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ABSTRACT

This review evaluates the present research activities in the field of three phase fluidized
beds. The published research works on the individual phase holdup, bted expansion and
contraction, bubble properties, phase axial mixing characteristics, and mass and heat transfer
properties are summarized.,

New research directions are recommended for the future research activities in three phase
fluidized beds.
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Fig. 2. Bed porosity in Three-Phase Fluidized Bed
of 0.28mm ballotini.
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Table 1. Systems where bed contractions are observed

Column type| Particles U; cm/s ’ Ug cm/s] €1eg &g | &1 ][ gggtration Description 'ref.
three . . .
3-dimensional sand different 1 TJ ) 1 — ] — N First observation ’ A
’ 40~60 mesh |[velocities G~ 1 ’D T\i } { of bed contraction ! 20
above 1.14 ST T |
glass iseven U !
o . ballotini  |different v == qualitative '
2-dimensional 30~36mesh {velocities 0~ 1 OIW " gﬁféfﬁféﬁn of bed{ 2
dp = 0.46mm'1. 14~2. 85 sy T i
. 1 ’. *%
lglass beads [€ight Uy T[ t | — | — [feverse quantitive
3-dimensional [0. 61mm glefxfﬁfiréts 0~ 3.2 i{ ‘[ grg)r:lcllnfor derivation of bed | 29
2.2 N e c ;
’and 2mm S0 Us 1IN/ | particle porosity equation
glass three iU R ! | [ { e
) ) .. p Wt = - i quantitative
3-dimensional ‘ballotlm dvlffer:e.ntﬂ O~ 0.5 ‘ : ! * 'explanation of 24
0. 5Smm -velocities IV I bed contraction
sp.gr. 2.83 12.25~3.37 et =] = |
glass ieight U R i s i
ini ; [ I e qualitative !
2-dimensional b_gllotml @ffe::ep t 0~ 2. i d i ' * explanation of 25
120~775 velocities U T]l\ | ‘ bed contraction
micron 2.0~16.0 e - j
glass four lrr - N | b PP
T . bead different ‘161 l Pyt only expand individual phase
3-dimensional 0.25, 1.0, velocities 1.0~15. C"U TE 1 - ‘ . ‘;for 6.0 mm gﬁﬁﬁg and fluid | 27
6. 0Omm 10~26 e '] | V|~ 'particles
3-dimensional 5 i i 0.4~20.0  {2.4~20 inl Tl = feas comems 41
* cate catalyst : : s e Ty r. analysis
0. 77mm el — | 1| —
las § i R 7 *H 1+ [ ;
9 dimensional g ?),Sll,)g?r?; <ti}i1§fe:rent : 0~10 Lt ! B l f expansior; 'c}%loalgag:];erlsncs b
gravel velocities I T“ T’ l‘ ! occurs for im viscous | 39
2. 6mm 3.81~7.7 ] s 6mm beads liquids |
3-dimensional g §9 411§mm 0.98~21.36 19. 5~11 OlUl ?i ! I ‘ i ﬁé{gﬁgs:f&;r; “ Dynamic | -
particles : ’ - : U, 1 ]\ t ‘ ' i . 2.8, 4. 12mm/behaviour 33
sp. gr. 2.85 ¥ particles !
. ) glzafsn?eads Ut 14 I 1 Holdup and
2-dimensional g.ravel 1.5~10. 5 0~26 — liquid axial 36
2. 6mm Us T[ M ‘ Pl mixing i
0. 25~3mm | ‘lexpansion ** : !
Uittt iGeneralized model;
3-dimensional [SPheres ~28.77 | 2~12.0 |21 Joccurs for |jvace holdup in | o9
;1155‘1"1—1 Ue 1|\ T‘ 1 ’ ' é;.?'?ilér[lles viscous liquid |
catalylst sized ULt 1 4 _ ’ _ expansifon *'b 4 . i
T . particles occurs for |bed expansion
3-dimensional [P362°¢F o | 0.86~9.40 0~25.9— Mo == l.6mm  |characteristics | 40
1. 60mm u } particles i

1, increase

| ; decrease

“\ ; sligltly decrease

/" ; slightly increase

- ; nearly no change

occurs

* : contractions are observed for all given systems

** . contractions are partially observed

- ; not estimated in the literature
-+ ; decreases for 6mm particles, increases for 0.25 and 1.0mm particles
tt ; in high viscous liquid modium (70cp), a slight bed contraction obserbed for 6mm beads.

3et28 H18H H 5% 1980 1

03



27129 wake g vortex trail el
k pastgeh Az A4S
913 momentum &
oLo. Stewart ¢+ Da-
S e
Au g Felg s wA el

2718 wakeol o3t Sk B A=

LA

o

B =
ol 32
S D
2 1

b
—r

Mg
N, ol
S
_\QJ_(‘_L q ©
- O
-
o ® 2
o .o
AR T A

2, ju L g2 ol
to,
m
fri:#
A
o2
rO'

_‘O
o
Iz
R

£] 7&&% °ii %w
o Asgas 27 )}
z}.éz AA Lot Aelsh 2
Sl E e A4
2xold FAEAALHNL Y+
1).

Darton 3+ Harrison?®-& Micheisen 5 ¢ster-
gaard®® 3 Effremov ¢} Vakhrushev® 59 4

317

wake 2] 3] 3 = A8 o] Bhatia ¢} Epstein?®

& wake o] ¢l EE QoA o4l
A WIAAR =8 wake ¥3E A ’El—ﬂ‘!&
A A L A A sk o Letan 3} Kehat¥®= &

°
o] a1z B4k Kerosen 8 u}-2-37] 5 F 5k

A 7 -adakA1e] wake F3]E A ALEE 8 o)
Wake ¢ 1| tr] L7] .L}.;ﬂx_] 5:%_ Table 20“ =
ekl
Epstein 5} Nicks?P $-F2¢ =333 5 £3%
o] AT AL FEFGE
dz.s
aU; lug=0
Z,
= <n7— + K)Vz A+ KU+ I}‘_f_xll
(5= ViVi+ Ve
€))
n-1
A4 Vi=Ula= (GVO)"'Ux E
&)
n' -2 Ridhardson 3} Zaki®?¢] 4z} §1}gH
Viesir = aViers™ 6)

dl A deial

@25t zedA A4 wakest fASEst
o PAAL fESHg o Baker® FE U o Qeiasta A9,
goldax 2 234EE e A4S K33 kA o A7 8 Q7= ARE S
s addd f4s mRAEY ¢42d a1 3245 dAgde] 23 F, Ki(vake
Table 2. Wake holdup estimations in three-phase fluidized beds
Investigators ' Specification l Equations

. | : ale _
Effremov and | ratio of wake holdup | g fo —5.1 o 455 (1—tanh (O(Us/UDen®~3. 52
Vakhrushev®® | to gas holdup «

| K

5125 '45)]

12 + liquid holdup in fluidized system

|
Darton and Harrison®® l ratio of wake volume
. to bubble volume
K

1+K=1.4(U/Ug)%

]

|
!
f
Baker et al.® |

B=1.617(U,/ U,)06105-055¢

=]

Bhatia and Epstein®

K=K"(1—:z)?

K/=0.61-0.037/(eg+0.013)
K’ : K valve where no particles exist
Letan and Kehat®
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Table 3. Comparlsons of Holdup equations in Three-Phase Fluidized Beds

Kim et al®® i bed porosity in case]

(e14g) =1.40 (F,) 017 (We)0078

i i i0.167
of expansion I ’
bed porosity s,;,=<—U’-7ﬁ\IL> (A—eg+Ked! "+ (1+K)
Effremov and Vakhrushev®® Civg Re0 Ud 0.127
i s K= g = =_Yi%s 5
| T (1<Re=-Y <500)
individual holdup es=0.578—3.198U,—0.538U,(U;,Ug(m/s)) 0.280
Bazumov et al.*® P 0.135U
€ & & =0. 4222 —1.82U; (dav. (m)) 0.22
' Liquid holdup (2D ug=0—€1=0.0025 (Fri ps/0)°"1 0. 390
Kim etal.“’ € (Frm Ps/Pe)o'ISl (Revl R”‘)0~259
: 5l)u5=0=0.409 (Frst ps/ 002193 (R,,) 0007 0.127
ed porosity Eeg=2. 65( g’ >°'6(U1Ux/0)°'°sy Re,:>>500
Dakshinamurty et al.’® & U 0.183
+g . .
.! e =2. 12— " (ULUe/0)7%, Re<500
liquid holdup _ - T (l—ee— Re)V w41
Darton and Harrison® a= U/ U—KUe/UD) = (15— Keo) Y5 0.073
& n : Richardson and Zaki’s index
Investigators Specitication ] Equation vgggr;ate
Kim, et, al*® 5 L‘.qdld Hold up } 51:1-504 (Fr,l) 0.234 (-an) 70086 (Rnl) -0, 082 0. 055
&1 !
* Error estimates are based on the data of Oh and Kim'®
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Table i DBubble rising velocities in Three-phase Fluidized Bed

investigators

Specification

Equations

lighy et al®®

bubble risilt}g velocity
z

Ve=32.5(0)\8 — =228 | (U, + U
El+g

Kim et al®®

‘bubble diametsr,
rising velocity
ds, Us

d8r=10-2 U‘-0'138 U'0'3547-0'027 0-0'163
standard error estimate=7.9mm

0'82253(];0'133 U20-341 7'0'326 6-0'157
standard error estimate=156mm/s
dp; mm Ug, U;Ug; mm, ¢; dyne/cm

Ha and Kim™

bubkle diameter, rising
velocity dgr Up

dpr=1.35 U020 [y 0353 d -0+567
V=243.05 dg0™417 {01090 [J 01197 g,0187

EL-temtamy and
Epstein™

tubble rising velocity
Ve

1

U= UB=§(gR)‘f from ref. (56)
Ve=Up+ U,/e; from ref. (38)
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Table 5. Measurements used for the mixing studies

a. Liquid phase

System Tracers [ Measurement { Reference
Air-water-surry spheres’ NaCl l Sampling and titration i Vail et al.™
Air-water-glass beads l NaCl , Infrared analyzer “ Schiigerl™
Air-slurry ’ KCl ] Electrical conductivity f Kato et al.8v
Air-water-glass beads ] KMnOq { Spectrometer ; Kim et al.?®
Air-water-glass , Brs; Scintilation detector ; ostergaard and Michelsen®”
ballotini ‘ | Michelsen and ¢stergaard®”
Air-water-glass loads | IN NH,Cl l external sampling ; EL-Temtamy et al 82:8%

b. Gas phase
o System Tracers [ Measurements ! Reference
Air-water-glass beads CO., He f Infrared analyzer Schiiger]™
Air-water-glass Ar 41 Scintillation detector ! ¢stergaard and Michelsen®®
ba lotini } Michelsen and ¢stergaard®?
c. Solid phase
gystern l Tracers Measurement Reference

Air-water-glass spheres [ glass spheres

external sampling

Kato et al.8»

Glycerin so 1tion Solid particles

resin, FeSiO; Powder,
Cu powder

liquid solution

) external sampling
water-Air-g ass spheres, .4 of solid liquid solution

at various points

Imafuku et al.8®

Air-water-glass bead
multistage system

glass beads

external sampling

Kubota and sekizawas®
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Table 6. Correlations for phase mixing characteristics and transfer operations

a) Phase mixing

Investigators | Specification

Equation

Kim et al%® liquid phase

Axial mixing

(HMU/Ho) —(HMU /Ho)vg=0=0. 068(F+,105/ 01)° 28(F 1105/ 0)° 1%

(Rele'-’vz) 0~120

(HMU/Ho) vg=0=5. 05 (Fyy1 05/p1)% 8 (Re,) 704

liquid phase and
solid phase
Axial mixing

Kato et al.8V

Py =Udt/D,y=13F" 1,5/ (14+8F",,5°%) ~0-80),
P.,=U,dt/D,,s=13 F’,,; (1 +0.009 R.,, (1+0. 009 ReypFrog

/(1+8F"7,5%)

i liquid phase
EL-Temtamy et al.82:8% | | Axial and
; Radial mixing

P.,;=0.0012 Re,,'.1%¢ D, 71156

b) Transfer operations

Kawanura et al.® | solid-liquid Kidy _g. 72R)VEHSIV
| mass transfer D
-3 97>
Davidson et al. || gas-liquid K1,a:=0.975¢; for 6mm particles

(with data of gstergaard, . o tronofer

and suchozebrskip™

Kr,a;=

0.012¢; for Imm particles

|
|
|
Baker et al.lo® ! Heat transfer

| coefficient

h=1977U 0070 [/ 0059 4,0 105
hiW/m? K® U, Ug;mm/s correlation--coefficient=0.9974

Asbrr g Agolrh, a3 ER 473 276
Ae AFrF "l =F s EEH49 mec-
hanismof] 23 A AFr7F 2 asht A3H
oz EFE €Y AFAE WAE + ¢
 aglelrt, 329 gaAledlAq #FE&He CT
(computerized tomegraphy) w# o2 3 x14¢]
7128 WFE FEEkd YR 28 B, 2
7, €% % wake® =7 4 wake4ld] =t
BEL THE 4 dey AR A
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e agd e Pslr] Yl = Supak
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FTa% zEst Brh, 58 7%*&94 E¥E 334
& A4 Afg Aae FA
o, =3 449 AFALLEE zﬂxi shef 4§

9 HY2AL AFE + AES Hok T Aol

1 oAt 28

o 2433 Vail’® %, Schiigerl™, Afschar-
and Schiigerl™, ¢stergaard ¢} Michelsen®:8%,
Michelsen 5} ¢stergaard®”, Kato®V%, Kim®*®
%, El-temtamy®®® %o 23t 4 < THAZ
% AEET 23 H&HAS— Table 5.a¢) %%
g3 A7 GFREe] AAT AHAEE Table
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< 25 A
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Reynolds 4=¢] &2 mA gt (Table 6.a).
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Nomenclature
ted cross section area (L%
a wall effect factor defired in
equation (5) (=)
a; interfacial area per unit volume
of ted (LY
D, ted diameter L)
D, Axial mixing coefficient of ith
phase (L*/T)
D diffusion cceificient (L¥/T)
d, particle diameter (L)
da.. average particle diameter (45
ds, bubble diameter (L)
F,,; Froude numter of ith phase (=)
(=Ud/drg or Ui?/D:g)
F'.,¢ modified gas phase Froude number
based on column diameter (=)
(=U:/ vgDt)
g gravity constant (LT-?
&ge conversion factor (-)
H, Height of static packed bed (L)
H, height of expanded bed D)
Y/ heat transfer coefficient(w,/m?*°K)
(MT-deg™')
HMU height of mixing unit(=2He/Pe)
@
K ratio of wake volume to bubble

volume in three phase fluidized



Pe,i

Re,:

Re,t

Se
U:

Ue

Vie

Vo

bed (=)
ratio of wake holdup to gas holdup
in three phase fluidized bed )
ratio of wake holdup to bubble
holdup in bubble column (=)
(ML-'T-28%)
mass transfer coefficient in liquid
phase (L*T-H
average bubble length L
(=)
=)
pressure drop across bed (ML-'T"2%)

fluid consistency

fluid behaviour index
index defined by equation (6)

Peclet number of ith phase
(=U:iH./D.,: or UidyD:,:) (CD]
radius of curvature of spherical-cap
bubble or circular-cap bubble 9
Reynolds number of ith phase
(dsUipi/pi or DrUsip:i/pi (=)
Reynolds numberbesed on particle
(=)
(=)

terminal velocity(d,U:p/ )
Schmidt number(=y/pD)
Superficial velocity of ith phase
(LT
relative bubtle rising velocity
(LT-YH
terminal velocity of particle (LT-)
average linear velocity of i th

phase (—Q‘—> (LTYH

&
relative velocity between gas and
(LT-H
average linear velocity of non-
(LT-H)
terminal free settling velocity of

non-wake liquid
wake liquid

solid particles in liquid medium

(LT
weight of solid particles (M)
Weber number(osVi2ds/a or

D:Vpi/o) (=)
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Greek Symbols

v kinematic viscosity (L*T-H
7 generalized viscosity constant
(ML-'T-28%)

e1,¢ bed porosity of three-phase fluidized
beds (=

¢:  holdup of ith phase (—)

s average liquid holdup in particulate
legion ()

p: density of ith phase (ML"3%)

p viscosity of ith phase (ML-'T-YH

o surface tension (MT-3»

Subscripts

g gas

I liquid

s solid

-,

phase identification
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