
velocity, recirculation ratio etc.)

The present study is focused on the
fuel composition and varies primari-

BED HEIGHT, m

ly the content of volatile matter.
As mentioned above, in one case also
the size is varied. The operating
conditions are kept as constant as
possible and the tests are carried
out in ome particular boiler.

EXPERIMENT

The Boiler

A description of the boiler used
for the test runs has previously
been published, (Svensson et al. 1982).

~Only some of the design data and

features which are important for
the subject treated are given below.

The boiler is built according to
the Eckrohr principle and produces
superheated steam (425°C, 3.2 MPa)
with a capacity of 16 MW. It oper=-
ates at atmospheric pressure.

The design fuel is bituminous coal
but alternative, more voluminous
fuels can be employed within the

limits imposed by the fuel transporta-

tion system, usually at loads less
than or equal to 65%. The fuel is fed
through the fuel chute , fig. 2,
onto the 10 m? bed surface . If
desired, the fluidizing air can be
preheated in the air-preheater

by hot water from the drum beforge

it enters into the air plenum and
the bed. Secondary air can be supp-
lied to the freeboard through nozz-
les . The distributor plate, the
walls surrounding the bed, the free-
board o and the subsequent gas
passes | consist of membrane
tubes. ATBuperheater tube bundle

is located in the bed region of the
combustion chamber. After the flue
gas passes there is a cyclone arrange-
ment from which solids can be recircu-
lated to the bed. It is not, at pres-
ent, possible to control the recircu-
lation ratio. The final cleaning

of the flue gas is achieved by a
bag-house filter.

Measurements

A data acquisition system is util-
ized for collecting the data neces-




©
A\
Il

o © [Be
.U E

Figure 2. The Boiler
Fuel Chute
Bed
Air-Preheater
Air Plenum

" Secondary Air Nozzles
Freeboard

N o LW

a Empty Gas Pass
7b Convection Gas Pass

8 Pyrometer and Heat Flux Measure-
ment Positions

sary for mass and heat balances. In
addition, the gas temperature field
in the freeboard has been measured
‘with a suction pyrometer”at various
heights above the bed , as indi-
cated in fig. 2. The heat flux to
the freeboard walls is measured with
plug type heat flux meters, also

in the positions given in fig. 2.
The recorded heat fluxes are aver-
aged on every level of the free-
board in order to obtain a verti-
cal heat flux profile.

THE FUELS AND THE BED MATERIAL

Four types of fuel are used; bitumi-
nous coal, brown coal, peat, and
wood chips. They are intended to
cover a wide range of volatile con-
tent. The content of volatile matter
varies from 28 to 86% of the combus~-
tible matter.

. employed to improve the combustor

The coal used is a commercially avail-
able North American single-screened
bituminous coal less than 10 mm in
size. The German brown coal is bri-
quetted, crushed and screened be-
fore delivery. Two size fractioms

of the brown coal, <40 mm and <20 mm,
were chosen in order to investigate
the influence of the fuel parti-

cle size on the combustion process.
Indigenous peat is available in many
different qualities and sizes. The
machined peat quality used consists
of pieces 70 mm in diameter with

a length ranging from 10 to 150 mm.
Further, a considerable amount of
fines is produced in the transporta-
tion system. The wood chips, cut
from newly felled birch, are regular
in shape and measure 5x20x30 mm.

Some characteristics of the fuels

are given in table 1. The size distri-
butions of the two brown coal frac-
tions are presented in fig. 3.

The silica sand used as a bed mate-
rial is of the same size fraction
in all the present test runs. The
mass weighted mean particle size

is 0.88 mm, but the resulting bed
material size was about 0.92 mm.

OPERATING CONDITIONS

The operating conditions for the
five selected test runs are given
in table 2. The fuel in every test
is fed through the chute down onto
the bed surface. The load and the
overall excess air ratio are the

same in all cases except when peat

is the fuel. Imsufficient capacity “
of a scraper conveyer in the fuel
transportation system limited the
load to about 50% in this case.

Secondary air and air-preheat are

performance when burning the more
volatile and humid fuels.

The recycling ratio is small but
significant in the coal tests, where-
as it' is zero and megligible in the
peat and wood tests, respectively.




Table 1. Fuel Characteristics

Fuel Bituminous Brown coal Peat Wood
coal - chips
Size, mm 0-10 0-40 0-20 0-150 5x20x30

Proximate analysis:

Combustibles, 7 72.0 73.4 70.8 48.6 55.2
Ash 4 16.7 6.6 8.2 3.2 0.9
Moisture A 11.3 20.0 21.0 48.2 43.9
Ultimate analysis:
C A 83.5 69.4 56.3 51.3
H A 4.7 4.9 4.6 6.4
N A 2.0 0.8 2.0 0.3
0 A 8.8 24.0 36.5 42.0
S s A 1.0 0.9 0.6 0.02
Volatile matter, .
% of combustibles 28 59 72 86
H > kI/kg combustibles 32110 26010 21810 21250

The need for bed cooling surface, % 1 .

i.e. the bed height, depends on the = —0— 0-20 mm

fraction of fuel burmed in the bed A e— 0-40 mm

and thus changes from one fuel to § B |

another. The cooling surface config-

uration of the boiler has resulted g

in a bed level variation between S 9 ~

0.71 and 0.89 m during the present 0.1 1.0 10.0

test series. The bed temperature "DIAMETER, mm

has been allowed to vary between

806 and 895°C. Figure 3. Brown Coal Size Distribu-

tions.

Table 2. Operating Conditions

-Fuel , Bituminous Brown coal Peat  Wood

coal ' 0-40 0-20 chips
Load, 72 64 64 64 47 64
Total excess air ’ _
‘ratio based on O 1.32 1.25 1.30 1.34 . 1.31
Secondary air, %7 of total air 0 8 10 12 10
Primary air temperature, C 51 44 48 222 229
Recycling ratio, kg/kg fuel 0.2 0.1 0.1 0 0
Bed height at operation, m 0.89 0.87 0.88 0.73 0.71
Fluidizing Velocigy, m/s 1.49 1.36 1.26 0.97 1.42
Bed temperature, C- 895 885 830 806 813

o)

Flue gas temperature, C
after the freeboard exit’ . 671. 737 803 715 840
at the boiler exit 140 166 166 168 156




RESULTS AND DISCUSSION

As a result of the combustion charac-
teristics of the wvarious fuels there
are significant differences in the

freeboard temperature patterns,

the

heat fluxes to the walls of the free-
board, and in the heat absorption
distribution over the parts of the
boiler.

Temperature Profiles

One representative horizontal and
one vertical measured temperature
profile are selected in order to
describe the main features of the
freeboard temperature fields, fig. 4.

The temperature profiles are the
result of heat release by combustion
and cooling by the walls. The verti-
cal profiles express clearly the
expected increase of combustion in
the freeboard in the case of the
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more volatile fuels. The bituminous
coal gives a smoothly decreasing
gas temperature upwards along the
freeboard. The brown coal produces
a fairly constant gas temperature
equal to the bed temperature in most
parts of the freeboard. With wood
chips as a fuel, on the other hand,
the gas temperature exceeds the bed
temperature all over the freeboard
space. The peak gas temperature re-
sulting from the secondary air in-
jection is some 300° higher than
the bed temperature in this case.

Secondary air is necessary to obtain
complete combustion of gaseous fuel
constituents in all cases except
that of the bituminous coal. The
secondary air jets penetrate from
the boiler front and cause a kind

of luminous flame. The shape of this
flame is reflected in some of the
curves of fig. 4.
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Figure 4. Characteristic Temperature Profiles in the Freeboard.

Upper Row: Horizontal Profiles. Bed Temperature - = =
Lower Row: Vertical Profiles. Bed Height - - -




Heat Flux Profiles

The heat flux to the walls is a re-
sult of the convective and the radi-
ative heat exchange between the mov-
ing, particle laden gas, the splash-
ing bed surface, and the water-cool-
ed freeboard walls. The magnitude

of the heat transfer depends on the
gas flow velocity, the gas tempera-
ture field, and on the concentration
of particles of various kinds in

the freeboard.

The optical density of the gas-par-
ticle mixture varies in the free-
board. It is particle dominated in
the splash zone and gas dominated

in the upper freeboard region. The
optical density is affected locally
by soot (luminous radiation) created
by combustion either in the splash
zone or in the freeboard.

This fairly complex picture cannot

be closely represented by a simple
heat transfer model. However, a sim=-
ple model in combination with heat
flux measurements will form a basis
for understanding what occurs in

the freeboard. The model used here
considers the freeboard to be a well-
stirred space with an even composition
and with a mean temperature evalu-
ated from the measured temperature
field. The space is surrounded by

the water-cooled walls and the sur-
face of the bed, both of which are
characterized by measured tempera-
tures and assumed emissivities. (The
emissivity of the walls and that of
the bed is put 0.8). The relativ-

ely small (<10% of total) gas con-
vective contribution to the heat flux
is evaluated according to conventio-

nal relationships. With all the temper-.

atures fairly well represented, the
well-stirred freeboard is given an
emissivity that adjusts the model
heat flux to that measured in the-
central part of the freeboard out
of reach of the splashing bed.

The heat fluxes calculated according
to the-model are plotted as solid

curves in fig. 5. The assumption
of a homogeneous freeboard results
in a constant heat flux contribu-
tion. The inclination of the cur-
ves is caused by the radiative con-
tribution from the surface of the
bed. The model does not consider
any influence from particle convec-
tion heat transfer.

Measured heat fluxes, averaged over
the width of the freeboard wall at
various levels above the surface

of the bed, are represented by dots
in fig. 5. The vertical heat flux
pattern is generally smooth with

no peaks. The amount of over-bed
combustion is reflected in the in-
clination of the measured profile.

The comparison between calculated
and measured heat fluxes will treat
two aspects: First, the magnitudes
of the resulting emissivities of

the freeboard are compared, and then,

the deviation at the surface of the
bed is considered. '

The fitted emissivities are approx-
imately equal to or larger than the
emissivity of a freeboard filled
with gaseous combustion products
(COy and Hy0) from the respective
fuels, table 3. This means that the
freeboard is filled with a medium
that on average contains more radia-
tive active matter than pure gas-
eous combustion products, e.g. bed
material, ash, soot from combustion
of hydrocarbons, and char particles.
Although a sharp, luminous flame
was observed in the case of‘wood,
the fitted effective emissivity in
this case is about equal to the cor-
responding gaseous emissivity. The
explanation is most probably that
the luminous part of the freeboard
is fairly small and an error in the
evaluation of the mean temperature
reflects itself in the magnitude

of the resulting emissivity. Such
an error is not unlikely when the
temperature field varies signifi-
cantly. '
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Figure 5. Heat Flux to the Freeboard Side Wall.

@ Measured
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Calculated Maximum Heat Flux at the Bed Surface
(at Gas Emissivity =1 and Temperature = Bed Temperature).

The deviation between the model and
the measured points in the lower
region of the freeboard depends to
some extent on the difference be-
tween the mean and the local gas
temperatures, but more important

Table 3. Effective Emissivities and
Temperatures of the Freeboard

Fuel Bitu- Brown coal Peat Wood
minous chips
coal 0-40 0-=20

Emissivity

Fitted 0.42 0.45 0.50 0.50 0.35
Gaseous 0.28 0.29 0.29 0.35 0.34
Temperature, 0C

Bed 895 885 830 806 813

Mean 810 855 825 810 926

Exit 671 737 803 715 840

seem to be variations in the opti-
cal density. A calculation of the
heat flux from a dense gas (g=1) with
the temperature equal to the bed
temperature gives a reasonable ex-
treme value at the surface of the
bed, as indicated in fig. 5. There

is also a contribution to the heat
transfer from the splashing bed.

This contribution should be the same

in all cases and it cannot explain
the difference between the coals
and the other fuels. A speculative
explanation would then be that the
less volatile fuels spread some-
what more in the bed while rele-
asing their volatiles which would
have more oxygen available for in-
bed (in-splash-zone) combustion.




If this combustion forms a luminous
flame, this would increase the opti-
cal density to a value which is great-
er than those characteristic of the
splashing inert particles themselves.
In the case of more volatile fuels,
the volatiles are released more read-
ily and they burm to a large extent
above the splash zone due to more
pronounced local deficiencies of
oxygen. This is a tentative explana-
tion of the differences observed,
which is supported by oxygen measure-
ments (E. Ljungstrdm 1985).

A comparison between the measured
heat flux curves from the two size
fractions. of the same fuel, the brown
coal, gives a picture that is in
agreement with the above discussion.
The finer fuel (0-20 mm) tends to

- burn above the bed to a larger ex-
tent than the coarser fuel (0-40 mm).
This is shown in fig. 6.
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Figure 6. Measured Heat Flux to
the Freeboard Side Wall with the
Two Brown Coal Size Fractioms. To
Note the Different Bed Temperatures
in the Two Cases, Table 2.

The Heat Absorption Dist;ibution

" The heat released by combustion is
absorbed by the heat transfer sur-
faces of the boiler or is emitted
with the flue gas in the form of

a loss. The combustion chamber heat
absorption (Pgg) is the difference

between the total heat power receiv-
ed by the water-steam (Pyg) and the
heat power absorbed by the gas pas-
ses (PGP):

Pcc = Pys - Pgp (1)

The heat transferred to the free-
board walls (Pp) is evaluated by
means of the heat flux profile, as
discussed above. Hence, the desired
quantity, the heat absorption in
the bed (Pg) including the splash-
zone, is given by:

Pg = Pgc - Pr (2)

Fig. 7 gives the fractions of heat
transferred to the various parts

of the boiler and the losses. In

the bituminous coal case, 40% of

the heat supplied by the fuel is
absorbed in the bed. This portion
decreases when the more high-vola-
tile fuels are burned and amounts

to only 20% in the case of wood chips.
The heat absorption by the freeboard.
walls is fairly similar in all cases.
As a consequence of differences in
temperatures and volume flows, the
deficiencies in heat absorption in
the bed and freeboard are made up

in the gas passes so that the losses
arising from semsible heat is about
the same in all cases. In additiom,
the coals give a loss due to unburm-
ed char, whereas the humid fuels
(peat and wood) are burdened with

a loss due to water vapor (which
happens to be of the same magnitude
as that of unburned char in the bi-
tuminous coal test, fig. 7).

Once the heat absorption distribu-
tion of the boiler is known, it is
possible to solve the bed heat bal-
ance (Leckner et al. 1984). This
gives as a result the amount of fuel
that burns in the bed and thus the
quantity x, which symbolizes the
fraction of the combustibles supplied
that do not burn in the bed, i.e.
freeboard combustion and losses. Ta-
ble 4 shows that in this particular
boiler, with the actual operating
conditions, the quantity x ranges

from 0.31 for wood chips to 0.12 o

for bituminous coal. Considering
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the combustion losses, this means
that 31% of the combustibles suppli-
ed in the form of wood chips burn
above the bed, but only 5% of those
of coal. A comparison of the two
brown coal tests illustrates, .as

in fig. 6, the influence of the fuel
size. The fraction 0-20 mm gives
slightly more than 22% overbed com-

Table 4., Fraction of Combustibles not
‘ Burnt in the Bed (x). See
note in Fig. 7

Fuel Bitu- Brown coal Peat Wood
minous chips
coal 0-40 0-20

X 0.12 0.18 0.23 0.16 0.31

bustion, whereas the coarser 0-40
mm fraction ends up with 17%. The
low figure of x in the case of peat
can also be interpreted as an effect
of the fuel size. The peat used con-
sisted of big and wet pieces and
therefore acted as a more slowly
burning fuel than would have been
expected from its content of vola-
tile matter. Previous tests in the
same boiler with small (5x15 mm),
dried peat pellets show a combustion
pattern that resembles more that

of wood chips.

Combustion Efficiency

The combustion efficiencies obtained
are given in table 5. The value for
bituminous coal is compatible with
results from various types of bitumi-
nous coal, e.g. (Davenport et al.
1984). That investigation indic-
ates that there is a trend towards
higher combustion efficiencies for
coals with higher content of vola-
tiles (or lower content of fixed
carbon). The present results extend
the range of fuels into the high
volatile type of fuels. The tendency
to higher combustion efficiency is
indeed evident from the values of
table 5.

Table 5. Combustion Efficiency

Fuel Bitu- Brown coal Peat Wood
minous chips
coal 0=40 0-=20.

Combustion
‘efficiency, %7 93.5 99.4 99.5 99.4 > 99.9

Whereas a number of design and opera-
tional measures influence the com-
bustion efficiency of the low vola-
tile coals, the high volatile fuels
burn readily to completion provided
that the size of the fuel is not
completely unsuitable, the freeboard
is sufficiently large, and secondary
air is supplied for the freeboard
mixing and combustionm.




Emissions

The combustion has not been opti-
mized with respect to the emissions
in the present test runs. They should
therefore not be considered as the
minimum emission limits but as the
result of ordinary operating condi-
tions.

The carbon monoxide concentrations
indicate that combustion is comple-
ted, table 6. The comparatively high
emission recorded in the bituminous
coal run could have been reduced

by means of secondary air, as shown
previously (Leckner et al. 1982).

The sulfur dioxide emitted is re-
lated to the fuel sulfur input to
the combustor and to the sulfur cap-
ture capacity of the ash. No lime- .
stone was added in these tests.

The nitrogen oxide emission is a
result of a complicated formation
and reduction process. The resulting
values shown by the table are not
directly correlated with the amount
of nitrogen supplied with the fuel.
Global and local operating condi-
tions of the bed and the freeboard
have influenced the data.

The concentrations of heavy aromatic
compounds in the flue gas, after
the bag-house filter, were measured
during combustion of coal, peat,
and wood chips. The detectable emis-

sions are low in all cases at normal
operating conditions. Even small
disturbances may, however, increase
the emissions considerably (Leckner
et al. 1985).

CONCLUSIONS

The content of volatile matter in

the fuel and the size of the fuel
are two important factors that influ-
ence the combustion and the heat
absorption in a fluidized bed boiler.

For practical reasons the fuel is
often supplied to the bed at certain
locations (in the present case: omne
feed point per 10 m2) and the rele-
ase of volatiles creates oxygen de-
ficient zones which lead to the exis-
tence of unburned gases in the free-
board. This is more pronounced with
high volatile fuels, than with coal.
Coal has a greater opportunity to
spread in the bed and its gaseous
constituents are predominantly burmed
in the bed or in the splash zone.

The combustion of the volatile fuels

differs from that of bituminous coal

in the following respects:

® The total excess air ratio is the
same in all runs, but at the com-
bustion of volatile fuels, part
of the air should be supplied in
the freeboard, in order to provide
mixing and coﬁpletion of combus-
tiomn.

Table 6. Emissions
Fuel Bituminous Brown coal Peat Wood
’ coal 0-40 0-=20 chips

CO, mg/MJ 404 120 144 209 157
SOZ’ mgS/MJ 203 272 290 192 8
NOZ, mgNO,/MJ 172 55 67 125 74
Heavy aromatic
compounds, * Ug/MJ:

Naphthalene 0.68 0.73 0.89

Phenanthrene < 0.02 Not mea- 0.036 0.17

Fluoranthrene " sured 0.01 < 0.02

Pyrene " - < 0.005 "

* The concentrations the other polyaromatic hydrocarbons analy-
zed were below the detection limit of the instruments.




® The greater freeboard combustion
in the case of volatile fuels leads
to a redistribution of the heat
absorption in the boiler. In order
to keep a fairly comstant (800-
900°C) bed temperature, various
measures can be taken in order
to influence the heat balance of
the bed such as cooling surface
area adjustment, air preheat, and

" by-pass of air in the form of sec-
ondary air. The heat transfer sur-
faces of the convection gas pass
compensates for the variatioms
in heat absorption of the bed and
the loss of sensible heat is about
the same in all cases.

® The more volatiles (or the less
fixed carbon) the fuel contains,
the easier it burns to completion
without losses in-the form of: un-
burned char. Fuels with a volatile
content >50% do burn out without
any particular measures taken,
such as recirculation of solids,
provided that the freeboard is
sufficient for burning the gases
with secondary air.

The above conclusions are valid for
lump fuels of the types used in the
present investigation. If ground
fuels with fine particles are used,
the time for burnout of the partic-
les in suspension becomes important.
This case is not treated here. How-
ever, a displacement of combustion
from the bed to the freeboard due
to release of volatiles as the fuel
size decreases has been demonstrated.
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