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Abstract — Fluidized bed reactors operated in subatmospheric pressure has been focused because several industrial
applications such as vacuum drying and plasma cvd requires reduced pressure fludization. However, the hydrodynamics
of fluidized beds in subatmospheric pressure has not been extensively investigated. The pressure drop in the fluidized
bed has been measured with variation of downstream pressures from 1.33 to 101.3 kPa in the shallow and deep fluidized
beds under the sub-atmospheric pressures. The obtained minimum fluidization velocity of powders is a function of pressure
due to the changes of gas density and mean free path. We can experimentally determine the critical Knudsen number and

the critical pressure to define the slip regime significantly to influence the hydrodynamics of fluidized beds.
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Fig. 1. Schematic diagram of the apparatus for fluidization in sub-
atmospheric pressure.

Table 1. Experimental ranges of fluidization characteristics under subatmospheric pressures

Particle Size [pu] Density [kg/m°] o] &y [-] Pressure [kPa]
Glass bead 400 2500 1 041 0.67,1.33,2.0,2.67,4.67,101.3
HDPE 338 960 0.8 0.55 0.4,0.67,1.33,2.0,2.67,101.3
PVC 120 1300 0.9 0.6 0.67,1.33,2.0,2.67,101.3

Gas : Nitrogen (purity, 99.999%)
Korean Chem. Eng. Res., Vol. 58, No. 2, May, 2020
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Fig. 2. Pressure drop through shallow beds of glass bead and HDPE
in fluidized bed reactors in subatmospheric pressures.

(

FEF 03719 RE 54 309

10 T T T T 1.3

e Glass beads 112

gF ' 6 oo dp =400 um

_ oss 111 —
s ° Hs/Dc = 12, deep bed 10 £
8% oy O Hs/Dc = 1.2, shallow bed =
T Pl O {09 ©
o £ )
X 71 sl O Pe = 2665 Pa log T
= ]
g .l o7 &
r o
o 4 5 6 7 8 PY ® R ) Y dos 5
5 Ug mms] . J A A A i
% 5 n 8gx AL A 105+
a IINAAA A A 0 104 §
4 03 2
@ Pressuredropofdeepbed | 17° =2
[ ) (¢}

[ V Height of quiescent bed 102

3 .’ A Height at surface of bed 104

v .

2 MEVA v AN . . 0.0

0 5 10 15 20 25
Ug [mm/s]

Fig. 3. The pressure drop data of glass bead in a deep bed in subatmo-
spheric pressure.

10 T T
——— Llop etal.[14] Eq. ® PVC 120 um
""""" Kusakabe et al.[13] Eq. O HDPE 338 ym
1h Zarekar et al.[15] Eq. A GB400pum
Vv GB445um[13]

SG 390 um [9]

108

P, [Pa]

Fig. 4. A comparison of measured and calculated minimum fluidiza-
tion velocity in subatmospheric pressures.

o)z F2E7] of et whx] Atz Astell A v A S 2
=2 5 599 A st S ow st A
TS sk A ssk ddelth10,13]. ol 5 ke dstet
Aditgo] -2 2719 AHg] Frofl g w EAITE B ATH17]
o= 714l 3] ATl EAEE PH = Knudsen 5
FO 7 o) FFOFTHN AF TAZ At F W) wEt S5

717} S7Ktell eJgk Zl o & Abm et

Fig. 4= 715t ol3tellA] &438kH= 5%
S H A fEskEee] MakE vEh o itk 1 % | vrebd uleh
ol sheo] i Flel met i te e e dANRE o 7
W3l Fot HARTE Sus T AsE Hols
olslol A HE] st v EketA T 5 ) oh
2 5ol AMlshs 997 slip 38 F9o] FREAA=
o] AAT EANE 5 Y-S FH8 & = vk g A
2= o bl et HARE s S5 SRS & 5 Sl
o] 7hagtel] me} B2 Fat AFAE 2L STt
T== 71111«1 AEo] A W} Br1So] it
7k 71A19 AT AE oprlsit). 4 obe 27l ujet EAks

[e]

U A
== 520 =L 2~
5, slip 35 = 34 &80 24T 9l

~

ﬁ
52
v
N
)
° o
o

s
S 3
)
2 [0 o 9 @ k»

Y

rlr

Korean Chem. Eng. Res., Vol. 58, No. 2, May, 2020



310

o3& Knudsen 72| &2 7148E 4= ok FAE 52 Kn >> 1,
A 552 Kn << 1790]2L slip 52 °] F+ 55
o]c]_. At &4 ol-eﬂo] 71—)\31—oi ﬂ %%ﬁ]_ ET = 7] jﬂg] )
57y 3Haekal 71A|9 B A RS SV slip EF @do]
AYglof| thE Z 0 & AR HITH13,14].

U164 1= vt o] HE QATAEo] AU A2 REEG
£) 4TS ZIE 98 ALGEN SEE P 452 ek
ATt ZF gaalEel QEl olEE grell efkte] Aozt 9lom 53
7 LSl ks ol Aol sl a2 sl
Jeiu AR 2= AEET 2ol el 1A
5l S} S o A 2l o A o
A2 RS Pelol Yol el ARV 2 WsFe

O

O

A BZo] HAf-53} £50 ‘ﬁi@‘roﬂ °101 Sllp S5 P mEE

o] Qe AOE AET 5 ek olelR WS PFHOE

A7) 218l 9] Knudsen —r(cntlcal Knudsen number, Kn,)[15]5 #|
QFslAtt. Al Knudsen = slip 5 &0] 4753} dolE=
*(minimum fluidization Reynolds number)l] H&5}A] Jgs- 1]
21 7355 HERlE = ARtk olwf 1] Knudsen 75 731
L3l slip? 84 & 0393 = B aEgh HAAaREs) gols=

FAREE YERE, 5, Kn=03] H AR5

‘@?%m watck ol Y 55 9

¥

A
TS YR A o 25 7L 3 s ol dutd e s
4531 2= Richardson[1]2] #A/-53} glolE= Ao S Al
Bk,
Re,,,!- (Ar,Kn)
= ©)

Re,(Ar,Kn=0)

Re, 0 = —25.7+/25.7° +0.03665 Ar ©9)

S22 FHA Akl il AARE 10% B 20%2]
A= i 818571 wie] o] Wligk =1.1 = =12 g%
B 94 Knudsen 75 & T AUtk

Fig. 5+ A3 o) 4 HA/-53 SEZFE AAE go
B2 59t 150 v1E 3 YERIQIT # AR 3] dlols = 2

1], £°] Knudsen ¢l W& $3}5 YERA A0 o] v &2
Knudsen 501 W} H]#AIS Bo) 1 gith, o)== etgo] 7kl
w} H AR5 glolE= 7t ti7lskxdstel ] dlols= ol
Hl3l vl Ao F74eHe omlgitt. o]+ §te o] fhAgte| whek
1A A W3t = Ux 7H49) 71A 9] AR ZUtE
Q1% AA A T EHTR= slip & S2o] gJA o o3l Ao 7 AlgH
CH14,15]. 31, ¢ ]E3k0] 1191 B9-5 UA Knudsen 5 27

A A A o] B 4
1

(e3

¢l-l

PVC 120 um

HDPE 338 um

GB 400 pm

GB 139 pm [13]

GB 222 pym [13]
Silica gel 390 um [9]

4>Oo«4 PO

0 L
0.00 0.05 0.10

Kn [-]

Fig. 5. The ratio of minimum fluidization Reynolds number obtained
from experiments to minimum fluidization Reynolds number
calculated by Richardson correlation.

ke Bl&E AEsto] 42 917 Knudsen 79 12HE] 42 9
A FEEE 472 270 wet g 5 Tt

Table 201 Th719} ool 23t f552] FAf-53t AY ol
olHZNE AE HAafEs SEE 7 At HAafsE ol
52 FE AR, t719 23004 2 A e Eolsx v E
Richardson A2 © 2 AA 3T 11 v o] F+ gloj&= 9]
H19] ¢+e] W3l (Knudsen 5= W3l e} 82 AslE Ho=w
A s)HARA-E Fall (v #el 1.1l sldshs 97 Knudsen -5
@X*;}Oﬂr:‘r 712]3L Llop 5 [14]9} Zarekar S[15]0] AAISE Adak2]

S 7Hko 2 AL ¢ ] gEZHE A4 Knudsen 5 A3}l
]E‘TH AAtE QA 4= &S Table 201 YERJSIT. Liop 52
A2 7199 Kn,,=0.0042, Zarekar 5] 32 7|99 Kn,=
01133} 7} Pzl et #4531 243 dlolH 9] 4] Knudsen
—/Fg 7% 4 AN (Kn,=0.0052) o] FZFE Ayl 2t A
Sre ks T-8k91t). Fig. 59) Table 20014 B35 453} glo)s
= FE d53k= Llop 559 Aol 93] AAtE vl& gh=o]
Zarekar 52 2o 23t (v & FHERTF AR oz A gl
E& UAE B0 Ql}. of= oA HAREE £9) o7
71X Llopee] HAaRa35E oS A3t dx|gitt.

Fig. 62§19 Wiglel] oz S o] S3-+FU,, P)l Risks vt
W Ao}, A4S dl7]9F 273kl A Richardson 2] ol 4310
ARTeE Az HAfE s el 7|Nksto] YR %J’Hr &,
(U, PYE HeRd Zloltt, e ghaee] whe} dhe wldlaAlE

O

Table 2. Values of critical pressure obtained from correlations of Llop et al.[14] and Zarekar et al. [15] and experimental data at 10% influence of

slip flow on minimum fluidization velocity

From experiment
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HDPE, 338 pu 3981
Glass bead, 400 pu 3360
Glass bead, 139 pu [13] 9670
Glass bead, 222 pu [13] 6054
Silica Gel, 390 pu [9] 3447

Pcr [Pa]
From correlation of zarekar et al. From correlation of Llop et al.

4853 13868
1726 4931

1456 4160
4190 11972
2624 7496
1493 4267
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Kn, : critical Knudsen number [-]
M : molecular weight [kg/kmol]
P : pressure [Pa]
Pecr : critical pressure [Pa]
Pe : downstream pressure of the bed [Pa]

PVC  : polyvinyl chloride

Re,, :Reynolds number at minimum fluidization velocity [-]
Re,n : Reynolds number at ambient pressure [-]

SG : silica gel

T : temperature [K]

U,y  : minimum fluidization velocity [m/s]

U, @ minimum fluidization velocity at ambient pressure [m/s]
Z : constant in Eq. (5)

J2|0|A=2K}

Eps : void fraction in a bed at minimum fluidization condition [-]
¢ : ratio of Reynolds number with and without slip flow [-]
n : gas viscosity [kg/m-s]

A : mean free path [m]

S : diameter of gas molecule [m]
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Pe

: gas density [kg/m?]
: particle density [kg/m’]
: sphericity of particle [-]
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