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Abstract—Minimum fluidization velocity(U,) of low-grade anthracite ash and sand particles were measured
at temperatures ranging from 15 to 700°C in a fluidized bed of 7, 62x10~*m ID.

Two different series of particle size were used: three narrowly sized cut ranging from (0,21 to 2,38 mm,
and two of wide size distribution. It was confirmed that U, for small particles decreases with the increase of
temperature but U, , of large particles(>2 mm) increases with temperature. However, experimental values of
U, for low-grade anthcite ash differed significantly from those of calculated from existing correlations in the
literature. Therefore a modified Ergun equation which gives much better correlation is suggested here.
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0.69
(0. 668%)
0.67
(0.667*)
0.76
0.90
0.92

Emr
0.60
0.591
0.53
0. 476
0.478

0. 587
0. 584
0. 53

0. 463
0.478

density
(kg/m*)
2420
2420
2557
2557
2557
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0.924
0.294
2.158
0.913
0.315

mean diameter
(mm)

(mm)

size range
1.0-0. 84
0.35-0.25
2.38—-2.00
1.0-0. 84
0.35-0.25

-18 +20
—45 +60
-8 +10
- 18420
- 45 +60

Sieve No.

Properties of particles.
K.S

*values obtained by equation(3)

Table 1.
material
low-grade
anthracite
ash

sand
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Table 2. Experimental values of minimum flui-
dization velocity.

Meterial J (ipm) (CE%%) Terr(l%e)rature
Sand 2158 83.6 10
113. 08 100
110. 73 200
131. 68 300
138.78 450
154. 05 640
913 51.5 7
54.9 200
56.78 400
55 600
315 13.25 8.5
7.87 120
6. 92 230
7.07 350
7.48 430
6.38 630
Low-grade 924 56. 25 12
anthracite 58.8 210
ash } 57.9 410
3 54.76 630
294 7.43 11
6. 09 220
5.66 440
4.34 650
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7] Sand, dp=2.15mm © Sand, dp=0. 315mm

® Sand, dp=0.913mm A LGA ash,dp=0.924mm
A LGA ash,dp=0.294 mm

— Sand, Computed Correlations

--- LGA ash, Computed Correlations
200t

150F

“? (m/sec)
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o) 100+

50

0 ,
0 100

200 300 400 500 600 700
Temperature (C)

Fig.3. Comparison of measured and computed
values of minimum fluidization veloci-
ties by Ergun equation {6) of sand and
L.GA ash.
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Table 3a. Correlations of minimum fluidization velocity(including ¢,, and ¢).

Author Reference Equation Remarks Equation
No. No.
5
Johnson 7 18Ren,=Arg¢g? ( Emy ) Re< 2 4
(1949) 14+0.5(1— emy)
Un,=0.171dpy (7 Ensys
T Ems
g’ PsEms’ /3
S = en 10507 Re>2 5
. —¢tn Ren -
Ergun(1952) 8 Ar=%25/) Re,,+1.75—"— < f not limited 6
Ems ¢ Emr ¢
5x107% (¢ dp)? m
Leva (1959) 3 Uny= ¢ D) (o5 = ps)8 ens’ Ren, <10 7
ﬂ_r(l Emf)
201 _ 3 2
Anderson 9 Ar=362q (13 ;;”) Ren, + 6C.q f{e;,:, C,=45/8 for
(1961) e Ens Ren, <20
1 8
Zq*= e cw C,=1/2Ren,""
Emsl Ems for Rem,>20
_ 0. 15
g-171 (et
Ems
Wen & Yu 10 ens '¢? Ar=18Re,,+2. 7¢* %" Re, "7 noi limited 9
(1966)
( 3
Kunii and 11 Upy= L) (05~ 0,)8 ens’ Ren, <20 10
. 150,uf (1= en,)
Levenspiel
(1969) _¢dplps—p,)g en’

Un, Ren, > 1000 11

1.75 0,

Table 3b. Correlations of minimum fluidization velocity(including only &,,).

Equati
Author Elz'ference Equation Remarks Ngt}a on
Ar
0s = - 12
Goroshko 12 Ren, 150 (1— emy) N ,1.75Ar‘) >
et al. (1966) ens ( ens
Zenz (1978) 13 em,=1.4673081+0. 0147726 (8) — 0. 2864208 - 13
In o +0. 1860124 Ing +0. 00814068 (Ing) *
where
dp
a 2
[i . Mr 1,3
4 prlos—0,)g
Un
T
[ Hr'\Ps™ Pr'8 ]1/3
3 Pf

oSt 25 W Mi1E 198743 2
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Table 3c. Correlations of minimum fluidization velocity.
Refe- Equa-
Author rence Equation Remarks tion
No. No.
Baerg, et al. 14 Upn,=0.361(dppss) " /0, OF.M. ;air 14
(1950) OS. P. ;glass beads, alumina, iron
powder, cracking catalyst
Odp;0. 06— 0, 876 mm
ORe<20
Miller and 15 OF. M. ;air, ethane, He, CO, 15
Logwinuk Unp,= 1.25x107 do” (ps=p) """ 8 0S.P.;AlLO,;, SiC, SiO,,
(1951) H Silica gel
Odp;0. 097 - 0. 249 mm
ORe<5
Van Heerden 16 OF. M. ;air, Ar, CO,, towngas, 16
et al. (1951) Up,= 123 XBIO_:dpz” 28 methane
#s OS. P. ;iron oxide, coke, caborundum
Odp;0. 097 - 0. 658 mm
ORe<13
. irai 1.82 _ 0. 94
iy VoS g :
Goroshko,
Rozembaum 18 Rep,= m%m not limited 18
and Todes
(1958)
Leva (1959) 3 ¥ (g )0 OF.M. :aix, He, CO,
Uny,=9.3%10"? ‘ﬁ;fl—— OS. P. ;sand, anthracite, catalyst 19
s Oap;0.0SI‘O. 97 mm
ORe<10
Rowe and
Henwood 19 Ren,=8.1X107*Ar 20
(1961)
Narasimhan 20 Rem,=4.29(0.119 log dp+1. 417) 21
(1965) {{141.10%10*dp—0.55(dp Ut p,/u,)) "~ 1}
Frantz (1966) 21 Ren,=1.065X%X10°Ar OF.M. ;H,, N,, Ar, ethane mixture 22
of gases
Odp;0. 046 — 0. 305mm
ORe<32
Wen & Yu 22 Ren,= (33.77+0.0408Ar)’*-33.7 not limited 23
(1966)
Davies and 23 Ren,=7.8X107*Ar OF. M. ;air 24
Richardson OS. P. ;catalyst
(1966)

HWAHAK KONGHAK Vol. 25, No. 1, February 1987
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Refe- Equa-
Author rence Equation Remarks tion
No. No.
Bourgeis 24 Repn,= (25.46*+0. 03824 Ar) * - 25. 46 25
and Grenier
(1968)
U _
Sosna and 25 & 7 ),/,20. 0250dp (gp2/u) ) dplget/ul)'*= 3 26
Kondukov ik
(1968 % (Ps" P/) 0.6 pc0n
Pr
_& XLP s« max dp::nax n X, 0s max dpmax
e =1X,, max Pstdpf ’Z:“ Xmaz £ 514D,
2 - OF.M. ;ai
Pillai and 2% Uny=7,01x10-+ (0= 00) ur
My OS.P.;iron and aluminum powder, 27
Raja Rao 4 vl |
) sand, polystylene
(1971) _ ne oSty
Odp;0.058-0. 1lmm
ORe<20
) 1.38xX10*Ar ORe<39 28
Bena (1971) 27 Ren, (Ar+19)° 0 Ar< 10"
Baeyens and 28 Ar=1823Re, " "+21.27 Re,,* 0850< p <8810 kg/m’ 29
Geldart OF.M. ;air Odp;0.05-4mm
(1973)
x10-* (5 .— 0.934 3 1.8
Uu,=9' 125 10 ’ .[ o5 “,?,)g] dp %
Mr  Pr
Kumar and dot o, ) OF.M. ;air 31
s @ sav
Sen Gupta 29 Ren,=5%107° (_p__,__,;)__&,_g> 0.7 OS. P. ;mixture of sand, salt,
©°
(1974) ! 'sugar and magnetite
Broadhurst ,
and Becker 30 M=Z 42%10% (—EL——) 088 not limited 32
P rtins prlps— 0 )gdp
(1975)
(Beyoriyg7 7
s
Saxena and O6<Ren,<102 CF.M.; air 33
31 Req,= (25.28240. 0571Ar) '/* - 25, 28 s
Vogel Ops=3190kg/m
(1977) Odp;0. 088 — 1. 41mm
Babu,et al. 32 Ren,= (25.25%+0. 0651 Ar) '* - 25.25 0.02<Re,,<170 34
(1978)
Riba, Routie 33 Ren,—1.54X107*(Ar’)0.66My’ 35
and Couderc Ar’ =dp®p fg/u}
(1978) Mo=(os—p,) /0,
Doichev and 34 Ren,=1.08x107*Ar™*’ OF.M. ;air OS.P.; Glass beads 36
Akhmakov Qps=2650kg/m*
(1979) Odp;0.09-2.2mm

s Est W2 M1S 19873 28
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Refe- Equa-
Author rence Equation Remarks tion
No. No.
Richardson 35 Rem.= (25.72+0.0365Ar) /2 —25.7 37
and Jeromino
(1979)
Limas(1980) 36 Ren,=12.56X10"% Ar'>s®M2 % 38
Thonglimp 37 First form
{1981) Rem,=7.54x107* Ar®® Ren,<30 39
Remn,=1.95X10°7 Ar®* 30 <Ren, <180 40
Second form
Ren,=(31.6%40.0425 Ar )*5-31.6 41
Grace (1982) 38  Ar=1333 Re,,+24.5Ren,* Correlation from literature data 42
Nakamura , 39 Ar=1460Re,,+21. 5Re,,? not limited 43
et al (1985)

* F.M. ; Fluidizing Medium

e 2ol A9 (Re<10) 718 HEsh AHd 5
28 A} sof Lx5} Fobatel wah slAlel A
EE ol Z75o] U, & L5 A%ol wet 7t
£5)% Aoz oo, AT Uy & 27t %
ol el uleﬂmi HasA e, ol3

Fig. 3 A& A2} Ergun4l 6)z} v
g lzkel 249 Al Ak HE ()2 40% H
< 2ok 53 dp=0.913mmel == & 3
o] —12.9% Az st 24E }s LAt 3
A uk A el szl 7S mafelxiyer Ao
B zkgkel 2 3e noed 2L YA (dp=

0.294mm) ol 4] ©] & .3k gke] Ak

Fig. 4 £ Wen® Yu#] 23V AF£3d o9}
A5 vlmd Zddl, 28 Y=t 7Sl 2UolA
B

JmAd 2 dxstn ek 53 Zaidxtel RBE
=2,158 mmollA 7h4 HE zbgho] gty H
T Aol FelAFE 5
mb 1 3k 33%W s

Fig 5+ Emf“"l 1% 3}-‘& o] 24] 8l Goroshko 4
12) ol
= °JZ}°“/H dl—?l“ Al #] x| B c}
ol AR A A A BE X

&l

o

(s

S. P.; Solid Particles.

O Sand, dp=2. I15mm & LGA ash, dp=0.924mm
® Sand, dp-O 913mm A LGA ash, dp 0.2% mm
O Sand, dp=0. 315mm
— Sand, Compuied Correlations
-+ LGA ash, Computed Correlations
200
o
150
— c
3 o
) T T
~ -
E .
T 100}
-
X B
~
&
jom
a :x L TN
50/
;?-‘:\_a <
0 s ’Mﬁ o= A——-—*——.—A_. ]

0 100 200 300 400 500 600 700
Temperature (C)
Fig. 4. Comparison of measured and computed

values of minimum fluidization velocities
by Wen & Yu equation (23) of sand and
LGA ash.
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7 Sand, zip:Z. 15mm
® Sand,dp=0.913mm
O Sand, dp=0. 315mm
& LGA ash,dp=0.924mm
A LGA ash,dp=0.294mm
— Sand, Computed Correlations
-~ LGA ash, Computed Correlations
200t
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150+
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— 2
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é _____ O.----7 - T
- 1001
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N =]
g
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& . LI
501
— T
0 i " L -
0 100 200 300 400 500 600 700

Temperature (T)

Fig.5. Comparison of measured and computed
values of minimum fluidization velocities
by Goroshko equation (12) of sand and
LGA ash.
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— Sand, Computed Correlations
-~ LGA ash, Computed Correlations
200
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150+
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Py o
©
It
1
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5
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0 100 200 300 400 50(] 600 700
Temperature (C)

Fig. 6. Comparison of measured and computed

values of minimum fluidization velocities

by Broadhurst & Becker equation (32)

of sand and LGA ash.
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— Sand, Computed Correlations
-- LGA ash, Computed Correlations
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Fig.7. Comparison of measured and computed
values of minimum fluidization velocities
by Wen & Yu equation (9) of sand and
LGA ash.
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® Sand,dp=0.913 mm

O Sand, dp=0. 315mm
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— Sand, Computed Correlations

- LGA ash, Computed Correlations
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Fig.8. Comparison of measured and computed
values of minimum fluidization velocities
by Todes equation (18) of sand and L-
GA ash.

Table 4. Mean deviations of computed and experimental value.

equations Ergun Wen & Yu Goroshko  Todes Wen & Yu  Broadhurst

materials (6) (9) 13 @3 & Becker 32
(dp, mm)
Sand (2.38-0.21) -31.18% —38.95% —39.62%  22.93% 17.77% 16.4%
Low-grade
Anthracite ash —-66.147% —93.41% —165.25% 29.48% 29.64% 21.45%
(1.19-0.21)

3 - 4. Wide size distribution X{ZEl 3|X}2| {(Sharp Transition) 7} dofwdeh ol {ZFF W2l
[E8 85 FeRe 3o BARATY YA buoyant T

dubdoez A4l gln FAR 2719 A Al ZAG e A ey FH g gAY
2AZM F5E Az Asd o Gad dol HEIZoME nAZA §E535 Az dojrte A
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Table 5. Particle size distribution of low- grade anthracite ash.
K. S. Sieve Size Range Weight Fraction in the Range
No. {mm) Before After
case 1 case 2 case ] case 2

+4 >4.76 0. 0000 0. 0000 0. 0000 0. 0000
-4+6 4.76-3.36 6.6x10°* 4.28%x10°*
-6+8 3.36-2.38 0. 0226 0.0195
-8+10 2.38-2.0 0. 0342 0. 0286
-10+12 2.0-1.68 0. 0564 0.0517
-12+14 1.68-1.41 0. 0567 0. 0600
-14+16 1.41-1.19 0.0934 0.0774
-16+18 1.19-1.0 0. 0842 0.0843
-18+20 1.0 —0.84 0. 1054 0.1010
-20+25 0.84-0.71 0. 1089 0. 1063
-25+30 0.71-0.59 0. 1012 0. 0000 0. 1146 0. 0000
-30+35 0.59-0.5 0. 0659 0. 1066 ‘ 0.0765 0.1237
—35+40 0.5 —-0.42 0. 0535 0. 1602 ‘ 0.0631 0. 1855
—40+45 0.42-0.35 0.0448 0. 1303 \ 0. 0445 0. 1565
—45+50 0.35-0.297 0.0410 0.0915 ; 0.0412 0.0912
-50+60 0.297-0.25 0. 0408 0.1398 0. 0496 0. 1598
-60+70 0.25-0.21 0. 0275 0.0925 0.0319 0. 0937
-70+80 0.21-0.177 0. 0208 0.0721 0.0157 0.0721
- 80-+100 0.177-0. 149 0. 0169 0.0888 0.0210 0. 0694
-100+120 0.149-0. 125 3.2x10"® 0.0234 2.9%x10° 0.0181
-120+140 0.125-0. 105 7.4x10°° 0.0326 3.81%x10°? 0.0171
- 1404170 0. 105-0. 088 2.46x10°° 0.0237 4.76x10"2 5.8x107°
- 170+200 0.088—0.074 2.46x10°° 0.0161 1.19%x10" 1.4%x10°°

- 200 <0.074 3.5x10°° 0. 0224 4.8x10* 3.1x10°°
Average Particle Diameter 0. 554 0.238 0. 562 0. 285

(mm)
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Table 6. Experimental values of U,, for low-
grade anthracite ash of wide size
distribution.

dp (mm) Temp. (C) Uny (ecm/s)
15 31
210 23.7
0. 562
410 19.6
580 14.8
14 6
250 5.79
0. 285
460 5.32
660 5.12

2 ol 3\ monosize %2 U, 33 & 2
w2l wide size distribution®l 7§ -$-of
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Fig.9. Comparison of U,, as calculated from
modified Ergun equation and experimen-
tally measured.
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NOMENCLATURE

dp particle (surface mean) diameter, m or

um

Ep average particle diameter over the narr-
ow cut, m orum

dp average particle diameter over the wide
size range, m Or Um

g gravitational acceleratin, m/sec2

H bed hight of fixed bed, m

H,, bed height at minimum fluidization
velocity, m

AP pressure drop, Pa

S Cross-sectional area of reactor, m?

U,, minimum fludiization velocity, m/sec

U, superficial gas velocity in empty
column, m/sec

U. terminal velocity of solid particles, m/
sec

W weight of poured bed, Kg

Xi weight portion of size fraction

Dimensionless group

Ar = gdp> », (ps-p,)/u;* i Archimedes nu-
mber

Ar’ = g dp3 ;0,2/#,2 : modified Archimedes
number

M, = (p,-0,)/p, : density ratio

Greek Letters

6 =% (Un)exp - (Un,) cale ] [(Uns)care
mean relative deviation

€ bed voidage of poured bed

Eme bed voidage at minimum fluidization
velocity

¢ particle sphericity

Sl ES K25T M1S 19879 2%

¢

Pr

Os

Qs

My

whelo
-

LA

. Foust,

mean particle sphericity
fluid density, Kg/m3
» ¢ bulk density of bed, Kg/m3
1 solid density, Kg/m3
fluid (air) viscosity, Pa. s
fluid kinematic viscosity m?/sec
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