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Abstract—A two-zone model of heat transfer between a surface and an infiltrated disperse bed of solid
particles that takes into account the thermal conductivities of wall gas layer and bed particles and the gas-
driven convective heat transfer is suggested. Equations obtained on its basis make it possible to describe
the laws governing external heat transfer over a wide range of superficial gas velocities (fixed, fluidized and
compressed beds). Consideration is given to special cases of heat transfer in developed fluidized and gas-
blown fixed beds. The results are presented in the form of simple computational relations. Their validity
is checked experimentally and against data available in the literature (including experiments at high
temperatures and pressures).

1. INTRODUCTION

HEAT TRANSFER in infiltrated granular beds is of great
practical interest, motivated by the problems of
chemical technology, drying of dispersed materials,
thermal treatment of items in beds of dispersed heat
carrier, power engineering and many others. In view
of this, a great number of models have been suggested
for heat transfer both in fluidized [1-8] and gas-blown
fixed beds [9-13]. As a rule, these models are based
on assumptions that are limited in character, and
therefore the resulting relations are not suited to
calculations of heat transfer over a wide range of
operating experimental conditions. Thus, for
example, heat transfer models and resulting relations
for calculating heat transfer coefficients in large par-
ticle fluidized beds are suggested in refs, [3, 5-8]. In ref.
[12], a model of heat transfer in gas-blown fixed small
particle beds was advanced. The foregoing shows that
there is a need for further studies with a view to
developing universal models that would be based on
rather general assumptions about the heat transfer
mechanism and that would allow a unified description
of its trends in a wide range of gas superficial velocities
(fixed, fluidized and compressed beds).

2. PHYSICAL MODEL AND MATHEMATICAL
FORMULATION

Heat transfer of a vertical cylinder of radius a and
length L is considered. The cylinder is immersed in an
infiltrated bed of spherical particles of diameter d.

The proposed model is based on the following
assumptions.

(a) The bed is divided into two zones (Fig. 1): a gas
interlayer of thickness /, which is adjacent to the heat
transfer surface and which is a function of the particle

diameter and bed voidage, and a quasi-homogeneous
medium (a bed of solid particles).

(b) The gas interlayer is characterized by the effec-
tive thermal conductivity coefficients A, A and the
bed of solid particles by the coefficients AF, 47.

(c) All the heat is carried away from the bed by a
filtrating gas.

(d) Local gas velocities in both phases are identical
and equal to u/s.

(e) The thermal and physical properties of the gas
are constant,

(f) The difference between the gas and solid particle
temperatures in the bed can be neglected.

With consideration for the above assumptions, the
mathematical formulation of the heat transfer prob-
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F1G. 1. Heat transfer model.
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h, external heat transfer coefficient
H bed height

I,, I, first kind modified Bessel function

K,, K, second kind modified Bessel function
K*  K\(sE*)/Ko(s$*)

Iy gas film thickness

L heat transfer surface length

m, n dimensionless coeflicients

Nu  Nusselt number, h,d/ A
Nusselt number, h,d/ A

P pressure

Pe  Peclet number, ¢;p;uR*/ LA

Pr Prandtl number, cp/ A5

r,z  coordinates

R radius of dispersed packing

Re Reynolds number, udp;/ 1,

s J Pe

S surface area of heat transfer probe
T temperature

T inlet gas temperature

average (over two zones) outlet
temperature (z = L)

NOMENCLATURE

a cylinder radius u superficial velocity
Ar Archimedes number, d*gp;(p,~ pr)/ uf w power of heat transfer probe heater.
c specific heat
d diameter of particles Greek symbols
f dimensionless number, : voidage

JPe* = /(Pei’/e) " 2/L
Fr Froude number, .(”_ ) | G H 0 dimensionless temperature,
g free fall acceleration

(T— TO)/(TW - TO)

A thermal conductivity
A0 A
u viscosity
¢ r/R
Ce a/R
¢o /R
& Lt
p . density.
Subscripts
f gas

mf  minimum fluidization
] solid particles

W heat transfer surface
0 fluidized bed core.

Superscripts
¢ conductive
h horizontal
v vertical
0 atu = 0.

lem for a vertical cylinder with constant surface tem-
perature T, is as follows:

gas film
cfpf“ aOTf i aaﬁf N ,1'1(66 ? L1 1 %>
z>0, a<r<a+l; %))
bed of solid particles
oT, 0T, 0°T, 10T,
Copitt 5 = K ”h(ar ur 6r>’
z>0, a+ly<r<R; ?)

boundary conditions

oT,

Tf|r=a= Tws ar _R= 7
oT; oT,
Tf = Tsa j'f arf - A': ar

atr=a+l,. (3a)

At the boundaries z = 0, L, Dankwerts’ conditions
[14] are used

oT;
_‘)-fa +CfPr (Tf Ty)=0 atz=
oT,
—).;’a +ep(Ty—Ty) =0 atz
0T 0T,
’b‘?-— 9z =0 atz=L. (3b)

3. MATHEMATICAL MODEL

The system of equations (1)—(3b) is rather difficult
to analyse and it should therefore be simplified, with
the specific features of fluidized and fixed beds being
taken into account.

3.1. Fluidized bed

Characteristic of developed fluidized beds are high
values of thermal conductivity coefficients Ay and 4,
because of intensive mixing of particles throughout
the bed space [15]. As a result, the values of the deriva-
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tives 8T/0z and 8°T/dz* are small as compared to
dT/or and 8°T/dr?. This fact makes it possible when
modelling the fluidized bed heat transfer to ignore
completely the dependence of temperatures Ty and T,
on the longitudinal coordinate z and to consider the
problem in the one-dimensional approximation. To
calculate the terms involving 67/6z and 6°T/dz% in
equations (1) and (2), these derivatives will be replaced
by their mean values, which are defined, with the use
of condition (3b), as (L = H)

oT 1 [* 0T 1
< f>=ZJ‘ fdz=z(Tf|z=L_Tf|z=0)

oz o 0z
62T; 1 L 62Tf 1 an
a2 /=7 2 dz=—|——
0z L 0 0z L\ oz ;=0

- _ cepett(Tel, o o— T)
eLA{ ’

Analogously, it will be found that

oT, 1
<6z> =Z(Ts|z=L_Tslz=0)

6:5 _ cepit(Tlimo—To)
022 [ LA ‘

Replacing 37/ 8z and 8°T/8z* in equations (1) and (2)
by their mean values gives a one-dimensional
approximation

apTi=To) _,, (4T 14T,
el ~ M\ dr? rdr)’
a<r<a+l, @
Cfpf”(Ts—T")—,l“ d2T5+1de
L T\ dr? rdr)’
a+lo<r<R. (%)

The system of equations (4) and (5), subject to con-
dition (3a), simulates heat transfer of a vertical
cylinder in a developed fluidized bed.

3.2. Gas-blown fixed bed

The convective motion of particles being absent,
the thermal conductivity coefficients A} and A are by
several orders of magnitude smaller than in a bubbling
bed. Here, therefore, variations of temperatures 7T;
and 7, along the coordinate z should not be neglected,
and the problem of heat transfer in a fixed bed should
be considered in a two-dimensional form. Since the
Peclet numbers cipul/edf, ceppl[A) »> 1 (the esti-
mates A7 and A are taken to be Af and 0.1¢;pud [12]),
it is permissible to disregard longitudinal heat con-
duction in equations (1) and (2) as compared to con-
vective heat transfer in both zones. Equations (1) and
(2) then reduce to the form

1 an>
+ ror)’

u 0T, 0T,
Py 5y = (“arzf

1597
z>0, a<r<a+li, 6)
or, . [0*T, 10T,
cpgy = ( ar +;W>’
z>0, a+ly<r<R (7Ta)

Boundary conditions for z = 0 follow from equation
(3b)

Tf = T's = TO (7b)

when longitudinal heat conduction is ignored.
Equations (6) and (7a), subject to conditions (3a)
and (7b), model heat transfer of a vertical cylinder in
a gas-blown fixed bed.
In the limiting case of

_ cpruR?

cepruR?
Pe = LiP b Lt bkl

*
Pe eLAP

> 1

» 1,

the gradients 87'/0z « 0T/dr and it is again permiss-
ible, as for a fluidized bed, to disregard temperature
variations along the coordinate z in both zones.
Replacing the partial derivatives 07;/dz and 07,/dz in
equations (6) and (7a) by their mean values—obtained
with the use of condition (7b)}—again gives a system
of equations (4) and (5). Thus, with conditions (3a),
these equations describe heat transfer in both a
developed fluidized bed and a gas-blown fixed bed
(when Pe, Pe* >» 1).

It must only be borne in mind that in a fluidized
bed the quantity L in equations (4) and (5) should be
substituted by the bed height H.

4. ANALYSIS OF THE MODEL

4.1. Fluidized bed
The heat transfer coefficient is defined as

At dT¢

M= TR =T, dr |’

@®

The solution of equations (4) and (5), subject to con-
ditions (3a), can be easily obtained analytically. This
allowed the following expression to be derived for the
coefficient A, :

h = %': s (féa)lcl_;éli,c( fE)es o
where
& =Cotlo; o =2+f0; ¢ = AsB+fBo;
¢ = AL (fE)y + Ko(f2.) Bl +-/To(f.)v0

+ Ko(fa) Bol;
7= — LK (sENK(E*) + K (), (sE*)Ko (f2*);
Yo = Li()Ko(sE*)K: (fE*) + K ($)o(sE*)K (fE*);
B = Li$)K, (s (fZ*)— K ()], (sE* )Mo (fE*);
Bo = Li(9)Ko (&) (fT*)+ Ky () o(sE*), (fE*).
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Since the solid phase in a developed fluidized bed is
stirred rather vigorously (horizontal thermal con-
ductivity of a fluidized bed A" is high [16]), of that the
values of the parameter 1° = A"/ i are high (1° ~ 10*-
10%) and Pe are relatively small (Pe ~ 10-2-109),
equation (9) can be significantly simplified. The esti-
mates have demonstrated that for /,/a « 1, equation
(9) may yield an extremely simple relation with an
error not exceeding 6%

s
int-o

hy

R
l

~

. (10)
0
Equation (10) has a simple physical meaning: owing
to a high thermal conductivity of a developed fluidized
bed A", the magnitude of its heat transfer coefficient is
determined only by the gas film resistance. Just as in
ref. [5], the thermal conductivity coefficient A? of the
gas film will be represented as the sum of the con-
ductive and convective (filtrational) components:
M = 22+ncepr(u/e)d. The gas film thickness /, is a
function of the mean free path length of gas and is
defined as [3]

lo = md(1—¢)~3,

With inclusion of expressions for A! and /,, equation
(10) will transform into

A=) n crpu(l—e)™?

he = md m £

an

where the dimensionless quantities m and » are the
empirical coefficients of the model considered, and are
to be found from comparison with experimental data.

4.2. Gas-blown fixed bed (great Pe and Pe*)

Here, too, equation (9) is valid, because, as pointed
out above, heat transfer in a fixed bed at high Pe and
Pe* is modelled by a system of equations (4) and (5)
with conditions (3a). This case is characterized by
small values of 1° = A%/48 (A° ~ 10°-10") as compared
with a fluidized bed. Note that in a gas-blown fixed
bed the value of A! is determined from [17)

A= A2+ Beppeud (12)
where 10 is the value of A' for #=0 and
0.07 < B < 0.15 (depending on the shape of particles).
When Pe » 1 and /,/a « 1, equation (9) can also be
significantly simplified to

A ACSK*+1PE

h=7R 1+ 2%5K*E,

(13a)

where K* = K (s¢*)/Ko(s€*). This equation shows
that heat transfer in a ventilated fixed bed is deter-
mined by the thermal resistance of both the gas film
and the disperse bed itself. Moreover, the rate of heat
transfer of a cylindrical probe depends on its diameter.
Note that for a plane heat transfer surface K* = 1. In
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this case, equation (13a) takes the form

Ah AOS"'fZéo

ho =R T4205%, "

(13b)

4.3. Gas-blown fixed bed (arbitrary Pe and Pe*)

For convenience of analysis, the system of equa-
tions (6) and (7a), subject to conditions (3a) and (7b),
is stated in dimensionless form as follows :

A° 00, 0%0, 106,

Pes e e

e 511 ’7>0’ €a<é<§a+éo

(14)

n>0, & +¢é<é<l

(15

00,

Oclece = 1; hihi)
. %l

0f|n=0=99‘n=0=0; =0;
B joll

¢ og’

It is seen that the dimensionless temperatures # in
both zones are functions of the following parameters :
Pe, 1% ¢, £, and &,. According to results obtained
in ref. [3], it was assumed in calculations involving
equations (14)-(16) that /, = 0.1d. The bed voidage
was taken to be equal to 0.4. The system of equations
(14)—(16) was solved numerically by the time-depen-
dent technique with the use of a stable implicit finite-
difference scheme [18]. Owing to the smallness of &,
non-uniform spacings are chosen in &.

Over the segment £e[¢,, &, + &), the spatial step A,
is taken to be equal to A&, where 4 is the step over the
segment Ee[é,+ &, 1]. A grid with a uniform step
was selected in the g-direction. In order to elucidate
the dependence of the accuracy of numerical
solutions, on the magnitude of h, preliminary cal-
culations were carried out on different grids for several
typical versions. It was found that to achieve an accu-
racy of 2-5% for the heat transfer coefficients over
the range 0.01 < Pe < 10000, it is sufficient that 4 be
taken equal to 0.02.

The numerical solution allowed the determination
of the temperature fields in both zones and of the heat
transfer coefficients :

0f=959 at§=éa+é()' (16)

mean heat transfer coefficients

o d [ (T>=T,
<Nuc>— A,:-l l Tw-’T() .
T, (T
d
> =02 .1,
(Nufy = <">d/ (Tu~(T,GRY; (A7)
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€o-Li7x10% \°=a.62;
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Fi1G. 2. Dimensionless heat transfer coefficients vs Pe (T, = 100°C, T, = 20°C): 1, 2, {Nu$) and {(Nu})
according to the two-dimensional model of equations (14)-(16) at £, = 0.1; 3, 4, Nu* according to equations
(9) and (13a).

local heat transfer coefficients

d
Nu;=j—.,/(rw—n);
f

Nut =4 / [Tu-T.(z, R a®)
f
The heat flux ¢ was determined from
A (T, —Ty) 06;
= ten 19
R 3 |e—, 19)

The integration of formula (19) gave the average
values {g>; the mean temperatures {7) and
{T((z, R)) were found analogously.

400 -
Eo= 11T x1075 0= a.62;

€,=0.1

200~

100}~
80|

Nu*R/d

10 l L | I

0.l 0.2 0.4
7

Fi1G. 3. Local dimensionless heat transfer coefficients vs

dimensionless longitudinal coordinate: 1, Nu¥, Nu}

(Pe = 3158); 2, Nu¥, Nu} (Pe=31.58); 3, 4, Nu}, Nu¥
(Pe = 1.05).

0.6 08 1O

The predicted mean and local heat transfer
coefficients and the cross-section mean temperature
n = const. are presented in Figs. 2-4. It was found that
for Pe > 10 the heat transfer coefficients predicted by
different equations were essentially the same, whereas
there was an appreciable difference between them at
small values of Pe. Figure 2 also contains the curves
plotted by equations (9) and (13a) that describe heat
transfer in the one-dimensional approximation. It can
be seen that with Pe > 100 the heat transfer
coefficients predicted by the two-dimensional model,
by equations (14)-(16) and by one-dimensional equa-
tions (9) and (13a) virtually coincide. As shown by
the analysis, the case of large values of Pe (Pe > 100)
comprises rather a wide class of practically important
systems with fixed ventilated beds of solid particles.
The analysis of heat transfer data for such systems
can be carried out on the basis of relation (13a).

5. EXPERIMENTAL SETUP

External heat transfer of a disperse bed was inves-
tigated experimentally in a cylindrical column, with

i €o= LITx1073; )%= 3,62
€, =0.
80 |-

60— 3

const.>

a0~

20

<Tiz,r);
N

10 ] ! ! i
ol 0.2 04 06 08 10
]
F1G. 4. Cross-section mean temperature = const. vs dimen-
sionless longitudinal coordinate: 1, Pe = 3158; 2, 31.58; 3,
1.05 (T, = 100°C, T, = 20°C).
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Table 1. Characteristics of disperse materials
Disperse d Unr o,
material  (mm) (ms"Y) ey (kgm ™)
Glass beads 1.75 0.85 0.40 2650
Chamotte 3.0 0.95 0.48 2300
Peas 5.7 1.35 0.42 1400
Millet 2.0 0.55 0.39 1000

an i.d. of 300 mm, equipped with a perforated gas
distributor. The heat transfer probe used was a copper
cylinder, 30 mm o.d. and 150 mm long, with a wall
thickness of 5 mm and an electrical heater placed
inside. The height of the disperse material bed varied
from 510 to 710 mm. The probe was positioned verti-
cally along the column axis 200 mm above the dis-
tributor. The characteristics of disperse materials are
listed in Table 1. All the experiments were carried out
at room temperature and atmospheric pressure. The
fluidizing agent was air. Temperature measurements
were made by chromel-coppel thermocouples with 0.2
mm diameter wire. The coeflicient of heat transfer
between the infiltrated bed of solid particles and the
probe surface was determined with a maximum error
of 5% by the steady-state technique [18] with the aid
of the following formula :

w

; .

= ST = TR (20)

6. EXPERIMENTAL RESULTS AND THEIR
CORRELATION

6.1. Developed fluidized bed

The results obtained are presented in Figs. 5 and 6
as plots of the coefficient A, vs the air filtration
velocity. The data on heat transfer in a fluidized bed
were correlated with the aid of equation (11). The
values of the coefficients m and n were found to be:
m = 0.14, n = 0.0061. As a result, the following semi-
empirical correlation was obtained for calculating the

160
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uim s')

FiG. 5. Heat transfer coefficient vs air filtration velocity: 1,
calculation by equation (13a); 2, calculation by equation
(21). Glass beads.
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coefficient of heat transfer in a developed fluidized
bed :

7.248 (1—g)2°

o= S (1= 40.084ccpu—— 20

or in dimensionless form

I —g)2?
Nu = 7.2(1— ) 1+ 0.044Pr Re 0.9

£

(22)

Comparison of the experimental data and those
available in the literature with the results predicted by
equations (21) and (22) is illustrated in Figs. 6 and 7.
The standard deviation of experimental points from
those predicted by equation (22) is 18% (Fig. 7). It is
important to note that equation (22) also reproduces
well the data obtained for high-temperature fluidized
beds [20, 21, 24]. The mean bed voidage was deter-
mined from the following relations:

large particles (d > 1 mm) [3]

Re— Re,,,
a=smf+l.56A;4~er—(l—em,-); 23)
small particles (d < 1 mm) [25]
1—
S .. S (24)

In these equations the dominating temperature was
taken to be the temperature of the bed T, = T.(R).
In calculations of the heat transfer coefficients, the
dominating temperature was taken to be the tem-
perature [T(R)+ T.,]/2 as recommended in ref. [26].

6.2. Gas-blown fixed bed

The data obtained are shown in Figs. 5 and 8.
Correlation was made with the aid of analytical
relation (13a)—applicable, as shown above, when
Pe > 100. The thermal conductivity of the gas-blown
disperse packing and the gas film thickness in equation
(13a) were determined from

2P = 20 4+0.1erprud, 1y = 0.1d. 25)

The thermal conductivity of the gas film was given by
A = A5 +0.0061¢peud/e (26)

where the factor 0.0061 is selected on the basis of the
experiments in a fluidized bed.

It is seen from Fig. 8§ that equation (13a) sat-
isfactorily reproduces the data obtained in the present
work. The figure also contains the A, values calculated
from Gabor’s equation [12]:

4cpprudl Al
ho = \/(’—nL + 2a’

Equation (27) overestimates the results by 20-30%.
This can be attributed to the fact that this equation is
based on the heat transfer model which disregards the

(27)
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FIG. 6. Comparison between measured and predicted values of the heat transfer coefficient for a fluidized
bed. O, experimental data ; —, prediction by equation (21): (a) peas; (b) chamotte ; (c) millet.

presence of a gas film near the heat transfer surface
and assumes a constant bulk voidage of the bed [12].
Figure 9 compares the &, values predicted by equa-
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F1G. 7. Correlation of experimental data on external heat
transfer in a fluidized bed: 1, ref. [6] (d = 1.58 mm, T, =
293K); 2, ref. [7] (d = 1.3mm, T, = 293K); 3, ref. [7] (d =
4.0 mm, T, =293 K); 4, ref. [20] (d=1.17 mm, T, =
1073 K); 5, ref. [21] (d = 1.8 mm, T, = 1123 K); 6, ref. [22]
(d=0.26mm, T, = 293K); 7, ref. [23) (d = 0.70 mm, T, =
293 K); 8, ref. [24] (d = 0.29 mm, T, = 773 K).

tion (13a) with the experimental data of ref. [13)
obtained at different pressures of permeating gas.
Some discrepancy is observed only for beds of copper
spheres (Fig. 9(c)), but the agreement becomes better
when the probe height in equation (13a) is replaced
by the bed height.

Figure 10 gives a comparison between the predicted
and experimental results [3] on heat transfer rate in a
compressed packed bed of glass beads. It is seen from
the figure that the A, values predicted by equation
(13a) agree rather well (the maximum deviation is
13%) with those measured for Re > 1200. As Re
decreases, these deviations increase and attain 45%.
This can be attributed to some specific features of the
experiment—namely to the fact that the thermocouple
which measured the bed temperature was located at a
small distance from the probe. This naturally over-
estimated the 4, values. The overestimation was
especially appreciable at small filtration velocities
(small values of Re).

We now analyse the effect of a gas interlayer on the
coefficient A,,. When /) = 0, equation (13a) transforms
into
A PN L

’ \/ ( L )K '

hy = R K* = 28)
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F1G. 8. The heat transfer coefficient of a gas-blown fixed bed

vs air filtration velocity. O, experimental data ; 1, prediction

by equation (13a); 2, prediction by equation (28); 3, pre-
diction by equation (27): (a) peas; (b) chamotte.

The h,, values predicted by equation (28) are shown
in Fig. 8. Naturally, they agree better with the cal-
culations using Gabor’s equation (27), which also dis-
regards the thermal resistance produced by the high-
porosity zone (gas film) at the heat transfer surface.
The data of ref. [12] and the estimates made in the
present work show that the thermal resistance of a
gas film in a bed of fine particles (d < 0.8 mm) can
be ignored, and relations (27) and (28) can be used.
Presumably, this can be explained by a smaller effec-
tive thickness of the gas film for finer particles and its
smaller contribution to the overall thermal resistance.

7. CONCLUSIONS

A two-zone model of external heat transfer in infil-
trated disperse systems has been developed. The
involvement of a gas film at the heat transfer surface
and of the effect of granular bed thermal conductivity
(Js) on heat transfer renders the problem rather uni-
versal, thus making it possible to describe the trends
of external heat transfer within a wide range of gas
filtration velocities (fixed, fluidized and compressed
beds).

Analytical equation (9) describes the dependence of
the heat transfer coefficient on governing factors in
both developed fluidized and gas-blown fixed beds

V. A. BORODULYA et al.
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FiG. 9. Comparison between experimental data of ref. [13]

and those predicted by the two-zone model. x,p = 0.1 MN

m~%; O, 0.38; A, 0.65; [J, 0.93: (a) sand, d = 1.02 mm,

air; (b) sand, d = 2.37 mm, air; (c) copper, d = 0.62 mm,

air. Dashed line in Fig. 9(c) is prediction by equation (13a),
L is the granular bed height (H,,; = 380 mm).

(when Pe > 100). It can be reduced to equations (10)
and (13a), depending on the A" values typical of flu-
idized and gas-blown fixed beds. It is these latter equa-
tions on which the correlation of the available exper-
imental data on heat transfer in infiltrated disperse
beds is based.

Semi-empirical relation (21), obtained in this paper,
describes the present and literature data on the quan-
tity h,, in fluidized beds within a wide range of exper-
imental conditions (including high temperature
experiments).

Equation (13a), for which the values of Af, /,, and
Al are determined from equations (25) and (26), makes
it possible to describe experimental values of A, in
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gas-blown fixed beds at both normal and elevated
pressures of a filtrating gas.
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TRANSFERT DE CHALEUR ENTRE UNE SURFACE ET UN LIT INFILTRE DE
PARTICULES SOLIDES

Résumé—Un modéle 4 deux zones du transfert de chaleur entre une surface et un lit infiltré de particules

solides dispersées est suggéré pour prendre en compte les conductivités thermiques de la couche de gaz 4

la paroi et des particules du lit, ainsi que le transfert thermique convectif par le gaz. Des équations obtenues

permettent la description des lois qui gouvernent le transfert thermique externe pour un large domaine de

vitesses du gaz superficiel (lits fixes, fluidisés et comprimés). Les résultats sont présentés sous forme de

relations simples pour le calcul. Leur validité est testée expérimentalement et a 'aide de données disponibles
dans la littérature (en incluant des expériences 4 température et pression élevées).
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WARMEUBERGANG ZWISCHEN EINER OBERFLACHE UND EINER
DURCHSTROMTEN SCHICHT FESTER PARTIKEL

Zusammenfassung—Es wird ein Zwei-Zonen-Modell des Warmeiibergangs zwischen einer durchstrémten
Schicht fester Partikel vorgeschlagen, das die Wirmeleitfahigkeit der gasformigen Wandschicht und der
Partikel sowie den konvektiven Wirmetransport beriicksichtigt. Die ermittelten Gleichungen ermoglichen
die Beschreibung des duBeren Wirmeiibergangs in einem weiten Bereich der iiberlagerten Gas-
geschwindigkeiten (feste, fluidisierte und verdichtete Schichten). Spezialfille der Warmeiibertragung in
fluidisierten und in festen gasdurchstrémten Schichten werden bericksichtigt. Die Ergebnisse sind in Form
einfacher mathematischer Beziehungen dargestellt. Thre Giiltigkeit wird experimentell und mit Daten aus
der Literatur iiberpriift (einschlieBlich Experimenten bei hohen Temperaturen und Driicken).

TENJIOOBMEH MEXAY INOBEPXHOCTBIO U CJIOEM TBEPABIX UACTHII,
MPOAYBAEMbBIM T'A30M

Amnoramms—IIpemioxeHa AByX30HHAs MoOJeE/b TEMIO0OOMEHa MEXAy NMOBEPXHOCTBIO H MPOIYyBaeMbiM
IUCTIIEPCHBIM CJIOEM TBEPABIX YACTHII, YIMTHIBAIOLIAas TEIUIONPOBOJHOCTb MPHCTEHHON NMpoCoiikn rasa,
€108 YaCTHIl H KOHBEKTHBHbIH TepeHoc Teruta raszoM. [TosydeHnsie Ha e€ OCHOBE ypaBHEHHS MIO3BOJSIOT
ONNCHIBATL 3AKOHOMEPHOCTH BHEIIHETO TeNJ00OMEHA B INHPOKOM JHANA30OHe CKOPOCTell (HIbTpausu
ra3a (HeMOABHKHBIA, KUNALMHA U 3aXaThlif ciloH). Kak 4acTHBIe cly4aH pacCMOTPEH TEILIOOOMEH B pa3-
BHTOM KMIALUEM H HHQUIBTPYEMOM HENOABHKHOM CNOsX. Pe3y/ibTaThl NPEACTABJICHBI B BHAE HPOCThIX
pacyeTHbIX cooTHomeHud. X crnpaBesTABOCTDL NpOBEPEHA IKCNEPHMEHTANILHO M NYTEM COMOCTABJICHHS
C JIMTepaTYpHBLIMM AaHHBIMH (BKJHOYMash ONLITHI NPH BHICOKMX TEMIEpaTypax H NOBBIEHHBIX
AABJICHUAX).



