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Abstract

The liquid—solid circulating moving bed reactor is a novel one, which consists of two or more reaction chambers and a particle transport
system. Particles move down to the lower reaction chamber from the upper reaction chamber through an upper conduit and to the particle
transport system through a lower conduit, and then are conveyed into the upper reaction chamber through a riser. The renewing speed
of particles in the reaction chamber is determined by the circulating rate of particles, which is one of the key factors in the operation of
the reactor. Three different kinds of auxiliary liquids are used to regulate the circulating rate of particles, and a suitable configuration of
particle transport system is established. A model of particle transport based on mass, momentum and energy balance is proposed and use
for simulation of the process. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ing material agent can readily be desorbed from the catalyst
by washing the catalyst with the aromatic reactant.

In industry, there are many processes, such as reaction— The UOP Detal process [8—13], is an example of the green
regeneration, reaction—reaction and adsorption—desorptionproduction technology of LAB. As the deactivation rate of
where solid particles (catalysts or adsorbents) are recircu-solid acid catalysts is rather fast, two fixed bed reactors are
lated. When the particle size of solid catalysts is big and the employed in this technology for the operation of reaction and
catalysts have to stay for a relative long period in the re- regeneration alternatively, using a 24 h switch cycle. Even
actor, circulating fluidized bed reactors usually cannot meet So, it is inconvenient for this operation to be used industrially
the technological requirements for liquid—solid catalytic re- because of its discontinuous nature. The liquid—solid circu-
actions. For this reason, a liquid—solid circulating moving lating moving bed reactor can couple the processes of reac-
bed reactor [1], suitable for use in a reaction-regenerationtion and regeneration and avoid the above inconvenience by
coupled system, has been developed and applied to the synenabling the catalyst to circulate continuously in the system.
thesis of linear alkylbenzenes (LAB) catalyzed by solid acid  The renewing rate of the solids in the reaction cham-

catalyst. ber depends on the circulating rate of particles, and is thus,
LAB are valuable industrial chemicals used in the manu- very important for the operation of the system. In this pa-
facture of detergents. These are usually mixturesgiGz, per, therefore, the particle transport in the reactor is studied

alkylbenzenes synthesized by the alkylation of benzene with Systematically for better understanding the mechanism of

mixed linear olefins using anhydrous HF as catalyst. Due particle circulation.

to the hazardous nature of anhydrous HF, efforts have been

made to find environmentally safer catalysts like solid acid

catalyst [2-7]. The disadvantage of the solid acid catalyst 2. Experimental apparatus and methods

is that it is easily deactivated because the by-products are

gum-polymers and tend to accumulate on the surface of the The experimental set-up of the liquid—solid circulating

catalyst and block reactive sites. Fortunately, the deactivat- moving bed reactor is shown in Fig. 1, which is a cold model
for the synthesis of LAB. The sizes of the regeneration cham-

"+ Corresponding author. Tekt86-10-6278-8984: ber B and the reaction chamber D are_90 (heh) x 890 mm
fax: +86-10-6277-2051. (length) and 65 mnx 800 mm, respectively. The dimension
E-mail addresshanmh@ihw.com.cn (M. Han). of the upper conduit C, the lower conduit E and the riser

1385-8947/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PIl: S1385-8947(00)00372-7



492

Nomenclature

C structural parametet,fa— f1)/fs1

Co. the concentrations of ethanol @s

Csampling the concentrations of the sampling
diameter (m)

f1 area of nozzle (9

fo area of cross-section2 2 nm?

fs| area of the annular space of the
curved-section k 1 (m?)

fx wall surface area in jet-flow zone of

suction chamber ()

m configuration parametefz/f;

M mass flowrate (kgsh)

n configuration parametefa/fs1

P pressure (N m?)

Q volume flowrate (Ms1)

Q1 outlet liquid flowrate in regeneration
chamber (Ms™1)

Q2 outlet liquid flowrate in reaction
chamber (Ms™1)

Q3 inlet liquid flowrate in reaction
chamber (Ms™1)

Qs driving flowrate (n¥s™1)

Qs outlet liquid flowrate in the
separator (fhs™1)

Qav Qll

Qu, Qu auxiliary liquid flowrate (nis™1)

Qe liquid flowrate in the
lower conduit (1)

Qmove liquid flowrate in the annular space
of the cross-section & 1 (I1h~1)

Qs particle-circulating rate (Iht)

Qso particle-circulating rate without
auxiliary liquid (I1h~1)

u flow velocity (ms™1)

z height of cross-section (m)

Greek letters

B slope angle

& voidage

y volume weight (kg m?2s~2)

n efficiency of auxiliary liquid

0 density (kg n73)

& resistance coefficient

Subscripts

B regeneration chamber

C joint pipe

D reaction chamber

E lower conduit

F riser

L liquid

move flow in the annular space of the

curved-section k 1
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mixed fluid of liquid—solid
solid

curved-section k 1
cross-section X 2

NP W2

F are 24mmx 350 mm, 24 mmx 500 mm and 9 mmx

3000 mm, respectively. In the cold model experiments, water
and ethanol are used instead of benzene and olefins as in hot
model experiments. For the solid phase, variable color silica
gel is used and its average particle diameter is 3.26 mm. The
bulk density of the dry particles is 1027.8 kg whereas

the bulk density of the wet particles is 1227.8 kginThe
measured voidage of the particles is 0.48.

The cold model experiment is conducted as follows: the
reactants enter the reaction chamber D from the bottom inlet
of the chamber, then go upward to contact catalyst particles
counter-currently and the product is discharged through the
upper outlet of the reaction chamber. The deactivated cata-
lyst particles in the reaction chamber move downward and
go into the suction chamber N through the lower conduit E
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Fig. 1. Experimental apparatus of liquid—solid circulating moving bed
reactor The direction of the arrows is that of the liquid flow in the reactor.
Where A — separatoB — regeneration chambe€ — upper conduit,

D — reaction chamber, E — lower conduit, F — riser, G — conduit
between B and A, | — rotameter, K — regulator, L — gauge pipe, N
— suction chamber, P-P; — pumps, 01—-0s — flowrate of liquid, W}

and Vb, — butterfly valves, and ¥ — sampling valve.
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under the action of gravity. Then they are entrained by the ds
driving flow Q4 from the jet nozzle and conveyed into the
liquid—solid separator A through the riser F. A fraction of TQS F

the driving flow is used as regeneration liquid together with

the particles enters the regeneration chamber B where the
catalysts are regenerated, and the remainder is discharged
through the liquid outlet of the separator. The regeneration

liquid is discharged from the bottom outlet of the regener-

ation chamber and the regenerated catalysts move into the
reaction chamber through the upper conduit C. Thus, a cir-
culating operation of catalyst particles is realized.

In order to determine the particle-circulating rate quan-
titatively, a special device is designed and mounted to the
system, which consists of a gauge pipe L and two butter-
fly valves Vi and V,. The butterfly valve Y is made of
mesh and can only hold back the particles. By switching
V1, the particles can move into gauge pipe L instead of con-
duit G, the particle-circulating rate can be obtained by mea-
suring the height change of the particles in the gauge pipe L
with respect to time. After the measurement has been done, 2;\

V1 is switched to make the particles to move only in con- °
duit G and 4 is opened to make the particles move into TQ4
the riser.

In order to obtain the flowrate of liquid in the different Fig. 2. The schematic diagram of the configuration of the jet transport I,

parts of the reactor, the following combined equations are ! Il — auxiliary liquid, E — lower conduit F — riser N — suction

. s chamber, O — jet flow pipeQs — flowrate of driving flow,Qg — liquid
obtained from the prmuple of mass balance flowrate in the lower conduiQmove — liquid flowrate in the annular space

01= 0+ Oc (1) of the cross-sectiont1,d; = 3mm,d> = 9mm,ds = 24mm,3 = 16,
L¢ (the distance from the nozzle outlet to cross-sectionZ = 25 mm.

Upz Usz2

0>=0p—-0Qc (2

03=0Obp — Q€ 3 .
@) system. A suitable transport system should be able to reg-
04 = Qe+ OF (4) ulate the part!cle circulation over qt_ute a Iarge range un-
der the condition of rather small liquid upflow in the lower
Because the concentration of ethanol in riser F is equal to conduit. Based on the principle of jet pumps [14], a con-

that in Qs, whenQE is negative figuration of suction chamber has been designed, as shown
—0E in Fig. 2. The driving flowQ4 enters the reactor through
Cos = 04— OF () the nozzle of the jet flow pipe O and forms a jet flow

zone in the suction chamber N. Solid particles are sucked
into the jet flow zone under the suction of the jet flow and
are entrained upward. The jet flow pipe, the suction cham-

When Qg is positive, the concentration of ethanol in the
reaction chamber is

Csampling= _ 93 (6) ber and the riser jointly form the transport system for the
Qe+ 03 particles.
In experimentsQ1, Q», Q3, and Q4 are measured by ro- To regulate the particle-circulating rate, auxiliary liquid

tameters, the concentrations of ethanoQ@ and the sam- flow lis Conventiona”y used. ACCOfding to our eXperimental
p||ng from Vs are ana|yzed by gas Chromatography (GC) observation, however, when Only the aUXiliary ||qU|d lisused

The flowrates of liquids in the different parts of the reactor for regulation, the particles near the upper pipe wall of the
can be calculated from the above equations. lower conduit E will move quickly while those near the lower

pipe wall will move slowly. Thus, the lower conduit is not
fully used for particle transport. In order to raise the transport

3. Results and discussion rate of particles, extra auxiliary liquid flows, Il and IIl, are
also added so as to push particles near the lower pipe wall

3.1. Transport system to move down quickly. Therefore, three auxiliary regulation
liquid streams, I, Il and lll, are present in the reactor, and

The circulating rate of particle®s in the reactor can  we need to find the optimal design and its optimal operation
be radically affected by the configuration of the transport conditions.
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Fig. 3. Effect of auxiliary liquid on particle circulating rate.

3.2. Effects of the different auxiliary liquids on the
particle-circulating rate and the liquid flowrate
in the lower conduit

It can be seen from Figs. 3 and 4, tha¢ and Qg vary
rather greatly when each of the three different auxiliary
liquid flows is used on its own. As the auxiliary liquid 111
can effectively improve the downward movement of the
particles near the lower pipe wall of the lower conduit,
the particle-circulating rate is the largest with the addi-
tion of the auxiliary liquid Ill. The effect of the auxiliary
liquid 1l ranks second, and that of the conventional aux-
iliary liquid | appears to be least important. However, the
auxiliary liquids can cause different effects @, the
increase ofQg caused by the auxiliary liquid Il is the
greatest, while that caused by the auxiliary liquid Il is
smaller. When the conventional auxiliary liquid | is used,
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Fig. 5. Comparison of the efficiency of three different auxiliary liquids.

3.3. Comparison of the efficiency of the
auxiliary liquids

In the operation of the liquid—solid circulating moving bed
reactor, the particle circulation ra@s should be regulated
within the range required for the synthesis of LAB. In ad-
dition, the liquid in the lower conduit must move upward to
avoid that the reactants enter the particle transport system.
However, if Qg is too large, the molar ratio of benzene to
olefins in the reactor will be changed significantly and un-
favorable effects on the reaction will occur. This means that
Qe must be positive but at the same time cannot be too large.
Therefore, for the synthesis of LAB, the optimum goal is to
obtain a large patrticle circulation rate with the help of rather
small upflow of liquid. For this reason, a quantitative factor
n can be defined to determine the efficiency of the auxiliary
liquid as follows:

_ (Os— 0s0)
p=-zS SV

Oc (7)

Qe is the smallest and even becomes negative. In this As shown in Fig. 5, the auxiliary liquid Il and the auxiliary

paper, the liquid flow direction in the lower conduit is de-

liquid Il have almost the same efficiency. However, the aux-

fined as positive when it flows upward and negative when iliary liquid Il provides the higher particle-circulating rate,

downward.
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Fig. 4. Effect of auxiliary liquid on liquid flowrate in the lower conduit.

so it proves to be the most suitable flow of auxiliary liquid.
3.4. Transport model

As the efficiency of the auxiliary liquid Il is the high-
est, for the transport model the auxiliary liquid flow Il has
been taken into account. To establish the transport model,
we take the space formed from the curved surfagellthe
cross-section 3 2 and the wall surface in jet-flow zone as a
control volume shown in Fig. 2. Whe@s is dependent on
Qa, Qg, the pressure at the outlet of the jet flow pipe and the
pressure at the cross-sectiox 2. When the transport pro-
cess is operated in a steady-state, the mass, momentum and
energy balance can be established as follows, respectively.

3.4.1. Mass balance between curved surfacel and
cross-sectior? x 2
For solid flow
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Ms1 = Ms; 8
For liquid flow

Mi2 = M1 — Mmove (9)
where

Omove = QOE — Qa (10)

3.4.2. Momentum balance between curved surflagel
and cross-sectiof x 2

where
Owm Om
Uni = ——, Umz = —,
T s T R
OMm = 04— Omove+ Os; p1=¢e1oL + (1 —€1)ps,
p2 = ¢e20L + (1 —&2)ps; g1 = <£> €2,
fs1
(Q4 - Qmove)
g2 =

(Q4 — Omove+ QOs)

The accumulated momentum is zero in a stable state op-andé¢ is the resistance coefficient. Because the valu@gof
eration, so the momentum conservation equation can be esis rather small compared witQa, the quotient of Q4 —

tablished as

(ML1UL1 +Ms1Us1€0SB — MmoveUmoveCOSPB)
—(M2UL2 + Ms2Us?)
= (P2 + y2Z)) fo+ APsIng fx
—(P1+ y1Z1)(fs1€08B + f1) (11)

As shown in Fig. 2APsing fy is the counter-force on wall

surface [14].

P = (P14 y1Z1) f2 + C[(P2 + y2Z2) — (P1+ y1Z1)]
(12)

whereC is the distribution coefficient of counter-force, can

be expressed as

(f2— f

C = 13
fs1 (13)
and
fxsing + f2 = fsicosp + f1 (14)
or
_ (fs1c0sB + f1— f2)
fx= sinp (15)
Thus,
(M 1U1 +Ms1Us1€0SB — Mmovel/moveCOSB)
—[M2UL2 + Ms2Us?]
=[(P2+ y2Z2) — (P1+ y1Z1)]
o2
X [fz + (f2 — f1)cosp — M] (16)
fs1

3.4.3. Energy balance between the curved-sectionl
and the cross-sectiod x 2

Omove)/ (04— Omovet Qs) equals 1 approximately. Further-
more, the value of cg8 tends to 1 due t@ being rather
small. Introducing the structural parametens= f2/f1 and

n = f2/fs1 and combining Egs. (8), (9), (16) and (17), the
transport model can be obtained as follows:

n—1
2n

Y2
{|:(Q4 - Qmove) + —S:| — (04— Qmove)}

1
(18)

where
= %[szzt - Q%‘mve_ (Q4 — Qmove)z]
1 -1
_E(QA' — Qmove) [1+ —_— = —(m ) ]
m
{(1 g)[ m2n + m2(1 — )}—p—L} (19)
pS

The particle-circulating rateQs, can be calculated from
Eq. (18) according to the known equipment and operating
parameters. In addition, Eq. (18) shows an explicit relation-
ship between the particle-circulating rate and these parame-
ters. It can be seen from Eq. (18), for example, Qawill
increase with the growth d, and the decrease GJg.

3.5. Estimating parametef and verification
of the model

3.5.1. Resistance coefficient

The parameteé can be estimated by fitting the experi-
mental data with the mathematical model. For the case of
absence of auxiliary liquidQmove = Qe, OF = Q4 —
Omove ~ Q4, We obtain

The energy balance can be established according to the
Bernoulli equation on the assumption that the mixed fluid ¢ — 9 ggg— 0.208% 0094(QE> (20)

of liquid—solid is a homogeneous fluid. It reads

Ui
Pi+y1Zi+p1 5
2 2

U U
= Pyt y2Zo+ pp—M2 4 Epl (17)

2

04
and for the case of presence of auxiliary liqu@move =
Qe — Qm, OF = 04— Qmove ~ 04, We Obtain
Qe — Qui

£=0941-0113=F = (21)
Q4
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Fig. 6. Comparison of simulation data with experimental data when there
is no auxiliary liquid.
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Fig. 7. Comparison of simulation data with experimental data when there
is auxiliary liquid.

It can be seen from Egs. (20) and (21) that witgn be-
comes small, the resistance coefficigntbecomes great.
This is because the particle-circulating rate increases when
Qe is reduced, and this leads to an increase of the friction
resistance. Similarly, the friction coefficient will increase

M. Han et al./Chemical Engineering Journal 84 (2001) 491-496

4. Conclusions

. The application of the auxiliary liquid can effectively
regulate the particle-circulating rate in the liquid—solid
circulating moving bed reactor. The auxiliary liquid flow
Il has the highest efficiency and is the best way of
regulation for the particle transport.

. The particle-circulating rate depends on the driving
flowrate and the liquid flowrate in the lower conduit.
The increase of driving flowrate and the decrease of the
liquid flowrate in the lower conduit will increase the
particle-circulating rate.

. The mathematical transport model based on the mass,
momentum and energy balances in the suction chamber
is applicable and can be used to simulate the transport
process with or without auxiliary liquid.
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