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Abstract

A new model for predicting radiation heat transfer in circulating fluidized bed combustors is proposed. The model assumes two phase
structure, the flow at the wall dominated by streamers of clusters traveling mostly downward, interspersed with periods where there is
upwards flow of a dilute suspension. Also, the model assumes the intensity distribution to be semi-isotropic in the forward and backward
direction. The predictions are in good agreement with the experimental results from the literature. Finally, a parametric study is performed
to show the effect of different bed parameters on radiative heat transfer. The results indicate that suspension temperature, wall temperature
wall emissivity, particle emissivity, and suspension density have significant influence on the radiation heat transfer coefficient.
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1. Introduction duction/convection, but also forms a shielding curtain that
decreases the contribution from radiation [9-11]. The para-

Circulating Fluidized Bed (CFB) combustion technology Meters described in the following have been found to be the
has grown in importance during the last two decades asMostimportant ones for the heat transfer processes.
boiler manufacturers have recognized the advantages of this
technology, such as outstanding fuel flexibility, low emission Bed particle size. When radiation heat transfer is consid-
of pollutants and adaptability to load change. Today hun- ered, particle size has an influence on the suspension absorp-
dreds of CFB boilers are in use or under construction world- tion and scattering coefficients whose sizes are proportional
wide. Developing a good understanding of heat transfer in to 1/d, [12]. Finer particles (for the same voidage) function
fluidized beds is essential for proper design and optimiza- as a denser curtain between the high temperature core and
tion of these boilers. Several different operating parametersthe colder wall, thus decreasing the net radiation flux. Where
influence combustion and heat transfer processes. Flow pat+adiation is not significant, it can be expected that the total
terns in a CFB riser are divided into two major sections: a heat flux will increase with decreasing particle size, mainly
dilute core region where particles are transported upwardsdue to shorter average distances for conduction between the
by flowing gases, and a denser wall layer region where par-wall and adjacent particles [1,13-15]. But at high suspension
ticles reverse their flow directions and descend along the temperatures, the situation is more complex since the parti-
wall, see [1-8] among others. This descending wall layer cle diameter affects the convection/conduction and radiation
contributes a majority of the heat transfer gained from con- heat transfer in opposite directions.

Suspension density.Suspension density is generally recog-
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Nomenclature
a absorption coefficient for gray medium. .. q) net radiation heat flux................ W2
a absorption coefficient at wavelength... m?! R thermal resistance................ 24q-w1t
A ArBA. ...ttt ’m Re, particle Reynolds numbetj,d, /v,
B back-scatter fraction _ s scattering coefficient of gray medium .. .. 7
c volumetric particle concentration ) scattering coefficient at wavelength ... m 1
cel average volumetric particle concentration in 7 temperature . ... [
clusters Ty bulk temperature ......................... K
dp particle diameter ......................... m 7, horizontal gas temperature gradient.. . . .k
Dg riser diameter.............. m 7, wall temperature ..............cooveei.. K
€ emissivity Ug gas Velocity . ... gt
€b bull:' elmlssmty " x horizontal coordinate, directed from wall
ér \?vzrlllgr?wizg:/sits ity towards centerofriser .................... m
;’” fraction of Wa)lll covered by clusters X half the hydraulic diameter of riser......... m
F view-factor y z vertical coordinate, directed upwards........ m
g gravitational acceleration.............. -ST? Greek letters
h total heat transfer coefficient. ... W 2.K71 ) wall layer thickness....................... m
i;; Lae?lz?]t;%r; 22:: transfer coefficient. -W<.K . c suspension voidage
. S egctral radiat.i(.)r.{i.nlté.n.s'it. e VM‘Z m‘lsr‘l Emf suspension voidage at minimum fluidization
’,& P L Iy H Ecs cross-sectional average suspension voidage
i spectral radiation intensity from black .
bod Wh—2.um-L.sr-1 A radiation wavelength .................... pm
I+ A di)(;a.u.:t.i\./é.r.\éé:[ qux |n .p.o.s.itive H Vg kinematic viscosity of combustion -
o ASES . it 15T
direction ... Wi—2 gombustion a5 densit g
I~ radioactive heat flux in negative Pg . 9 Yorm ° 3
direction ... w2 Pp particle density ..................... ho 3
I, emissive power of black body . . .. .. .. W2 Dsus suspension density .................. kg
K proportionality factor o Stefan—Boltzmann constant,
= —2.x—4
P pressure Pa = 5.67e_—8 ...... REERERE FRRRERES Wh—<.K
qel net radiation heat flux for cluster covered ¢ dimensionless distance in riser;-1x/ X
sectionofwall ...................... w2 @ scattering phase function
qdi net radiation heat flux for section of wall D particle sphericity
covered by dilute Suspension _________ 2 w solidangle...................... ... L Sr

sity, see, i.e., [11,16-20]. Particle concentration in the annu- gas velocity, the suspension density will decrease, result-
lus wall layer increases if suspension density increases [21].ing in a thinner wall layer and thus in increasing radiation
Increased wall coverage is also a side-effect from increas-heat transfer coefficients. If the superficial gas velocity is
ing riser diameterD, since the perimeter per unit cross- increased while adjusting the solids circulation rate to main-
sectional area decreases and there is less wall surface avaitain constant suspension density, heat transfer coefficients
able for down-flow of particles [22]. The thickness of the will not change significantly [1]. However, increased gas ve-
annular wall layer also increases, though not in proportion to locities with constant suspension densities might cause the
the column diameter. The thickness is approximately propor- density profile to change, thereby indirectly affecting heat
tional to D957 according to a correlation given by Werther transfer coefficients. The superficial gas velocity effect on
[23]. A thicker wall layer and higher particle concentration heat transfer coefficients mainly depends on its effect on
increases the radiation resistance between core and wallsolids motion near the wall [6].

thereby decreasing the radiation contribution.

Cluster formations. It is generally agreed that in a fast
Superficial gas velocity. Increased superficial gas velocity fluidized bed, the suspension partly condenses into denser
can cause more particles to be carried out at the top of theclusters that move upwards through the core of the riser [3,
riser, leading to decreasing pressure drop per unit length 0f9,25-27]. At some point, they get swept towards the low ve-
the riser for the same solids circulation rate [24]. Thus with locity region near the wall, where clusters reverse their flow
a constant solids circulating rate and increasing superficial direction and start falling along the wall. The clusters do not
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usually remain attached close to the wall through the entire wheree denotes emissivity andél is a view factor. The net
height of the riser. After falling 1-3 m [28,29], they either radiation heat transfer between the two surfaces is then given
lose their identity due to shear force of the gas or the impact by
of other particles, and they may also simply detach them-

. ) o (TH—T%
selves from the wall and enter the core region again. Dense,,”” _ : J )
. . . . . . r

clusters functions as a thicker radiation shield, and a high Ri_j
fraction of wall coverage by clusters can therefore decreaseThe radiation heat transfer coefficient is defined as
the radiation flux. Y

hy = =" 3)

T - T;

Gas gap thickness. Falling particles and clusters are sepa-
rated from the riser wall by a thin gas film of order the mean If the bed core and riser wall are considered as two infinite
particle diameter [25,26,30-32]. Significant effect from this parallel plates with view factor 1, we can express the thermal
gas gap thickness has been seen on the conduction term imesistance per unit area, as

heat transfer, as a larger gap thickness causes larger thermal 1 1

resistance, but little influence has been seen on the radiationRp—w = — + — —1 4)
term [33]. This is obvious since the view factor between wall € Cw

and bed will approach unity regardless of variations of this BY substituting Egs. (2) and (4) into Eq. (3), we can calculate
limited distance, and the small amount of particle-free gas thg maximum possible radiation heat transfer coefficient for
can be considered as fully transparent. The effect of this fac- this case from

tor is therefore neglected in this work. a(sz + Tuzj)(Tl7 + Ty)
hr,max = 1 1 1 (5)
Membrane wall geometry. The membrane walls of a CFB e cw

riser that surrounds the fluidized bed are made up of verti- This is the maximum radiative heat transfer coefficient,

cally directed tubes, which are welded to lateral fins sepa- /~.max Which could theoretically occur in CFBs, and it can

rating two adjacent tubes. Each fin, sided by tubes, forms abe used as a upper limit for real values in a CFB boiler, where

cavity that affects the solids flow. As a cluster reaches the influences by dampening factors be considered.

wall, it mainly get trapped in the fin cavity region where it

falls in structures similar to waves of strands or streamers [6, 2.1. Radiation heat transfer in participating media

9]. Particles which are concentrated over the fins stay there

longer than those traveling on the crest of the tubes, and the Absorption and emission are the dominant mechanisms

combination of longer residence time and lower view factor of radiation heat transfer through homogeneous media such

from the fin towards the hot core region lead to smaller heat as gases. An additional mechanism of scattering (reflection,

transfer coefficients on the fins. It can be as low as half of refraction and diffraction) is introduced if the media contains

that on the tube crest [9,16,34]. inhomogeneities, such as particles in CFBs. Radiation heat
transfer processes within a CFB usually originates as emis-

Bulk temperature. Heat transfer coefficients increase with sions from the gas-solid suspension in the core and from the
increasing bulk temperature, and this fact has been attributediser walls. This radiation undergoes complex interactions
to the increase in thermal conductivity of the fluidizing gas With the suspension, primarily due to absorption, emission
and to an increase in radiation at higher temperatures. Atand scattering processes. Three dominant factors have been
low temperatures the radiation component is negligible, but used to characterize radiation interactions within the suspen-
above 500C heat transfer coefficients increase predomi- Sion: theabsorption coefficiert), thescattering coefficient
nantly because of the fast growirftf-factor of the radia-  (s) and thescattering phase functiof®). The propagation

tion component [5,35]. Radiation is therefore an important of radiation within absorbing, emitting and scattering media
mode of heat transfer in industrial CFB boilers, where tem- IS governed [37,38] by

peratures usually ranges from 800 to 900 and typically di’

makes up for about 25 to 50% of the total heat transfer coef- dT;g = —ai; (Tyg) — 8205 (Tgg) + aniy, (Tge)
fici .
icient [36] b
+ ji / i (Te) P (1, @, ;) do; (6)
T
2. Modeling of radiation heat transfer w;i=0

The first two terms on the right side represents decreasing
radiation due to absorption and scattering, respectively. The
third term gives the flux due to emission. The last term rep-

1—¢ 1 l—e¢; 1 resents gain from scattering into the direction under consid-
Aiei | AFi, T Aje; (D) eration from all other directions. The radiative intensity,

The thermal resistance for radiation heat transfer between
two surfacesi(and ) is given by

Ri—j=
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Fig. 1. The two-flux model by one particle, having symmetric radiation flux
but of different strength in positive and negative directions.

is defined as the energy per unit area per unit solid angle
per unit wavelength. Note that the scattering phase func-
tion @ (A, w, w;) = 1 for isotropic scattering (Symmetric in
all directions). The absorption and scattering coefficients are
defined as the fraction of the corresponding energy loss from
the propagating wave per unit length of travel.

When particles are present or are injected into a gas to en-

hance its absorption or emission of radiation, the gas-particle
mixture may act as nearly gray [37]. For gray media, the

absorptivity is equal to the emissivity, and there is no wave-

length dependency. Eq. (6) may therefore be written

di’
dTy,

= —ai'(Tyg) — si' (Tgg) + aiy(Tee)

4
s y
+ ym i'(Tg) P (w, w;) do;

;=0

)

If net radiation heat transfer is developed in only one dimen-

M. Eriksson, M.R. Golriz / International Journal of Thermal Sciences 44 (2005) 399-409

whereB is the back-scatter fraction

3ce
= 11
a=Kg a
5= KM (12)
dp

whereK is a proportionality factor.

Consider the right side of Eq. (9). The first negative terms
represents a decrease in radiation flux towards the positive
direction due to absorption and due to back-scattering to-
wards the negative direction, in this slice of the suspension
layer. This is a shielding effect from the particulate media,
sometimes accounted for as a combiredinction coeffi-
cient. Continuation of positive flux is represented by back-
scatter from flux that was going in the negative direction, and
from the last emission term, given according to the Stefan—
Boltzmann law by

L(x)=0T*/n (13)

I, is a function ofx since the temperature level is dependent
on x-position. In the last term of Eq. (9% represents an
effective emissivity of the suspension layer, since we have
assumed gray media and absorptivity equals emissivity.
Brewster and Tien [12] gave no value for the proportion-
ality factor K of Egs. (11) and (12), but assumed it to be a
constant that would have to be determined experimentally.
Chen et al. [40] concluded that this factor adjusts the op-
tical thickness of the gas-particle mixture with a lardér
corresponding to an optically thicker suspension. Consider

sion, the transfer equation can be reduced to the expressiormn average volumetric particle concentratiogs 0.01 in the

from thetwo-flux mode[12,39,40], which describes the dif-

ferential variations in the intensities of forward and back-
ward radiation fluxes along this one-dimensional transport
direction, see Fig. 1. Emission and scattering from particles

transport section of a CFB riser, particle emissivity—= 0.6
and particle diametet, = 260 um. By assuming =1, the
extinction coefficient will be 100 which indicates any radi-
ation flux trying to penetrate even in this relatively dilute

are assumed to be symmetric but having different strengthssuspension would be entirely extinguished within a depth of

in positive (forward) and negative (backward) directions.
Brewster and Tien [12] studied cases where the particles
were large enough that

wd
i ®)

The assumption of independent scattering is then made,

>5

that interactions of the particles with the radiation field are
not influenced by the presence of neighboring particles. This
condition is respected when the distance between neighbor
ing particles, on the average, is large enough in comparison
to their diameters and to the radiation wavelength. If parti-

1/100= 0.01 m. This could hardly be the case and therefore
K « 1 as Chen et al. [40] experimented wiktvalues in
the range of 10° to 1.

2.2. The model

The model in this work is based on the two-flux method

Many researchers have begun with a two-phase structure,
with the flow at the wall dominated by streamers of clusters

traveling mostly downward, interspersed with periods where
there is upwards flow of a dilute suspension, see Fig. 2.
Previous models, such as tbentinuous emulsion model

cles are assumed to be opaque gray spheres, and independegﬁd the non-uniform emulsion modehave been solved

and semi-isotropic scattering is present, the simplified two-
flux equations for radiation heat flux can be written

dr+ 4 _

d—=—(a+sB)I +sBI™ +aly(x) 9)
[x

dr— _

— =—(a+sB) +sBIT+aly(x) (10)

dx

mathematically using advanced finite element method or dis-
crete ordinate method, see, i.e., Flamant et al. [36] and Luan
et al. [42]. To be able to use the model and predjctsome
parameters such as temperature profile, horizontal variations
of density, properties of cluster, fraction of wall which is
covered by clusters, and wall layer thickness have to be
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Fig. 2. Conceptual view of cluster of particles and gas close to a wall.

estimated. The following estimations were made for the pro-
posed model:

Temperature gradient within the bed is obtained by em-
ploying the correlation proposed by Golriz [32], i.e.,
T—T,
T, — Ty

=1—[—0.023Re, + 0.094(T}/ T,,) + 0.294(z/ H)]

x exp[—0.0054(x/d,)] (14)

whereRe, = U,d,/v,. As noted above, the descending wall
layer is often divided into two different sections, one where

403

for reading pressure-drops along the height of the riser. If the

influences of acceleration and wall friction on the pressure-

drop term are neglected compared to the pressure-drop from
supporting the suspension,

AP = psysg Az (18)

where

Psus= Pp(1 — &cs) + pgécs (19)

and thus

fos = Pp ~ Psus (20)
Pp — Pg

sincep, > p,, we can take

gcs=1- Pous (21)

Pp

For the wall portion covered by clusters, the average volu-
metric particle concentration of the clusters is obtained from
the correlation by Lints [45],

col = 1.23:054 (22)

The fraction of the wall covered by clusterg)(is estimated
from the correlation of Lints and Glicksman [25],

f =353 (23)

The correlation of Bi et al. [21] is used to estimate the wall
layer thickness, i.e.,

§=X(1—+/1.34— 1.30(1 — £c9)%2 + (1 — £c9)14)

for 0.80< g¢s < 0.9985 (24)
If the temperature boundary layer continues beyond this
thickness, Eq. (15) is used to obtain voidage values.

Two separate radiation flux calculations are made; one
for the wall section covered by clustetg,, and one for the

the wall is covered by clusters descending along the wall, seoction not coveredyqi. The two results are then weighted
and the other where the very dilute suspension of the innertogether as

core region extends all the way to the wall. We use the corre- |
lation proposed by Issangya et al. [43] to describe the radial ¢ = f4cl + (1 = f)qdi

variation of voidage, i.e.,

_ 3.1 8.8
£(P) = emf + (scs — emp)els T T2197 +50075) (15)

where¢ =1 — x/X. Average voidage for the dilute portion
of the wall layer is assumed to be the value @it x = X/3.

(25)

The radiation heat flux calculation is started in the positive
x-direction by a wall boundary condition,

It =ew0T:}1+(1—ew)1_ (26)
where the first term on the right side represents emission

Note that Eq. (15) and some other equations below are forfrom the wall, and the second term represents reflection from

circular cross-section. The volumetric particle concentration
at this location is then

c=1- e(@) (16)
The voidage at minimum fluidization is estimated from the
correlation by Shafey et al. [44]:

emf = (140,) /3 (17)

where @ is the sphericity of the bed particles. For perfect
spheresp; = 1. In this study, bed particles are assumed to
be slightly less than perfect spheres, wigh = 0.42.

the radiation flux in the negative direction.

At first, no I~ values are known. Therefore, all nega-
tive direction fluxes are preset to zero. Discrate-steps are
then made, with an average temperature for the step obtained
from Eq. (14), and an average volumetric particle concen-
tration from Egs. (15) or (22). To calculate the increase or
decrease in positive direction radiation flux, we use

AI" = Ax(—(a+sB)I* +sBI™ +aoT? (27)

The back-scatter fractioB = 0.667 for diffusely reflecting
particles [12] has been generally accepted as a realistic as-

gcs represents the cross-sectional average voidage. Insumption for CFB particles and is therefore adopted to this
CFB boilers, there are usually several measurement pointswork.
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The first two Ax-steps used have length 10 um, then a Table 1
Fibonacci sequence Parameter values used for the simulation

Parameter
ste = step + ste n=123,..) 28
P2 B P ( ) Bulk temperatureT}, 850°C
is used to gradually increase the step-length as the tem-wall temperature7s, 210°C
perature gradient becomes less steep, up to a maximum ofVall emissivity,e, 0.8
1 mm. These steps continue until the edge of the tempera-F2rticle emissivitye, 0.6
t b d | defined T T —T.)—0.995 Particle diametey/,, 260 pm
ure boundary layer detine QE— w)/ (T = Tw) = 0. . Particle densityp,, 2600 kgm~3
Here a bulk boundary condition is set as Cross-sectional average bed density 3orkg?
- 4 _ + Riser cross-section length 3m
I =epoly + A—epl (29) Riser cross-section width 3m
and the flux equation for negative direction Dimensionless height above the distributof H) 0.5
Superficial gas velocity 5ms1
AI™ =(=)Ax(—(a+sB)I~ +sBI" +aoT? (30)

is used to start calculation steps back towards the wall again.cases where values of some parameters are not specified. In
The first(—) sign on the right side indicates that we now use such cases the values listed in Table 1 have been used unless
steps in the negative direction, but in calculations positive noted otherwise. The proportionality factdf, = 1/20000
step-values are still used. Now we havefrom the preced-  has been used based on experimenting with the behavior of
ing step and * from the next step ahead, making full calcu- the model [41]. In simulations of small laboratory units the
lations for each step possible. But sinfcewas taken as zero  thermal boundary laye T — T,,)/(T, — Ty) = 0.995 was
during the first round, we make several iterations back and terminated at the half-way level. This was since the Eq. (14)
forth through the temperature boundary layer, until the lev- is a correlation based on experimental temperature measure-
els converge and we get less than a 0.01% change in the netnents at membrane wall in industrial CFB boilers.
heat flux received by the wall. The thermal boundary layer
thickness is defined as the distance from the wall surface3.1. Comparisons between calculations and experiments
where the dimensionless temperatu®— T,,) /(T — Ty),
is 0.995. The details of this process were explored by Eriks-  The total heat transfer coefficient between circulating flu-
son [41]. idized bed and heat exchange surfaces in both large scale
Emissivity values for real surfaces are not always easy as well as laboratory scale risers have been measured and
to determine, especially for a high temperature environment reported in numerous papers [1,4,10,17-19,45-47] among
such as in a CFB combustor. Emissivity also varies with others. Unfortunately, much of data were limited to small
surface smoothness, typically being smaller for a highly pol- scale and low temperature conditions. However, the contri-
ished surface than for a rough one, and it usually varies with bution of radiation to the overall heat transfer process in the

temperature as well. Particle emissivigy, = 0.6 and wall
emissivity,e,, = 0.8 are used in this work.

Different correlations for effective bulk emissivity have
been proposed. Typically they refer to particle emissivity

operating temperature range of 600-9Q0is still in ques-
tion. Most of investigators have reported indirect radiative
heat transfer coefficient see Steward et al. [7], Werdermann
and Werter [10], Golriz and Sunden [31], and Wu et al. [35]

and sometimes also to combustion gas emissivity. Values foramong others. Predictions from the present model fall rel-

total bulk emissivity given by different correlations ranges
from about 0.8 to 1. A correlation adopted to this study
for obtaining effective bulk emissivity of a particulate me-

dia like the one found in a CFB suspension, which give
ep ~ 0.84 for e, = 0.6, has been derived by Brewster [39]

using the two-flux method and referring to particle emissiv-
ity and back-scatter fraction, as

ep ep 1/2
= [(1— ¢))B <(1— B 2)}
___ %
(1—ep)B (31)

3. Resultsand discussion

In order to compare the simulation predictions with the

atively close to the:, estimated by authors from total heat
flux measurements for large-scale CFB boilers, as well as
Wu et al. [35] for a laboratory scale CFB, as shown in Ta-
ble 2. There are only a few investigators that measured direct
radiative heat flux with a probe, i.e., Luan et al. [42], Basu
and Konuche [48], and Han and Cho [49]. In this work, we
compare the results of the prediction with the experimental
data of those works that measured direct radiative heat trans-
fer coefficient. The dimensions and operating conditions on
these units are summarized in Table 3.

Basu and Konuche [48] measured local radiative heat
transfer coefficient in a 6.7 m high,ZD mx 0.20 m cross-
sectional area riser by means of a window probe. The probe
consisted of two 38.1 mm diameter quartz glass placed 3 mm
apart in front of the receiving brass cylinder. The body of
the probe was made of a 14 mm long and 25.4 mm diameter
stainless steel plug, one end of which was heated by the bed

experimental results available in the literature, there are while the other end was cooled by water. Tests were carried



M. Eriksson, M.R. Golriz / International Journal of Thermal Sciences 44 (2005) 399—-409 405

Table 2

Operating conditions and comparison of model prediction with the estimhatédm high temperature experimental data

Author Steward et al. [7] Werdermann and Werther [10] Golriz and Sunden [31] Wu et al. [35]
Bulk temperatureC] 850 858 800-850 701

Probe surface or wall temperatufe] 279 340 210 83

Probe surface or wall emissivity 0.85 N/A 0.8 N/A

Particle density [kgn—3] 2100 2500 2600 3066

Particle diameter [um] 200 209 270 299
Suspension density [kg—3] 2-40 9.2 15-70 60

Riser diameter [m] 36 x 3.96 x 23 513x 5.13x 28 14 x 1.7 x 135 0.15x 0.15x 7.3
Gas velocity [ms 1] 6.4 N/A 4-6 6.5-8.6

hy (estimated by authors) [Wn—2.K—1] 100 109 75-80 68

hy/h [W-m™2.K™1] 50% 33% and 63% 46-67% 64%
Predicted:, by the 91 96 79-90 56

Model [W-m~2.K~1]

N/A = Not Available.

Table 3
Operating conditions and comparison of model prediction with the experimgntiita

Author Luan et al. [42] Basu and Konuche [48] Han and Cho [49]
Bulk temperatureC] 800-900 650, 885 650-850

Probe surface or wall temperatufed] 25-189 50, 70 N/A

Probe surface or wall emissivity 0.9 N/A 0.7

Particle density [kgn™3] 2610 2650 2608

Particle diameter [um] 286 & 334 296 450

Suspension density [kg—3] 20-90 4-30 20-30

Riser diameter [m] 01% 015x 7.3 02x0.2x6.7 02x0.2x6.0

Gas velocity [ms—1] 8 8-11 3.0-5.0

Measured:, [W-m~2.K~1] 19-143 45,110 60-120
Predicteds, by the model [Wm~—2.K—1] 11-98 47,86 foiT,, = 100°C 44-83

for T, = 250°C 57-96

N/A = Not Available.
2 Estimated value.

. : 160
out on sand particles of mean size 296 pm, at local sus-

pension densities 4-30 kg3, and over a bed temperature

range 500-900C. Basu and Konuche [48] reported that the 120
radiative component is 74—91% of the total heat flux trans- £
ferred from suspension to the wall. This is much higher than 80
other reported values in the literature for the direct radiative IR

(W/m

heat transfer measurements that are between 15-36% [49];< 20 L

22-38% [42], and for indirect, 50% [7]; 46—67% [31]; and

25-50% [36]. Fig. 3 compares the model predictions and ex-

perimental results. The model substantially underestimates 0

radiative heat transfer coefficients at higher temperatures, 600 700 800 900

while the predictions are quite close at lower temperatures. Bulk temperature (°C)

One reason for the deviations could be that heat CondUCtedFig. 3. Comparison of predicted radiative heat transfer coefficient with ex-
through the windows could not be removed totally. Another perimental data of Basu and Konuche [48] for different suspension tem-
reason could be that the body of the probe was assumed to b@erature. Operating conditions are listed in Tables 1 ant}, 3= 296 um;
insulated such that conduction took place in one dimension #sus=4-30 kgm~3; p, = 2650 kgm™3. Line shows predicted results.
only; failing this make that higher heat flux was recorded and
it will increase with suspension temperature. Another possi- and 7.3 m high. The radiative heat fluxes were estimated
ble cause is that the model does not consider the dependencyising both the differential emissivity method and the win-
of e, on the bed temperature as reported by Baskakov [50]. dow method for sand of mean diameters 286 and 334 pm.
Luan et al. [42] reported experimental local radiative heat The surface temperature varied between 25 and C491].
transfer coefficients at temperatures from 200 to9D@nd Fig. 4 shows the experimental and predicted local radiative
at local cross-sectional average suspension densities from 2Meat transfer coefficients as a function of suspension temper-
to 90 kgm~3. The riser was 152 mm square in cross section ature. Data from Luan et al. [42] exceeds simulation results
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Fig. 4. Comparison of predicted radiative heat transfer coefficient with
experimental data of Luan et al. [42] for different suspension tempera- Fig. 6. Influence of suspension density and particle diameter on radiative
ture. Operating conditions are listed in Tables 1 and/3= 286 um; heat transfer coefficient.
psus=50 kgm~3; p, = 2610 kgm~3. Line shows predicted results.

of the unknown wall temperature we will not draw other con-

160 )
clusions.
- 120 5 3.2. Sensitivity analysis
~ /
§ 80 (89/ = The model is used to study influence of various para-
= /D”S meters on the radiative heat transfer coefficient in CFB
40 combustors. The most important parameters such as sus-
pension temperature, wall temperature, particle emissivity,
wall emissivity, suspension density, particle diameter, and
0 the riser diameter are studied. The base case operating con-
600 700 800 900 ditions are shown in Table 1.
Bulk temperature (°C) If suspension density is set jays= 0 in the model, no

attenuation of radiative heat transfer from particles in the

Fig. 5. Comparison of predicted radiative heat transfer coefficient with . .
suspension occurs, and the same results should be achieved

experimental data of Han and Cho [49] for different suspension temper-

ature. Operating conditions are listed in Tables 1 and,3= 450 pm; as by using Eq. (5) with the same emissivity values. Then
psus= 20-30 kgm~3; p,, = 2600 kgm~3. Lines show predicted results:  particles are introduced with increasing of suspension den-
solid (' = 250°C) and dashed{ = 100°C). sity levels in the model andl, gradually decreases below

the prediction of Eq. (5). Fig. 6 shows that the radiative heat

from the model at higher temperatures. One possible expla-transfer coefficient decreases with suspension density as ex-
nation for this could be that they did not fully succeed in pected. This is due to increase in several related factors such
isolating the radiation component, and has received a contri-as particle concentration of the clusters, fraction of wall cov-
bution from convection/conduction at higher temperatures. ered by clusters, and wall layer thickness. This shows that
This would be reinforced by combustion gas conductivity, decreasing suspension density decreases the total heat trans-
which increases with temperature. A second explanation fer coefficient whiles, increases. This is more significant in
could be that the suspension and/or riser emissivities maycommercial CFB boilers where the suspension density varies
have been larger at higher temperatures. between 2 to 17 kgn—3 [52]. This figure shows also that the

In Fig. 5 the experimental data of Han and Cho [49] &, increases with increasing particle diameter. This is due to
at superficial gas velocity of 4 1!, suspension density the decreased attenuation of the emitted and scattered radi-
of 25 kgm~3, particle diameter of 450 um in a CFB riser ation from different optical depths in the clusters as well as
with 0.2 x 0.2 m in cross-section are compared with model in the dispersed/dilute phase, as reported by Brewster [39].
predictions at wall temperatures of 100 and 280 since The dashed line in this figure indicates the maximum radia-
the actual wall temperatures were not available. The radia-tive heat transfer coefficient, Eq. (5).
tion probe consisted of a brass body, calcium fluoride win-  The radiative heat transfer coefficient increases as sus-
dow and heat flux transducer. The diameter of the sensor ispension temperature increases (Fig. 7). This is consistent
6.35 mm and it is water-cooled. In the calculatiens= 0.6 with the experimental results reported by, e.g., Basu and
ande,, = 0.8 were used. At highest temperature, the figure Konuche [48], Luan et al. [42] and Han and Cho [48).
shows the same tendency as discussed in the comparisons timcreases also with increasing wall temperature as shown in
Luan et al. [42] and Basu and Konuche [48] above. Becausethis figure.
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Fig. 7. Radiative heat transfer coefficient as a function of wall temperature Fig. 9. Influence of riser diameter and suspension density on radiative heat

and suspension temperature. transfer coefficient.
120 - . . . .
M ficient. This suggests that at this suspension density, the wall
layer is already fully developed at a riser diameter of 2 m.
100
g mw st
§ 80 WWAA/‘ 4. Conclusions
< ew
< W o 09 A new model, based on the two flux method, is pro-
60 - 08 posed to determine local radiative heat transfer coefficients
- 07 on walls of the furnace of a circulating fluidized bed com-
40 | bustor. The model contains several parameters and the dif-
0.5 0.6 0.7 0.8 0.9 1 ficulties in estimating these were thoroughly discussed. It

was found that the model predictions were in good agree-
ment with experiments at lower temperatures and underesti-
Fig. 8. Radiative heat transfer coefficient as a function of particle emissivity Mates at higher temperatures. The deviation may be due to
and wall emissivity. the experimental results having a contribution from convec-
tion/conduction especially at higher temperatures.

The particle emissivity value used in this study & 0.6) Th.elsimul_ation result_s indicate that radiation heat transfer
is uncertain. One reason for this is that from the first day Coefficients increase with bulk temperature, wall tempera-
of use the sand particles are coated by mainly a mixture ture, wall emlsswl.ty. and particle emls§|y|ty. But _radlatlon
of Ca- and Mg-silicates as well as P and are mixed with h_eat transfer coefﬂuents_decreas_e_3|gn|f|cantly with suspen-
ashes especially when biomass fuels are used, Brus et alSiOn density at suspension densities less than 201
[53] and Sjosten et al. [54]. Values of)< ¢, < 0.85 and I_nfl_uences of particle size and riser d_lameter oni_theare _
0.7 < e, < 1.0 are used in the literature see, e.g., [31,42, Ilmlted to lower suspension densities in CFB’s of industrial
55]. The influence of particle and wall emissivities is illus- S'%€-
trated in Fig. 8. This figure indicates thiat increases with
increasing either particle emissivity or wall emissivity. It is
obvious that assuming a certain particle or wall emissivity
will greatly affect the predicted results. For example varying
e, from 0.6 to 0.85, at,, = 0.8 leads to 23% increase of the
radiative heat transfer coefficient. This increases even more
at higher wall emissivities.

Fig. 9 shows that above a suspension density of.thkg,
increasing riser diameter leads to decreagingrhis can be
explained by decreasing wall area in comparison to riser vol- (1) ... wu, C.J. Lim, J. Chaouki, J.R. Grace, Heat transfer from a cir-
ume, which causes a thicker wall layer and thus a stronger  culating fluidized bed to membrane waterwall surfaces, AIChE J. 33

Particle emissivity (-)
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