Analysis of Pressure Fluctuations in a Gas-Solid Fluidized Bed

Periodic fluctuations of pressure can be observed in a normally
operated gas-solid fluidized bed, and the dominant frequency of
such fluctuations has been studied by several investigators (Hiby,
1967; Lirag and Littman, 1971; Baird and Klein, 1973; Verloop and
Heertjes, 1974; Goossens, 1975; Canada et al., 1978; Fan et al,
1981). This note proposes a new dynamic model, which is based
on the assumption that fluctuations of the bed height are affected
by both the present and time-delayed fluctuations of the gas flow
rate through the distributor. According to the present model, the
dominant frequency of pressure fluctuations in a fluidized bed
corresponds to the marginal frequency of bed instability.

DYNAMIC MODELING OF A GAS-SOLID FLUIDIZED BED

The schematic diagram of the fluidized-bed system is shown in
Figure 1 with relevant physical parameters indicated. The x-
coordinate is the distance upward from the distributor plate.

The following assumptions are made to derive the dynamic
equations of the bed.

(i) The rising velocity of a bubble, Uy, is given by

Up = Uy + (Up = Upy) oy
where Uy, is the rising velocity of the bubble at the minimum
fluidizing condition

(ii) The bubble residence time, T, is implicitly related to the
rising velocity of a bubble as

L= ft iT Uy(t))dt’ )

where L is the height of the bed at any time ¢.

(iii) The bubble holdup, G, can be obtained from the bubble
residence time and the gas flow rate through the distributor as
follows:

G=a [ Uat)~ Unpldt' ©

Based on the above assumptions, the total mass of the solid par-
ticles can be expressed as

M, = (LA — G)p s = const. (4)
It follows that
Up(t')dt? = 2 (5)
t—T PmfA

where it is assumed that the bulk density of the dense phase of the
bed is equal to that at the minimum fluidizing condition.

The momentum balance equation of the bed, as derived by
Pigford and Baron (1965), is

DU D;U 4 .
ps(1 —¢€) Bts + Pff‘é?i =—=VP + {ps(1 — €) + pselg
(6)
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If we consider only the mean motion along the bed height and as-
sume that the inertia force due to the fluid motion is negligible, Eq.
6 can be rewritten as

D,U; oP

7=—$—PS(1‘f)g (M

Upon integrating this equation with respect to x from 0 to L and
expressing the resultant lefthand side of the equation in terms of
the center of mass, L, we have

M,\d2L Ms]

—| == =(Pg —Ps)—|— 8

( A) L by -~ (%) g ®
With the assumption that the void fraction, ¢, varies with time but
not with position, we can write

L=2L (9)
Introducing Eq. 9 into Eq. 8, we have

ps(l - 6)

Figure 1. Schematic diagram of the gas-solid fluidized bed.
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(o) 2% = (s - £ - [, 10

dt? A
then, with
- M,
PB—POQ:(*A—)g (11)
we obtain
M\dL_
(‘Z‘X) i Pp — Py (12)

Combination of Egs. 1, 2, 5 and 12 gives the relationship between
the superficial gas velocity at the distributor plate, U,(¢), and the
pressure at the bottom of the bed, P5(t). Under the assumption that
the fluctuations of gas velocity and bubble residence time are
sufficiently small compared with the time average ones, the re-
sultant relationship simplifies to

(A_l_) ‘dUo(t) _dU,(t = T)
24/ | dt dt

+ (Uo - Umf)

d2T(t)
di?
The pressure at the bottom of the bed, Pg(t), and that in the

plenum, P,(t), can be related to the gas velocity through the dis-
tributor, U,(t), as follows (Moritomi et al., 1980):

=Pp(t)—Pg (13)

(i) Pu(t) - Palt) = Kp UNt) (14)
~and
@ oL =y, - P.aU0 (15)

From Egs. 13, 14 and 15, we obtain

o (1\&) ‘dzUa(t) _ d2U,(t = T)]
‘\2a/| dt? dt?

+ onUE Y )Kp dld"t@ + P.AU,(t)
=~(TU, - Ungloc (2A dth‘gt) (P,UNA; (16)

This equation characterizes the dynamics of a gas-solid fluidized
bed in terms of pertinent parameters including both the internal
noise in the bed and the external noise in the gas supply line.
Equation 16 indicates that the residence time fluctuations induced
by the deformation and coalescence of gas bubbles can initiate the
oscillation of the fluidized bed even when the external noise in the
gas supply line is absent.

Transfer Function

The superficial gas velocity at the distributor plate, U,(t), and
the bubble residence time, T(t), can be decomposed into its time
average and fluctuating components, respectively, i.e.,

Uo(t) = U, + U,(t)

Tt)=T + T'(t)
Introducing Eq. 17 into Eq. 16 and 13 and assuming that no ex-
ternal noise exists in the gas supply line, we obtain, respectively,

{dzv;(t) _d2U(t = T)] (2nU,','-1KDA) dU,(t)

(17)

di? di? M, dt

P.A%) d3T’
+(2M? )U,,<t)=—< s = Unp) 2L (1)
and
M\ [dUy(t) dUt ~T) 2T _
(ﬁ)[ dt Gt O U)o ]-PB(”
(19)

for the fluctuating component.
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Taking the Laplace transform of Eqs. 18 and 19, we have, re-

spectively,
- U 'KpA 2P A2
2(] —e—sT + 4 D ) ( ¢ ) ,
[s R R S A O v 2R

~(Uo = Ump)sLIT’ (1)} (20)

and

(0= ML) + (O = UnpsiLir 0 = (2] ipcon

21)

Eliminating L{U,(t)} from Egs. 20 and 21, we obtain the transfer
function, G(s), relating P(t) and T"(¢), as

S

LiPy(t)} = (%%) (Us = Unmp)G(s)LAT (2 )} (22)
where
(ZnU{;“KDA) 64 (2EA2) .2
M o.M
Gl = 2nUr'KpA Py %
e () ()

Equation 22 indicates that the characteristics of the pressure
fluctuations at the bottom of the bed can be inferred from those
of the bubble residence time. For example, the intensity of pressure
fluctuations at the bottom of the bed

(3%

can be obtained by considering the Fourier transform version of
Eq. 22 and then by taking the inverse Fourier transform of the
resultant power spectrum, i.e,,

= M) v gL
VTP = (5] O~ U =
@ 1/2
x| f- cvarcgonrwrred] e

where F{T’(t)} is the Fourier transform of the residence time
fluctuations and * denotes its complex conjugate. Equation 24
shows that the intensity of the pressure fluctuations induced by the
fluctuations of bubble residence time is proportional to

AR
(5)'(% Ups)

and depends on the product
G(jw) - FiT'(t)}

Fluidized Bed Instability

For the special case of T’{t) = 0, Eq. 20 reduces to
{02(1 —e~?) + b + BILIU,)} =0 (25)
where
8 =0T
_ 2nU3'KpAT

M; (26)

g= 2P A2T?
v .M,

The fluidized bed is unstable if the roots of Eq. 25 for s have positive
real parts. In other words, the bed instability depends on the
magnitudes of two parameters, o and 3, in Eq. 25. In what follows
only the frequency at the threshold of instability or the frequency,
which induces an infinite gain in Eq. 23, is discussed.

Let us set s = jw in Eq. 25, at which the bed oscillates with the

frequency of f = w/2w. Equating separately the real and imagi-
nary parts of Eq. 25 to zero yields, respectively,
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— A2
—w?(1 — coswT) + (2P < ) =0 (27)
UciM s
TIn—-1
—w sinwT + M) =0 (28)
M;

Examination of Eq. 28 shows that a positive real root of w that is
physically realizable exists only when
omw (2m + 1)
ar—a < < a———
T ST T
while no such constraints need to be imposed on the roots of Eq.
27.
All the parameters in both Eqs. 27 and 28 are fixed for a given
operating condition. Therefore, solving these equations for Kp,.
we see that Eq. 25 holds only when

SRERNC e
b nUM'A oM w3 oM w3

k=123,.... (30)

m=012,... (29)

where wy, is the kth root of Eq. 27.

Observation of the motion of solid particles has indicated that
a portion of the solid particles at the bottom of the bed tends to
accumulate on the distributor and block the holes on it (see, e.g.,
Briens et al., 1980). This means that the value of Kp in Eq. 28 is not
fixed but varies appreciably during fluidization. We shall, however,
assume that Kp does not vary arbitrarily but varies according to
Eq. 30. Then, Eq. 27, subject to the constraints of Eq. 29, gives rise
to the frequency at the threshold of instability of the bed, which
induces the infinite gain in Eq. 23.

Equation 30 shows that angular frequency, w,, corresponding
to the limiting condition of Kp = 0, is inversely proportional to the
square root of Ly, i.e.,

P I3 1/2
P.A )1/2 _ ( P.A ) 1 31)

oM, V¢ Dmf V Linf

This relation implies that the kinetic energy of particles and the
pressure work at the bottom of the bed are in equilibrium. Equation
31 is essentially identical to that of Moritomi et al. (1980) and
similar to that of Wong and Baird (1971).

w1=27rf1=(

DISCUSSION

Experimentally Determined Amplitude of Pressure Fluctuations

The amplitudes of pressure fluctuations in the gas-solid fluidized
bed were measured by several investigators, e.g., Lirag and Littman
(1971) and Fan et al. (1981). Their experimental results are plotted
in Figure 2 against a new parameter, (M;/24) (U, — Uy), derived
in the present work (Eq. 24). Notice that the measured amplitudes
in these experiments are roughly proportional to this parameter
independent of the size of solid particles.

Experimentally Determined Frequency of Oscillation

Equation 27 indicates that the frequency of oscillation depends
on the mean bubble residence time, T, the average plenum pres-
sure, P, the plenum volume, v, the column cross-sectional area,
A, and the bed mass, M,. These parameters, except the mean
bubble residence time, are directly measurable without difficulty.
The mean bubble residence time cannot be easily determined,
because the average rising velocity of a bubble at the minimum
fluidizing condition, Uy, cannot be directly measured.

Assume that Uy, may be estimated from (Davidson and Harri-
son, 1963)

U = 0.7 v/ gD, (32)
Further assume that the maximum gas bubble diameter, D,,,,
is given by (Mori and Wen, 1975)
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Figure 2. Experimentally determined amplitudes vs. a new parameter (Ms/
2A0U, — Upy).

Dem = 0.652A(T, — Uy )}2/5 (33)

Then, the mean bubble residence time, T, can be estimated from
Eq. 5as

= M L
pmfA Uy Upm (54)

To compare the proposed model with experimental data on
fluidized-bed fluctuations, the dimensionless parameters, § and
&, are defined as

0=w7"=27rf[$‘1
U,

2P,A2 2P Ls
gr=Pehlmy il (@)
.M, (v./A )pme%,
Then, Egs. 27 and 29 can be rewritten, respectively, as
02(1 —cosf)) = £2=0 (36)
2mw <8< (2m + D)7, m=012,... (37)

This set of relationships between £ and £ is indicated by a series of
discontinuous solid lines in Figure 3. The experimental data of the
dominant frequencies obtained by several investigators are plotted
in the same figure. One or more of the parameters needed in this
plot, for example, the plenum volume, v, and the ratio of the gas
velocity to the minimum fluidizing velocity, U,/ Upyg, were not
available. Therefore, they have been estimated approximately.
Most of the data in Figure 3 appear to satisfy Eq. 36 reasonably
well. Verloop and Heertjes (1974) have shown that the dominant
frequency does not monotonously decrease with an increase in the
bed height (Figure 2 of their work). A careful examination reveals
that the dominant frequency appears to increase or jump abruptly
at some bed height. This abrupt jump in the dominant frequency
can be explained by the discontinuity in Eq. 36. Goossens (1975)
has pointed out that the difference in particle sizes also affects the
dependency of frequency on the bed height; it is reasonable to
assume that large particles may satisfy Eq. 36 in the range of 0 <
§ <« while small particles do in the range of 27 < § < 3. Figure
3 also includes the experimental results of Wong and Baird (1971)
for the pulsed fluidized beds. In their experiments, however, U,
for such a bed is sometimes less than Up,¢. Such cases are excluded.
For small particles, the data by Wong and Baird (1971) seem to
satisfy Eq. 36. The correlations based on their piston model and
those by Moritomi et al. (1980) are also shown in Figure 3. Notice
that, while the piston model can roughly estimate the dominant
frequency, it cannot account for the occurrence of the apparent
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Figure 3. Plot of § against £ according to Egs. 36 and 37.

abrupt jump in the dominant frequency. If we consider that the
pressure fluctuations in the bed are induced by the bubble resi-
dence time fluctuations, Figure 2, the dominant frequency of the
pressure fluctuations can be interpreted as the frequency which
induces the infinite gain in Eq. 23. Figure 3 appears to confirm this
observation.

ACKNOWLEDGMENT
We wish to thank the Department of Energy for the financial

support (DE-FG21-78ET12263), and S. Mori at Nagoya Institute
of Technology for his suggestions.

NOTATION

A = column cross section, m?

Ay = gas inlet pipe cross section, m2

D., = maximum bubble diameter, m

D, = average particle diameter, m

f = dominant frequency, s!

G = bubble holdup, m3

g = gravitational acceleration, m/s?

Kp = pressure resistance coefficient of the distributor, N/
(m/s)?m2

L = bed height, m

L = height of the center of mass, m

Lums = bed height at the minimum fluidizing condition, m

M, = total particle mass, kg

n = constant

P = pressure, N/m?

Pg = pressure at the bottom of the bed, N/m?

P, = plenum pressure, N/m?2

P, = gas inlet pressure, N/m2

P. = ambient pressure, N/m?

s = complex variable for Laplace transformation, s™!
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t = time

T = bubble residence time, s

U, = rising velocity of bubble, m/s .

Upn = maximum rising velocity of bubble, m/s

Uy = rising velocity of bubble at the minimum fluidizing
condition, m/s

Us = linear velocity of fluid, m/s

U; = inlet gas velocity, m/s

U, = linear volocity of solids, m/s

U, - = superficial gas velocity through the distributor, m/s

Ups = minimum fluidizing velocity, m/s

R = plenum volume, m3

x = ypward distance from the distributor, m

€ = void fraction, dimensionless

Greek Letters

a,B,0 = dimensionless variables defined by Eq. 26
= dimensionless variable defined by Eq. 35

Pmf = bed density at the minimum fluidizing condition,
kg/m3

pf = fluid density, kg/m?

Ps = density of solids, kg/m3

w = circular frequency (=2xf), s7!

Superscripts

- = time average
= fluctuating component

LITERATURE CITED

Baird, M. H. 1, and A. J. Klein, “Spontaneous Oscillation of a Gas-Fluidized
Bed,” Chem. Eng. Sci., 28, 1039 (1973).

Briens, C., M. A. Bergougnou, and C. G. J. Baker, “Further Studies on Grid
Leakage (Weeping) (Dumping) in Gas Fluidized Beds,” Engineering
Foundation’s Third Int. Conf. on Fluid., New England College, Hen-
niker, NH (Aug. 3-8, 1980).

Canada, G. S., M. H. McLaughlin, and L. W. Staub, “Flow Regime» and
Void Fraction Distribution in Gas Fluidization of Large Particles in Beds
without Tube Banks,” AIChE Symp. Ser., No. 176, 74, 14 (1978).

Davidson, J. F., and D. Harrison, “Fluidized Particles,” Cambridge Uni-
versity Press, New York (1963).

Fan, L. T, T. C. Ho, S. Hiraoka, and W. P. Walawender, *‘Pressure Fluc-
tuations in a Fluidized Bed,” AIChE J., 27, 388 (1981).

Goossens, W. R. A, “Dynamic Characteristics of a Gas Fluidized Bed,” D.
L. Keairns, Ed,, Fluidization Technology, 1,87, McGraw-Hill, New York
(1975).

Hiby, J. Y., “Periodic Phenomena Connected with Gas-Solid Fluidization,”
Proc. Int. Symp. on Fluid., 99, Netherland University Press, Amsterdam
(1967). ’

Lirag, R. C., and H. Littman, “Statistical Study of the Pressure Fluidizations
in a Fluidized Bed,” AIChE Symp. Ser., No. 116, 67, 11 (1971).

Mori, S., and C. Y. Wen, “Estimation of Bubble Diameter in Gaseous
Fluidized Beds,” AICKE J., 11, 109 (1975).

Moritomi, M., S. Mori, K. Araki, and A. Moriyama, “Periodic Pressure
Fluctuation in a Gaseous Fluidized Bed,” Kagaku Kogaku Ronbunshu,
6, 392 (1980).

Pigford, R. L., and T. Baron, “Hydrodynamic Stability of a Fluidized Bed,”
Ind. Eng. Chem. Fund., 4, 81 (1965).

Verloop, ., and P. M. Heertjes, “‘Periodic Pressure Fluctuations in Fluidized
Beds,” Chem. Eng. Sci., 29, 1035 (1974).

Wong, H. W., and M. H. 1. Baird, “Fluidization in a Pulse Gas Flow,”
Chem. Eng. J., 2,104 (1971).

Manuscript received January 4, 1982, and accepted April 19, 1982,

March, 1984 Page 349



