TEMPERATURE OF PARTICLES HEATED IN A FLUIDIZED BED OF INERT MATERTIAL

A. P. Baskakov, N. F. Filippovskii, UDC 662.62:66.096.5
V. A, Munts, and A. A, Ashikhmin

The authors give formulas for calculating the heat- and mass-transfer coefficients
for particles with a fluidized bed of inert material. A method is given for de-
termining the temperature of the hot particle.

With known concentration C of oxygen in a gas and known temperature t of a bed of inert
particles, the temperature of a hot particle tp is given by the relation
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In a fluidized bed of fine particles the rate of filtration of the gas through the solid
layer (in the gaps between the particles) is very small, and therefore the gas convection
does not appreciably influence the heat and mass transfer processes. Taking into account
that the heated particle is separated from the inert particles of the same size by a spherical
layer of volume equal to that of the pores pertaining to one particle, we can write [1]
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This agrees with the experimental and theoretical data of [2] obtained with heat transfer to
a sensor and a bed of nonmetallic particles without blown gas.

The minimum value of mass-transfer coefficient from a single particle in a motionless
bed is given by the relation Sh = 2. An analogous expression must be valid also for mass
transfer from a single particle to a bed of inert particles without beam gas. The diffusion
conditions in the pores of the solid material are worse than for a pure gas filling the pores,
and therefore the value of Sh (with the coefficient of gaseous diffusion substituted into it)
must be less than two. In the first approximation [3]

Sh~ 2~ 1. 3

In the bed of very large particles (Ar > 10°) convective heat and mass transfer predomi-
nate, and there is an analogy between the processes of convective heat and mass transfer. For
the case when the diameter of the hot particle is equal to that of the inert particles, we
use the formula

Nu, = 0,4 (Re/e)?/3 Prl/3, 4)

proposed by the authors of [1} to calculate the interphase heat transfer in a fluidized bed of
large particles (Re/e > 200). Taking into account that the intensity of interphase heat and
mass transfer in a bed of these particles depends slightly on the fluidization velocity [4-6],
we can simplify Eq. (2), reducing it to the conditions corresponding to the onset of fluidi-
zation. This approach also has the physical basis that the particles are found mainly in the
dense phase with blowing velocity close to that of the onset of fluidization. Taking e =

0.48 and calculating Re from the simplified relation [7] for large Archimedes numbers
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we obtain for heat transfer

Nu, = 0,26 (Ar Pr)1/3 (6)

and for mass transfer
Sh, = 0,26 (Ar Sc)1/8. (7)

Over a wide range of particle diameter dp= d we can progose interpolation relations that
coincide with the limit for small (Ar =~ 0) and large (Ar 2~ 10°) values of the Archimedes
number

Nug = 10 4 0,23 (Ar Pr)!/3, (8)
Shy = 1 - 0,26 (Ar Sc)!/3, (9)

We should stress that in a bed of fine particles (Ar < 10%) the ratio Nus/Shs__lO and
in a bed of coarse particles (Ar > 10°) Nus/Shsz~~1.

Thus, in the case where the process is not restrained by the kinetics, i.e., in the
purely diffusion region, for an increase of particle diameter, the temperature drop between
the hot particle and the bed will increase by an order in the interval Ar = 102-106, and
remain almost unchanged outside those limits. In fact the temperature drop will be less
because of the influence of radiation.

For an increase of diameter dp of the body (for example, a hot particle) above the
diameter d of the inert particles composing the main mass of the bed, the intensities of
heat and mass transfer first drop, and then stabilize. For bodies of diameter dp = 10-60 mm
we can use the empirical relations [8] describing heat and mass transfer by convectlon of a
gas and particles:

Nu, = 0,85 Ar?:19 4- 0,006 Ar0.5 Pri/3, (10)
Sh, = 0,009 Ar?-58cl/2, (11)

The gradually attenuating influence of the ratio of diameters of the body and the parti-
cles corresponds qualitatively to an exponential form of dependence of the heat transfer co-
efficient on this factor. Therefore, over a wide range of the ratio dp/d we can suggest the
calculation formula in the form

44 (12)

Nu::Nuy+(Nu3——Nugexp(——J&—).
An indirect justification for Eq. (12) is the analysis in [9] of the influence of the wall
height on the intensity of heat transfer to a bed of large particles, although undoubtedly
future direct experiments may require it to be modified.

At high temperatures we must add the radiant coefficient [10]

o = 7,30 £blp (13)

to the conductive and convective heat transfer coefficients.

For mass transfer in a bed of fine particles the influence of the ratio dp/d can be
estimated from the condition that Sh' 2 1 and for the case dp > d, if we take d, as the
characteristic dimension in the Sherwood number Sh', But if we take d as the characteristic
dimension, then with d /d > 1 we abtain Sh = d/d in a bed of large particles the influence
of the body diameter on the mass transfer is reduced [6]. Over a wide range of particle diam-
eters and of the ratio dp/d > 1 to calculate the mass transfer we can suggest the inter-
polation relation

d d
Sh:=.:£;4_Sh44-(5h2—-8hgexp(——«zél). (14)
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Fig. 1. Dependence of the dimensionless coefficient of
‘heat transfer Num.x=amaxd/hg between a fluidized bed and

a body immersed in it, as a function of the number Ar:
1, 2, 3) calculations using Eqs. (10), (8) and (6); 4,
5, 6, 7) data of [5], [12], [12] and [11], respectively.
The body dimensions are: 1) d, = 10-60 mm; 2, 3, 4) dp =
d; 5) dp = 3d; 6) dp = 10d; 7? wire of dp = 0.2 mm (the
point corresponds to the condition dp = d).

Fig. 2. Dependence of the dimensionless coefficient of
mass transfer Sh=@d/D between a fluidized bed and a body
immersed in it as a function of the number Ar: 1) calcu-
lation for a small body with dj = d using Eq. 9); 2)
calculation using the empirical formula (11) for a large
-body with dp > 15-20 mm; 3, 4) experimental relations

of [6] for dp = d and dp = 10d; 5) experimental corre-
lations of [13], [14] for dp = d (in the calculations

we assumed Sc = 0.7).

Figures 1 and 2 show a comparison of the calculations using the above formulas and the empiri-
cal data. It should be noted that, according to [12] and the analysis of Figs. 1 and 2, the
intensity of heat and mass transfer from anchored and freely flying bodies is practically

the same.

As they burn up the hot particles become fewer than the inert, but they continue to
stay in the bed roughly until their dimension has decreased so much that the feed rate be-
comes less than the gas velocity in the equipment. In a bed of finme particles of inert
material the rate of filtration of the gas is small, and therefore as before we can use the
relation Sh,=Sh;~1. The higher value Nu;=Nu; =~10 of Eq. (2) is associated with contact of
the hot particle and the inert particles. With decrease of the ratio dp/d there is a decrease
of the number of points of contact of the hot particle with the inert particles. Thus, for
spheres with d?/d = 1; 0.732; 0.414; 0.225; 0.155; O the maximum possible number of points of
contact is N =12, 8, 6, 4, 3, 2. Taking into account Nu] is roughly proportional to the
maximum possible number of points of contact, for the case of very fine particles of inert
material and even finer hot particles (dp < d) we obtain

Nuj = 2 + 8dp/d. (15)

Located between large particles of inert material, the finer hot particles are washed
by a gas with velocity corresponding to the onset of fluidization of the inert particles, as
given by Eq. (5). To calculate the heat and mass transfer in this case (besides for dp < d)
we use Eq. (4), taking as the characteristic dimension there the hot particle diameter:

Nup = 0,26 (dy/d)?/3 (Ar Pr)!/3, (16)
Sh; = 0,26 (dp/d)?/2 (Ar Sc)l/3. an
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Fig. 3. Comparison of the calculated At. and experimental
Ate values of overheat temperature of hot coal particles, °C.

Fig. 4. The overheat temperature of a coal particle At, °C,
as a function of its diameter d,, mm, in a bed of sand
fluidized with air, t = 900°C: 1, 2, 3) calculation using the
given method for brown coal with inert material particle di-
ameter of d = 0.4, 0.8, and 1.5 mm, respectively; 4) the same
for Ekibasuzskyi coal with d = 1.5 mm; 5, 6) calculations
according to [16, 17] with d = 0.8 mm; 7) the data of [20]
with d = 1.5 mm.

The Archimedes numbers in Eqs. (16) and (17) are calculated from the characteristics of
the inert material, and Nu' and Sh' are calculated from the diameter of the hot particles.
Over a wide range of diameters of the inert particles with dp/d.sgl we can write relations
analogous to Egs. (8) and (9):

, d : /
Nuj = 2+ 8_29_ + 0,23 (dp/d)2/® (Ar Pr)t/3, (18)

Shg = 1 + 0,26 (dp/d)*/® (Ar Sc)'/*. (19)

Figure 3 compares the calculations using the proposed formulas with the known experi=-
mental data of [15-21]. TUnfortunately, most of the authors do not give the values of the
kinetic constants of the coals used. In these cases the rate constants of burning of brown
and were calculated from the formula X = 8610 exp (—11908/T) (as for Irsh-Borodinskyi [22]),
and for cokes and Ekibastuzkyi coal we took K = 11060 exp (—13555-T) {23]. The thermophysi-
cal parameters entering into the equations were taken for air at-an average temperature
between that of the bed and the hot particles. The scatter of the experimental values of the
hot temperature stemmed to a considerable extent from the difficulties of experimentally de~
termining the temperature of a hot coal particle. The measurement of a thermocouple temper-
ature [16, 20] can lead to substantial errors because of the added errors due to the fact
that the coal particle has quite high electrical conductivity. 1In temperature measurement
by photographic methods [15, 19] we actually measure the temperature of that part of the
particle which is not in the bed. The melted wire method, used in [18], allows one to
determine only the range of hot temperatures. In addition, difficulties also arise with
determining the oxygen concentration, if there are encugh hot particles in the bed [20].

To estimate the conditions for possible sintering of ash in a bed, it is important to
known the overheat temperature as the coal particles burn up, i.e., as their diameter
decreases for a constant diameter of inert material. Calculations show that in the dif-
fusion regime a decrease of the diameter of the coal particles leads to an increase of the
overheat temperature (Fig. 4). This is in good agreement with direct measurements of
particles in the process of burnup [15], and is also confirmed by experimental data ob-
tained on coal particles of different diameters (Fig. 4, curve 7 [20]), and by theoretical
calculations (Fig. 4, curve 6 {17]). In some experiments contrary data were obtained. For
instance, in the empirical formula of the authors of [16], Af~d01!5 (Fig. 4, curve 5). The
cause of the contrary data obtained by different authors may be the above-mentioned diffi-~
culties in accurate measurement of Af, and with differences in properties of hot materials.
In particular, in the kinetic region a decrease of coal particle diameter leads to a decrease
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of At, since‘the heat transfer coefficient continues to grow, but the intemsity of heat re-
lease per unit area does not change. According to the data presented in Fig. 4 (curves 1-3)
at a fluidized bed temperature of 900°C this region of combustion of brown caocal is observed
for dpZ 1 mm, and for Eikbastuzskyi coal, for 4,2 0.2 mm. The maximum overheat temperature
corresponds in this case to a zone of transition from the diffusion combustion regime to the
kinetic regime, i.e., for K ~ B.

With the proposed method one can calculate the temperature of hot particles, with accur-
acy sufficient for engineering purposes, as required for calculating the rate of burnup of
coal in fluidized bed furnaces and for estimates of possible conditions of slag formation.

NOTATION

C, mass concentration of oxygen in the gas; d, d,, diameter of a particle of imert
material and of coal, respectively; D, coefficient of molecular diffusion of CO2 in air; K,
rate constant of the reaction C + 02; N, number of points of contact of the hot particle with
inert particles; Q = 12.3 MJ/kg, heat of the reaction C + 02 in calculating 1 kg of oxygen;
t, tp, temperature of the fluidized bed and the hot particle, respectively; o, coefficient
of heat transfer; B, coefficient of mass transfer; e, porosity of the fluidized bed; ep, €p,
emissivity of the fluidized bed and of the coal particle, respectively; Ag, thermal con-
ductivity of air; o9 , StefamrBoltzmann constant; v, kinematic viscosity of air; Ar, Nu, Pr,
Re, Sc, Sh, the Archimedes, Nusselt, Prandtl, Reynolds, Schmidt and Sherwood numbers, re-
spectively.
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