RADIATIVE HEAT FLUX ABSORBED BY A FLUIDIZED
BED IN RADIATIVE HEATING

A, A, Sverdlov UDC 536.3:66, 096.5

An equation is derived for the heat flux absorbed by a fluidized bed in radiative heating.

Working from the analogy between the heating of a solid and the heating of a fluidized bed, we note
that since the temperature drop over the height of the bed is small in the case of well-developed boiling,
while Aef is always large [1, 2], the Biot number for the fluidized bed is usually less than 0.25, so that the
fluidized bed can be classified as a "thin" object [3]. For thin objects and ordinary values of Atextr’ the
temperature drop within the object during the heating is slight, the object is heated uniformly over its thick-
ness (over the height, in the case of a fluidized bed), and the internal heat transfer in many technological
processes thus does not limit the heating process.*

In the radiative heating of a fluidized bed, the decisive role is thus played by radiative heat transfer
between the radiator and the heat-absorbing surface (the surface of the fluidized bed).

* This assertion is correct except for the case of highly endothermic processes.
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Fig. 1. Diagram used in deriving the equation
for the resultant thermal radiation flux absorbed

by the fluidized bed,
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In designing furnaces with radiative or convective—radiative heating of abed, it is necessary to cal-
culate the geometric dimensions of the furnace (the ratio of the furnace diameter to the distance from the
radiating crown fo the surface of the bed). under the assumption that all other parameters (the temperatures
of the bed and the crown, the emissivity of the surfaces, efc.) are governed by the technology of the process,
If the geometric dimensions of the furnace are chosen on the basis of structural considerations, it is neces-
sary to carry out a verifying calculation to determine whether the necessary amount of heat can be trans-
ferred to the bed with the selected parameters of the technological process or if it is necessary to deter-
mine the temperature of the crown. We therefore need an equation which unambiguously gives us at least
one of these parameters,

A furnace for the radiative heating of a fluidized bed is a closed system of several gray objects separ-
ated by a diathermic or absorbing medium which is in a state of radiative heat transfer. We need to find
an equation for the resultant radiation flux absorbed by the surface of the fluidized bed, Let us determine
the flux of thermal radiation from surface 1 to surface 2 (Fig. 1).

The amount of heat incident on surface 2 from surface 1 is given by the following equation for the

case of a single reflection from each surface in the system:
igg. = Q1912 — QuP155P — QQrssPar/1P1s — QuP1am PPz + QrProlsPag”sPe- 1)

where Q =EF| is the heat flux associated with the radiation of surface 1 itself. Since the refractory lining
materials used in practice (chamotte, Dianas brick, chrome—magnesite brick, high-alumina chamotte,
etc.), as well as the fluidized beds, have a high emissivity (¢ =0.8-0.85), we can neglect the heat fluxes
reflected from surfaces 1 and 2, corresponding to the third, fourth, and fifth terms in Eq. (1). We there-
fore assume that the effective radiation of the crown and the surface of the fluidized bed is equal to the in-
trinsic radiation., Calculations show that with g; =¢, =0.8 the error of this assumption does not exeeed 5%
for small values of H/D (H is the distance from the crown to the surface of the bed, and D is the furnace
diameter), and for the ratios H/D=1.0-4,0 used in practice this error does not exceed 1-2%.

Then we have
;gl = EiF1 (@ua + @13 Pafs)-

Surface 3, absorbing some of the radiant energy incident on it from surface 1, also radiates to surface 2,
Using the assumption above, we can write the following equation for the flux of thermal radiation incident
on surface 2 from surface 3, again for the case of single reflections:

Q;I-l-cz; = EF3(Qas — @a3Pagls)-
Analogously, for the flux from surface 2 onto lateral surface 3, again for single reflections, we have
Q?;czz = EFy (@g - @osPae’s)-

Now taking into account n reflections of the energy from surface 3, we write the flux from surface 1
to surface 2 as
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12 R : . n—l
inc = E1F1 {Q1s + P1a7sPas + @1573@a3Pss T 0 T P1al3933 P,

s o @)
Q;né = EF; [(Pm + 1305 2 ((Pé‘é“‘ fs”)] .

n=]

n=N
Here E Fy¢y, is the flux incident on surface 2 without reflections, and E;F @303 E (B trD) is the

n=1

flux from surface 1 to surface 2 as a result of the n-th reflection from surface 3 (N is an arbitrarily large
number}).

Analogously, we can write the flux which returns to surface 1 after the n-th reflection from surface

anc P15Pa1 Z(CPH— rn

Part of the energy incident on surface 3 from surface 1 is absorbed by surface 3 in each reflection from it.
This part of the energy is '

b = E\F1913 (1 —73) + ExFi@uas (1 —75) -+ - +E Fapas (1 —r)) 357 75;
n=N

v ((Pn—l rrz

Q’a'ﬁi = EF ¢y,

Defining

we have
Qabs = E1F1(P13R Z ((P"‘ f'l
n==1
We obviously have

(ch — Q1) + QincI Qabs = Ql‘P;s’

n=N n=N

E F191305 2 ((Pgs l’n) + EiF191505 z ((P"—_l r" + E Fl(PlsR 2 ((P"—l r E\Fiq:3

=1

and thus
n=N 1
(i 1) = o . 3)
" 83 (Paz‘[“(Psl"F‘Ra
n=
Substituting (3) into ) and carrying out some simple manipulations, we find
P13P32
— EF, {9+ ——————) . 4
1nc ( ” Pae + P+ Ra @
The flux from surface 3 to surface 2 after the n-th reflection from surface 3 is
31;5 = EF, (@53 -+ Dsa"sPa2 + PassPaslePoz + «* - + %zq)gs rs),
n=N_
Q%Hz = EsF 39z 2 ((Pgs . (5)
n=0

Analogously, the flux from surface 3 to surface 1, with the n-th reflection taken into account, is

n=N
Q:;é = E;F30g Z ((Pga r3).
n=0

715



The absorbed energy is

We note that

Obviously, we have

or

and thus

We then have

Q:;T):: == EyF ypag (1 — 1) + E3F 3973035 (1 —Trg)t e

oo+ EgFy(1—ry) gl i,
n=N
Qibs =Ess(1—r9) 3 (g5 rp).

n=>0

(1—r 1 g =( —s ), r rm).
3) (CP33 3 n 3Ps3 ((Pa;; )
n="0 n=0
in(z: + Qiﬁé + Qi?s’ = EaF 3
n=N ) n=N n=N
EyFsgs X, (@579) + EsFan 3 (@579 -+ EsFoRerspus ) (9, 12) = EoF,
n==0 n=0 n=0
n=N
() = ‘ :
o Paz + Pgy + Ry7sPss
?Hg == EsF 3 P

P32+ @21+ Ryrs0gs

The flux from surface 2 to surface 2 as a result of the n-th reflection from surface 3 is

or

Analogously, the flux from surface 2 to surface 1 as a result of the n-th reflection from surface 3 is

The absorbed flux is

Qi—bz = E,Fo (1 — 1) @g5 + EyFo@ualy@a (1 —1g) + - - - F EyFopay (1 —1) (Pgs_l rg_l

or

We obviously have

Qf;é’ = EoF 3 92s"sPss + EoF s@aslsQass@aa i+ -+ +.EoF, 2(Pg;l I3GasPs

n=N
2;;2 == EyF ;0293 2 (9357 rp).

n=1

n=N
2—-1 __ n—1 pn
inc = LaF2@asPa 2 (o551 ).
n=1

n=N
Qza_ﬁg = E,F z%sRaE (955! r9).

n=1

1;2 + QIECI + Qi?;i = EF @y,

Substituting (7)-(9) into (10), and carrying out certain simplifications, we find

and thus
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(o35 r3) =
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1
95+ Qu -+ Rs ’

PosPse

2—2
e = EF, ———— —————
Cinc 2 gt P+ Ry

(6)

()

@8)

9

(10)



Taking into account the radiation from surface 2 to itself (g, = 0), we have
22 - Poz 1 PasPae
ne = EoFy — 21X 11
Vine wr Qg -+ P31 - Rs b

Accordingly, the total heat flux incident on surface 2 as a result of radiative heat transfer in a system of
three surfaces filled with a transparent medium, with the n-th reflection from the lateral surface taken into
account, is

=2, 2—2 3—2
Q2mcz Qine + Qinc+ Qinc,,

. P13Ps2 : Po3Pso Pgo
Qo= By [0+ — 0 ) LB (gt B0 )
e v \ o Paz + G 1+ Ry * Py Pz + R v P32+ Qa1 + Raray

Noting that the specific flux is Eyjpp =Qpine/Fy, and that we have daoyy /oy =Fy/Fy and g3/, = F3/F,, we find,
from the reciprocity rule for angular coefficients,

Doy P13P32 : PosPas " E Pas3
Eyp, =E + ’ ) +E ((P T “—,‘”‘“-‘“) + £; ; .
?Re ! ((le P1z G -+ 951 + R A PPt R; oz T Par + RargPas 13)

The resultant flux at surface 2 is
ER2= Es. & ——E._,_,

-inc™2

50 we have

F.f , i 5 2 . . 25P3: .
Epo= LE1 ((Plz - .FlaCP:s - . ) - E-z((P‘z: - ,(PZSCPSZ- \/ - B | %? :} &—E. (14)
. . Gaz = P — Ry (%% Qg2+ Qa1+ Ry @32 = @31+ Ryr3ss

If
Fy=F,, then @, = Gy1} Qa1 = Qap%  Pog = @s3.

Assuming gy =0, we find

. Pa3Pso PazPsa ) Pog
E = E _.,T‘———"——_\)-‘—Eq"—‘—‘“‘—-‘TE'_‘—‘—’*‘J&Z—-E.
Re [ ' ((PL 29y, + Ry | T 205, + R, ? 235 + Ryf5s3 ’ (14a)
If ry=1, then E;=0, and the equation for Eg, becomes
I+ @ . P23Pae
= &, —_— E.-, _— "'_Eg.
Fre=2 (El g T : (14b)
If ry =0, then
Eqy= & (E1@10 — Ego) — E,. (14c)

We have thus derived quite simple equations for the specific flux of thermal radiation absorbed by the
fluidized bed during radiative heating.

If the system is filled with an absorbing medium, its influence can be taken into account by a pro-
cedure analogous to that of (4].

It is interesting to compare the fluxes calculated from Eq. (14a) with those calculated from the equa-
tions of 4].

Table 1 shows the fluxes calculated from both equations for a system of a circular cylinder for the
values Ty =1223°K, T, =573K, T3;=773°K, and g;3=0.8 for two valuesofH/D, 1.0 and 2.5; and for T;=1673K,
T, =973°K, and T3=1373°K, with the same values of H/D and with ¢; and ¢, varied from 0.1 to 1.0, Figure
2 shows a curve of the resultant heat flux as a function of the emissivity ¢; and the emissivity of the heat-
absorbing surface, g;. The numerical value of the emissivity of the surface of a fluidized bed can be deter-
mined from the equation given in [5].

In conclusion, we should point out that the caleulations carried out on the basis of these equations
agree satisfactorily with the experimental data of [6-8]. For example, with ey =¢3=0.8, g3,=0.9, Ty =
1223°K, T, =575K, T3=773°K, and H/D=1.0 and 1.55, the specific fluxes found in the experiments of [8]
are 22.6 and 14.7 kW/m?, while those calculated from Eq. (14a) are 20.9 and 15.1 kW/m?.
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NOTATION

Qtn-; k, flux of thermal radiation from surface i to surface k, with a single reflection from each sur-

face in the system taken into account; Q%n—c- k, the same, with an infinite number of reflections taken into
account; ¢k, angular coefficient from surface i to surface k; rj, reflectivity of surface i; ¢;, emissivity
of surface i; Qj, heat flux of intrinsic radiation of surface i; E{, intrinsic radiation of surface i; F;, area
of surface i.
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