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ABSTRACT

The evolution of a solid—liquid model biological fluidised bed under a step
change in fluid superficial velocity is described. During a transient step
change, the fluidised bed divides into a top zone which remains at the initial
porosity and a bottom zone which settles at the final porosity. The interface
of discontinuity in porosity moves progressively upwards through the
fluidised bed. The velocity at which the top of the fluidised bed expands or
contracts and the upward velocity of the porosity transition interface depend
only upon the initial and final states of the bed porosity and the fluid
superficial velocity. This results in a linear evolution with time of the total bed
height and the height of porosity transition interface. The proposed model is
well suited to describe the transient response of low-density particles in a
fluidised bed, such as encountered in biological systems, to a sudden change
of liquid superficial velocity. The model was validated experimentally.
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NOTATION

A Reactor section (L?)

H Height (L)

n  Expansion index

r  Correlation coefficient

u  Fluid superficial velocity (L T™1)

U Velocity (solid phase) (L T 1)

V' Volume (L?)

¢  Bed porosity

p  Density (M/L?%)

1 Characteristic time of the transient phase (T)

Subscripts

a Porosity transition interface
/ Final

o Initial

P Average for the particles

S Solid

t Bedtop

tz Top zone

T Terminal scttling

1 INFRODUCTION

Solid-liquid fluidised bed systems have found many applications in chemical and,
more recently, in biochemical processes because of their good heat and mass
transfer properties combined with high bed homogeneity. However, the
fundamental understanding of solid-liquid fluidisation is still at an early stage.

The steady state behaviour of a solid-liquid fluidised bed is well documented.!-?
To develop a dynamic model for (biological) fluidised bed processes requires a non-
steady-state equation for the fluidisation. Very few papers deal with the dynamics of
solid-liquid fluidised bed reactors.?*

Recently, a simple model described the transient response of a solid-liquid
fluidised bed to a step change in fluid superficial velocity.® The present work
develops this model further and validates it experimentally with low-density
particles so as to model biological processes in fluidised beds.

1.2 Qualitative analysis

1.2.1 Expansion of a solid-liquid fluidised bed following a step increase in fluid
superficial velocity

A sudden increase in the fluid superficial velocity from u, to u; induces the expansion

of the solid-liquid fluidised bed as a consequence of two phenomena (Fig. 1). First,

the bed moves upwards in order to obey the generalised law of Richardson and Zaki:

see eqn (4), Fig. 1(a2). Secondly, the upward motion of the fluidised bed clears a
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Fig. 1. (a): Evolution of a fluidised bed during an expansion step following a step increase in fluid
superficial velocity, u. (b): Evolution of the total bed height, Hy, and the height of the porosity transition
interface, H,, as a function of time.

zone free of solid particles beneath the bed; see Fig. 1(a2). Particles falling from the
base of the bed create an expanded bed at the new porosity (or liquid volume
fraction) &, related to the new fluid superficial velocity, u;, according to Richardson
and Zaki’s law; see eqn (1) Fig. 1 (a3 and a4). Therefore, two zones with two
different porosities can be observed during the transient phase: first, a top zone
with the initial porosity, ¢,, in an upward movement, the height (H,—H,) of which
decreases with time; secondly, a bottom zone with the final porosity, &, without
ascensional movement, the height of which increases with time. The two zones are
separated by an interface, at the height H,, where the porosity transition takes place.
This interface moves progressively upwards. At the end of the transient state, the
interface disappears: H, becomes equal to H,; see Fig. [(a5).

1.2.2 Contraction of a solid-liquid fluidised bed following a step decrease in the
fluid superficial velocity

A sudden decrease in fluid superficial velocity, from u, to u;, induces the contraction
of the solid-liquid fluidised bed as a consequence of two phenomena (Fig. 2). First,
the bed moves downwards to obey the generalised law of Richardson and Zaki; sce
eqn (4) Fig. 2(2a). Secondly, the downwards motion of the fluidised bed tends to
promote a packing at the base of the reactor. However, the resulting porosity, &,
does not decrease below the value predicted by Richardson and Zaki’s law—see eqn
(1)—for the new fluid superficial velocity, u;; see Fig. 2(a3). The fluidised bed divides
into two zones, as in the case of fluidised bed expansion, but in the contraction step,
the top zone moves downwards and has the lowest porosity; see Fig. 2 (a3 and a4).
The interface moves progressively upwards and disappears at the end of the
transient phase: H, becomes equal to H,; see Fig. 2(a5).
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Fig. 2. (a): Evolution of a fluidised bed during a contraction step following a step decrease in fluid
superficial velocity, . (b): Evolution of the total bed height, H, and the height of the porosity transition
interface, H,, as a function of time.

1.3 Quantitative analysis

1.3.1 Generalisation of Richardson and Zaki’s equation

Richardson and Zaki® were the first to observe that, when the fluid superficial
velocity, u, is increased in a fluidised bed, the porosity of the fluidised bed increases
in turn, resulting in the increase of the settling velocity of the now more dispersed
particles. The reverse was observed too. Steady-state conditions in a fluidised bed
imply that the net average particle velocity, Up, is equal to zero. Richardson and
Zaki expressed their observation under these steady-state conditions, by the
following equation:

u=Uge" (1)

Richardson and Zaki’s law states that under steady-state conditions the porosity of
the fluidised bed, ¢, is only a function of the relative velocity between a solid particle
and the fluid, namely, between the fluid superficial velocity, u, and the terminal
settling velocity of the particles, Uy, that is the terminal settling velocity of an
isolated particle in the same fluid.

If the net average particle velocity, Up, is equal to zero under steady-state
conditions, then Richardson and Zaki’s law also states that, if u is the fluid
superficial velocity, Urc" must have a value equal to the relative particle velocity in
the moving fluid. In other words, U+e" expresses that the velocity of particles in a
given fluid is the fraction ¢" of the terminal settling velocity Uz, a fraction thus
depending on the porosity. This is another way to cxpress Kynch’s theory that the
settling velocity of solid particles in a fluid decreases in a nonlinear fashion with
increasing concentration of the particles in the fluid.
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Dividing both sides of eqn (1) by the porosity, ¢, yields:
ule=Ure" ™! (2)

u/e represents the true superficial velocity in the fluidised bed whereas u represents
the fluid superficial velocity in the absence of solid particles.

Under dynamical conditions, the average particle velocity, U, is no longer equal
to zero. To comply with Richardson and Zaki’s law, eqn (2) must then be rewritten:

ufe—Up=Uqgs" ! 3)

where u/e — Uy is the net fluid superficial velocity relative to the particles now in net
movement.
Multiplying both sides of eqn (3) by the porosity & yields:

u—Upe=U_€" 4)

Equation (4) is the generalisation of Richardson and Zaki’s law for a solid-liquid
fluidised bed in a transient or dynamical state.

1.3.2 Dynamics of a fluidised bed under a step change in fluid superficial velocity

During the transition step—see Fig. 1(al-a5), Fig. 2(al-a5)—the balance around
the solid volume in the fluidised bed can be written as follows:

(Solid volume in bottom zone) + (Solid volume in top zone)
=(Total solid volume)

(1—e)AH, + (1 —e)AH —H,)=V, (3)

where ¢, and & are, respectively, the initial and final bed porosities (or liquid volume

fractions), A is the cross-sectional area of the reactor, and H, and H,, respectively,

are the total bed height and the height of the porosity transition interface.
Equation (5) can be rewritten in the following form:

(co—e)AH, + (1 —¢,)AH =V, (6)

Dividing both sides of eqn (6) by the reactor section, 4, and taking the derivative
relative to time, t, yields:

(eo—&r)dH, /dt + (1 —&,)dH, /dt =0 (7)
Note that:
dH,/di=U, (8)
and
dH,/dt =U, 9)

where U, and U, are the velocities, respectively, of the top of the bed and of the
porosity transition interface. Combining eqns (7), (8) and (9) yields:

(Ef_go)Uvaz(l_en)Ut (10)

During the time interval ¢ to 4 dt, the porosity transition interface moves a height
interval dH, which defines thereby a volume A dH,. The liquid volume balance
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around this volume A4 dH, during the time interval dt can be written:

(Input liquid volume)_ (Output liquid volume)
(between t and 1+dt) (between t and t +dt)

(Liquid volume) (Liquid volume)

(at t=t+dr) (at t=1)
wAdt —u, Adt =¢;,AdH, — &, AdH, (11)

where u,, is the fluid superficial velocity in the top zone of the fluidised bed. Dividing
eqn (11) by the reactor section, 4, and the time interval, dt, and combining with eqn
(8), yields:

uf_utz:(sf_’so)Ua (12)
Combining eqns (10) and (12) yields:
(I —&)Ui=uc—u, (13)

Before changing the fluid superficial velocity from u, to u,, the fluidised bed was in
steady-state conditions and the average particle velocity, Up, was equal to zero.
Hence, one can apply eqn (1):

tty = Usél 1)

During the transition step, first the upper zone moves as a whole. Secondly, the
average particle velocity, Uy, remains no longer equal to zero but becomes equal to
the bed top velocity, U,. Thirdly, the porosity remains however at its initial value, Z,.
Equation (4) applies and can be written:

u,— Ue,=Uqe, (14)
Combining eqns (1) and (14) yields:
u, & U =u, (15)
Combining eqns (13) and (15) yields:
U=u—u, (16)

This equation gives the value of the bed top velocity, U .» from parameters easy to
measure. Equation (16) states that the bed top velocity, U,, only depends on the
initial and final state. Consequently, it remains constant during the transient step.

The velocity of the porosity transition interface, U,, can be deduced from eqn (10).
Equation (10) states that the velocity of the porosity transition interface, U,, also
remains constant during the transient step, since it only depends on the parameter
values of the initial and final state.

Integration of eqns (8) and (9) gives the value of the height of the porosity
transition interface, H, and the total bed height, H,, as a function of time, ¢, during
the transient step:

H,=H, + U, (17)
Ht=Ht0+Utt (18)
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Fig. 3. Experimental set up. (a): Column to contain the fluidised bed; (b): cone; (c}:grid; (d): pump, (e):
short circuit; (f): watergate; (g): rotameter; (h) graduated rule.

where H,, and H,, are the initial heights, respectively, of the porosity transition
interface and of the total bed. The theoretical value of the initial height of the
porosity transition interface is, as a matter of fact, equal to zero.

2 MATERIALS AND METHODS

The experimental set-up is depicted in Fig. 3. The cylindric column (a) to contain the
fluidised bed was constructed of plexiglass, had an internal diameter of 10-7 cm and
an internal volume of 12 dm?. Its base consisted of a cone (b) topped by a grid (c).
The grid was necessary to maintain the solid particles inside the column and to
allow for a food fluid distribution at the bottom of the vessel. Water (18°C) was fed
to the column by means of a rotative pump (d) with screw (SB-15 Moineau, Atelier
Gardier, Belgium). The distribution of liquid flow between the vessel (a) and the
short circuit (¢) was controlled and measured by a watergate (f) and a rotameter (f).
A graduated rule (h) was used for the measurement of the heights of the porosity
transition interface and of the total bed.

The solid consisted of a mixture of polyethylene particles and talcum powder.
Their density was 1:03 kg dm ™3 and the mean particle diameter was 3-3 mm. The
volume of solid in the column, V,, was 1-9 dm?.

3 RESULTS
3.1 Characterization of the parameters of Richardson and Zaki’s law

For different fluid superficial velocities, u, under stcady-statc conditions, the
porosity, ¢, can be computed by:

e=1—V,/Vyy=1—V,jAH, (19)
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Fig. 4. Evolution of the porosity, & at increasing fluid superficial velocities, u, under steady-state
conditions.

where ¥, and V4 are the solid and total volume of the fluidised bed.

The log-log plot of bed porosity, &, versus the liquid superficial velocity, u, for
different steady-state conditions of fluidisation yields a linear distribution of date
(Fig. 4). The terminal settling velocity of particles, Ur (112m h™!), and the
expansion index, n (4-15), were estimated by regression of the data according to egn

(1)
u=112:+15 (20)

The terminal settling velocity, Uy, can be also determined experimentally as the
free falling velocity in a water column. This yields the value 6f 98+ 10m h ~!, which
agrees reasonably with the prediction of Richardson and Zaki's law.

3.2 Evolution of the total bed height, H, with time

Experiments were carried out to follow the change in the total bed height, H,, with
time, ¢, following a step change in fluid superficial velocity, u. Figure 5 presents an
example of an expansion step following a step increase in fluid superficial velocity, u,
which resulted in a linear distribution of the data. Conscequently, a linear regression
of the total bed height, H,, with time, t, according to eqn (18), was evaluated for
each experiment and allowed the calculation of the velocities of the bed top, U,, and
the initial heights of the bed top, H,,. The bed top velocities, U,, were also calculated
with the help of eyn (16). The results are summarized in Table 1. The experimental
uncertainty on the bed top height was approximately 1 em. The mean deviation
between the calculated values and the experimental values for the velocities of the
bed top, U, was estimated at 3%,. The experimental uncertainty for the latter
parameter was also cstimated at 3%,
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Fig. 5. Evolution with time of the total bed height, Hy. during an expansion step following a step incredse
in the fluid superficial velocity from u,=10-6mh~ ! to uy=23-5mh™'. H (cm)=(61+13-1(mh™")
1/36 t (s)) cm; r=0-999.

3.3 Evolution of the height of the porosity transition interface

Experiments were performed to follow the change in the height of the porosity
transition interface, H,, with time, t. following a step change in fluid superficial
velocity, u. Figure 6 shows an example of a contraction step following a step
decrease in fluid superficial velocity. The data distribution appears linear.
Consequently, the linear regression of the height of the porosity transition interface,
H,, with time, 1, according to eqn (17), was realised for each experiment, which
allowed the determination of the initial height of the porosity transition interface,
H,., and of the velocity, U,, at which the porosity transition interface moves
upwards. The porosity transition interface velocity, U,, was also calculated with the
help of eqn (10). The porosity values for the initial and final states were computed
using eqn (20). These results are presented in Table 2. The porosity transition
interface appears, in fact, as a zone of a few centimetres of height, especially in the
expansion steps. This introduces an uncertainty in the experimental determination
of the height of the porosity transition interface, H,, of approximately 1-5 cm for the
contraction steps and 3 cm for the expansion steps. The mean deviation between the
calculated values and the experimental values for the velocity, U,, of the porosity
transition interface was estimated at 79, whereas the experimental uncertainty was
of 49%.

4 DISCUSSION AND CONCLUSION
This paper is intended more specifically at fluidised beds of biological aggregates.

Since biological aggregates are difficult to manipulate, and their physical properties
are ill-defined and susceptible to changes with time, plastic particles that
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TABLE 1
Velocities of the Change in Total Bed Height Following Step Changes in Fluid Superficial
Velocity
(d uf Hm Hln Ur Ur rd
(mh™1) mh™Y exper.” regres. cale regres.t
(cm) (cm) mh 1 mh™"

Expansion

7-4 12 55 55 3-8 36+02 0997
12-2 174 61 61 52 54+03 0994

80 149 49 50 69 6-9+04 0996

80 169 55 56 88 91+03 0997
10-6 235 61 60 129 13-1+02 0999

95 232 60 61 13-7 137405 0999
154 303 66 66 149 151+£04 0998
17-3 341 71 71 16:8 157+05 0993

94 292 53 53 19-8 193403 0992
100 377 60 59 277 258402 1-000
10-3 385 60 61 282 279+03 0979
Contraction
303 231 97 96 —72 —74+01 1-000
231 145 80 80 —86 —88+01 1-000
17-1 82 70 69 -89 —824+06 0984
183 88 70 70 —-95 —-924+03 0997
16'5 66 68 68 -99 — 103105 0997
369 262 115 115 —10-7 — 109401 1-000
262 13-4 85 85 —12-8 —12:84+02 0999
303 13-5 92 92 —168 —16:5+01 0-990
371 85 115 113 —286 —287+06 0998

“Values obtained by direct observation,

®Values obtained by regression of data using eqn (18).
¢ Values calculated by eqn (16).

4 Correlation coefficient (see ?).

appropriately simulate the biological aggregates were used. They have a low density
(near | kg dm ™ ?), a low terminal settling velocity (near 100 m h~') and present a
dispersion of size and forms. The only important divergence between the plastic
particles and the biological aggregates concerns their plasticity and their internal
porosity. However, this does not affect the validity of the Richardson and Zaki law.®

A good correlation was observed between calculated and experimental values of
the bed top velocity, U,, following a step change in fluid superficial velocity, u, as
well as the initial total bed height, H,,, obtained by direct measurement or by
regression. That the bed top velocity, U,, is constant with time during the dynamic
state is demonstrated by the linearity in Fig. 5. Therefore, eqns (16) and (18)
correctly describe the evolution of the total bed height, H,, during an expansion or a
contraction step.

The deviation between the calculated values and the experimental values for the
velocity of the porosity transition interface, U,, is larger than its experimental
uncertainty. There are three potential reasons for this. First, the computation of the
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Fig. 6. Evolution with time of the height of the porosity transition interface during a contraction step
following a step decrease of the fluid superficial velocity from u,=277mh"™! to yy=131mh™".
H, (cm)=(3+33 (mh™ ') 1/36 ¢ (s)) (cm); r=0997.

TABLE 2
Velocities of the Change in Height of the Porosity Transition Interface Following Step
Changes in Fluid Supertficial Velocity

u, u, H,° U, u,tb I
(mh™ 1) mh™") (cm) mh 1 (mh 1Y)

Expansion

9-5 258 8+2 45 41+2 0-998
9-5 259 7+1 48 45+1 0-997
10-5 26°5 7+2 51 50+2 0-993
12-0 312 242 53 5442 0-998
Contraction

219 9-9 5+2 33 3542 0-989
254 109 342 34 3341 0-994
17-7 9-9 6+4 34 37+4 0-969
277 13-1 341 35 33+1 0-997
277 117 341 35 33+1 0-996
254 126 342 36 33+1 0996
253 13-5 3+1 36 3141 0997
31-5 218 1+2 40 35+1 0-998

“Values obtained by regression of data on eqn (17).
® Values calculated by eqn (10) with porosities estimated by eqn (20).
¢ Correlation coefficient (see ).

porosity transition interface velocity, U,, by eqn (10) introduces a non-negligible
uncertainty. An error of 1 9; on the measurement of the fluid superficial velocity can
lead to an error up to 4% for the calculated value of the porosity transition interface
velocity, U,. Secondly, the porosity transition interface has a defined broadness
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which introduces an uncertainty on the height of the porosity transition interface,
H,, of 1-5-3 cm and can lead to an error of 3% on the experimental value of the
velocity of the porosity transition interface, U,. Thirdly, the porosity transition
interface was difficult to observe accurately at the beginning of the transient phase
due to a non-uniform flow at the inlet to the reactor. The linear regression could
only be realised on a part of the transient time interval (in Fig. 6). The latter two
reasons also explain the non-nought values of the height of the initial porosity
transition interface, H,,.

Nevertheless, examination of Fig. 6 supports the linearity of the increase in height
of the porosity transition interface, H,, with time. Consequently, eqns (10), (16) and
(17) give a satisfactory description of the rate of change in the height of the porosity
transition interface, H,, during a transient phase.

The prececding description does not take into consideration the initial
acceleration and final deceleration steps. Gibilaro et al.’> demonstrated that the
initial acceleration time interval is very small and, hence, that the initial acceleration
step can be neglected. Our observations pointed out that the final deceleration time
interval also appears very small and, hence, that the deceleration step can be
neglected. Indeed, in several of the expansion tests, the total bed height, H,,
overshot its equilibrium value and returned to its equilibrium position. A simple
explanation of the latter phenomenon could be that the velocity of the bed top, U,
remains constant until the very end of the transient step.

Turbulence tends to deform the bed top and the porosity transition interface in
small thin zones. The deformation increases with increasing turbulence. However,
the turbulence effect alone does not suffice to explain why the porosity transition
zone appears experimentally larger during an expansion step than during a
contraction step. This is probably best explained by the observations of Slis ef al?
which are summarised in Fig. 7. Figure 7(a) presents a possible evolution of the
porosity, ¢, as a function of height, H, during an expansion step. Similarly, Fig. 7(b)
represents a possible evolution of the porosity, ¢, as a function of height, H, during a
contraction step. To obey Richardson and Zaki’s law, the average particle velocity,
U,, must follow the trends illustrated, respectively, in Fig. 7(c) and 7(d). It was
observed that an absolute increase in average particle velocity, Up, corresponded to
an increasing size of the transition zone with time whereas an absolute decrease in
average particle velocity corresponded to a decreasing size of the porosity transition
zone.

Strictly speaking, the model of Gibilaro et al.® is more correct in the case of a
contraction step than in the case of an expansion step, but the divergence increases
with increasing bed top velocity, U,. Hence, in the case of a fluidised bed of low
density particles, it can be neglected.

The characteristic time of the transient phase, 7, is given by:

v=(Hy—H,)/U=H,/U, (21)

where H,; is the final total bed height. 7 is limited to a few minutes for a pilot or an
industrial scale reactor and low-density particles. This is an order of magnitude
lower compared to other characteristic times of biological processes in fluidised
beds such as the mean hydraulic residence time or the bacterial cell doubling
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Fig. 7. Characteristics of the porosity transition interface as a function of height, H, during a transient

state. (a): Change of the porosity, ¢, within the porosity transition interface, during an expansion step,

consecutive to a step increase in fluid superficial velocity, u. (b): Change of porosity, ¢, within the porosity

transition interface, during a contraction step, consccutive to a step decrease in fluid superficial velocity,

u. (c): Variation of the main particle velocity, Up, within the porosity adjustment zone, in the case of an

expansion step. (d): Variation of the mean particle velocity, Up, within the porosity adjustment zone, in
the case of a contraction step. {According to Ref. 3.)

time, which arc a matter of a few hours, or days, in the case of anacrobic digestion.’
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