RELATIONSHIPS FOR A FLUIDIZED BED
OF SOLID PARTICLES

E. F. Kurgaev UDC 532.529.5

A new theory for a fluidized bed is presented and corroborated by experimental data.

An ascending stream of fluid brings a bed of solid particles into a fluidized state when the resistance
to flow past the particles becomes equal to their weight. With further expansion of the bed the velocity of
hindered fall of the particles increases, tending to the free-fall velocity of an individual particle when m
— 1. Thus, the boundary states of a fluidized bed are a fixed bed with water filtering through it just prior
to the onset of fluidization and free-falling particles. Hence, it is worth while examining some features of
these boundary states.

Plots of the resistance coefficients of the particles against the Reynolds numbers for free-falling
particles and particles in a fixed bed are of the same nature, as Fig. 1+ shows [1, 2]. For equal values of
Rep and Rey, ¥p > ¢p, and Reg > Rey. Hence, the flow in the bed becomes laminar and the friction force
increases, The reason for this is the molar viscosity vy [3, 4], due to transfer of momentum between
macromasses of the fluid resulting from the frequent and sharp changes in the cross sections and velocities
of the local flow components in the bed. This is confirmed by the fact that for the same ordinates on curves
1 and 2 the ratio of the abscissas is vy/ vy, 1 i.e.,

Rep _ Yo, (1)
Rep vy

For particles ina bed the Reynolds number corresponding to the actual conditions of flow past them,
i.e., with vy taken into account, is

Rey = 25 = Rep ~2. 2)
M vM

According to the above and from a comparison of expressions (1) and (2) it follows that when Reyp
= Rep, ¥b = ¥ps and Rei\k/l = Re;, i.e., when the Reynolds number for a particle in a bed is determined from
formula (2), the relationship ¥}, = fRey) will be the same as by = f(Rep). This is clearly illustrated by
curve 3, obtained by using expression (2) to convert the abscissas of line 2 (the slight differences between
lines 3 and 1 can be attributed to difference in the grain shape and partly to the methods of determining
their diameter in the experiments of Zegzhda and Lomize, which are compared in Fig. 1).

The considered relationship can be used to determine ¢}, and Reg from the value of Reyy and the re~
lationship §p = f(Rep) if the separately falling particles and particles in the bed have the same shape.

t The quantities illustrated on the graph are given by the following expressions:

nd —_ Vipd | ndgm (pp—p)
o= g (pp p); Rep— P b= “‘?‘L; Rep= Ybd
6 szp Vo 6 pr o

1In Lomize's experiments m = 0.37 on the average, which corresponds to vy/ vy = 0.04.
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and the values of Rej are 8.07 and 3230,

The values of Ref; and Reff found in this way also relate to the start of fluidization, which is also
corroborated by experimental data [10, 11]. For this instant the relationship yp, = fRey) corresponds to
curve 2 in Fig. 1, and with further expansion of the bed and increase in porosity to m =1 the corresponding
curves lie between curves 1 and 2. Each of these curves corresponds to a particular value of m and the
corresponding relationship given by formula (1) still holds, i.e., for all values of m we can determine gy,
from the relationship yp = fRep), and conversion of the abscissas of these intermediate lines by using
formula (2) reduces them to the same line 3, which is independent of m.

The value of vy, Rep, and y}, are required for determination of the fluidization velocity (or stability
limit of the bed) and the velocity V. In addition, V} depends on the so-called equivalent density of the bed.
Since this parameter has been rejected hitherto [12], some explanation should be given.

The weight of unit volume of the fluidized bed is

V=1t + 9,00 = 1o — m(pp—7) g/em’, %)
and the difference in hydrostatic pressures over the height is
Ap = AHy, g/cm?, (6)
Hence, a particle in a fluidized bed will be acted on by an upward force
F= Vs 7
and the weight of the particle in the bed is
Gp=w (v, — 1y 8)

The bulk density of the fluidized bed is determined with an hydrometer and the hydrostatic heat is
determined with a piezometer in exact correspondence with the above formulas.

Division of v}, by g gives a provisional value of g, — the density of the heterogeneous liquid —solid
particle system. Its provisional nature is due to the impossibility of transition to an infinitely small volume
in an inhomogeneous medium and to some fluctuations of 7p in short periods of time due to fluctuations in
particle concentration. Hence py, is called the apparent, effective, or equivalent density. Since yp for
given parameters (C,, Y ps v) of the fluidized bed has the same mean value the use of pp, as a theoretical
quantity is perfectly sound.

When pp for vp) is taken into account, the weight of a spherical solid particle in a fluidized bed is

nd?

ad®
Gy= 5 p—ppe= ——mglop—0). )
The resistance to hindered fall of the particle is
Ry = pVid%. (10)
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Since these forces are equal the velocity of hindered fall of the particles is

T adgm(pp—p) —p)
V g (pg an
Knowing the limiting value of m at which the fixed bed becomes unstable and fluidization begins, and
finding ¢y, by the method given above, we can find from formula (11) the velocity Vg] corresponding to this
instant. We can also use for the same purpose an expression based on formula (11)

Reg = Vb—d —0.72 l/ Ar, (12)
where
Bm (pp—
Ar, = _&___gﬂzﬂ_fl (13)
Pvm

The fundamental difference between these expressions and those proposed earlier [13, 14] is the in-
clusion of the molar viscosity of the bed and the resistance coefficient of the particles. Since the condition
for transition to the fluidization state is the equality of the resistance of the particles to their weight, then
any other expression for Regy not involving the coefficient p, which depends on Reps and on the shape of
the particles, can be used only in a special case where the conditions of the particular experiment are con-
fined within a narrow range.

For a laminar regime of hindered fall of the particles

Substituting expression (14) in (11), we obtain for this regime formulas for the velocities of hindered
fall of particles in the fluidized bed:

3 —
V= dmglp—p) (15)
18pv,,
L) .
V= -LTElo=0) (16)
18pv,,

The ratios of Vi and V, to the free-fall velocity of the individual particles comprising the fluidized
bed for the laminar regime are

Vy mv,

Iy : 17
VP vy (17)
Yo _ m (18)
Vp Vi

A comparison (Fig. 2) of the results of calculation from formulas (14)-(18) with the experimental
data of [12, 15] shows a quite satisfactory agreement.

These formulas can be used to determine Vy, or V for any expansion of the bed from the known par-
ticle parameters (d, vp, Vp) 2nd from m in the case of a laminar regime. When m is determined from vy,
the relationship Vy,/ Vp = myy/ vy = £(m), shown in Fig. 2, should be used.

For a laminar regime we obtain from formula (15)
Vpd ve _ Ar,
- 8

" v

In the case of a turbulent self-similar regime of hindered fall 3, becomes constant for particles of
a given shape, irrespective of the expansion of the bed, including m =1, and the moment of onset of fluid-
ization {10, 16]. Hence, the values of yp and Yy, for this regime are equal and, according to formula (11),
ﬁ j— m0.5 . (20)
VP
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Fig. 2. 1) Dependence of Vo/Vp on m from formula (18) and from

experiments of Richardson and Zaki (black points) and Mints (white

points); 2) dependence of Vb/Vp = muyy/ vy on porosity of bed.

Fig. 3. Dependence of yp on N 1) for spheres; 2) for sand and
gravel,

Yo

Vp

In a fluidized bed expanding from mg) to m =1 V},, Rep, Re, and Reypy vary continuously. As a re~
sult, the resistance coefficient ¥ changes continuously in laminar and transitional regimes even for par-
ticles of the same size, density, and shape. The relative simplicity of the relationship between Yp and
Rey in the case of laminar flow allowed us to use vy and Rey to obtain analytical expressions of the rela-
tionships (14)-(18) for a fluidized bed. In the case of a transitional regime the relationship between z,/)p and
Rep is of a complex nature and is different for particles of different shape. In addition, in fluidized bed
conditions we need to find for each new value of m the corresponding values of Rep and ¥p. Hence, for
calculation of a fluidized bed in the transitional regime the above-discussed method involving the relation-
ship Yp = f(Rep) is the only possible one for particles of a particular shape. It is also necessary to use as
auxiliary quantities the Lyashchenko number [17] for a free-falling particle and for a particle in a fluidized
bed

= mbs, (21)

212 3 .
Tp= Rep = Vpd P= adgop—0) _ g soar, (22)
2 P 2 P
v Bovo
2 12 3 —
My= ReZpy= 0L - TPemEr=0) _ g sopr (23)
vi 6ov2
The ratio of these numbers is
ﬁ - mvd
T (24)

Knowing.Hp, m, and vy, we find the value of Ty, and then from Fig. 3 we determine the corre-
sponding value of ¢}, which enables us to calculate Vi, from formula (11). The graph can easily be con-
structed if we have the relationship zpp =f(Rep) for particles of the given shape. It should be noted that at-
tempts to use the particle shape factor in such calculations do not help to solve the problem. The value of
this factor is determined experimentally and less accurately than pp, and the effect of the shape of the par-
ticle on ¢y depends in a very complicated manner on Rep. In the case of a fluidized bed there is a further
complication due to the dependence on m. The whole procedure is far more difficult and less accurate than
direct determination of P, and can only be of illustrative value.
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TABLE 1. Regimes of Fluidized Bed of Spheres in Relation to Rep and

m
¢ v v Re Re Re, .
o | e LRI TR
for . m=0,43 uidized be
<1 >9,42 > 6000 0,026 | <0,0016} <0,026 |<0,0112 !Laminar, m=0.48~1.0

1—110 9,42— | 6000— | 0,026~ | 0,0016—| 0,026~ | 0,0112—|Lamuinarfor m=0. 43,

0,364 9,42 10.13 1.0 16,5 7,1 |transitional for m=m,,
m, = f(Rep)
110— | 0,364— 9,42— | 0,13— {1—27,3 | 16,5— 7,1— |Transitional, m=0.43
1500 | 0018 0,76 | 0.3 450 93 j-1.0
1500— | 0,16 0,76—| 0,3— | 27,3— | 450— | 193— {Transitional for m
38000 0,16 | 065 1500 24750 | 10700 |=0,43,turbulent for

m=Ty, mx=f(ReP)

>38000 0,16 0,16 0,65 >1500 | >24750 | >10700 |{Turbulent, m
=0,43-1.0

:

TABLE 2. Regimes of Fluidized Bed of Sand and Gravel in Relation
to Rep and m

b ViV Re, Re Re Regime of
Re ¢ b b'p " b ’ g .
p p fluidized
for m=0,4
<1 >9,42 =10000 0,02 <0,001 | <0,02 | <0,008 | Laminar,
m=0,4-1.0
1—155 9,42 10000— | 0,02— | 0,001— | 0,02—20| 0,008—8 | Laminar for m
0,74 9,42 0,177 1,0 ' =0, 4, transitional
for m =my, my
=f(Rep)
155—400 { 0,74— 9,42— | 0,177— |1,0—6,0] 20—120 | 8—48 |Transitional,
0,63 2,76 0,3 m=0,4~1,0
400 0,63 2,76— | 0,3— 6—400 |120-—8080] 48—3200 | Transitional for
12700 0,63 0,63 m=0, 4, turbulent
for m =my, m,
=f Rep)
= 12700 0,63 0,63 0,63 =400 >8080 | =>3200 |Turbulent,
| I | [m=0.4-1.0

A simple comparison of the experimentally and theoretically obtained values of Ref, and Re*, given
above indicates that as the bed expands from mg; to m =1 the regime of hindered fall of the particles can
vary. For instance, with Rey, = 20 at the start of fluidization of a bed of sand (at m = 0.4) the regime of the
bed is laminar, but a further increase in m leads to a transitional regime due to the increase in Vi and
Rey. Hence, it is quite obvious that the regime of a fluidized bed must be determined theoretically by
comparing Reyq, found from formula (2), with the lower and upper Ref‘). It can also be done by finding ¥,
from Repp and from the graph of the relationship Y = f[Rep), on which the boundaries of the regimes can
be seen. Calculations were made by these methods and Tables 1 and 2, characterizing the different regimes
of the fluidized bed in relation to Rep, Rep, and m, were compiled.

The data given in the tables shows that maintenance of the same regime at all values of m is a special
case of the fluidized state. Such data are of very great importance for determination of the parameters and
technological properties of a fluidized bed.

Resistance to the motion of the fluid in a fluidized bed can be determined from the following expres-
sion:
yoLdh = — Rds (25)

_ii_h_zi: R :L_ (26)

784



We take R equal to the sum of the resistances of the bed particles to the flow of fluid past them,
i.e.,
R=nRy = mppVido. 27)

Substituting expression (27) and n = 6Cy/ 7d3 in formula (26) we obtain

i — _6CopVy (28)
adgm
Replacing Vy, by formula (11), we find
0 —
i—c, 2P (29)
P

Expressions (28) and (29) are valid for any regime of motion of the fluid in a fluidized bed {18],
and the first of them is also applicable to a fixed bed.

Putting i from formula (29) in expression (15) we obtain for the laminar regime

V — deg(Pp‘*P) — dzmgi , (30)
18v,p0 18Cyv,,

i.e., a clear linear relationship between the velocity and hydraulic gradient.
Putting i in expression (11) we obtain
/ ndgmi
V -
b l/ Gcowb . (31)

This expression, which is common for all regimes with y = const, gives a square-law relationship he-
tween i and Vy,, which is characteristic of a turbulent regime. Formulas (30) and (31) are analogous te
the relationships obtained for a flow of fluid in a fixed granular bed [19] on the basis of the considered

physical scheme of the effect in relation to v, Rep, and ¢y = f(Reyp).

NOTATION
Rep is the Reynolds number of individual free~falling solid particle;
Rey, is the Reynolds number of particle in fluidized or fixed bed;
Uy is the resistance coefficient of individual free~falling particle;
d is the diameter of solid particle;
g is the acceleration of gravity;
Pp is the density of solid particle;
o) is the density of fluid;
Vp is the free-fall velocity of solid particle;
Vo is the kinematic viscosity of fluid;
b is the resistance coefficient of particle in fluidized or fixed bed;
m is the porosity of bed;
Vb is the velocity of flow of fluid in pores of bed (velocity of hindered fall of particle);
Re["; is the critical Reynolds number of individual free~falling particle;
Reg is the critical Reynolds number of particle in bed;
VM is the molar kinematic viscosity;
Renm is the Reynolds number of solid particle in bed, determined from molar viscosity vy
ReI:v[ is the critical value of Reyy;
Rep is the critical Reynolds number determined from velocity V, and viscosity vy;
Vy is the velocity of fluid referred to whole cross-sectional area of bed;
b is the weight of unit volume of fluidized bed;
v is the weight of unit volume of fluid;
Cy is the volume concentration of solid particles in bed;
Ap is the difference of hydrostatic pressures;
AH is the increment of height in bed;
F is the hydrostatic upthrust acting on solid particle in fluidized bed;
A% is the volume of solid particle;
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is the weight of particle in bed;

is the resistance to hindered fall of particle;

is the equivalent density of heterogeneous system in fluidized bed;

is the Reynolds number corresponding to stability limit of bed at onset of fluidization, calculated
from vy and Vy,;

is the Archimedes number of particle in bed with m and vy taken into account;

is the Lyashchenko number of free-~falling particle;

is the Lyashchenko number of particle in fluidized bed;

is the Archimedes number of free-falling particle;

is the porosity corresponding to stability limit of bed;

is the cross-sectional area of fluid flow in pores of unit volume of hed;

is the length of unit volume of bed;

is the head in bed required for movement of volume of fluid wL through distance ds;
is the resistance to motion of fluid;

is the hydraulic gradient in bed;

is the number of solid particles per unit volume of bed;

is the value of porosity m at which hydraulic regime of bed changes.
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