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A% okl 59 44 fEadg 5

U/ (gd) >140 M

for choking to occur
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#ESE
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i(n— 13/n "3

Us/gD>0.76, n=2.4 @
for choking to occur
U/gD>0.98, n=4.6 10)
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order 7} Zrom g &a w4 2= Yangd (3)
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L8 A5 2 oghel, 22y Yang & 4 o
7} 4l bubble stability i w]s]4] o}z 24
284 Ao Bonz Yoz Agdoz 2

8 o] sotof et
(2) Cholin velocity o] of &2

A FEANANA 29 =
#1814 choking velocity & A 5= 2 o]
Fa3lt}, g7 A= 2o 1}-& chokin
city & A3l A& LA}

-1. Equations of Punwani et al?
28D — 1)/(Ve — U)? = 0. 774 p°7

(11a)

(11b)

=
g

velo-

Wi/pos = (Ve — U) (1 — €c)
1., Equation of Leung et al.'V

Ve=2382.3 Ws/ps + 0.97 U, 12)
©, Equations of Yang?

2gD(e* "= 1)/(Ve — Ud?*=0.01 (132)

Wi/ps = (Ve — U (1 — €) (13b)
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Z710] WE o AN 24§53 (mini
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R =1.22(ps/p) (1 — (Unt/U)/Us*) (19)
ANANA  Unr/U; = G.(Galileo number =
pe(o: — pe)gd®/p?)e] P2 o}-g3} 7r}, 12

Ui/ Uns
= 135.7 — 45. 0 log (Go) + 4. 1(log Go)? (20)
for 102<{G.<4 x 10*
U/ Uns = 26.6 — 2.4 102 (G.)
for 4 £ 10*<G<8x10° @n
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G340l 4 T 2HE dEse WA

A
A FAA ek Qe Ak e A 1 W

. oFd A3 (4P) = 7}4 & 3} (acceleration eff-
ect) + oAk 71A Y FA (gravity orhold-up)
-~ wpak(wall friction)
., AR Er)$<(superficial air velocity)
o] 4] slip velocity - Ergun type equation ¢
{gale
‘=, APmixture/4P air alone-§& v}& wl &3}
AAAAA A& =s W
9 A kRl FEFAA 9] e ok
314 A (voidage uncertainty)el] A
) u,lzg-%]-a.i A e e, 9 i 37
wk 918 7% ¥z x (wall roughness) 7} o4 7
L ggko] 2ol a4 EFEEL A
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;‘z]_E_i W] dasst 9 FAA o] Wy
oA yAgaleh ek B 5 e
o8 WS AHgelA R AR ¢l 53
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o] 241o] Algd |9}
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Al A 3= steady-state ¢] turbulent flow o]

H 3] 4 momentum balance & 4|4 ¥+ &

3} Ze},
};j,{ - [peeU? + ps(1 — QU2
= — gf;;g* EGOg + (1 - 6) OS]o
— —I%‘(rxw'g = Tws) + - ( T2z + Tas)
—B(l—e)pg[U 7 (Us = Ue)
LU fi&"-_fasa_zl([zs) ] (23)
A @)l e 37k e =%+
et
D) os>ox
&, Z719 Uxst mAld W Euc) g nke] 2
kA ’r/‘l% T gk =T oldl] wehA
ng<\'€ws
= A7e] ek
(ii) 4PLP

%, S ol 4]
AlaA 4l

HH st F49 4

Aobd EUAE FAL

T Av}f xolvh, GEAEIF fomz 37
o] Hulwslw zhola] (23) A4 2 B9 W
sb ekl $4149 4 glek

(iii) = Wlgkel] w2 turbulence patterney] w
s} gk,

o] AP A 5 g o suress o
stk FAlEll A (28) 49 2
ol FAR + gl
9 Al A AR e mYSm A3 Eel
ARl A (2348 -
%3 2k,
AP = p(1 — ) U + ps(1 — €)gL
+ 4 TwsL/D 24
A @YAA AP & AAkEk] S84l Us, € %
Tus B olokrl gl
Us(actual solid rate)= F& L7145 V.9
TALE Vonk Felxw ohg] ¥ o 3
B Fad 4+ v
Vs=Us(1 —¢€) (25)
Ve— Us= U (26)
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(26) A& €] 16 TASTHE A4 F¥

wateh A4 @6)4xnct FEekA Usg 73k
= Adl =gk 22 Ae] YR P
Us=U; — (A + fUs/2gD)

(40s — pe)dg'™ /30D (27

&3 7] 4 Cps = drag coefficient of single particle
at infinite medium

fo= %DAP;;fs/p.,.U,’L (friction factor) (28)

dPss iz 3A Q1A A7 vhAstEo s oF&
olck 4 @NE A4 U g 73 4+ 9
T},
spael 9% qree vhgst 2] EAE,
AP¢ = AP + APt

=2 LfeocU?/D
+ 2 Lfs0:(1 — QU2/D 29
$18] () pedpe ol Al a4
JPf =2 Lf(1 — ©osUs?/D (30)

7b =let.

Knowlton 3 Bachovchin!®-&. 3.9}
(700 psia 74=]) wpabAl = fsoll
ehersh 2ol Al @staa,

Js = (0. 02515(Ws/0:Ug) 00415 (Us/Ug) ~°.5%%)
—0.03 (3L

AT
vl 3F A 4]

ru‘io _é

DE qFE 2 A vl £ 5 ol rlka A
ol gafA FAAAR . FAH% FEAA 2
Aol &g epA AL b2 A3 wjs Aon

1

o AR o1 9,

AP = ps(1 — €)¢L (33)
2 (33)01 %Eﬁ 4P & 0}71 Jai Al 7] T&

tarzet H193 R 15 1981 28

= Z7o] dald AHns 2 gk
1. Slugging dense phase flow
o] 74l Matsen'™o] A& th& 4 A
44 B Taslz Ak 5,
A =€/ — €nr) = [(Up + W/
{os(1 — €ar)} )/ (Ve - Us
— Unr + Wi/ps) (34)
A (34l A Us = non-flowing fluidized bed
o] 41 2] bubble rise velocity & slugging flow
9 7ol whes 2,
Us=0.35(gD)*
Up=0.352gD)F
1., Dense phase flow without slugging
Nakamura ¢} Cape¥e]] a4 o] 7 -$-o] €2
TFE 4 9l Ao annular flow model & -
sh glent o] A& e A4Ad Aol E
Ha es T3] SaA e mAsA Al uy
& 2}-8-8}od okul- &kr}, =3 o] annular flow
model o] &= AF A7l whobs] 48 datazl
gt Ao dadt o 44 44T + sk
= 87hx] A =8 Yershalmi® o] &4
‘fast fluidized bed’tl= o] B0 2 T 3
EHl oA €& T AL AR Xtk
olt}, w}z}A dense phase fow without
slugging o] ) A= € 2] 3FE 0.6~0.8H ]
ol A el ol ARgshr] 2 g

for half nose slugs'®

(3) 0|S&E RS
o] 7 %ol slip velocity & F71< =4l
A}-4-3] 4 Ergun type equation o] tf gl &4 € &
Tohe A 4L skErh 0 &,
APdé
Los((Us — Us)e)?(1 — €)
= 150/Rest + 1.75 (35)

4. AEH MA 2 (Tentive design
procedure)®

FE3t At dhe A A HE(es), dEE
Z(f(@)), sphericity(¢), EF5=(Ws), dis-
charge pressure(Pq) ¥ 2 gEAz (L)7F 9



22 o 4 454 S 4T 5
e
2

D+ 1 D2 AYge
webd] mA =] Axr] $E Vesl Faa
o}
_ 4w
*T zDep,

3.a. 4 (1205 o]4a4 choking velocity
Vern & T30k
4.a. 2JF4% V& safty factor 1.5 8 F
A el
Ve=1.5Ven
5.a. AP & A3k
() 29k A+
4 (24), (25), (26), (30) ¥ (3%
o] 838}
(ii) »5sEd A
Al (24). (25). (26). (30) ¥ (3 &
o] &gkt
6.2, 99 5.a.9]4 A JP 3} 2414 7}
A3 4P s} wlms}A 1 3ol 7b 2R &
S o} 7}=] 1-5.a. & #-E3T}
7.a. & TR A7 Ddl a4 1-6.a..
HE-E- A Akghr}.
8.a. 1-7.a.4] &3] 040151 g# 71 D, Ve,
AP 25 Fo A BA QA A4 A

5.b. 4 (33)o= e o& 4P E TH.
6.b. 2014 J}AF 4P} wmwile] Er},

53

5.b.e] T8 Ak zolst ¢ =7

X] 1-5. b' HL‘%- _1]:‘:1'.
7.b. d271x] Vedl a4 1-6.b. & ub
A AL,

8.b. Azista] vk A A7 Del AHA
1—7 b g b5 ARt
9.b. Sl A ddelzl D, Vi, 4P 22 Fell 4
AN GAHRA A= et

Coll =)

Portland cement Z =2 ulgko 7 10m F%
FE FAIA4 440 AR 9D AAE
ol & Fol B2 o}

&)
ZA Y2} =71 d=0.01m (mono size)
A YA UE  ps = 3.15gm/cm?
FTAAAE p=0.00018 gm/cm.sec at
T =25"C
W' = 1571 gm/sec
= 92. 3 kg/min

Discharge ¢}® P;=1atm

D AR f5dd 29T A%
. D=10cm 2 JA

AW
V= D%,

_ 457D
— 7(10)2(3. 15)

= 6. 35(cm/sec) (W = 20 gm/cm.sec,
Figure 2)
v, 4P =80cm H,0 & 714
Pa + AP/2 = 1033 - 40 = 1073 (cra H;0)
= 1. 039(atm)

_ PM _ (1.039) (28.8)
Pe ="RT = 7(82.05) (298)

= (. 00122(gm/cm?)

[ 4 (os— pe)%g? 3
U = [ 225 Ostt ] a

for 0. 4<CRe<500

_ [ 4 (3.15—0. 00122)2(980)2]1’3
225  (0.00122) (0. 00018)

€0.01)
= 92. 2(cm/sec)
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(62. 2) (0. 00122) (0. 01)
0. 00018

check; Re =
=6.15
0. 4< Re< 500
LAY
Ga = p:(0s — p.)gd*/ 112

(0. 00122)(3. 15 — 0. 00122)(980)(0. 1)®
(0. 00018)2

=114.3
Ui/Uns = 135.7 — 45. 0 log (Ga)
+ 4. 1(logGa)*?
=60.5
Uns = U:60. 5 = 1. 524(cm,/sec)

o) #47¢] T 453 BT +59 24

A AL oS3k 2ol Xlvh
R =10.031(0s/07)(1 —0.97/Us"] (14)
R =281.401— 0.97/u:") (36)
Rz} W: 9| A+ ch3) o] A=l
R W 1
R= W/ Vepe = Tps U 37

A (37 g4 We sk 10, 20, 40 2 60 gm/
cm?esecel] wfeiA FAE] ksl AT (Figure
2).
©, Vo g T3%h
Ver = 82.8 Ws/os + 0.97 Ut
Vern = 32.3(6.35) + 0.97(92.2)
= 294. 5(cm/sec) (12)
T3k
1.5 Ver = 1.5)294. 5)
441. 8(cm/sec)
n, 4P % AAkgeh
AP = 0;(1 — QU? + o1 — €)gL -+ 4Ps
(24)
Ve — Us = U (26)
Us= Ve — U = 441.8 — 92.2
= 349. 6 (cm/sec)

i
AR
[l

Il

Us:VJ/(l_(>
le_Vs/US

_ . 6.3 _

=1 349.6 0. 9818

stat et ®I19A X135 1981 2%

vp ety 7s 4P:
AP¢ = 47uwsl/D
=2 Lfsps(L — € Us?/D
S =0.05U;!
Fs=0.05(3.496) "' = 0. 0143
__ 2(1000X0. 0143X3. 15X1 — 9818X349. 6)=
10
= 20040 (dyne/cm?)
AP = A (246l g8llA shgat zheo] =l
AP =3715(1 — 0. 9818) (349.6)
+ 3.15(1 — 0. 9818) (980) (1000)
+ 20040
= 7007 + 56183 -+ 2004
= 83230 (dyne/cm?)
= 84. 9(cmH;0)
] Gol] 7Fw AP s} 19 AP 7} F7ke] A
ol7F Qx)uk 2 Folel LA Unr. Usell w15
2] oigke] A glomz AL wbEFR] ol

(30>
(32)

AP¢

EY Agrt o= i 4
a A6l v gk A4S A eyl 2 g
2) FFA fFEAA 29T A

73-%e] w4 941 slugging dense phase:
817} dense phase flow without slugging 817}
% robuofof vk,

DE 10em = ARem Uik 99 4 +
59 Aot d Aok gemE A9 g T
o} 2 AFg-jtet

Yang o] 4ol 2]aA
_(92.2)*

980(10)
wetd D7k 10em gl 73 ol o] A& slugging:
dense phase 3% < 4 U},

-, D=10cm 2 714

Ve = 6.35cm/sec(3] 44k /54 R4k
22
v, 4P = 400 cmH,0 & 7}4
Pd + 4P/2 = 1233 cmH,0 = 1. 19atm

PM (1.19)(28.8)

Pe = RT = "(82.05)(298)

= (. 0014) (gm/cm?)

= 0.897>0.12

U2/gD =




U, — [ 4 _(3.15 — 0.0014)*(980)" }"3
‘=225 ~ (0.0014) (0. 00018)
0. 01)
= 87. 58(cm/sec)

(87. 58) (0. 0014) (0. 01)

check; Re = 0. 00018

= 6.81
0. 4<Re<{500
Bichins
G. — £0.0014) (3. 15 — 0. 0014) (980) (0. 01)°
: (0. 00018)*

=133.3
Ut/Uns = 135.7 — 45. 0 log (133. 3)
+ 4.1(log 133. 3)?
= 58.6
Uns = 87.58/58. 6 = 1. 495(cm/sec)
FA F53 o] o% 57k BA A4

- o},

.22(ps/05) (1 — (Une/Un) /U3 (19)
R = 2745(1 — 6T ) (38)
A 36)3F (33l A R4 EEIF
Figure 2 8} 7ro] 2R =},

. o]5%F 53 FFA FEAFelY AASF

5 T
0.55 Ve — 0.45 Ws/0s = 0. 55 Uns (18)
1mlE =18 Z- S U84 AL €nr

E 0.6 02 ke 4o] o et

0.4 Ve — 0.6 Ws/os = 0.4 Uns (39)

4] (39) E4-H

ool

I

—~ &
e

>

V. = 0.4(1.495) + 0.6(6. 35)
£ 0.4
= 11. 02(cm/sec)
2, 29 F5 Ve
Ve = 2V = (11.02) = 22. 04{cm/sec)

u, 4P & A A3k
4P = ps(1 — € gL
Us = 0.35{(980) (10)} 2
= 34. 65(cm/sec)
A -/ — €ns)
= (Us + Ws/ps(1 — €nr) )/
(Vi U — Uns + Wi/ps) (G
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(1—6)/04—[3465+ 7/

J
[22.65 -+ 34.65 — 1. 495 + 6. 35)
1—€==0.328
. 4P = 3.15(0. 328) (980) (1000)
= 1.0125 X 10°(dyne/cm?)
= 1032. 5 cmH,0
N4 LefjA 7Pl 4P} & Apolsh glo
22 Ved o] ZHFshed 2% magate
TSR F WA x9lsteg Ve & 100
cm/sec 2 7H g}
Ve = 100 cm/sec
4 B4 A
6.35 -
i)/
(100 + 34.65 — 1. 495 + 6. 353
1—€=0.145
*. 4P = 3.15(0. 145) (980) (1000)
= 4. 476 X 10°(dyne/cm?)
= 456 (cmH,0)
A4 LAl 7EA 7 4P kel 400 cmH,0 ¢k w)
SErER o714 AL FAEL o] A4
ZAAE AES A8/ glomg i 443
A7 Al vlo]4 AS 8l gr) 7 3+

1—e/04= [34 65 4 -

FA el 2dstnst & H 24445 Ve
7F ol 8% 53 A4 5 AASEQ VS
Zd-é-(safety factor) 27} Fa13 Su A=
AE $4E Aol E 4R FUEE 0
Hell A zoje] Sl ZHo] BFolmz

9 o149 ol Agraleix ahch,

NOMENCLATURE

B Constant

Cps drag coefficient of a single particle at
free fall velocity

D diameter of riser

d particle diameter

fe friction factor for gas flow only
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Is

J@
Ga

Py

4P

4P;

APgg
AP{:

Re:l

U:

ug*

Ven
Va

W
wy

€c

€ns

On

Tw

T2

solid friction factor

particle size distribntion

Galileo nomber, pe(os — pe)gd®/1?
length of riser

exponent in Richardson and Zaki’s eq-
uation

pressure at discharge end of conveying
line

overall pressure drop over length of L
of riser

frictional pressure drop due to wall
shear stress

frictional pressure drop due to gas
frictional pressure drop due to solid
particles

Reynolds number,

pe(Ue — Udde/(p(1 — )]

superficial minimum fluidization veloc-
ity

bubble velocity in a non-flowing fluidi-
zed bed

free fall velocity of a single particle
dimensionloess gas velocity, Vi/U:
superficial velocity

superficial choking velocity

turbulent velocity fluctuations

mass flow rate, kgm~2 sec™!

mass flow rate, kg sec™

distance along riser

voidage in riser

voidage in choking condition

voidage in minimum fluidization cond-
tion

density

density of mixture, ( = ps(1 — €) -+ pg€)
viscosity of gas

shear stress on wall of riser

stress due to turbulent momentum trans-
fer

sphericity

BarEs B9 A 1= 1981 28

;I v u K

Subscripts

gas phase

solid

particle

distance along riser
wall
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