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Abstract—A heat balance over the fluid-dynamic boundary layer of a circulating fiuidized bed furnace has
been formulated in order to calculate the heat transfer to the walls. The convective heat transfer is related
to a horizontal particle fiow from the core to the wall region, and an additive radiative heat transfer
constituent is calculated for the particulate medium. An empirical description of the vertical distribution
of solids and the transversal temperature profile are needed for the evaluation. The calculated heat transfer
coefficients were compared with measurements in three commercial boilers and the deviation was less than
40%, which is in the same order as the uncertainty of the experimental data. © 1997 Elsevier Science Ltd.

INTRODUCTION

The temperature in a circulating fluidized bed (CFB)
furnace is generally controlled by heat transfer to the
membrane-tube walls of the furnace. The approaches
chosen for prediction of the heat transfer can be div-
ided into two groups: correlations and mechanistic
models.

The model of Werderman and Werther [1] estimates
the convective heat transfer by a curve-fit correlation.
An additive radiative heat transfer component is cal-
culated for a porous medium with a known tem-
perature profile. Wirth [2] bases a correlation of the
convective component on dimensional analysis,
approximates the radiation to that between two infi-
nite walls and weights the components together in an
arbitrary way. Finally, Andersson (3] correlates the
total heat transfer. The correlations reveal that par-
ticle concentration is the most important heat transfer
parameter, but the underlying mechanisms are not
explained. Even if the model of Wirth considers
phenomena in the fluid-dynamic boundary-layer
(FBL), the model does not account for the formation
of the FBL. Hence, this group of models can hardly
be extrapolated.

The mechanistic models, on the other hand, are
founded on assumptions about the fluid-dynamics of
the CFB furnace. The majority of the models, e.g. [4-
7], are related to the penetration theory. It is assumed
that packets of particles enter the FBL, leave some of
their heat and return to the core. To use these models,
information about the fluid-dynamics at the wall is
required [8] :

@ particle concentration in the clusters;

T Author to whom correspondence should be addressed.

o fraction of wall covered by clusters;

e residence time of clusters at the wall ;

e thickness of the gas-layer between particles and
wall;

o heat transfer coefficient of the dilute phase.

However, the concept of a two-phase flow pattern
consisting of clusters and a dilute phase between them
is not an unambiguous description of the FBL [9).

Some results concerning the above list of items have
been published. The residence length of particles at
the wall has been measured [10] indicating lengths
below 1 m in a 9.2 m high and 0.15 m wide CFB test
rig. In the same test rig the residence length was used
as a fitting parameter [7] and a length of 4 m was
found. Consequently, there are no consistent data
about residence length. Also measurements of the
thickness of the gas-layer between particles and wall
are not in general agreement. In one investigation [11)
the thickness was found to be in the order of 1 mm,
corresponding to about 10 particle diameters, whereas
in another [8] this thickness was determined to 0.1-
0.4 mm. The discrepancy between these measurements
cannot be explained. Consequently, these results need
to be completed by further investigations before they
can be generalized.

It can be stated as a conclusion that the present
knowledge on the local fluid-dynamics is not sufficient
for the establishment of generally valid models which
can be extrapolated beyond the range of underlying
data. On the other hand, the global flow pattern
described by a core-annulus structure is accepted for
laboratory-scale test rigs as well as for CFB furnaces.
Such a flow pattern means that particles are separated
from the up-flow in the core of the riser to an FBL
of descending particles, which is called annulus in
chemical reactor applications (the reactors usually
have a circular cross-section) or wall-layers in the case
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NOMENCLATURE
A area of a radiating slab element [m?] £ emissivity
A matrix of the system of differential reduced horizontal distribution of
equations of the two-flux model particle concentration
a parameters in the correlation of the n backmixing fraction of the furnace
horizontal temperature profile exit, 1 —# is the separation efficiency
b parameters in the correlation of the of the furnace exit
normalized horizontal particle K thickness of a particle cloud [m]
distribution H cos(¢)
C projected area of the particles in a unit 4 transmittance
volume [m™] ) density [kg m™?]
c two-dimensional distribution of o Stefan—Boltzmann’s constant,
particle concentration 567x107* Wm—2 K™
Cp heat capacity, [J kg=' °C '] T optical depth
D side width of a corresponding square @ polar angle between directions of
cross-section of the furnace [m] observation and propagation [rad]
d, Sauter mean diameter of bed material v cross-sectional average volumetric
[m] particle concentration.
E total emissive power [W m ™7
G mass flux [kg m~7]
H height of the furnace, counted from the Subscripts
air distributor level [m] H,O water vapor
1 radiation intensity [W m~2sr™'] CO, carbon dioxide
J radiosity [W m~2sr™'] - negative x-direction
K decay constant of the volumetric + positive x-direction
particle concentration in the 0 end of the heat transfer
transport zone [m~!] surface
k net deposition coefficient [m s~'] b black body
m mass of the particles in the transport c core
zone [kg] conv convective
0 heat flux [W] cup  cup-mixing average
s inhomogeneous part of the system of d direct
differential equations of the two-flux eff  effective
model [Wm~2sr™!] fbl  fluid-dynamic boundary-layer
T temperature [°C or K] g gas
u superficial velocity [m s™'] hom homogeneous solution
v particle velocity {m s~} in flux into the FBL
x distance from the wall or the fin out flux out from the FBL
[m] p particle
z height above the air distributor [m]. part particular solution
rad radiative
Greek symbols s gas-particle suspension
o heat transfer coefficient [W m=2°C ™! ss single-scattering
B constants in the solution of the two t terminal
flux model [W m~2 sr~'] ts two-way scattering
o thickness of the fluid-dynamic tot  total
boundary-layer [m] w wall
Ae compensation for spectral overlap of X in x direction
water vapor and carbon dioxide @ directional.

of plane walls. In a tall and narrow riser (large height
to diameter ratio) the flow is fully developed: the
suspension density is almost invariant with height and
the flow into the wall-layer is equal to the flow out of
the layer. In combustors (having a small height to
diameter ratio) the flow is developing: there is a net

flow of particles predominantly from the core to the
wall-layers also in the transport-zone, where the heat
transfer surfaces are located, and a corresponding fall-
off in particle concentration with height. The vertical
fall-off in concentration can be readily calculated from
pressure drop measurements and corresponds to the
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net flux of particles to the wall. This flux of particles
carries heat to the wall. The heat transport from the
core of the transport zone to the wall may be divided
into three steps: from the core to the FBL, through
the FBL and fram the FBL to the wall. The model
proposed is based on the time-average global flow
pattern of particles to estimate the average heat trans-
fer to the wall of the combustion chamber, expressed
as a projected surface.

HEAT TRANSFER MODEL

The heat balance, illustrated in Fig. 1(a) and (b),
comprises five terms: the heat transported by the net
flow of particles from the core to the FBL and by
particles re-entering the boitom bed, radiation from
the core to the FBL and radiation from the FBL to
the core. The fifth term, the heat received by the wall,
becomes

Qw = Qcor.v,in - Qconv.oul + Qrad,in - Qrad,out' (1)
Fluid-dynamics

A description of the particle concentration and par-
ticle flow is needed before the heat fluxes can be deter-
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mined. The particle volume concentration ¢(x, z) can
be expressed by

c(x,2) =y (2) 2

where (z) is the axial distribution of the cross-section
average volumetric concentration of particles, usually
obtained by pressure drop measurements. It can be
described by an exponential decay in the transport
zone [12],

Y(2) = y(H) exp [K(H—-2z)} ©)

where Y (H) is the concentration at the top. The trans-
versal particle concentration is higher close to the
walls than in the center of the bed [13, 14]. The trans-
versal particle concentration profile, y(x), is expressed
as a distribution around the cross-sectional average
value

P(x) = by +by exp [ —byx/D] 4)

where by, b, and b, are coefficients to be determined
empirically. The form of this function was chosen to
simplify the mathematical manipulation. The small
regions with higher concentrations in the corners of
the furnace are neglected by assuming the con-
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Fig. 1. A CFB with a control volume (a) showing a wall and a wall-layer over which heat (b) and mass

balances (¢) ate made. The balance is shown for one wall but similar balances are made for the other

(almost) identical three walls. (1) Refractory lined bottom zone; (2) refractory; (3) transport zone; (4)
wall-layer ; and (5) cyclone.
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centration to be dependent only on the distance from
the walls. This is a reasonable assumption in boilers
where the extension of the corner regions is small
compared to the width of the wall. The cross-sectional
average of eqn (4), should be equal to unity in a square
cross-section with the side width D

f 7 (D —2x) dx / J " (D—2x)dx

0 0

_aqfl b 250 b, _
—4<b2+ 1 + B2 (exp{— 2:|—I>>—1. )

In analogy with eqn (5) average values of y for
the FBL, y.,, and for the core, y,, are obtained by
integration over the FBL and the core,

Vol = r P(x)(D—2x)dx / f(D —2x)dx (6a)

0 0

Ve = JD/Z P(x)(D—2x) dx / Jb/z (D—2x)dx  (6b)

s '
yielding
4((6/D— (/D) )ym+(1/2—=6/D)?*y) = 1. (D)

Three main components of the global particle flow
pattern [15] as indicated in Fig. 1(c), will be described
here: an up-flow in the core G (z), a net flow G.(z)
from the core to the FBL, and a down-flow Gg,(2) in
the FBL.

In the core, the particles flow under dilute
conditions, and the particle velocity is assumed to be
equal to the difference between the fluidization vel-
ocity and the terminal velocity of a single particle. The
up-flow of particles per unit area in the core is then
expressed as the product of the particle velocity (u—v,)
and the suspension density in the core,

Ge(2) = (u—v)py Y (H) exp [K(H—2)].  (8)

The particle flow is zero for fluidization velocities
lower than the terminal velocity. The net particle flow
into the FBL is expressed as the product of a net
deposition coefficient k and the suspension density in
the core [15, 16],

Gu(2) = ko (H)exp [KH—2)]. )

If all back-mixing of particles in the transport zone
from H, to H takes place in the FBL with a constant
k, then the in-flow to the wall layer should be equal
to the change of the flow in the core,

4(D—26)G (2) = —(D—28)* —==.

d

dG.(2) (10)
z

A relation between the decay constant K and the
net deposition coefficient & is obtained from eqn (10)
by assuming that (D—29) ~ D,

k = KD(u—uv,)/4. an

The down-flow in the FBL is the sum of particles,
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which fall down from the top of the furnace, and
the net transversal particle flow integrated from the
furnace top. The initial down-flow into the FBL,
Gm(H), is described by the fraction 5 of the flow in
the core which is not carried away into the cyclone by
the gas but remains in the furnace. This quantity is
obtained from the mass balance at the top of the
furnace where z = H,

4D6Gy, (H) = —D*nG (H). (12)

G.(H) is given by eqn (8). The expression for the
down-flow is the sum of the initial down-flow and the
accumulated net in-flow from the core

Gte) = () + 5 [ Gu(00az

_ (Dy(u—-v)  k
__< 4 K

+ = [exp [K(H—2)]— 1])

H
o Per Y (H) 13)
d
The flow of particles leaving the FBL is obtained
from eqn (13) with z = H,,

Particle convection

At a load above, say 50% for most designs, the
horizontal temperature profile of a CFB combustion
chamber is almost independent of height and can be
fitted by the expression,

T(x) = T.—a, exp[—a,x/D] (14)

where the core temperature T, is given and &, and a,
are empirical constants. The total mass of particle
transferred to the FBL is known by eqn (13), and the
corresponding heat flow becomes,

Qconv,in = - 4DaGﬂ)l (HO) chp,p (1 5)

where ¢, is the specific heat of the particles. The heat
of the particles leaving the FBL is calculated in a
similar way by assuming that the cup-mixing tem-
perature of the FBL is

T = J  T9(0) dx / J "y dx

0 0

_ boTcé _ albl 1—ex _ (az +b2)6
D a, +b2 P D

T.b, b,6
+ b, (l—exp[— D:D

(16)



Heat balance over boundary layer of fluidized bed furnace

where the particle velocity was assumed constant over
the horizontal cross-section of the FBL.
Similar to eqn (15) the heat leaving the FBL now

becomes
Qconv,out = = 4D5Gﬂ:l (HO) Tcupcp,p . (17)

According to its definition the average convective heat
transfer coefficient is

eonv = (Qeonvin = Ceonv.ou) | (A4D(H — Ho (T, — T.,))
(18)
and with egns (15) and (17) this can be expressed as
—0Gm(Hy)ep (T — Top)/
((H—Ho)(T.—T,)).

Oconv =

19

Thermal radiation

Heat is also transferred by radiation from the core
to the walls and back from the FBL to the core. The
radiation from the core towards the flat walls is

Qrad in = 4D(H— Ho)ECG'Tg- (20)

Assuming grey radiation, the emissivity of the core &,
can be expressed according to the law of transmittance
by the product of the transmittance of the gas (1 —¢,)
and that of the particle suspension

(1 _sefr)a & = 1- (1 —sg)(l '—seﬁ‘) = 8g+£eff—£g8eff-
@D

The gas emissivity is calculated for the average com-
position of the combustion gas [17].

(22)

£y = &u,0 tTEco, — At

The emissivity, &4, of an isothermal particle sus-
pension with constant concentration has been evalu-
ated according to the two-flux approximation of radi-
ative transfer in Appendix A. The result is for a given
particle emissivity &,

ter = 2637 (1 —exp [—eé’z Mx])/
dp

(1 +e)?+(1—¢e*) exp [—8;/2 %‘(li)&ij 23)

This relationship is shown in Fig. Al as a function of
the optical depth © defined as the projected area of the
particles in the volume

_ "zéc(x,z)d
7= L2 4 X.

In the limiting case 7 — oo the emissivity of the
particle suspension becomes

@4

£err(T > 00) = 2612/(1+£1/2). @5)

As seen from Fig. Al this takes place already for
T > 3.
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Fig. 2. Radiation from a slab in the FBL with the thickness
dx in the direction ¢ from the normal of the slab.

The radiation from the FBL to the core is more
complex because of the temperature variation in the
coinciding thermal boundary layer and the con-
tribution of the wall. A sufficiently thin slab with the
thickness dx in the wall-layer can be considered iso-
thermal and having a constant particle concentration.
The intensity emitted in any direction ¢ (Fig. 2) to
the normal of the slab is proportional to the projected
area of the particles in a plane normal to the direction
of radiation. The area of the slab, A, is scaled with a
factor u = cos(¢) to get the projected area (4y). The
distance through the slab is accordingly scaled with
the distance 1/u, Fig. 2. The directional effects, a smal-
ler area and a longer distance through the slab, cancel
and the radiation is isotropic.

4
&oT

Y

I(x,z) =

dz(x, z). (26)

Assuming scattering to be directed forwards or
backwards, as described in Appendix B, the direc-
tional transmittance at a certain level z from a hori-
zontal position x to the boundary of the wall-layer at
the position x = 4 can be expressed as

£uglx,3) = exp [— f 5 (’—*2'—8) f’-’%—z)] @

x

Integration over all directions and slabs in the wall-
layer yields the emissive power,

]

0

E (0,2) = J 2e,0T(x)* jl ¢io(x, 0)dude(x, 2).

28)

The radiation from a diffusely reflecting and emitting
wall, the radiosity, consists of emission from the wall

and reflection of incident radiation,
J(z) = e,6TE+ (1—2,)E_(0, 2). 29)

The incident radiation is calculated in analogy to eqn
(28)
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5

E_(0,2) =f

0

1
2e,06T(x)* f (i5.0(0, x)dpdr(z, x)
0

1

S0 (0,0)du (30)

+e0T? J

0

where the first term on the right hand side is the
radiation from the wall-layer and the second term is
the one from the core. The radiation that reaches the
core is the sum of the integrated radiative fluxes from
the furnace walls and the FBL.

H

Qrad,oul = 4DJ

Hy

<E+ (%,2)

+20() j a0, du) dz. @)

The radiative heat transfer coefficient is expressed in
analogy to the convective one

Orad = (Qrad,in - Qrad,oul)/(4D(H_ HO)(TC - Tw))
(32)

Assuming the radiative and convective coefficient to
be additive, the total heat transfer coefficient becomes

(33)

Btot = Hconv + Olrad+

To use the heat balance, the various quantities needed,
K, y(H), b, n, 5, T, and a,, have to be determined by
empirical information.

SENSITIVITY OF THE MODEL

Influences on the heat balance will be investigated
in two steps: first the assumptions will be discussed,
then the effects of uncertainties in parameters will be
analyzed.

Assumptions and approximations

The heat balance is carried out for steady-state con-
ditions. Rapid fluctuations in particle concentration
and temperature are not considered important. The
influence of the gas phase is neglected, since its heat
capacity is much lower than that of the particles.

There is a certain difference in bed particle size in
the bottom part of the bed and in the upper parts
where the heat transfer surfaces are situated [3]. As
will be shown below, this has a small influence. Fur-
thermore, a Sauter mean diameter, which is used in
the calculations, is a good representation, since it gives
the same projected particle area as the corresponding
size distribution.

Measurements [18] have shown about two times
higher downward particle flux in the vertical corners
of the furnace than in the central parts of the walls,
but this effect is limited to a rather small area, and
therefore corner effects can be neglected. The mem-
brane tube configuration results in higher particle con-
centrations in the region between the fins than on the
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crests of the tubes, but this can be represented by an
average flux toward a projected surface [18]. It has
been shown [14, 19] that the transversal distribution
of particle concentration y(x) is almost independent
of height in the transport zone and similar to results
from other CFB risers.

A weakness of the description is that only the net
horizontal particle transfer is accounted for. A sep-
aration of in-flow and out-flow of particles in the FBL
would result in a higher heat transfer, since the out-
flowing particles are colder. Measurements in a lab-
oratory CFB [20] shows that the in-flow and the out-
flow are about the same at a height of z/D ~ 40. The
net flow was directed to the core in the upper part of
theriser, at z/D > 40 and to the wall-layer in the lower
part, at z/D < 10. The corresponding axial profile of
particle concentration was decreasing with height for
z/D < 10, is then constant until z/D ~ 40 where it
started to increase slightly towards the top. Utility size
CFB combustors have H/D < 10, which corresponds
to the lower part of the laboratory CFB used in Ref.
[20]. The particle concentration decreases all the way
up through the combustion chamber and this supports
the assumption that the in-flow to the wall-layer domi-
nates over the out-flow. In such a situation the wall-
layers are being filled with particles.

Heat generation by combustion in the FBL was
neglected. An estimate of the influence of combustion
flow that 30% of the bed particles are between H, and
H at full load, and one third of this quantity may be
in the FBL. During coal combustion an average fuel
concentration in the transport zone may be 2 and 4%
in the bottom bed (L. E. Amand, private com-
munication). The part of char particles in the FBL is
therefore at most 5% of the fuel particles in the
furnace (0.3 x0.33x0.02/(0.3x0.0240.7x0.04) =~
5%). About 50% of the heat is extracted through the
membrane walls, and hence the error due to com-
bustion in the FBL cannot be more than 10%. Actu-
ally, the error must be even less, because the low
temperature in the FBL gives a very low rate of com-
bustion. It is therefore reasonable to neglect this heat
source.

The assumption of a constant horizontal tem-
perature profile for loads above about 50% is sup-
ported by many measurements, such as those pre-
sented in Fig. 3 or Ref. [1]. Some measurements show
an influence of height [21], but the variations are not
much larger than those illustrated in Fig. 3. It would
be possible to include a variable temperature profile
if the variations were significant. The use of a constant
particle velocity in the FBL, while calculating the cup
mixing temperature, is based on the few measurements
available [22, 23].

The core was assumed to be optically thick and no
influence of radiation from surrounding walls was
accounted for. The lowest cross-section average par-
ticle concentration during the tests was 0.04% in the
CUT boiler yielding an optical depth of about 2.5
[egn (24)]. Figure Al shows that this optical depth is
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Fig. 3. Transversal temperature profiles at different heights
above the air distributor. The data for the cases S1 and S6
are given in Table 1.

sufficient to consider the core optically thick in all
cases studied.

In summary, the only assumption that may have
essentially influenced the results is the one concerning
the horizontal in-flow and out-flow of particles from
the FBL. This assumption has to be further inves-
tigated.

Error analysis

The influence of errors in the parameters was inves-
tigated by means of sensitivity indices, which relate
the error of the calculated HTC to those of the par-
ameters. It could be concluded that the convective
component is sensitive to the thickness of the FBL,
d, to parameters that describe the vertical particle
concentration profile, K and ¢ (H), and to the tem-
perature, T, and a;. A relative error in one of these
factors produced a relative error of the same mag-
nitude in the computed HTC. Other parameters did
not significantly influence the convective HTC. The
radiative heat transfer component was stable vs all
parameters and the maximum error will therefore only
be estimated for the convective component.

With some approximation the convective heat
transfer coefficient is proportional to the product of
the temperature difference between core and FBL,
the decay constant and the mass of particles in the
transport zone,

Oeony € (Tc - TCUp)Km' (34)

The relative deviation is obtained by differentiation
and division by the original expression,
Aaconv/aconv = A(Tc - Tcup)/

(T.—T.,) +AK/K+Am/m  (35)

and the maximum error in the convective component
is estimated by adding the relative errors.
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EXPERIMENTAL DATA

Experimental information is needed for the cal-
culation. Some data are available from correlations,
but other properties are not generalized and measured
data for the specific case are needed.

The thickness of the wall-layer, 4, is defined as the
distance where particles move downwards. Data from
several CFBs were investigated in Ref. [22]. The thick-
ness was found to increase slightly within a few diam-
eters from the top. The data was summarized by a
height independent correlation,

6 = 0.05- D74, (36)

A correlation for the horizontal particle dis-
tribution in risers with D < 0.3 m [24] was later shown
to be valid also for large boilers [14]. Equation (4)
fitted to the data of Ref. [24] gives the coefficients :
by=0.3, by=3 and b, =15. The error analysis
showed that the estimated HTCs were rather insen-
sitive to the value of these parameters.

Data on emissivities of particles forming the bed
material in CFB furnaces range from 0.4 to 0.85[1, 25,
26, 27] and a value of ¢, = 0.6 is used in this work. The
gas emissivity, calculated with eqn (22), is about 0.23.

The remaining properties, transversal temperature
profile in the wall layer and the axial particle con-
centration profile, need to be measured. These data,
as well as heat transfer to the wall, are available for
three boilers: the 12 MWth boiler at Chalmers Uni-
versity of Technology, CUT (described in Ref. [28]),
the 72 MWth Chatham boiler [29, 30], and the 109
MWth Flensburg boiler [1, 31]. The data and the
geometry of these boilers are presented in Table 1.

The temperature profiles in the boundary layer of
the Chalmers boiler were measured with a radiation
shielded thermocouple, as described in Ref. [32]. The
temperatures in two cases are shown in Fig. 3. The
temperature profiles are independent of height at a
given fluidization velocity. There is, however, a tend-
ency for the temperatures to decrease with increasing
height, at least at the lower fluidization velocity. The
temperatures in the Chatham boiler were measured by
anunshielded thermocouple [30], and in the Flensburg
boiler by a thermocouple with a U-shaped shield [1],
minimizing the radiative exchange with the wall but
not with the core. The transversal temperature profiles
are fitted to eqn (14). The maximum uncertainty in
the temperature measurement in the CUT boiler was
+25°C due to radiative exchange and +15°C due to
natural fluctuations in the boiler. The sum of these
uncertainties corresponds to about 20% of the tem-
perature difference between the core and the FBL.

The cross-sectional average suspension densities
were obtained from the measured vertical pressure
drop. In particular the gradient of the vertical density
profile is needed for the determination of the trans-
versal mass-flow, eqn (11). The gradient is fairly small
in the transport zone and this makes the curve-fit by
eqn (3) sensitive to uncertainties in measurements. In
the CUT boiler, 15 differential pressures were mea-
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Table 1. Geometrical and experimental input to the heat balance

D H H, Kt Y(H) k n T, T a a u d,
Case  Boiler [m] [m] [m] fm~7] [%] {m/s] °Cl [Ca [ms™]  [um]
S1 CUT 1.7 135 2 020 0.154 0.22% 04 215 860 180 50 4.6 320
S2 CUT 1.7 135 2 0.18  0.058 0.11% 04 215 850 200 30 35 320
S3 CUT 1.7 135 2 0.15 0.058 0 04 215 770 325 25 1.8 320
S5 CUT 1.7 135 2 020 0.115 0.14% 04 215 820 200 40 2.7 200
S6 CUT 1.7 135 2 0.15  0.077 0.03% 04 215 790 300 30 1.5 200
Ch Chath 40 23 10 0.17 0077 015§ 03 280 875 110 35 6.4 2009
F Flensb 5.1 28 12 0.13  0.115 0.23§ 0 340 855 240 80 6.3 220
+ From curve fit of eqn (3).
I From eqn (11).
§ From particle flux measurements [15].
9 Estimated from a particle size distribution of a similar case at the same boiler.
sured in the transport zZone }mth a precision which 300 X Measured
was estimated by adding all differential pressures and .
comparing with an independently measured total &) 250 + ¢ CUT
pressure drop. The difference was less than 15%, but % B Chatham )
scatter in the measured pressure drops causes a stan- = o Flensbur§< X
dard deviation of 35% in the fitted decay constant. In B 200 1 X
the Chatham boiler the pressure was measured in five = - '.
positions yielding four differential pressures, and in g 150 T X
the Flensburg boiler seven pressures were measured : X .
in the transport zone. In these cases the errors may g 100 ¢ . u
be considerable due to insufficient data. In order to = *
improve the data, net transport coefficients were cal- "
culated from measured axial mass-fluxes [15]. In lack ﬁ 50 1
of measured profiles a correlation based on limited
data has been presented for the decay constant [15], 0 + : 4
K =0.23/(u—v). (37 0 5 10 15 20
Average susp. density [kg/m’]
RESULTS
. 300 —

The wall average heat transfer coefficients based on 4 Radiation
the projected wall area and its radiative and convective ) ¢ CUT, convection
;oréjtlau?;s arfl: callctuglted fI;;)r thte conditions glgen' ;ﬁ gE 250 ® Chatham, convection

able 1. The calculated coefficients are compared wi .
the corresponding measured ones in Fig. 4(a). The ; 200 --. Flensburg, convection *
deviation between measured and calculated values =
does not exceed 40%, the calculated values being on E 150 4
average 25% lower than the measured ones in the 8
CUT boiler. g’ -

The wall average radiative component clearly 8 100 ..

L . . . kB VANRRNAY .

decreases with increased suspension density, Fig. 4(b), - 5 AQ a A
and the convective component increases significantly S 501 *.- T
with suspension density. = . . u

The relative maximum uncertainty in the tem- L ‘ . )
perature difference is about 20%, in the decay con- 0 - ' ' '
stant 35% and in the mass of particles in the transport 0 5 10 15 20

zone 15%. This gives a maximum uncertainty in the
convective heat transfer coefficient of about 70%,
according to eqn (35). The uncertainty of the deter-
mination of the radiative component is much lower,
as seen in Fig. 4(b), and the maximum uncertainty of
the total heat transfer coefficient is below 50%.

Average susp. density [kg/m®]

Fig. 4. (a) Measured and calculated total wall average heat

transfer coefficients. The dotted line connects the measured

values from the various plants. (b) Corresponding calculated

radiative and convective heat transfer coefficients. The dotted
lines connect the calculated values.



Heat balance over boundary layer of fluidized bed furnace

DISCUSSION

The basic idea of the model presented is that heat is
transported by particles from the core of the transport
zone, where combustion takes place, to the descending
particle layers at the walls and further to the heat
transfer surfaces forming the walls of the transport
zone. A radiative transport of heat is added. The sup-
ply of particles to the FBL comes from the observed
decay of particle concentration in the upward direc-
tion, as described by the decay constant and its related
quantity, the net deposition coefficient. As long as a
considerable decay takes place and all backmixing
takes place in the FBL, it can be assumed that the
supply of particles to the FBL dominates greatly over
the particle flow leaving the FBL. Although this
assumption has not been directly quantified, it is based
on available observations from wide ducts, such as
those of combustion chambers, in contrast to tall and
narrow ducts, where an equilibrium can be attained
after a certain fraction of riser height (at a normally
large total height~diameter ratio). Under equilibrium
conditions the flows of particles in and out of the
boundary layer are equal by definition.

The estimation of the radiative transfer was shown
to be relatively reliable. In extreme cases, for a trans-
parent and an optically thick FBL, calculated radi-
ative heat transfer coefficients are about 100 and 50
W m~? °C~!, respectively [33]. The two cases cor-
respond to a low and a high suspension density and
agree fairly well with the wall average data presented
in Fig. 4(b).

The calculated and measured total heat transfer
coefficients never deviate more than 40%, but the
tendency is that the calculated values are lower than
the measured ones. This agrees rather well with the
analysis of maximum errors, indicating that the deter-
mination of the decay constant has to be improved.
Pressure drop profiles measured with good resolution,
good precision and low scatter are required.

The temperature in the core of the three boilers
investigated ranged from 850 to 870°C and the wall
layer temperature from 600 to 700°C. The maximum
temperature fall was 270°C and the smallest was
150°C, or approximately 200 + 50°C. This uncertainty
should be compared with an estimated maximum
uncertainty in the temperature measurements of 40°C.
The predicted heat transfer at full load using a stan-
dard temperature profile, e.g. [1], is therefore almost
as reliable as if' a measured temperature profile was
used. The temperature profile in the FBL is a product
of the heat transfer through the FBL and the profile
ought to be calculated by a model that describes this
heat transfer process.

When judging the magnitudes of errors and devi-
ations it should be borne in mind that the experimental
data are obtained from commercial-size CFB boilers.
This limits the amount of measurements in the tests
quoted. On the other hand these tests are the only
ones published until now.
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CONCLUSIONS

The heat balance presented is based on a time-
average fluid-dynamic model of core-annulus type,
and gives the average heat transfer to the entire heat
receiving wall. The particle convective heat transfer
originates from a horizontal particle flow, which is
also the reason for the vertical decay of particle con-
centration in the transport zone. An additive radiative
component from the particulate medium was cal-

latad hy o cantiniinm annracn nyuactigatin

Ciliatea vy a conunuun appxuauh An i iuvcau5auuﬂ
of the reliability of the heat balance shows that the
only assumption that may have an essential influence
is the use of a horizontal net flow of particles, instead
of an in-flow and an out-flow of particles from the
wall-layer.

A measured vertical particle concentration profile
and transversal temperature profiles are needed to
calculate the heat transfer to the walls. This infor-
mation is available for three commercial-size CFB
boilers. Calculated and measured heat transfer
coefficients deviate less than 40% and the calculated
is on average 25% lower than measured ones. The
maximum error was found to be less than 50% and
was due to uncertainties in the measured data. To
improve the accuracy of the prediction, it is most
important to determine the decay coefficient from
pressure drop profiles with good resolution and low
scatter.
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APPENDIX A: ESTIMATION OF THE EFFECTIVE
EMISSIVITY OF A PARTICLE CLOUD BY THE
TWO-FLUX MODEL

The radiation emitted by particles in a particle cloud may
be scattered. The scattering makes the effective emissivity of
the cloud different from the emissivity of the particles. The
effective emissivity of an infinite plane parallel cloud is
obtained by the two-flux approximation of radiative transfer,
solved for a particle cloud with constant temperature and
particle concentration.

By assuming isotropic radiation and average hemispheric
attenuation, the equation of radiative transfer can be sim-
plified to two coupled equations for the intensity in the for-
ward and backward direction, /, and 7_, ¢.g. [34].

d1+(x)_ 1—¢
20dx ~ \®7T 2

p>I+(x)+1;8P1_(x)+ep1b (Ala)

di_(x) _ 1—g,

2Cdx ~ 2

I, (x)+( \ ‘5*’)1_ ()—el, (Alb)

where C is the projected area of the particles in a unit volume
with the volumetric particle concentration c.
C = 3¢/2d,. (A2)
The terms on the right hand of eqn (Ala) correspond to
absorption and in-scattering of the radiation in the forward
direction, in-scattering of radiation in the backward direction
and increase by emittance from the particles between x and
x-+dx. The radiative inflow is put to zero at the boundaries
in order to calculate the radiation generated in the slab

I {(—x/2) = I_(x/2) = 0. (A3)
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Due to the symmetry of the system of equations and the
boundary conditions, there is also symmetry in the solution

1) =1_(—x). (A%)

For solution of the coupled system of equations it is written
in matrix form.

d [l _c —<;1+ep)(1—sp)].[1+(x)]
dx[z_(x)]' [—(l—sp>(1+s,,) I_(»)

Cey I,
2 I: ] = CAI(x)+s. (A5)

—Ce, I,

The homogeneous solution to the system, s = 0, is given by

T (x) = exp[CAX] - [ﬂ (A6)

2

where f, and $, are coefficients, which are determined by the
boundary conditions, eqn (A3). A particular solution can be
obtained by

L) = f " exp [CAC — )] - sdL. (A7)

0

According to the Caley—Hamilton theorem, e.g. [35], the
matrix exponent can be expressed as a polynomial including
the exponent function of the eigenvalues of the matrix 4,
+2¢)°.

exp [CAx] =

1 [—1-0-25,‘,/2 —~g

1—¢g, ]
4l —~1+g, 1426} +e¢,
x exp [2Ce}?x]
1—e¢

p ]
1-26," +¢,

1 [—- 1-2¢%—¢,
4 —1+4e,

1/2

x exp [—2Ce}?x]. (A8)

The homogeneous solutions are obtained by combining eqns
(A6) and (A8).

Iy pom (@) = [(— 14267 —2,)B,
+ (1-&,)B,] exp [2e)> Cx]/4e)?

+(1+26,” +&,)B,

—(1~—¢;)B,] exp [ -2y Cx]/4e,” (A9a)
I_pom(x) = [(—1+35,)B
+(142¢)> +¢,)B,] exp [2¢,” Cx]/4el?
+(1—-¢)8
—(1-26) +e,) B>l exp[— 2622 Cx]/4el.
(A9b)

Particular solutions are found after integration of eqn (A7)

I, (%) = L [1=3(1—&}) exp[26}2Cx]

—i(+elexp[~262Cx]l  (Alw)
I ) = L0110 e exp 2
—11—2?) exp[—2:2Cx]].  (A10b)

The solution has to be symmetric, and since the particular
solution is symmetric, this condition has to be fulfilled also
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for the homogeneous solution. Identification of the
expressions in front of the exponential functions in the homo-
geneous solution gives

(14257 —&)Bi +(1—5,)B,

=(1—¢g)p —(1-26)*+¢,)B, (Alla)
(1426 +£) 81 ~ (1—¢,)B,
=—(1—g)B +(1+2}*+¢,)8,. (Allb)

Both eqns (Alla) and (Allb) give B, = f8,. The relation
between the integration constants is introduced in to the first
part of the homogeneous solution, eqn (A9a), which is added
to the corresponding particular solution, eqn (A10a), to get
the total solution

(=™ (B, — 1) exp 26,7 Cx]

I.(x) >

N (I +2,2)(B, — 1) exp [—2e}*Cx] +

: L. (A12)

Applying the first boundary condition, eqn (A3), gives an
expression for f,.

I 2
(1+¢) exp e, Cx]
+(1~¢/*)exp[—el?>Cx]

(A13)

The objective of this appendix is to obtain an expression
for the effective emissivity, which is defined as
Eor = 1, (k/2)/1. (Al4)

Combination of eqns (A12) to (A14) gives

exp [e; > Ck] —exp [ —&,/> Cx]
(1+¢e)?)exp [ Cr] + (1 —el?) exp [—e)>Ck]

far = 24/5

(A15)
Extend the fraction by exp [—&5*Cx].
[—exp[—2e!?Cx]
_agli2 3
Fer = 26y 1462+ (1—¢*)exp[—262Ck] (Al6)
P D p[—26"Cx]
Discussion

From a model which assumes randomly moving photons
in a porous medium of randomly distributed mono-sized
opaque spheres [36] the effective emissivity for a particle
concentration of 10% was computed and an expression for
the effective emissivity of an optically infinite particle layer
was derived,

(i = 0) = ce, +2(1—0)e)? /(1 + 7). (A17)

The corresponding asymptotic value of eqn (A16) for a large
optical depth is

Ear(ic — 00) = 28,2 /(1 +¢}/%). (A18)

Equation (A17) shows a dependence on the particle con-

centration, ¢, but for suspensions as disperse as the one in

the transport zone of a CFB furnace, the influence of particle
concentration in eqn (A17) is negligible and eqns (A18)
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Fig. Al. The effective emissivity of a particle cloud calculated

by eqn (A16), solid line, and according to Ref. [36], dashed

line. The curves correspond to different particle emissivities,
from the top; 1.0, 0.9, 0.7, 0.5, 0.3, 0.2 and 0.1.

and (A17) are identical. In Fig. Al the computed effective
emissivities in Ref. [36] and values obtained from eqn (A16)
are plotted as a function of the optical depth. The figure
shows that the two models agree fairly well for all optical
depths, but eqn (A16) gives slightly higher effective emiss-
ivities. This is due to the dependence of the particle con-
centration, as seen in eqn (A17).

Similar expressions for the effective particle emissivity were
investigated [33] and all of them were in fair agreement
with Ref. [36]. In conclusion, for the particle concentrations
considered, the simplified expression, (A16), can be used.

APPENDIX B: SIMPLIFIED CALCULATIONS OF
THE TRANSMITTANCE THROUGH A PARTICULATE
MEDIUM

Radiation passing through a particulate medium is either
directly transmitted through the medium, absorbed or scat-
tered by the particles. The same applies for the scattered
radiation, which can result in multiple scattering.

In a simplification [37] the transmittance is separated in
direct transmittance and scattering transmittance, where
multiple scattering is treated by two extreme cases. The direct
transmittance, &,, is the ratio of the directly transmitted and
initial intensity. The attenuation of the direct radiation, 7, in
the direction ¢ in a slab of the thickness dx is proportional
to the projected area of the particles per unit area.

3e(x)dx
- = I -—— 1

di(x, @) = I(x, ¢) 5 PR (BD)
where c¢(x) is the particle volume concentration and dx/u is
the distance through the slab. Integration of eqn (B1) from
the horizontal position of the slab, x, to the border of the

wall-layer, 8, gives the directional direct transmittance,

£ao(x,0) = exp [— r % c%) i dx:I,

Integration over the hemisphere gives the hemispherical
transmittance, which is related to the emissive power of an
isotropic source, in contrast to the directional transmittance,
which is related to the intensity,

(B2)
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Fig. Bl. Hemispherical transmittance for different sim-
plifications of scattering; single-scattering, solid line; two-
way scattering, dotted line and direct transmittance without
scattering, dashed line. The emissivity of the particles is 0.6.

E4(x,8) = 2J‘l exp [—J“S%E% idx]u du. (B3)
0 x P

In order to calculate the scattering transmittance for a case
of isotropic scattering, secondary scattering is assumed to be
either totally absorbed or transmitted in the same direction as
the primary one [37]. These extreme cases eliminate multiple
scattering and gives a lower and upper limit of the trans-
mittance and the latter extreme case is close to the real case of
multiple scattering [37]. This single scattering approximation
gives a possibility to investigate the influence of scattering
on the total transmittance, which is the sum of the directional
direct and scattering transmittances integrated over the hemi-
sphere.

Also the single-scattering approximation is rather com-
plicated to use, especially as the particle concentration is not
constant. As a simplification, the scattering is assumed to be
equal in the same or in the opposite direction of the emitted
radiation, which gives a reduction of the intensity in analogy
with eqn (B1).

1 _8_1’)%@%‘ (B4)

—dl(-xa (D) = ](x7 ‘P) (8P+ 2 2 dp

The part ¢, of the attenuated radiation is absorbed and
(1—¢,)/2 is scattered in the backward direction. Integration
over the distance from x to 4 and over the hemisphere gives
the hemispherical transmittance of the two-way scattering
approximation in analogy with eqn (B3).

2| g3
éls(x,t?)——ZL exp[—L 724 udx]udu. (BS)

The three methods; direct transmittance, &,; single-scat-
tering transmittance, & ; and two-way-scattering trans-
mittance, £, are compared for particle emissivities of 0.6
and constant particle concentration. The transmittances are
plotted as a function of the optical depth, Fig. B1.

From Fig. B1 it can be concluded that the two-way scat-
tering agrees fairly well with the single-scattering approxi-
mation, but the relative discrepancy grows larger as the
optical depth increases. The discrepancy does not sig-
nificantly affect the net transfer of radiation, since the absol-
ute error is small compared to the net transfer and the two-
way scattering approximation will therefore be used in the
computation of the transmittance.



