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Abstract

A new method to study collapsing process of fluidized bed was proposed. The method is based on the analysis of the pressure variation
during collapse. A model is proposed to describe the pressure variation on any location of the bed during collapse. Three kind of particles
were fluidized by air and the pressure variation after shutting down the gas supply was measured by pressure transducers and simulated by
the proposed model. The simulated results were in good agreement with the experimental data, The parameters of the fluidized bed, such as
bubble fraction ay,, particle fraction in dense phase a,, bubble velocity u, and slip velocity of particle u,, can be estimated from the measured
pressure data by using the proposed model. The model was also used to calculate the pressure variation in pulsed fluidized beds with low

frequency. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Bed collapsing technique has been widely used to study
the behavior of a fluidized bed. It is attractive because of its
simplicity and its potential for rapid determination. A number
of workers have applied it for the measurement of the prop-
erties of dense phase and bubbles in bubbling fluidized beds,
such as dense phase voiduge [1-3]: sedimentation velocity
and expansion ratio of the dense phase [4]; and fraction and
rising velocity of bubbles [ 5]. It has also been used in powder
classification and evaluation of the quality of fluidization [6].

At present, the primary method to study collapsing process
is by following the movement of the bed surface by photo-
graphic techniques after a sudden termination of the gas sup-
ply and the pictures need to be analyzed one by one, then the
variation of the bed surface location can be plotted [ 1-4].
This is a time consuming procedure. An optical-fibre tracking
set was developed by the Institute of Chemical Metallurgy,
Academia Sinica which made the measurement more con-
venient and precise, but the device is complex and expensive
(71

In our work, pressure transducers were used to record the
pressure variation during the collapsing process. Measuring
the pressure variation is a better way to study collapse because
it is simpler and faster than other methods. In this paper, we
will analyze the collapsing process and propose a model to
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describe the pressure variation during the collapsing process,
then use the model to estimate the parameters of fluidized bed
and simulate the collapsing process.

The gas-solid contact efficiency can be much improved in
pulsed fluidized beds [8.,9]. however little work has been
done on the dynamics of pulsed fluidized beds. We carried
out a study of pulsed fluidized beds recently and will use the
proposed model to simulate the pressure variation in pulsed
fluidized beds with low frequency.

2. Mathematical model

When the gas supply of the fluidized bed is shut off abruptly
at 1=0, the bed height will vary with time as shown in
Fig. 1. At first, bubbles ascend through the bed, leading to

@r=0  ®O<r<r, (=1, @y <t<t, ey =1, (v =1,

Fig. 1. The collapsing process of bubbling fluidized bed.
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rapid collapse of the bed, this stage is called bubble escape
stage (0 <r<t,.). During this stage the upper section of the
bed consists of bubbles, below it i, a bubble-free dense phase
and at the bottom of the bed is the accumulated layer built by
the settled particles. At #=1,, bubbles disappear completely,
thereafter the bed surface continues to descend while the
accumulated layer at the bottom ascends (f., <t <#.4). At
t="1.4, all the gas in the dense phase has been expelled and
the collapse process is complete. (Strictly, the bed height
should descend even more owing io the consolidation of the
particles, until at £=.. the ultimate height is reached).

We can divide the fluidized bed during the collapsing
process into four regions as shown in Fig. 1(b):

Region A: the region above the bed surface;

Region B: the upper section consisting of bubbles, emul-

sion phase (or called dense phase) and wake;

Region C: bubble-free dense phase;

Region D: accumulated layer built by the settled particles.

The interfaces of the neighboring two regions are called
surface 1, surface 2 and surface 3 and their location are x,,,
X, and x,; respectively.

Our model is based on the following assumption:

(i) the fluidized bed is made np of a bubble phase devoid

of particles, emulsion phase and wake;

(ii) all the particles have a uniform dimension;

(iii) bubbles are distributed uniformly in the whole bed

with the same rising velocity u,;

(iv) at any time, the bubble fraction in region B is a,, the

wake fraction is a,,, the particle fraction in the wake phase

and the dense phase in region B and C is a, the velocity

of particles in the wake is the same as the rising velocity

of bubble;

(v) the consolidation of the settled particles is neglected

and the fraction of particle in accumulated layer is a..;

(vi) the density of gas is constant.

2.1. Location variation of the interfaces

Firstly, the location variation of the three interfaces will be
derived.
In region B, if the velocity of dense phase is u,, then

apuptayuyt(l-ay—ay)u.=u; (n
The derivation of Eq. (1) is shown in Appendix A. u is the
releasing rate of the gas in the plenum chamber and can be
calculated by Eq. (2) [5].

u,v=(! +AP, 2)

=0
A ¢ AP alend
In the dense phase of region B, if u, g is the gas velocity and
u, s is the average velocity of particles, then
(I—ap)uyptapupp=u (3)

Additionally, the relationship between the velocities of
particle and gas is:

Upp—Upp=U, (4)

Where, u,=u(a,), is the slip velocity of particle, Egs. (1),
(3) and (4) give:

__(aptay)u,—us

Upp= —at—a —(I-ap)p, (5)
In region C:

(I—ap)u,c+apu,c=u; (6)

Ugc—Upc=U, n

So,

Upc=ue—(1—ap)u, (8)

211 0<t<t,

When ¢ <r,,, the mass balance relations of solid phase at
the three interfaces are:

dx, dx,
Surface 1: (u,,_c - -aT')a,, = (u,,.D - —d—t')a, 9)
Surface 2: {u,, — dxg oo+ Upp — &
dr t (10)

dxsZ
x(l—ab_aw)ap= up.C— -, 1%

. dx,
Surface 3: (up_A— d-%)X0=(u,,.w-- -Ei-'!)awap (n

dx,
+(“p.B - _d;l)( 1- Qa,— aw)ap

Where u,,, is the velocity of the particles in wake, u,, , = uy;
Uy s Up > are the average velocity of particles in Region A
and Region D respectively, u,p =0.

Replacing u, 5 and u,c in Eqs. (9)-(11) with Egs. (5)
and (8) and integrating Eqgs. (9)—(11) under the following
initial conditions: x,,(0) =0, x,2(0) =0, x,;(0) = Hy, we get:

= [(l1—a,)u,—ua,t (12)
a.—a,
aw
x52=ubt—(l—ap)(l+——)u,t (13)
Ay

_ [ahuh"‘"f“‘(l—ab‘aw)(l"ap)'h]t
l"‘ab

(14)

x53=H0

When r=t.., surface 3 is at the same location with surface

cr

2, that is x,; = x,, SO:

Hyay(l—ay) (15)
Upap—ay(1=ay)u—ucay

ler=
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xs3ll=ln=’¥.\2|1=l" ( 16)

_ H()(l_ab)ah“b—( l"'ap)(ah-*'a\v)ul
h (up—upa,—a (1-ay)u,

2.1.2.t>t,
When 1> t,,, the mass balance on surface 2 becomes:

dxsz dxsz
(u,,,,\-— T)XO=("P‘C— T)a" 17)

Taking Eq. (16) as the initial condition, Eq. (17) can be
integrated:

Xa=Hy(1=apy)=(1=a)ut+u (18)

On surface 1, the mass balance relation is still expressed
by Eq. (9) and its location variation can still be expressed
by Eq. (12).

When t= 1,4, X,) = X2 SO

_Hy(l-a)a, ~w,)

= (19)
end a, (l=a,)u,~u,
Hya (l—ay)
P = — P
-\"|I,~ l\..m—'\\:'l» fend - :1 _H\ 20)

Fig. 2 is the typical plot of the location variation of the
three interfaces with time. In the figure, line mpgs, opgs. and
ogs corrcspond to surface 3, surface 2 and surface |
respectively.

2.2. Pressure variation

Now we will derive the pressure variation with time at a
horizontal which is at a distance v from the distributor. The
momentum equations of the gas phase and the solid phase

give the following (see Appendix B).
For region B and C:

dp ;
ar ==(l-¢&)p, 8. (21)

For region D:

dp
d—';=-Kw (22)
where,
180p, ?
K=t (23)

T di-a.)

Integrating Eqgs. (21) and (22) from x to the bed surface
gives the pressure distribution p(t, x) (in this article. it is the
relative pressure).

When <t

cre

X

o

t

Fig. 2. Typical plot of the location variation of the three interfaces with time.
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(25)

Our experiments and calculation showed that. in most case,
especially when the volume of the plenum was small, u, was
very small and had little influence on the pressure calculation,
s0 it can be neglected and Eqs. (24) and (25) are simplified
as follows:

Whenr<y,,

a,p.8
(0 (A>x )
(Hy—xMl-ap)-anu = (1-a,—a (1 —a it (X ,<XSX )

P,
H..(I—(n,)-(l~a,\)u.l—x (x, <xgx,,)

U-aa, u,t

Hy(l-a,)— — (0<x<gay)

L a. -a,

(26)
Whentr>:

re
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1.x=0

! 2.x=1x
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5.x=x
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>

Fig. 3. Plot of p(r) a: different location of the bed during collapse.

0 (x>x.5)
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(27)

«,, in the model can be obtained by measuring the static
bed height H, and weighing the particles in the column, H,,
can be measured before collapsing. Thus there are five para-
meters to be determined in the model a,, a.. u,, @, and u,,
and among them there are only four independent ones,
because

H()(l—ah)ap:'H\aL (28)

The pressure distribution p(#, x) can be calculated by
Egs. (24) and (25) or Eqgs. (26) and (27) provided that the
parameters are known.

Fig. 3 is the pressure variation with time at different loca-
tion of the bed during collapse according Eqs. (24) and (25).
We can see that three kinds of straight lines with different
slope appear on the curves. Taking the curve at x=ux; as an
example, line ab corresponds to the pressure before surface
2 reaches this location and its slope can be calculated from
Eq. (24):

.

= dr =“[(I—“|,“LY“)(l'—a’l,)lll

ab (29)

+a,u,—uda,p,g

Line bc corresponds to the pressure after surface 2 reaches
this location and before surface 1 reaches this location, its
slope is given by Eq. (24) or Eq. (25):

dp

k2=_

t

=—[( l_ap)“(—ul‘]apppg
bhe (30)

==(l-a,)u,a,p,8

Line cd corresponds to the pressure after surface 1 reaches
this location and its slope is given by Eq. (24) or Eq. (25):

_d
dr cd a,—a

__lw=a,)—ul(a.p,g—Kua,

ks
P (31)
a.(I-a,)ua,p.g

a, —a,

~ —

On the pressure curves of different location, the lines with
slope k, are parallel and so are the lines with slope k., the
lines with slope k; almost overlap on the same line.

Eqgs. (30) and (31) give (1k3l)/(lksl) =(a.) /(. — )
> 1, that is, |k;| > |k.|. During the period after surface 2
reaches the location and before surface 1 reaches the location,
what leads to the pressure variation is the descent of surface
2; After surface | reaches the location, both the descent of
surface 2 and the ascent of surface | affects the pressure
variation. So pressure descends faster after surface 1 reaches
the location than before surface ! reaches the location,
namely, [k;| > |kJl.

It has been reported that the voidage of dense phase and
the interstitial gas velocity can be obtained by following the
variation of the bed height during collapse [ 1,2]. Similarly,
the parameters of a fluidized bed can also be obtained by
measuring the pressure variation during collapse.

The particle fraction in dense phase «,, and the slip velocity
of particle u, can be calculated by using Egs. (30) and (31)
after we know slope k, and k; from the pressure variation
curves obtained experimentally, the bubble fraction a;, can
then be calculated by using Eq. (28).

In order to calculate u,, taking o, = 3a,, [ 10], then u, can
be obtained by using Eq. (29) after we know k, from the
experimental curves.

3. Experimental

Fig. 4 is the schematic diagram of the experimental appa-
ratus. The experiments were carried out under ambient con-
ditions in a 70 mm ID and 870 mm height perspex column
fitted with a porous plate distributor. The pressures in the
plenum chamber and on different location of the bed were
measured simultaneously by five pressure transducers and
the signal was collected and treated by a computer after mag-

Fig. 4. Schematic diagram of the experimental apparatus: 1, air compressor;
2. dryer: 3, rotameter: 4, needle valve: 5, surge tank: 6, time-lag relay: 7 and
8, solenoid valve: 9. plenum chamber: 10, fluidized bed: 11, ruler: 12,
pressure transducer: 13, A/D converter: 14, Computer.
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Table 1 Table 2

Physical properties of the solid used Results of the estimation of fluidization parameters

Particle d, Po Uy Particle u, ap uy, a, u,

(pm) (kg/m*) (m/s) (m/s) (m/s) (m/s)

FCC-1 70 1598 0.007 FCC-1 0.014 0.01 ? 0.53 0.008

FCC-II 50 1020 0.001 0.028 0.09 0.29 0.53 0.008

Sand 210 2600 0.030 0.070 0.11 0.40 0.53 0.008
FCC-1I 0.007 0.06 ? 0.48 0.005
Sand 0.10 0.16 ? 0.52 0.18

1. near the distributer

2. 10cm above distributer
3. 30cm above distributer
4. 40cm above distributer
5. 50cm above distributer

g § &8 &

P (Ps)

o4

t(s)

Fig. 5. Measured pressure variation during collzpse: (1800 g FCC-I
U, = Aty ).

nification and A/D conversion. The gas used was air. The
solids used and their properties are shown in Table 1.

3.1. Bed collapse

Particles were fluidized at a certain gas velocity and the
initial bed height H,, was measured, then the gas supply was
terminated by turning oft the solenoid valve and the pressure
was recorded. The static bed height H, was measured after
collapsing completed. The sampling frequency is 100 Hz.
One of the measured pressure curves is shown in Fig. §.

3.2, Pulsed fluidization

Particles were fluidized by pulsed gas. The average gas
velocity was controlled by the rotameter, the pulse frequency
and the duration ratio were controlled by the graded time-lag
relay. The pressure variations at different bed location were
recorded by pressure transducers and the sampling frequency
was 100 Hz.

4. Results and discussion

4.1. Parameters estimation from the pressure curves
Comparing Figs. 3 and 5, we can see that the measured

pressure variation curves are very similar to the curves cal-

culated by using the model. a,,, ay, uy, and 1, can be estimated
after the slopes of the lines on the curves are measured.

On the measured curves, the segment, which should be a
line with slope &,, is not a straight line due to the fierce
pressure fluctuation during the bubble escape stage. k, canbe
obtained by line-fitting of the experimental data and the
experiments should be repeated for several times under the
same conditions in order to improve the precision.

The estimated results of a fluidized bed with different
particles and different gas velocity are shown in Table 2. In
some tests, «, is not obtained because of the difficulty of
calculating k,.

4.2. Simulation of collapsing process

The collapsing process can be simulated by using the pro-
posed model if a,, . U, @, and u, are given (only four
parameters are independent).

Fig. 6 is the comparison between the simulated and meas-
ured pressure variation on different locations of the bed. We
can see that the simulated results are in good agreement with
the measured results except for the period near the completion
of collapse.

4.3. Simulation of pulsed fluidized bed

If the pulse frequency is low, during the on-period of the
pulsed fluidization, the bed is in a state of fluidization. During
the off-period, it is a bed-collapsing process. Therefore the
pressure variation during the off-period can be calculated by
Eqs. (24) and (25). During the on-period, a certain time is
necded to establish the steady state of fluidization and the bed
height varies considerably. Meanwhile, the pressure fluctu-
ates greatly due to the existence of bubbles. If the pulse
frequency is low, the time for the establishment of the steady
fluidization is relatively short. For simplicity, we neglect the
period for establishing steady fluidization and assume that
the bed height and the pressure are steady, so the pressure at
a distance x from the distributor during on-period can be
calculate by the following equation:

P)=(Hy=x)(1-ay)a,p,8 (32)
Then the pressure variation in the pulsed fluidized bed can

be simulated by using Eqgs. (24), (25) and (32). Fig. 7 is
the comparison of the simulated results and the experimental
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Fig. 6. Comparison between measured and simulated results: (a) near the distributor; (b) 10 cm above the distribuicr; (¢) 30 cm above the distributor.
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Fig. 7. Comparison batween the simulated and measured pressure variation in pulsed bed with different frequency and duration ratio. (a, b) f=0.16 Hz, on-
period=3.0's, off-per \d=3.0's; (c) f=0.16 Hz, on-period=2.0 s, off-period =4.0 5. (d) f=0.16 Hz, on-period=4.0 s, off-period =2.0 s; (e) /=10 Hz,
on-period =0.5 s, off-pt iod=0.5 s.

data of pulsed bed with different frequency and durationratio. When the pulse frequency is high, the s'impliﬁed approz}ch
We can see that the simulated results are in good agreement is unsuitable because the effect of the period for establishing
with the measured results when the pulse frequency is low. steady fluidization can not be neglected.
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§. Conclusions

A new method to study the collapsing process of fluidized
beds was proposed. The gas-particle flow in fluidized bed
was described by a three-phase model (bubble, emulsion and
wake), the collapsing process was analyzed and a model was
proposed to calculate the pressure variation at different bed
location during collapsing. The model was used to simulate
the collapsing process and the simulated results are in good
agreement with the measured results. The parameters of flui-
dized beds, such as bubble fraction a, particle fraction in
dense phase a,, bubble rising velocity u, and slip velocity of
particle #, can be estimated from the experimental data by
using the proposed model.

When the pulse frequency is low, the pulsed fluidized bed
~an be regarded as a combination of a steady fluidization (on-
period) and a collapsing process (off-period), the pressure
variation can be calculated by Eqs. (24). (25) and (32).

Compared with the conventional method which studies the
collapsing process by measuring the bed height variation,
recording the pressure variation is a more convenient way to
study the collapsing process, furthermore, it can provide more
information.

6. Notation

A sectional area of the bed (m°)
H, initial bed height (m)
H, static bed height 7 Pa)

P pressure (Pa)

P, atmospheric pressure (Pa)

P pressure in plenum (Pa)

. critical time (s)

Lo time of the end of the collapsing (s)
ity bubble velocity (ms ')

i, superficial gas velocity (ms ')

Uy initial fluidization velocity (ms ')
", particle velocity (ms ')

", slip velocity of particles (ms ')

Vo volume of the plenum (m')

w weight of particle in the column (N)
X coordinate (m)

o, bubble fraction

@, particle traction in dense phase

, wake fraction

a, particle traction in settled phase

% particle density (kgm )
AP, pressure drop across distributor (Pa)
TR viscosity coefficient (Pas)
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Appendix A
Derivation of Eq. (1)

The continuity equation for particle is:

deppy) | eppply) _
ot ox

(al)

Where o, is the averaged volume fraction of particle (include
the particles in bubble, wake and dense phase), U, is the
averaged velocity of particle.

The continuity equation for gas is:

3[(““%)&1 + a[(l—‘»op)pguu] =0
ot ox

(a2)

Where U, is the averaged velocity of gas.
Because the density of particle and the density of gas are
constant, Egs. (al) and (a2) can be expressed as:

i) pYp
in+a(go,U,) =0 (a3)
ot ox
d(l=¢,) | 8l=@)U,] _
= + - =0 (ad)

Adding Egs. (a3) and (a4):

e Uy +U=9 U, _
ax

0

So,
¢, U, + (1= ¢,) U, =constant (a5)

Eq. (a5) can be applied to both steady and unsteady gas-
solids flow, including collapse process. For a collapsing
fluidized bed,

el =a (1= )uy+(1—ay—a a1, I=-¢,)U,
=quitpta, e iy t(l—apy—a )l-—ap)u.

Eq. (a5) becomes:

apupta iy t(l—ag—a)la,u, g+ 1—a)u, 5l (26)
=u,

If the velocity of dense phase is u,. then

@ ywt(I—ap ), y=u, (a7)

Replacing Eq. (a7) into Eq. (a6):

apltyta ity H(l=a,—a )u.=u; (a8)

Appendix B

Derivation of the pressure distribution during collapsing

. A T™ 4N TN L
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d,u, dp 47,
SELE o —_ —ef
gpg ar gdx Spgg FD+ Dh (bl)

d,u d
(1-e)p, Bt =—(1-0) £ ~(1-e)p, 8+ Fo

(b2)
+ 47“31 _ dpp.f _ dpp.c
Dh dx dx

combining Eq. (bl) with Eq. (b2) gives the momentum
equation of mixture:
d dp

o Up
py——t == ———(1-&)p, &

d,u
- il LAl
U=ee=g TP g =7 ax (b3)

4(7\\‘41 +‘r\v.g) - dpp.f _ dle‘
D, dx dx

—&p, 8+

where ¢ is the average voidage (if bubbles exist, it is the
average including bubble and emulsion phase), Fy, is the
average force between gas and particle in unit volume of
mixture; 7., and 7, , are the wall friction acting on gas phase
and solid phase respectively; p,, is the stress due to the ran-
dom motion of particles including collision stress; p,,. is the
stress due to the contact of particles

In region A,
e=1

In region B,
8=a|,+(1_0'h)(l—ap)- pp.c=09
dpp/dx=0, d,u,/dx=0, d,u,/dr=0;

In region C,
e=1—-a, Ppe =0,
douyldv=0, d.u /dt=0;

dp,.,/dx=0.

In region D,
e=l-a, duddr=0, u,=0, p,,=0.

Neglecting 7, ,, 7., and the gravity of gas, and using above
relations, Egs. (b1) and (b2) become

dp
0=—€dx -Fy (b4)
dp dp[xc
=—(l—8)a—(l—8)ppg+Fb— dx (bS)

then the momentum equation of mixture is:

__9 . dpy.
0=--=—(-e)p,g— " (b6)

In region B and C, p,,. =0, Eq. (b6) gives:

dp

a‘;=—(1—€)ﬂ|18 (b7)

In region D, Carman-Kozeny equation gives:
dp 180u, a2

= ———— e :
ix df,(l—-oz,,)’ Ku, (b8)

where, K= (180p,c.”)/(d,} (1~ a.)")
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