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Abstract

A multi-scale model for the gas—liquid—solid three-phase fluidized beds is developed on the basis of the principles of the EMMS model. F
this purpose, the flowing structure in the gas-liquid—solid system is divided into five phases and considered under different spatial scale
solid—-liquid phase describing the micro-scale interaction between solid particles and liquid, a gas phase, a bubble wake phase and two inter-pt
that, respectively, describe the meso-scale interaction of the dispersed bubbles and bubble wakes with the surrounding liquid—solid pse
homogeneous suspension. In order to obtain the steady state of such a system with eight unknowns, in addition to seven mass and mome
conservation conditions and an inequality constraint for the mean bubble diameter, the stability cafgitiamin is used.

The modelis solved and checked with the experimental data available in several references which cover a broad range of operating conditions
the conventional expanded fluidized bed to the circulating fluidized bed, indicating that the model is capable of describing the global hydrodynarr
of the complex flow in the three-phase system with acceptable accuracy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ble of successfully elucidating the phenomena occurring in the
three-phase reactors, too many parameters in them have limited
In a typical gas-liquid—solid three-phase fluidized bed, solidheir practical applications. In recent years, the computational
particles are fluidized primarily by upward concurrent flow of fluid dynamics (CFD) based on the fundamental conservation
liquid and gas, with liquid as the continuous phase and gas axjuations has become a viable technique for process simulation
dispersed bubbles if the superficial gas velocity is low. Becausg8—7]. Although powerful computer capability is available today,
of the good heat and mass transfer characteristics, three-phaS€D is very expensive in terms of computer resources and time
fluidized beds or slurry bubble columns; € 0.05m/s) have for full-scale, high-resolution, two- or three-dimensional sim-
gained considerable importance in their application in physiulation, and it is not readily applicable for routine design and
cal, chemical, petrochemical, electrochemical and biochemicalcale-up of industrial-scale units, atleast at present. Hence, there
processingl1]. Intensive investigations have been performedis a practical need to develop general and simple models for the
on three-phase fluidization over the past few decades; howevehree-phase fluidized beds.
there is still a lack of detailed physical understanding and pre- Like the gas—solid fluidized systems, flows in the gas—liquid—
dictive tools for proper design, scale-up and optimum operatiosolid three-phase fluidized beds are also characterized by struc-
of such reactors. The calculation of hydrodynamic parametersire heterogeneity and regime multiplicity due to the complex
in these systems mainly relies on empirical correlations or seminteractions between phases. For such complex systems, addi-
theoretical models such as the generalized wake nj@flahd tional constraints for system stability may be indispensable in
the structured wake modgl]. Though these models are capa- addition to those for mass and momentum conservation. On the
other hand, gas-liquid—solid flow manifests its complex behav-
ior largely at three different scales, i.e., micro-scale of solid
* Tel.: +86 1062659525: fax: +86 1062558065. particles, meso-scale of bubbles and bubble wakes, macro-scale
E-mail address: gd jin@home.ipe.ac.cn. of the whole bed unit with the influence of the unit boundary,
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Nomenclature

b width of the bubble (horizontal or major axis o
the bubble)

d3p Sauter mean bubble diameter determined by t
maximum stable bubble theory (m)

dp mean bubble diameter (m)

Eo Eotvos numberEo = g(pm — pg)d2 /o

Esur specific surface energy (Jfn

fg gas holdup

fw bubble wake holdup

ko mean relative size of the wake behind a sing
bubble ¢w/Vp)

Mo Morton numberMo = g,u|4(,0| - pg)pfzo’?’

Ny power dissipated in particle collision, circula
tion, acceleration, liquid viscous dissipation wit
respect to unit mass of particles (J/(s kg))

Nsur power consumed for increase of bubble surfa
energy with respect to unit mass of particle
(J(skg))

Nst power consumed for suspending and transporti
unit mass of particles (J/(s kg))

Nt total power consumed with respect to unit mas
of particles (J/(s kg))

Rep gas Reynolds number with the characterist
length of bubble widthReq = pibupu; *

Req gas Reynolds number with the characteri
tic length of mean bubble diameteReq =
pidpupi) !

Reg modified gas Reynolds numbéeg = Re Ug/ Ui

Re| particle Reynolds numbeRe| = pidpUp;

Ta Tadaki numberfa = ReqMo%-2°

up bubble rising velocity (m/s)

Up,i1 gas superficial velocity in inter-phase 1
Up,i1 = unfg/(1 — fw)

Udc particle superficial velocity in the liquid—solid
mixture (m/s)

umij1 liquid—solid suspension superficial velocity ir
inter-phase 1

um,i2 liguid—solid suspension superficial velocity ir
inter-phase 2

Uw,i2 bubble wake superficial velocity in inter-phase 2
Up,i1 = unfw/ (1 — fg)

ut terminal velocity of a single particle in quiescen
liquid (m/s)

Uy solid superficial velocity (or particle circulating
rate) (m/s)

Ug gas superficial velocity (m/s)

U liquid superficial velocity (m/s)

U liquid superficial velocity in the liquid—solid mix-
ture (m/s)

Wt power consumption for suspending and transpo

ing in unit bed volume

Ce

b

It-

Greek letters

£le liquid holdup in the liquid—solid mixture
(esc=1—erc)

Elw liquid holdup in the primary bubble wake
(esw=1—ew)

Es solid h0|dup,85 = (1 _fg _fw)é‘sc +fwé‘sw

A specific area (m?')

¢ local energy dissipation rate per unit mass of
liquid

and interactions also occur among these different scales. Mean-
while, the multi-scale characteristic of turbulence induced by
liquid shear and rising bubbles extremely complicates the sys-
tem. Solid particles have complex interaction with turbulence
eddies according to particle physical properties such as parti-
cle diameter and density. Turbulences at different scales have
different effects on bubble behaviors, among which the turbu-
lence at the length scale of bubble diameter is responsible for the
bubble size. Therefore, effective analysis of the interactions at
different spatial scales is especially important for appropriately
describing the hydrodynamics in the three-phase flow.

The energy-minimization multi-scale (EMMS) method, orig-
inally developed for describing the gas—solid heterogeneous
flow system by Li and Kwauk8] and recently validated
through discrete pseudo-particle approg@h was extended
to gas-liquid—solid three-phase flow system, however, without
consideration of the effects of bubble waKé8]. In fact, the
hydrodynamics of bubble wake located immediately underneath
the bubble base and rising at almost the same velocity of the bub-
ble is totally different from that of the surrounding liquid—solid
suspension. It has been specially recognized that the bubble wake
is the dominating factor contributing to the intimate liquid/solid
mixing and bed contraction performandd]. In this study, the
multi-scale resolution with respect to the scales of flowing struc-
tures in the three-phase flow is done with the consideration of
the bubble wake effects. Simultaneously, the turbulent kinetic
energy of the eddies induced by the rising bubbles and the surface
energy are thought to be the dominating factors for controlling
the bubble size.

2. EMMS model for three-phase fluidized beds

The EMMS model, effective for analyzing gas—solid two-
phase fluidizatiori8], was generalized by Li and Kwayk2].
It consists of the following main steps:

e Phenomenological resolution with respect to scales of struc-
tures.

e Establishment of conservation conditions with respect to dif-
ferent scales and correlation between different scales.

o |dentification of dominant mechanisms and formulation of
variational criterion to identify what dominates the stability
of structure and what compromise exists between different
dominant mechanisms.
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e Integration between conservation conditions with stabilitybubble over it. Thus, eight variables are proposed to describe
conditions. such systemsX = (fg, fw, o, Ude, Uic, Eics Ew, db), Wherefy is
the holdup of the bubbleg, the holdup of bubble wakesy
The EMMS model for the three-phase fluidized bed in thisthe rising velocity of bubbles and bubble wakegs and uc
study is based on the above principles and the previous study dhe superficial velocity of particle and liquid in the solid—liquid

three-phase fluidized befs0]. phasec the liquid holdup in the liquid—solid phase,, the
liquid holdup in the bubble wake phase adiflis mean bubble

2.1. System resolution with respect to scales in three-phase diameter.

system As shown inFig. 1, the interactions occurring in different

phases are micro-scale of particles, meso-scale of bubbles and

Various interactions at different spatial scales occur in thédubble wakes, and macro-scale of the whole bed unit, respec-
gas-liquid—solid fluidized beds, including the persistent contively. Micro-scale interaction is concerned with the interaction
tacting of the particles and bubbles with liquid; and collisionalbetween individual particles and the fluid surrounding them.
interactions between bubbles and particles. The following analt is assumed that no particles are present in gas bubbles, and
yses are based on the main interactions in the gas—liquid—solRplid particles and liquid contained in a bubble wake rise at the
fluidized beds. same velocity as the bubble above it. Hence, micro-scale inter-

Like the gas—solid two-phase syst8h the gas—liquid—solid ~action only exists in the liquid—solid phase which is expressed
system is resolved into a suspending and transporting subsysteaa the balance between the drag force and effective gravity
and energy dissipation subsystem. Hence, the total power asg@f- solid particles. In the liquid—solid phase, the particles are
ciated with a three-phase system, expressed as power consun@sgumed to be uniformly suspended, and the dilute—dense two-
in a volume containing unit mass of solid¥r, is considered phase structure and thus the energy dissipation as in gas—solid
to consist of the sum of the power for suspending and transsystem are neglectef8]. The interaction between particles
porting particlesNg;, and the one purely dissipated in particle and liquid in the liquid—solid phase can be described using
collision, circulation, acceleration, liquid viscous dissipafign  the Richardson—Zaki relationship3]. Meso-scale interactions
and the increase rate of surface energy due to bubble splitiinigfe concerned with the interaction of dispersed bubbles and
Nsur (NT =Nst+ Ng + Nsyp). bubble wakes with the liquid—solid suspension. The former is

The overall flow behavior reflects the complex interactionsexpressed as the force acting on bubbles by the liquid-solid
among the individual phases at different scales. In order to effisuspension through the inter-phase. The liquid-solid phase is
ciently describe the most prominent interaction of solid particledreated as a pseudo-homogeneous mixture with the mean phys-
with liquid, and the interaction of rising gas bubbles and theirical properties and averaged velocity. However, the interaction
wakes with the surrounding liquid—solid mixture, the suspendindetween bubble wakes and the liquid—solid phase is very com-
and transporting subsystem is further resolved into five phaseglex, and it cannot be directly expressed with a simple theo-
the liquid—solid phase, the gas phase, the bubble wake phagdeétical relationship at present, thus the empirical correlations
one inter-phase describing the interaction between the risingased on experiments are used to calculate the wake size and
gas bubbles and the surrounding liquid—solid suspension argplid concentration in the primary wake. Macro-scale inter-
the other inter-phase describing the interaction between bubbietion occurs between the whole system and the boundaries
wakes and the surrounding liquid—solid suspension as showstich as the walls, the inlet and outlet of the bed. This macro-
in Fig. 1 Like the generalized bubble wake modg], it is  scale interaction will not be dealt with for the moment in this
assumed that the wake rises at the same velocity as that of tiseudy.

£ fu 1,
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Fig. 1. Resolution for suspending and transporting subsystem in three-phase system based on different scales.
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2.2. Conservation conditions at different scales The efficient weight is balanced by the drag force of the
liquid—solid suspension, thus the momentum equation for bub-

2.2.1. Momentum equation for particles in the liquid—solid bles can be expressed as

phase

m
It is assumed that the generalized Richardson—Zaki reIa-SlCD_bO(l_ /g ) om ( /g ) (up — um)?
tionship is suitable for the uniformly fluidized particles in the ddp 1— fw 1— fw

solid-liquid phase. This relationship implies the local balance fol— fw— fg)

among the gravity of particles, the buoyancy force and the drag = w(/’m — Pg)s, (20)

force in unit volume of liquid—solid phagé4]: _ o _ )
whereCp pois the drag coefficient for a single bubble and defined

U Ude _ uel L, (1) as[1i]
e l—ec

E
whereu is the terminal velocity of the particle in a stable liquid, Cb,bo = max{ (Red + 3.6Red°'313> , gEo i 4} ,  (11a)
and it can be iteratively computed using E(@—(4)or obtained
by experimental measuremdst, or
24
_ <4gdp(pp - Pf))O'S’ . Cobo =27+ 4. (11b)
301Co.po Req is the Reynolds number with the characteristic length of
24 3.6 the mean bubble diameteReq = pmdp(p — um)umt and Eo
Cb,po= Rer + W.alav (3 s Evtvds number which is defined a2 — glom — ,Og)dg/O'.
Cp,go(1—fo/(1—fw))™ is the drag coefficient for bubbles,
Rey = piutdp 4) including the effect of bubble swarm. varies with the bubble
wo terminal Reynolds number ang= 2 for large bubbles according

andn is Richardson—Zaki index, which depends on the termina}0 the drift model of Walliq16].

Reynolds numbee: as follows{13]: 2.2.3. Mean bubble wake size and particle concentration in

n =465 Ret < 0.2 the bubble wake
" 4.4Ret_0'03 0.2 < Reg < 1 . Turbulent. bubble wake is unstable and t.he vortex in it sheds
01 ) (5)  with a certain frequency. In order to quantify the extent of the
n=4.4Re ™ 1 < Ret < 500 exchange or interaction of the bubble wake phase with the sur-
n=24 Ret > 500 rounding liquid—solid mixture in inter-phase 2, two parameters,
that is, the wake holdupy, (or the wake size) and the particle
2.2.2. Momentum equation for dispersed bubbles in the concentration in the wakedy =1 — &) should be determined.
liquid—solid suspension Due to the instability of the wake, the wake size is not a con-
Dispersed bubbles flow through the liquid-solid suspensior§tant but changes continuously with time as a saw-tooth wave

which is regarded as a pseudo-homogeneous fluid with a mednnction. Itis very difficult to directly describe the interaction
densitypm, & mean superficial velocity, and an effective vis- between the wake phase and surrounding liquid—solid phase the-

cosity um, Which are, respectively, defined A$] oretically, several models based on experimental observation
or theoretical assumption, such as the saw-tooth wave function
Pm = PpEsc+ PI€lc, (6) model, the bubble wake pendulum model, Hill's spherical model
[11] and the completing spherical mod&F] were proposed to
Um = w, (7)  compute the mean size of the bubble wake. In this study, the rela-
Pm tionship combining two correlations for a steady wake behind a
e small bubble at low gas Reynolds numbers and for an unsteady
Um = eXp<1_SSC/Q724> : (8)  wake at higher gas Reynolds numbers according to the saw-

tooth wave function model is suggested to compute the mean
Bubbles interact with the mixture through the inter-phase Irelative size of the wake behind a single bublite=(Vi/Vp) in

in which bubble wakes are not considered, thus the gas voluntée three-phase fluidized befdd],

fraction is corrected ag/(1 — fw) in this inter-phase. The effi- 1

cient weight (the buoyancy minus weight) of bubbles in unitko = (200Rep — 20) 2 +0.24) . (12)

volume of inter-phase 1 is Note thatRep, = bom(up — um)t anditis defined with a char-

fg 1— fw— fg fq acteristic length of the major axis or width of the bubbldt
1— fu ( 1— fu pm+ 1— fu Pg — Pg> 8 is more proper to define the gas Reynolds number due to the
bubble shape transition apart from a sphere. To r&agevith
— Jo\=  Jw Jg/ _ Req, the ratio of equivalent diametéy to b, dp/b and the aspect
Sl = fw =16 () oy, ©) he ratio of equivalent diamete to b, dy/b and th

(1— fw)? ratio (minor (vertical) axis/major (horizontal) axig)p should be



G. Jin / Chemical Engineering Journal 117 (2006) 1-11 5

quantified. The aspectratiois a function of the Tadaki nuridoer However, bubbles are dispersed and do not coalesce until
defined asfa = ReqgM0o%2%, and Mo = gui(p1 — pg)/(0?c>).  two bubbles collide and contact for a certain period of time.
For three-dimensional system, this functiorli§]

L 1 Ta <1
5 = (0.81+0.206 tanh(2(8 — logyp7a)))® 1< Ta <398 . (13)
0.24 Ta > 39.8
For ellipsoidal and spherical-cap bubblég/p = (h/b)Y/3, thus In a three-phase fluidized bed, bubble coalescence may occur
b according to the mechanisms similar to those in a gas—liquid
Rep = Redd—. (14) system. It is assumed that coalescence happens in three steps
b [20]: first, two bubbles collide, trapping a small amount of lig-
To account for the effect of gas holdup on bubble wake sizeyid as a thin film between them. Second, the liquid drains until
the volume fraction of bubble walg can be expressed as the liquid film reaches a critical thickness. Third, the film rup-
tures, leading to the coalescence. Therefore, the coalescence rate
fw = fgko exp(=5.05f). (15) s rated to two key parameters, that is, the collision rate and the

Solid concentration in the bubble wake increases with the&ollision efficiency. The collision rate may result. from the large-
decrease of particle size and the increase of gas velocity arff@le turbulent eddies, the buoyancy and laminar shear. These
liquid viscosity[17,19} The empirical equation for the average Mechanisms are cumulative. The collision efficiency is a mea-
solid holdup in the primary wake proposed by Kreischer et alSure of what fraction of bubble collisions lead to coalescence

[19] can be used events, gnd itis a.function of the contact time between bubbles
and the time required for bubbles to coalefzH.
Reg\ Y8 5/4 On the other hand, the break-up of bubbles leads to the
Esw = 0.52<R€t> Esc (16) increase of specific ared, thus the increase of surface energy
Esyr, additional work must be input from the surrounding sus-
2.2.4. Continuity equations for gas, liquid and solid pensions. Few theories for bubble break-up in the three-phase
The continuity equations for gas, liquid and solid are, respecfluidized bed are available. Except for the bubble-particle colli-
tively, sion break-up mechanisf@2], most of the theories for bubble
break-up are derived from the theories proposed by Hi22g
upfg—Ug =0, (A7) or Levich [24] for gas—liquid system. Large bubbles may be
e o deformed and ruptured into smaller ones through bubble inter-
el = fo = fu) + vt fu = th =0, (18) action with turbulent eddies generated in the liquid. The scale
ude(1— fg— fw) +un(l — ew) fw — Ug = 0. (19)  of eddies responsible for break-up is equal to or a little smaller
than that of the bubble diameter. Large eddies just simply trans-
2.3. Bubble size in three-phase fluidization port the bubbles, resulting in random motion of bubbles without

causing them break up, while very small eddies do not contain
The multiple dispersed bubbles in the gas-liquid—solid syssufficient energy to cause breakage. According to the theory of
tem are thermodynamically unstable, however, can be mairHinze, the disruptive force acting on a bubble due to turbulent
tained at a dispersed state with a mean bubble diameter due flactuations is balanced by stabilizing surface tension. When the
the balance between the surface energy and the destructive tuatio of the two forces exceeds a critical Weber number value,
bulent kinetic energy input from the surrounding suspensionthe bubble breaks up,
There exists a competitively dynamic process of bubble coales- -
cence and break-up in three-phase fluidized beds. Wee =
For spherical bubbles with a given gas holdup in the three-
phase system, the specific area= 6fy/dp, and the specific wherer is the turbulent stress force of the liquid phaggmax
surface energ¥sur= Ao = 6ofyldy. Bubble coalescence means the maximum stable bubble diameter and the liquid—gas sur-
the increase ofl, and the reducing oft, correspondingly, the face tension coefficient. Levicf24] postulates a similar force
reducing of the surface energyy, bubble coalescence is thus a balance between the internal pressure of the bubble and sur-
spontaneous tendency and the bubble diameter tends to becofage tension of the deformed rather than the spherical bubble, to
as large as possible through coalescence for a multiple-bubb¥ehich the density of the dispersed bubble phase is introduced.

(21)

system, leading to a minimum surface energy, The critical Weber number for Levich’s theory can be simplified
60f as
Esur= Tg — Esurmin. (20) - 0 1/3
b Wel, = (9) (22)
o/dp,max \ pi

Meanwhile, for a given gas holdup, larger bubbles suf-
fer a smaller resistance when they go upwards through theherep, is the continuous liquid density ang is the dispersed
liquid—solid mixture. gas density.
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The turbulent stress foreeis characterized by Hinze as turbulence over a broad operating range of gas superficial veloci-
_ ties[28]. Therefore, itis assumed that the mean size of bubbles is
T = pu'?, (23)  determined by the turbulent kinetic energy induced by the rising
—. ) ) L bubbles. The work done by the net buoyancy force of bubbles
yvhereu/. IS the mean-square spatial fluc_tuat_lon of I|qU|d v_eloc—is first converted to the kinetic energy of eddies, that is, the tur-
ity, and it is related to the turbulence kinetic enefgin unit bulent kinetic energy in the primary wake required to maintain
mass of liquid k = (3/2)u’? in isotropic and homogeneous tur- the vertical/circulating motion in the wake, and subsequently
bulent flow) andk o« (i£)?/3, I is the length scale of turbulence dissipated into the surrounding mixture as soon as part of the
andg is the local energy dissipation rate per unit mass of liquid primary wake sheds into the secondary wake.
Assuming the turbulence is isotropic and homogeneous in the The maximum stable bubble diameter theory provides a con-
gas dispersion region and taking the turbulence length $eale straint condition for the variation of mean bubble diameter:
dp max Batchelof25] relatedu’? to ¢ by
2 2/3
u'® ~ 2(¢dp,ma)” (24) The equation setincluding Ed4), (10), (15)—(19)is the con-
Introducing Eqs(23) and(24) into Eq.(21), one can obtain ~ servation conditions for the particles, bubbles and bubble wakes.
the maximum stable bubble diameter according to Hinze’s theThe seven equations as well as the constraint condi@ibyare

dp < d3 5. (31)

ory, not sufficient to determine the stable state of the gas—liquid—solid
06 056 system with eight unknowns. Stability conditions for the three-
g (Wee\ T (o) 04 25) phase system must be provided.
max — 2 o1 é- )

where the critical Webber numbefe,, is in the range of 1.1-4.7. 2.4. Stability conditions for three-phase fluidized beds

Similarly, introducing Eqs(23) and (24) into Eq. (22), one

can obtain the maximum stable bubble diameter according to _In the gas-liquid—solid ﬂwdlze_d be_d, particles te_:nd tq main-
Levich's theory, tain themselves as low as possible in the bed with minimum

potential energy, leading to a maximal particle volume fraction
Wel, 0.6 50-6 o4 gs— es,max The continuous liquid directly contacts particles
dmax = (2) i (26)  andits drag force balances the weight of the particles immersed
it. The dispersed gas bubbles do not directly contact the particles
where the critical Webber numbfe. is in the range of 0.6-1.5. except for particle—bubble collision; bubbles directly contact lig-
In practical application, the most commonly used bubbleuid and transfer their momentum to liquid to fluidize particles.
diameter is the Sauter mean diametgp, which measures the The fluid motion tends to consume a minimum power for trans-
ratio of bubble volume to the surface area for a sampla/of porting and suspending particles per unit bed volume, that is,

4032

bubbles, and defined as Wst= Wt s+ Wst,gas—> Wstmin In most flow regimes, neither
N 3 the particles nor the fluid can dominate the other in display-
dzo = >i=1nid; ) 27) ing either’s tendency exclusively, they have to compromise each
' Zi’ilnidl? other in such as way that the particles seek as much as possible

minimum potential energy and the fluids (including continu-

ous liquid and dispersed bubbles) flow through the particles as
dz o much as possible with minimum resistance, leading to the sta-
— =062 (28) bility condition for the three-phase fluidized beds, the same as

o ) the gas—solid two-phase fld&]:
If the effect of the gas holdup on bubble size is considered,

according to Levich’s theory, the Sauter mean bubble diameteNs; = Ngtj—s + Nstgas— Nstmin, (32)
for the three-phase system can be express2iras

The mean ratio ofi3 2 anddp maxis [26]

dmax

whereNg; is defined as the power consumed for transporting
% 04 /037 and suspending particles in a volume containing unit mass of
d32 =125 04,02 &g (29) particles,Nst= Wsil(¢spp). The associated correlations iyt
mre are listed inTable 1
where the local energy dissipation ratés assumed to equate
the rate of work done by the net buoyancy force acting on bub2. 5. Summary of the EMMS model for three-phase fluidized
bles times the relative velocity of bubbles to the surrounding,egs
suspension in unit mass of liquid,
_ s _ Integrating the constraint conditions with the stability con-
= ?],;n folt fv(vl _f;i)()ﬁm pg)g(ub — Um). (30)  dition, one can get the EMMS model for the gas-liquid—solid
w three-phase fluidized bed, which is an optimization problem
In gas-liquid—solid three-phase fluidized bed, the bubblewith an objective functiosi— Nst minand seven equality con-
induced turbulence dominates over the liquid shear-inducedtraints for mass and momentum conservation (Ebs.(10),
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Table 1
Correlations in the EMMS model for three-phase fluidized bed
Liquid—solid phase Bubble/liquid—solid suspension
Slip velocity Usc= ¢ — Lk Usb=Up — Um
Drag coefficient for single bubble Cp.ho = max{ (R% + %) ) % Efi4}
. 0.
)
Drag coefficient for bubble swarm Cop = CD,bO( - Jﬁ)
- (op—p1)gescel " ¢ e
Momentum exchange coefficient B = Bina = § =2 (ﬁ (up — tm)
Drag force for particles or bubbles in unit volume Fap = Bscltsc Fdp = Bintrttsb
Suspending and transporting power consumed in unit volume Wsti—s = Fdpltic Wstgas= %}fj
. . . 1 1
Volume containing unit mass of particles Y L T W)SS#W »
Suspending and transporting power consumed per unit mass Nstl—s = Wori—s(—fo—fw) Nstgas= Wetgad1—fw)

€sPp €sPp

of particles

(15)—(19) as well as an inequality constraint for bubble diame-equates the maximum stable Sauter mean diameter, indicating
ter (Eq.(31)). the balance of bubble coalescence and break-up, and mean-
while, the objective function reaches its minimum extremum
in the possible range. From point A to left, the mean bubble
diameter obtained from the conservation equation set is greater
than the Sauter mean diameter obtained from the maximum sta-

allfewﬁ ;elre(;:teorrznofeth; re;gf;tmunknr:)\tl\r/]résoar;cri] %'Y:r I;Ia é”al ble bubble theory and that does not occur in reality. Therefore,
value in a prop nge, xamplg) pen interval (0, the optimal solution is at point A anff=0.102,es=0.326 and
1), the seven equations is closed for the other seven unknown

For every given trial value ofy, we can solve the non-linear Eb_O'OOGS m-

equation set established in the above section iteratively, anji Model solution and validation

if the solution exists, we can compute the value of objective”

functionNs;. Through this method, we can know the variational In this section, we solve and validate the EMMS model for

tendencies of all the parameters, as well as the objective func: L : . .
) . ) . three-phase fluidized beds using the experimental data available
tion, and search the optimal solution among all the feasible ; .
. in several references which cover a broad range of operating
solu.tlons. : . . . conditions from the conventional expanded bed to the circulating
Fig. 2shows the feasible solutions and optimal solution of

gas-liquid—solid three-phase fluidized bed. The physical proi\Jf-IUIdIZGd bed.

erties of the gas, liquid, solid and the operating condition
used are the system 1 listed Table 2with Reg =40 and
Re; =101.Fig. 2a and b) are the feasible solutionsdgfandes
(es= (1 —fg — fw)esc + fwesw), andFig. 2(c and d) are the varia-
tion tendencies of the objective functidl and specific surface
energyEsyr When the gas holdup varies from 0.12 to 0.1 from
right to left, where the dash line ifig. 2(a) is the Sauter mean

3. Model solution and optimal solution

S4.1 . Conventional expanded bed

Macchi et al.[29] have carried out experiments in two
gas—liquid—solid systems: an aqueous glycerol solution with
glass beads (system 1) and silicone oil with porous alumina
particles (system 2), with air as the gas phase in both cases. The

diameter determined from the maximum stable bubble theor)P.h.yS'C‘rjlI pr(_)peru_es of the materials used a_nd j[he__opergtlng con-
S . . itions are listed iffable 2 The hydrodynamic similitude is met
Eq.(29)and the solid line is the mean bubble diameter obtalneéI . S . .
) . : in the two systems, according to the following five dimension-
from the conservation equation set. Wifgmaries from 0.12 to less group$30]:
0.1, from right to leftdy, is less than the maximum stable Sauter group '
mean diameter, bubble tends to coalesce &hcreases, the
specific areat and the surface enerdss,, thus decreases. At Mo =
the same time)s; decreases with the increase of solid holdup
es. Therefore, the gas—liquid—solid system tends to be stable. A, _ pdpUi — pp Uy (33)
the point A, the solid line intersects with the dash line, dpd “ ol Ui

4 2
- Pl — Pg)d,
glo = poui g(or = pg) b

o3 o

Table 2
The physical properties of the materials and operating conditions used if2BJf.

wPas)  o(Nm)  pkai®)  ppkai)  pg(kaimP)  dp(mM) et ho(M)  Ug(mis) Ui (mis)

System 1 0.0068 0.067 1128 2230 1.2 0.006 0.58 0.52 0-0.06 0.1015
System 2 0.0024 0.0178 953 1881 1.2 0.0032 0.58 0.52 0-0.047 0.08
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15 PR

0,44
0,42 - (c)
040 (4

0,38 - 1

N, (J(skg))

0,33 -

w032k

0,31
0,008

0,006

d(m)

0,004

1 | L | 1 | L 1
0,100 0.102 0,105 0,110 0,115 0,120

Fig. 2. Feasible and optimal solutions of EMMS model for gas—liquid—solid three-phase flow.

Fig. 3shows the gas holdup versus the modified gas Reynoldsid. The rising liquid in the bubble wake makes the surrounding
numberRey = Re|Uy/ U atRe; = 101. The gas holdup increases liquid slow down according to the liquid phase continuity equa-
with the increase oReg in the dispersed bubble regime and thetion (Eq.(18)). Once the surrounding liquid velocity decreases,
prediction results well fit the experimental data. the particles begin to descend according to Eg, making

The bed expansion versugy is plotted inFig. 4 for the  the bed collapse. At higher gas superficial velocities with the
two systems ake; = 101. The prediction results show that when increase of gas holdup, the bed height begins to expand. As the
gas is first introduced with a small velocity, the bed height col-experiments were carried out in the high gas velocity region,
lapses rather than expands due to the bubble wake effect. Thieg > 20, the bed collapse phenomenon was not reported in
may result from two facts. One is that the bubble drags a porRef.[29].
tion of liquid in the wake out of the bed surface when it comes
out of the bed, making the bed height decrease; the other i8> Gas—liquid—solid circulating fluidized bed
the change of the hydrodynamics because of the introduction
of gas into the bed. At the beginning, gas enters the bed and | jangetal[31]and Yang et a[32] have studied the hydrody-
occupies only a very little volume; it soon gets a velocity due tonamics and gas—liquid interfacial area in a three-phase fluidized
the buoyancy, inducing a portion of liquid in the wake to rise athed using the tap water and air as the liquid and gas phases,
the same speed which is faster than that of the surrounding liqespectively, and glass beads as the solid phase in a column with

0.20 1.4

® syslExp - .fr”:(),SQm. i(’L’l:HH. £ I:(l,_‘.}«{

01s | sys1 Prediction . | .
O  Sys2 Exp 5

----- Sys2 Prediction

0.10 <
R =
= 06 >
< ® Sysl Exp
= Sysl Prediction
0.05 0.4 O Sys2Exp
vvvvv Sys2 Prediction
02
e B0 = R ‘
0 10 20 30 40 50 60
Re Re,

g

Fig. 3. Gas holdup vskej atRe = 101. Fig. 4. Bed expansion veg atRe; = 101.
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Table 3
The physical properties of the materials used in R&f5,32]
w (Pas) 0.001
o (N/m) 0.072
o1 (kg/m?) 1000
op (kg/m?) 2460
pg (kg/m?) 1.18
dp (m) 0.0004
200
E 150F (c) O Exp.
j Predicti
< 100 L . 5 Tedic onr a5
50 F
0 1 1 1 1 1 i
0.15 | (b) P g,
. 010 T S %
w s -
0.05 -
0.012
= | @ A
g U, =0.072 (m/s), -!«E— 0.036 (m/s)
~ 0010 \
04008 1 1 1 1 1 1

0.002 0.003

0.004

0.005 0.006

0.007

Table 4
The physical properties of the materials and operating conditions used in Ref.
(33]
w (Pas) 0.001
o (N/m) 0.072
o1 (kg/md) 1000
op (kg/m?) 2250
pg (kg/m?) 1.18
dp (M) 0.0013
Gs (kg/m? s) 14.2
Ug (x 107 m/s) 0.329
0.786
1.645
Ui (m/s) 0.142

under the operating conditions, however, within an acceptable
accuracy considering the complexity of the three-phase flow.

Liuetal.[33] have experi

mentally studied the hydrodynamics

in gas—liquid—solid three-phase flow in a Plexiglas circulating

fluidized bed with a riser 0.

076 mini.d. and 2min heightand a

downer of 100 mm ini.d. Air and tap water were used as the gas
and liquid phase, respectively, and glass beads were employed
as the solid phase. The physical property of these materials and

L) the operating conditions are listedTable 4

Fig. 5. The effect of particle circulating rate on the bubble diameter, gas and Fig. 7 shows the comparison between the experimental and
solid holdup and gas-liquid specific area. the prediction results about the gas, liquid and solid holdup with
the variation of gas superficial velocityy at the bed height of
0.14mini.d. and 3.0 m in height. The physical properties of thel.2 m where the flow is fully developed, the data are the cross-
materials used are listed irable 3 sectional averaged value of the measurement data in different
Fig. 5shows the effect of particle circulating raig on the  radial points. The fitness of the two results is quite gded. 8
bubble diameter, gas and solid holdup and gas—liquid specifishows the holdup of gas, solid, bubble wake and the solid con-
area. Solid holdup increases with the increase of particle cireentration in the bubble wake with the variationlgf. Gas and
culating rate, while bubble diameter decreases a little and gdsubble wake holdup increase with the increasé/gf and the
holdup almost keeps a constdhig. 5(c) shows the comparison solid holdup increases alittle at low gas velocities due to the bub-
between the experimental results and prediction on gas-liquible wake effects and decreases with the further increagg of
specific are§32]. (see the inset with an enlarged scale), while the solid concentra-
Fig. 6 shows the comparison between the experimental antion in bubble wake increases a little and almost keeps a constant
prediction results on solid holdup variation with the liquid veloc- with the increase of/y under the experimental conditions.
ity [31]. The prediction underestimates the solid holdup a little

0.4
N
U =0.018 m/s Prediction 0.8 -
L J =000 5 3 ]
03 U0 SRk O Exp. g Prediction
0.6 L h=1.2m O &Exp
W s £ Exp
02 - w O ¢ Prediction
w” s s
04 & Exp
A g Prediction
01 - az L
..... D et o B T T T TETRUp S ; I,
0.0 1 L | ! 0.0 Qg TC AR WA o |
0.04 0.06 0.08 0.10 0.12 0.14 0.000 0.005 0.010 0.015 0.020
U U, (m/s)

Fig. 6. Solid holdup under different liquid velocities. Fig. 7. Gas, liquid and solid holdup variation witfy.
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