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A65tract 

A new meth0d t0 5tUdy C011ap51n9 pr0ce55 0f f1U1d12ed 6ed wa5 pr0p05ed. 7he meth0d 15 6a5ed 0n the ana1y515 0f the pre55Ure var1at10n 
dur1n9 C011ap5e. A m0de1 15 pr0p05ed t0 de5Cr16e the pre55Ure var1at10n 0n any 10cat10n 0f the 6ed dur1n9 c011ap5e. 7hree k1nd 0f part1C1e5 
Were f1U1d12ed 6y a1r and the pre55Ure var1at10n after 5hutt1n9 d0wn the 9a5 5upp1y Wa5 mea5Ured 6y pre55Ure tran5dUCer5 and 51mU1ated 6y 
the pr0p05ed m0de1.7he 51mU1ated re5U115 were 1n 900d a9reement W1th the exper1menta1 data. 7he parameter5 0f the f1U1d12ed 6ed, 5Uch a5 
6U661e fract10n ah, part1C1e fract10n 1n den5e pha5e an,, 6u661e ve10C11y u6 and 511p ve10c11y 0f part1C1e u,, Can 6e e5t1mated fr0nn the mea5Ured 
pre55Ure data 6y U51n9 the pr0p05ed m0de1.7he m0de1 wa5 a150 U5ed t0 Ca1cU1ate the pre55ure var1at10n 1n pu15ed f1U1d12ed 6ed5 w1th 10w 
fre4uenCy. • 1998 E15eV1er 5c1enCe 5.A. A11 r19ht5 re5erved. 

Keyw0rd5: 8ed c011ap5e: Pre55ure: M0de1: Pu15ed f1u1d12ed 6ed5 

1.1ntr0duct10n 

8ed C011ap51n9 techn14Ue ha5 6een W1de1y U5ed t0 5tUdy 
the 6ehaV10r 0f a f1U1d12ed 6ed. 1t 15 attract1Ve 6eCaU5e 0f 1t5 
51mp11C11y and 1t5 p0tent1a1 f0r rap1d determ1nat10n. A num6er 
0f W0rker5 have app11ed 1t f0r the mea5Urement 0f the pr0p- 
ert1e5 0f den5e pha5e and 6u661e5 1n 6u6611n9 f1u1d12ed 6ed5, 
5uch a5 den5e pha5e v01da9e [ 1-3 ]: 5ed1mentat10n ve10c11y 
and expan510n rat10 0f the den5e pha5e [4]: and fract10n and 
r151n9 ve10c1ty 0f 6u661e5 [ 5 ]. 11 ha5 a150 6een u5ed 1n p0wder 
c1a551f1cat10n and eva1uat10n 0fthe 4ua111y 0ff1u1d12at10n [ 6 ]. 

At pre5ent, the pr1mary meth0d t0 5tudy c011ap51n9 pr0ce55 
15 6y f0110w1n9 the m0vement 0f the 6ed 5urface 6y ph0t0- 
9raph1c techn14ue5 after a 5udden term1nat10n 0f the 9a5 5up- 
p1y and the p1cture5 need t0 6e ana1y2ed 0ne 6y 0ne, then the 
var1at10n 0f the 6ed 5urface 10cat10n can 6e p10tted [ 1--4]. 
7h1515 a t1me c0n5um1n9 pr0cedure. An 0pt1ca1-f16re track1n9 
5et wa5 deve10ped 6y the 1n5t11ute 0f Chem1ca1 Meta11ur9y, 
Academ1a 51n1ca wh1ch made the mea5urement m0re c0n- 
ven1ent and prec15e, 6ut the dev1ce 15 c0mp1ex and expen51ve 
[71. 

1n 0ur w0rk, pre55ure tran5ducer5 were u5ed t0 rec0rd the 
pre55ure var1at10n dur1n9 the c011ap51n9 pr0ce55. Mea5ur1n9 
the pre55ure var1at10n 15 a 6etter way t0 5tudy c011ap5e 6ecau5e 
1t 15 51mp1er and fa5ter than 0ther meth0d5. 1n th15 paper, we 
w111 ana1y2e the c011ap51n9 pr0ce55 and pr0p05e a m0de1 t0 

* C0rre5p0nd1n9 auth0r 

de5cr16e the pre55ure var1at10n dur1n9 the c011ap51n9 pr0ce55, 
then u5e the m0de1 t0 e5t1mate the parameter5 0f f1u1d12ed 6ed 
and 51mu1ate the c011ap51n9 pr0ce55. 

7he 9a5-5011d c0ntact eff1c1ency can 6e nmch 1mpr0ved 1n 
pu15ed f1u1d12ed 6ed5 [8,9], h0wever 11111e w0rk ha5 6een 
d0ne 0n the dynam1c5 0f pu15ed f1u1d12ed 6ed5. We carr1ed 
0ut a 5tudy 0f pu15ed f1u1d12ed 6ed5 recent1y and w111 u5e the 
pr0p05ed m0de1 t0 51mu1ate the pre55ure var1at10n 1n pu15ed 
f1u1d12ed 6ed5 w1th 10w fre4uency. 

2. Mathemat1ca1 m0de1 

When the 9a5 5upp1y 0fthe f1u1d12ed 6ed 15 5hut 0ffa6rupt1y 
at t=0 ,  the 6ed he19ht w111 vary w1th t1me a5 5h0wn 1n 
F19. 1. At f1r5t, 6u661e5 a5cend thr0u9h the 6ed, 1ead1n9 t0 
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( a ) t  = 0 
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( 6 ) 0  < t < t ,  
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{c)t  = t ,  (d)1c, < t < t ~  ( e ) t  = t a (1)t = t .  

F19. 1.7he c011ap51n9 pr0ce55 0f 6u6611n9 f1u1d12ed 6ed. 

0032-5910/98/$ - 5ee fr0nt maUer • 1998 E15ev1er 5c1ence 5.A. A11 r19ht5 re5erved. 
P11 50032-5910( 98 ) 00096-5 



Y. N1e, D. L1u / P0wder 7echn0109y 99 (1998) 132-139 133 

rap1d c011ap5e 0f the 6ed, th15 5ta9e 15 ca11ed 6u661e e5cape 
5ta9e (0 < t <  t~). Dur1n9 th15 5ta9e the upper 5ect10n 0f the 
6ed c0n515t5 0f 6u661e5, 6e10w 1t J~, a 6u661e-free den5e pha5e 
andat the 60tt0m 0f the 6ed 15 the accumu1ated 1ayer 6u11t 6y 
the 5ett1ed part1c1e5. At t = t~r, 6u661e5 d15appear c0mp1ete1y, 
thereafter the 6ed 5urface c0nt1nue5 t0 de5cend wh11e the 
accumu1ated 1ayer at the 60tt0m a5cend5 (tc~ < t < t~.0). At 
t = t~.d, a11 the 9a5 1n the den5e pha5e ha5 6een expe11ed and 
the c011ap5e pr0ce55 15 c0mp1ete. (5tr1ct1y, the 6ed he19ht 
5h0u1d de5cend even m0re 0w1n9 t0 the c0n5011dat10n 0f the 
part1c1e5, unt11 at t = t~ the u1t1mate he19ht 15 reached). 

We can d1v1de the f1u1d12ed 6ed dur1n9 the c011ap51n9 
pr0ce55 1nt0 f0ur re910n5 a5 5h0wn 1n F19. 1 (6): 

Re910n A: the re910n a60ve the 6ed 5urface; 
Re910n 8: the upper 5ect10n c0n515t1n9 0f 6u661e5, emu1- 
510n pha5e (0r ca11ed den5e pha5e) and wake; 
Re910n C: 6u661e-free den5e pha5e; 
Re910n D: accumu1ated 1ayer 6u11t 6y the 5ett1ed part1c1e5. 
7he 1nterface5 0f the ne19h60r1n9 tw0 re910n5 are ca11ed 

5urface 1, 5urface 2 and 5urface 3 and the1r 10cat10n are x,t, 
x,, and X,3 re5pect1ve1y. 

0ur  m0de1 15 6a5ed 0n the f0110w1n9 a55umpt10n: 
(1) the f1u1d12ed 6ed 15 made up 0f a 6u661e pha5e dev01d 
0f part1c1e5, emu1510n pha5e and wake; 
(11) a11 the part1c1e5 have a un1f0rm d1men510n; 
(111) 6u661e5 are d15tr16uted un1f0rm1y 1n the wh01e 6ed 
w1th the 5ame r151n9 ve10c1ty uh; 
(1v) at any t1me, the 6u661e fract10n 1n re910n 8 15 a6, the 
wake fract10n 15 aw, the part1c1e fract10n 1n the wake pha5e 
and the den5e pha5e 1n re910n 8 and C 15 ap, the ve10c1ty 
0f part1c1e5 1n the wake 15 the 5ame a5 the r151n9 ve10c1ty 
0f 6u661e; 
(v) the c0n5011dat10n 0f the 5ett1ed part1c1e515 ne91ected 
and the fract10n 0f part1c1e 1n accumu1ated 1ayer 15 a,.; 
(v1) the den51ty 0f 9a5 15 c0n5tant. 

2.1. L0cat10n var1at10n 0f the 1nterface5 

F1r5t1y, the 10cat10n var1at10n 0f the three 1nterface5 w1116e 
der1ved. 

1n re910n 8, 1f the ve10c1ty 0f den5e pha5e 15 u~, then 

at, U 6+0t w U 6+( 1 -- 0t 6--0t w)Ue =U r (1) 

7he der1vat10n 0f E4. ( 1 ) 15 5h0wn 1n Append1x A. uf 15 the 
re1ea51n9 rate 0f the 9a5 1n the p1enum cham6er and can 6e 
ca1cu1ated 6y E4. (2) [5]. 

( W +Apd~ .~-~ (2) 
u ,.= "A 1ar.t~.,, 

1n the den5e pha5e 0f re910n 8, 1f u9,8 15 the 9a5 ve10c1ty and 
up.8 15 the avem9e ve10c1ty 0f part1c1e5, then 

( 1-- 0t p)/A9.8 + 0t p U 0.8 = Ue (3) 

Add1t10na11y, the re1at10n5h1p 6etween the ve10c1t1e5 0f 
part1c1e and 9a515: 

u9.a-up,a =u ~ (4) 

Where, ut = ut(ap), 15 the 511p ve10c1ty 0f part1c1e, E45. ( 1 ), 
(3) and (4) 91ve: 

(0t6~1" ~ w)/,16-- U f 
up.a=- 1--a6--a,~ -- ( 1--aP)1t/•t ( 5 )  

1n re910n C: 

( 1 - - a  p) U9.C "1" ~ p U p.C m-//f ( 6 )  

tt9.C-- U p.C-- U t (7) 

50, 

Rp.C-•U f - - (1- -0 tp)Ut  ( 8 )  

2.1.1. 0<•t<t,., 
When t < t,r, the ma55 6a1ance re1at10n5 0f 5011d pha5e at 

the three 1nterface5 are: 

(9) 

dx,,~ 
X ( 1 - a6 - aw) ap - up.c - • ~ap dt ! 

(10) 

( ( 5urface 3: /,4p. A dt ] X 0 = up.w ~ Jawap ( 11 ) 

Where up.w 15 the ve10c1ty 0f the part1c1e51n wake, up.w-- u6; 
up.A, up.n are the avera9e ve10c1ty 0f part1c1e5 1n Re910n A 
and Re910n D re5pect1ve1y, up.D = 0. 

Rep1ac1n9 up.a and up.c 1n F•,45. (9) - (11)  w1th E45. (5) 
and (8) and 1nte9rat1n9 E45. (9) - (  11 ) under the f0110w1n9 
1n1t1a1 c0nd1t10n5: x~, (0 )  = 0, x, ,  ( 0 )  = 0, .•43 (0 )  = H0, we 9et: 

[ (1 -ap)u t -u f ]ap t  (12) 
X51 -•" 

0f~ --0fp (0.) 
x : = u 6 t - ( 1 - a p )  1 + m  u,t (13) 

x.~3=H0 - [ a 6 u 6 - u f + ( 1 - a 6 - a w ) ( 1 - a p ) u , 1 t  (14) 
1 - a 6  

When t -  t , ,  5urface 3 15 at the 5ame 10cat10n w1th 5urface 
2, that 15 x.~3 - x : ,  50: 

H0a6(1-a6)  (15) 
tcr-" U 6t1t 6~t1t w(1~ 0tp)U t~/~ r0t6 
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x...~1,=,. =x.~21,=,. 

H0(1-a , )0 t6u , - (1 -~ap) (a ,  +a,~, )u , 
,,, 

(1~ 6- -  111-)e1~--a,,.( 1--0t0)11 t 

(16) X 

2.1.2. t>  t,,. 
When t > t~, the ma55 6a1ance 0n 5urface 2 6ec0me5: 

Up, A dX~2dt X0= upc. dt- C20 (17) 

7ak1n9 E4. (16) a5 the 1n1t1a1 C0nd1t10n, E4. (17) Can 6e 
1nte9rated: 

X, ,.---- H0( 1--at,)--( 1--tt0)Utt +1¢.~" (18) 

0n  5UrfaCe 1, the ma55 6a1anCe re1at10n 15 5t111 expre55ed 
6y E4. (9) and 1t5 10Cat10n W1r1at10n Can 5t111 6e expre55ed 
6y E4. (12). 

When t = t,..,d, x ,  ~ = x,,.. 50: 

H.( 1 -m,) (a  ~ -t~.) 
t,,~,u- (19) 

0t~. ( 1--(}t1,)11t--11,.0t..: 

H , , 0 t 1 , ( 1 - a , )  H, (20) x , ,  1, ,,.,,,, = x , . ,  1, ,,,,,, = = 
1 [ ~ . :  

F19. 2 15 the typ1ca1 p10t 0f the 10cat10n var1at10n 0f the 
three 1nterface5 w1th t1me. 1n the f19ure, 11ne mp45, 0p45. and 
045 c0rre51:0nd t0 5urface 3, 5urface 2 and 5urface 1 
re5pect1ve1y. 

2,2, Pre55ure var1at10n 

N0w we w111 der1ve the pre55ure var1at10n w1th t1me 11t +,1 
h0r120nta1 Wh1Ch 15 at a d15tance X fr0m the d15tr16Ut0r. 7he 
m0mentum e4Uat10n5 0f the 9a5 pha5e and the 5011d pha5e 
91ve the f0110w1n9 ( 5ee Append1x 8 ). 

F0r re910n 8 and C: 

dp 
d x  = - (  1 - + : ) p . 9 .  ( 21 ) 

F0r re910n D: 

dp 
dx = -  Ku ,, ( 22 ) 

where, 

K;  180#v(~ 
(23) 

1nte9rat1n9 E45. ( 21 ) and (22) fr0m x t0 the 6ed 5urface 
91ve5 the pre55ure d15tr16ut10n p(t, x) ( 1n th15 art1c1e, 1t 15 the 
re1at1ve pre55ure). 

Whent  < tc. 

m 

1 

0 t t= t~  
F19.2• ~ryp1ca1 p101 0f the 10cat10n var1at10n 0f the three 1nterface5 w1th t1me 

p11,~1 

¢~vpv.t,~ 

1 t11,, + 1 ) (  1 " tt•+,1 + 111 t •-• ( t 1 , 1 1 1 , 1 / -  • ] -+ ~1, ,  "•• 11 , ,  1(  1 "- +11,•H,1 ( L ,  "•-: ~ ~ 1 .~ ) 

1L1 1 -~ .~ ,1  -- 1 1 - (11,1.,~t + 1(t1 • 1 1 L~ "~ ~ . . )  

11 1 -- 1 % 1 u ,  - ut 11 - 1~,, ~ • h • . ,  1 . . 1 ~  h~1,, u .  - ,1 ,) 
/ ] , , (  1 -  11t,•1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 ( ) ~  ~ L 1 1  

( 0 t .  -+ 1 1 1 , 1 1 t 1 , 1 1 1 , 1  ~, 

(24) 

When t > t,, 

p 1 1 . ~  1 

(f11 p1~ k 

11 1 t . ~ . . , )  

141 . r 1 .  ,•.11. p v t . •  ~ + 1 f , h k , 1 + K 1 1 , ~ 1 ( 1 -  ( 1 1 , )  

L 1 L t  1 ,1,1 . . . . . . . . . . . . . . . . . . . . . . . . . .  (11•: ~ "  1~1 
111 111 1¢1v111  L, 

(25) 

0ur exper1ment5 and ca1cu1at10n 5h0wed that. 1n m05t ca5e, 
e5pec1a11y when the v01ume 0f the p1enum wa5 5ma11, uj wa5 
very 5ma11 and had 11tt1e 1nf1uence 0n the pre55ure ca1cu1at10n, 
50 1t can 6e ne91ected and E45. (24) and ( 25 ) are 51mp11f1ed 
a5 16110w5: 

When t < C,. 

1)11,A~) 

(t t  1,111, ,1L 

( x>x ,  ~ ) 

(H.,-x)(1 - ~ . ) - ~ . u , . t - (  1 - a . - a , ,  ) ( 1 - ( ~ , ) u , t  (.L:<x<x.~) 

11.(1-( r ,  ) - (1-cr~,  )u . t-.x~ ( .L1<.~<x, , )  

H0( 1 - f f1 , ) -  ( 1-(~)0t~1f1t 
t~, -~r (0<x<x,~) 

When t > t~. r, 

(26) 
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P 

1. X = 0  
", 1 

x ~  2. x =  x1 

XX 7-~-~ " 4 .  x = x  3 

~ t  
F19. 3. P10t 0f p(t) at d1fferent 10cat10n 0f" the 6ed dur1n9 ¢011ap5e. 

= "10 
(X>X~:) 

H . ( 1 - a h ) - ( 1 - a p ) u , t - x  (x,,<.~<x,~) 

H . ( 1 - a 1 , ) -  (1~-ap)a,  u,~t (0~<x<x,~) 

(27) 

a,. 1n the m0de1 can 6e 06ta1ned 6y mea5ur1n9 the 5tat1c 
6ed he19ht/4., and we19h1n9 the part1c1e5 1n the c01umn, H0 
can 6e mea5ured 6ef0re c011ap51n9. 7hu5 there are f1ve para- 
meter5 t0 6e determ1ned 1n the m0de1 at,, a,,, u6, % and u,, 
and am0n9 them there are 0n1y f0ur 1ndependent 0ne5, 
6ecau5e 

H,(  1 - a h ) a p  = H~a ~ (28) 

7he pre55ure d15tr16ut10n p(t, x) can 6e ca1cu1ated 6y 
E45. (24) and ( 25 ) 0r E45. (26) and (27) pr0v1ded that the 
parameter5 are kn0wn. 

F19.3 15 the pre55ure var1at10n w1th t1me at d1fferent 10ca- 
t10n 0f the 6ed dur1n9 c011ap5e acc0rd1n9 E45. (24) and ( 25 ). 
We can 5ee that three k1nd5 0f 5tra19ht 11ne5 w1th d1fferent 
510pe appear 0n the curve5.7ak1n9 the curve at x = x., a5 an 
examp1e, 11ne a6 c0rre5p0nd5 t0 the pre55ure 6ef0re 5urface 
2 reache5 th15 10cat10n and 1t5 510pe can 6e ca1cu1ated fr0m 

E4. (24): 

dP 1 = - [ 1 1 - a h - a , , 1 1 1 - a p ) u ,  k, = "d•7 , , , ,  (29) 

+04,uh-u r]avPp9 

L1ne 6c c0rre5p0nd5 t0 the pre55ure after 5urface 2 reache5 
th15 10cat10n and 6ef0re 5urface 1 reache5 th15 10cat10n, 1t5 
510pe 15 91ven 6y E4. (24) 0r E4. ( 25 ): 

I 

dp 
1 = - [ ( 1 - a p ) u , - u r ] a v p p 9  k2= "~t I/,,. 

(30) 

=-- (1--ap)U,appp9 

L1ne Cd C0rre5p0nd5 t0 the pre55Ure after 5UrfaCe 1 reache5 
th1510Cat10n and 1t5 510pe 15 91Ven 6y E4. (24) 0r E4. (25): 

dp 1 1u , (1 -ap) -u , ] (a . , .pp9-Ku , )ap  
k.~= ~ ,,1 = -  - -  0t-,-ap (31) 

a~.(1-ap)u~appp9 
01-~ --01p 

0n the pre55ure curve5 0f d1fferent 10cat10n, the 11ne5 w1th 
510pe k1 are para11e1 and 50 are the 11ne5 w1th 510pe k2, the 
11ne5 w1th 510pe k5 a1m05t 0ver1ap 0n the 5ame 11ne. 

E45. (30) and (31) 91ve (1k51)1(1k21) = (a , , . )1(a , , -%)  
> 1, that 15, 1ka1> 1k21. Dur1n9 the per10d after 5urface 2 
reache5 the 10cat10n and 6ef0re 5urface 1 reache5 the 10cat10n, 
what 1ead5 t0 the pre55ure var1at10n 15 the de5cent 0f 5urface 
2; After 5urface 1 reache5 the 10cat10n, 60th the de5cent 0f 
5urface 2 and the a5cent 0f 5urface 1 affect5 the pre55ure 
var1at10n. 50 pre55ure de5cend5 fa5ter after 5urface 1 reache5 
the 10cat10n than 6ef0re 5urface 1 reache5 the 10cat10n, 
name1y, 1k~1 > 1k~1. 

1t ha5 6een rep0rted that the v01da9e 0f den5e pha5e and 
the 1nter5t1t1a1 9a5 ve10c1ty can 6e 06ta1ned 6y f0110w1n9 the 
var1at10n 0f the 6ed he19ht dur1n9 c011ap5e [ 1,2]. 51m11ar1y, 
the parameter5 0f a f1u1d12ed 6ed can a150 6e 06ta1ned 6y 
mea5ur1n9 the pre55ure var1at10n dur1n9 c011ap5e. 

7he part1c1e fract10n 1n den5e pha5e % and the 511p ve10c1ty 
0f part1c1e u, can 6e ca1cu1ated 6y u51n9 E45. (30) and (31) 
after we kn0w 510pe k., and k5 fr0m the pre55ure var1at10n 
curve5 06ta1ned exper1menta11y, the 6u661e fract10n ah can 
then 6e ca1cu1ated 6y u51n9 E4. (28). 

1n 0rder t0 ca1cu1ate ut,, tak1n9 m, = 3a•,, [ 10], then uh can 
6e 06ta1ned 6y u51n9 E4. (29) after we kn0w k~ fr0m the 
exper1menta1 curve5. 

3. Exper1menta1 

F19.4 15 the 5chemat1c d1a9ram 0f the exper1menta1 appa- 
ratu5.7he exper1ment5 were carr1ed 0ut under am61ent c0n- 
d1t10n5 1n a 70 mm 1D and 870 mm he19ht per5pex c01umn 
f1tted w1th a p0r0u5 p1ate d15tr16ut0r. 7he pre55ure5 1n the 
p1enum cham6er and 0n d1fferent 10cat10n 0f the 6ed were 
mea5ured 51mu1tane0u51y 6y f1ve pre55ure tran5ducer5 and 
the 519na1 wa5 c011ected and treated 6y a c0mputer after ma9- 

10 

7 

8 

F19.4.5chemat1c d1a9ram 0fthe exper1menta1 apparatu5: 1, a1r c0mpre550r; 
2. dryer: 3, r0t:uneter: 4, need1e va1ve: 5, 5ur9e tank: 6. t1me-1a9 re1ay: 7 and 
8, 501en01d va1ve: 9, p1enum cham6er: 10. f1u1d12ed 6ed: 11, ru1er: 12. 
pre55ure tran5ducer: 1 ~, A/D c0nverter: 14, C0mputer. 
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. . . . . . . . . . . . .  •• ~ 111111~1111~1~ ~ 
1 11f ~ ~1~ 

7a61e 1 
Phy51ca1 pr0pert1e5 0f the 5011d u5ed 

7a61e 2 
Re5u1t5 0f the e5t1mat10n 0f f1u1d12at10n parameter5 

Part1c1e dp P1, Um, 
(0.m) (k91m ~) (m/5) 

Part1c1e u9 a6 u6 ap u, 
(m15) (m/5) (m15) 

FCC-1 70 1598 0.007 
FCC-11 50 1020 0.001 
5and 210 2600 0.030 

FCC-1 0.014 0.01 ~ 0.53 0.008 
0.028 0.09 0.29 0.53 0.008 
0.070 0.11 0.40 0.53 0.008 

FCC-11 0.007 0.06 • 0.48 0.005 
5and 0.10 0.16 ~ 0.52 0.18 

5000 

3000 

~ 2000 

1, near the d15tr16u11ar 
2. 10cm a60ve d15tr16uter 
3. 30cm a60ve d15tr16uter 
4, 400m a60ve d15tr16uter 
5. 5 0 ~  a60ve d15tr16uter 

a • • ,. 1 - 1 . . . .  • • a • 

0 4 0 12 1(1 20 24 26 

t(5) 
F19. 5, Mea5ured pre55ure var1at10n dur1n9 c01h~p5e: (1800 9 FCC-1, 

u9 -: 4u,., ). 

n1f1cat10n and A/D c0nver510n. 7he 9a5 u5ed wa5 a1r. 7he 
5011d5 u5ed and the1r pr0pert1e5 are 5h0wn 1n 7a61e 1. 

3.1. 8ed c011ap5e 

Pan1c1e5 were f1u1d12ed at a certa1n 9a5 ve10c1ty and the 
1n1t1a1 6ed he19ht H. wa5 mea5ured, then the 9a5 5upp1y wa5 
term1nated 6y turn1n9 0ff the 501en01d va1ve and the pre55ure 
wa5 rec0rded. 7he 5tat1c 6ed he19ht H, wa5 mea5ured after 
c011ap51n9 c0mp1eted. 7he 5amp11n9 fre4uency 15 100 H2. 
0ne 0f the mea5ured pre55ure curve5 15 5h0wn 1n F19. 5. 

3,2, Pu15edf1uM12at10n 

P~u~t1c1e5 were f1u1d12ed 6y pu15ed 9a5. 7he avera9e 9a5 
ve10c1ty wa5 c0ntr011ed 6y the r0tameter, the pu15e fre4uency 
and the durat10n rat10 were c0ntr011ed 6y the 9raded t1me-1a9 
re1ay, 7he pre55ure var1at10n5 at d1fferent 6ed 10cat10n were 
rec0rded 6y pre55ure mm5ducer5 and the 5amp11n9 fre4uency 
wa5 100 H2. 

4. Re5u1t5 and d15cu5510n 

4.1, Parmneter5 e5t6nat10n fr0m the pre55ure curve5 

C0mpar1n9 F195. 3 and 5, we can 5ee that the mea5ured 
pre55ure var1at10n curve5 are very 51m11ar t0 the curve5 ca1- 
cu1ated 6y u51n9 the m0de1.0~6, 0% u6 and u, can 6e e5t1mated 
after the 510pe5 0f the 11ne5 0n the curve5 are mea5ured. 

0n the mea5ured curve5, the ~,e9ment, wh1ch 5h0u1d 6e a 
11ne w1th 510pe k~, 15 n0t a 5tra19ht 11ne due t0 the f1erce 
pre55ure f1uctuat10n dur1n9 the 6u661e e5cape 5ta9e. k, can 6e 
06ta1ned 6y 11ne-f1tt1n9 0f the exper1menta1 data and the 
exper1ment5 5h0u1d 6e repeated f0r 5evera1 t1me5 under the 
5ame c0nd1t10n5 1n 0rder t0 1mpr0ve the prec1510n. 

7he e5t1mated re5u1t5 0f a f1u1d12ed 6ed w1th d1fferent 
part1c1e5 and d1fferent 9a5 ve10c1ty are 5h0wn 1n 7a61e 2. 1n 
50me te5t5, u6 15 n0t 06ta1ned 6ecau5e 0f the d1ff1cu1ty 0f 
ca1cu1at1n9 k~. 

4.2. 51mu1at10n 0f c011ap51n9 pr0ce55 

7he c011ap51n9 pr0ce55 can 6e 51mu1ated 6y u51n9 the pr0- 
p05ed m0de1 1f a6, 0ew, uh, ap and t1t are 91ven (0n1y f0ur 
parameter5 are 1ndependent). 

F19. 6 15 the c0mpar150n 6etween the 51mu1ated and mea5- 
ured pre55ure var1at10n 0n d1fferent 10cat10n5 0f the 6ed. We 
can 5ee that the 51mu1ated re5u1t5 are 1n 900d a9reement w1th 
the mea5ured re5u1t5 except f0r the per10d near the c0mp1et10n 
0f c011ap5e. 

4.3. 51mu1at10n 0f pu15ed f1u1d12ed 6ed 

1f the pu15e fre4uency 15 10w, dur1n9 the 0n-per10d 0f the 
pu15ed f1u1d12at10n, the 6ed 151n a 5tate 0f f1u1d12at10n. Dur1n9 
the 0ff-per10d, 1t 15 a 6ed-c011ap51n9 pr0ce55. 7heref0re the 
pre55ure var1at10n dur1n9 the 0ff-per10d can 6e ca1cu1ated 6y 
E45. (24) and (25). Dur1n9 the 0n-per10d, a certa1n t1me 15 
needed t0 e5ta6115h the 5teady 5tate 0f f1u1d12at10n and the 6ed 
he19ht var1e5 ¢,0n51dera61y. Meanwh11e, the pre55ure f1uctu- 
ate5 9reat1y due t0 the ex15tence 0f 6u661e5. 1f the pu15e 
fre4uency 1510w, the t1me f0r the e5ta6115hment 0f the 5teady 
f1u1d12at10n 15 re1at1ve1y 5h0rt. F0r 51mp11c1ty, we ne91ect the 
per10d f0r e5ta6115h1n9 5teady f1u1d12at10n and a55ume that 
the 6ed he19ht and the pre55ure are 5teady, 50 the pre55ure at 
a d15tance x fr0m the d15tr16ut0r dur1n9 0n-per10d can 6e 
ca1cu1ate 6y the f0110w1n9 e4uat10n: 

p(x)=(H0-x)( 1 -- 0~6) 0~ p p p  9 (32) 

7hen the pre55ure var1at10n 1n the pu15ed f1u1d12ed 6ed can 
6e 51mu1ated 6y u51n9 E45. (24), (25) and (32). F19. 7 15 
the c0mpar150n 0f the 51mu1ated re5u1t5 and the expedmenta1 
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[.~+..--~ 1 • 
u ~ 8 1~ 

(a) 

t01 

°1 
0 

(6) ~[ (c) 

--m•1Je1ed • m~a, ~ - -  5m,1e1ed 
+ -  

tW t ~  

F19. 6. C0mpar150n 6etween mea5ured and 51mu1ated re.~u1t5: (a) near the d15tr16ut0r: (6) 10 cm a60ve the d15tr16ut0r; ( c ) 30 cm a60ve the d15tr16ut0r. 

m 

M 

]D00, 

(a) 5m1md : 1  nm~tmd111x1nr ..--0- Mmumd 

0 0 

4 8 1 0 

(h) 

10 un a60ve 4m11xa0r --0-- MeUa~ 
• -  51m~1ed 

~ ° 0 c ~  ~ 0 • , , ~ , + , P m ~ , ~  ° 

1 .  , 1 1 
4 0 12 

t 0  

- -<+--  1 V 6 m J m ~  

- -  81mu1a1ed 

~001) 

1000 

(c) 
newme ¢11NU0r 

••"1 (d) -...0 MemRd newthe 4e1r1510r .. . .  - -  5mu1~ed 
| 

0 

0 ~ , , 1 1 " 6 

1(1) 

am- (+) 

~ m 

15, 

1000 

r m r  t~e d51~um" 
: 8mde1ed 

•++,0 .•+ -~ 

1 ( 5 )  

F19.7. C0mpar150n 6,-1ween the 51mu1ated and mea5ured pre55ure var1at10n 1n pu15ed 6ed w1th d1fferent fre4uency and du1~a11011 rat10. ( a, 6 ) f=  0.16 H2, 0n- 
pef10d= 3.0 5, 0ff-per, ~d = 3.0 5; (c) f=0.16 H2, 0n-per10d = 2.0 5, 0ff-per10d =4.0 5: (d)./••=0.16 H2• 0a-per10d =4.0 5, 0ff-per10d =2.0 5: (e) f= 1.0 H2, 
0n-per10d = 0.5 5, 0ff-pt ~ 10d = 0.5 5. 

data 0fpU15ed 6ed  W1th d1fferent fre4uenCy and durat10n rat10. W h e n  the pU15e fre4uenCy 15 h19h, the 51mp11f1ed appr0ach 

W e  Can 5ee that  the 51mU1ated re5U1t5 are 1n 900d  a 9 r e e m e n t  15 Un5U1ta61e 6eCaU5e the effect  0 f  the per10d f0r e5ta6115h1n9 

W1th the  mea5Ured re5U1t5 When the  pU15e fre4uenCy 15 10W. 5teady f1U1d12at10n Can n0t 6e ne91ected. 



138 E N1e, D. L1u/P0wder 7echn0109Y 99 (1998) 132-139 

$. C0nc1u510n5 

A new meth0d t0 5tudy the c011ap51n9 pr0ce55 0f f1u1d12ed 
6ed5 wa5 pr0p05ed. 7he 9a5-part1c1e f10w 1n f1u1d12ed 6ed 
wa5 de5cr16ed 6y a three-pha5e m0de1 (6u661e, emu1510n and 
wake), the c011ap51n9 pr0ce55 wa5 ana1y2ed and a m0de1 wa5 
pr0p05ed t0 ca1cu1ate the pre55ure var1at10n at d1fferent 6ed 
10cat10n dur1n9 c011ap51n9. 7he m0de1 wa5 u5ed t0 51mu1ate 
the c011ap51n9 pr0ce55 and the 51mu1ated re5u1t5 are 1n 900d 
a9reement w1th the mea5ured re5u1t5. 7he parameter5 0f f1u1- 
d12ed 6ed5, 5uch a5 6u661e fract10n ah, part1c1e fract10n 1n 
den5e pha5e ap, 6u661e r151n9 ve10c1ty u6 and 511p ve10c1ty 0f 
part1c1e ut, can 6e e5t1mated fr0m the exper1menta1 data 6y 
u51n9 the pr0p05ed m0de1. 

When the pu15e fre4uency 15 10w, the pu15ed f1u1d12ed 6ed 
• •an 6e re9arded a5 a c0m61nat10n 0fa 5teady f1u1d12at10n (0n- 
per10d) and a c011ap51n9 pr0ce55 (0ff-per10d), the pre55ure 
var1at10n can 6e ca1cu1ated 6y E45. (24), (25) and (32). 

C0mpared w1th the c0nvent10na1 meth0d wh1ch 5tud1e5 the 
c011ap51n9 pr0ce55 6y mea5ur1n9 the 6ed he19ht var1at10n, 
rec0rd1n9 the pre55ure var1at10n 15 a m0re c0nven1ent way t0 
5tudy the c011ap51n9 pr0ce55, furtherm0re, 1t can pr0v1de m0re 
1nf0rmat10n. 

Append1x A 

Der1vat10n 0f E4. (1) 

7he c0nt1nu1ty e4uat10n f0r part1c1e 15: 

0(¢1,pp ) + 0(,ppppUp) =0 (a1) 
0t ~x 

Where ~pp 15 the avera9ed v01ume fract10n 0fpart1c1e (1nc1ude 
the part1c1e5 1n 6u661e, wake and den5e pha5e), Up 15 the 
avera9ed ve10c1ty 0f part1c1e. 

7he c0nt1nu1ty e4uat10n f0r 9a5 15: 

0[(1-~Pe)P~] + 01(1-~P1~)P~U~] =0 (a2) 
#t #x 

Where U~ 15 the avera9ed ve10c1ty 0f 9a5. 
8ecau5e the den51ty 0f part1c1e and the den51ty 0f 9a5 are 

c0n5tant, E45. (a 1 ) and (a2) can 6e expre55ed a5: 

0(~,,Up) 
0~r + = -0 (a3) 
0t 0x 

0( 1--~¢p) + {9[( Iffl.--~op,_ ~ ] =0 (a4) 
0t 0x 

6. N0tat10n 

A 
H. 
H, 
P 

}111 
~.7 
trud 

1t1, 

U r. 

f1nd 

11t 
v,, 
W 
A" 

5ect10na1 area 0f the 6ed ( m-" ) 
1n1t1a1 6ed he19ht (m) 
5t~t1c 6ed he19ht ¢Pa) 
pre55ure (Pa) 
atm05pher1c pre55ure (Pa) 
pre55ure 1n p1enum (Pa) 
cr1t1ca1 t1me (5) 
t1me 0f the end 0f the c011ap51n9 (5) 
6u661e ve10c1ty { m 5 • ) 
5uperf1c1a1 9a5 ve10c1ty ( m 5 ~ ~ ) 
1n1t1a1 f1u1d12at10n ve10c1ty { m 5 ~ ) 
part1c1e ve10c1ty ( m 5 ~ ) 
511p ve10c1ty 0f part1c1e5 { 1n 5 • ) 
v01ume 0f the p1enum ( m ~ ) 
we19ht 0f part1c1e 1n the c01umn (N) 
c00rd1nate (m) 

% 

06 

.9, 
AP, j 

6u661e fract10n 
part1c1e fract10n 1n den5e pha5e 
wake fract10n 
part1c1e fract10n 1n 5ett1ed pha5e 
part1c1e den51ty ( k9 m ~ ) 
pre55ure dr0p acr055 d15tr16ut0r (Pa) 
v15c051ty c0eff1c1ent ( Pa 5 ) 

Ackn0w1ed9ement5 

7h15 w0rk 15 5upp0rted 6y the Mu1t1pha5e React10n La6- 
0rat0ry, 1n5t1tute 0f Chem1ca1 Meta11ur9y, Ch1ne5e Academy 
0f 5c1ence5. 

Add1n9 E45. ( a3 ) and (a4): 

~1,p,,U,,+(1-,pp)U~1 =0 
~x 

50, 

~,,U,, + ( 1 - cp,,) U~ = c0n5tant (a5) 

E4. (a5) can 6e app11ed t0 60th 5teady and un5teady 9a5- 
5011d5 f10~, 1nc1ud1n9 c011ap5e pr0ce55. F0r a c011ap51n9 
f1u1d12ed 6ed, 

~1,U,,=a,,( 1 -~:,, )u,,+( 1 - a , , - a , ,  )a,, u p.n( 1 -~p1,)U ~ 

=ahuh +a,, e,,1th + ( 1 - a h - a , ,  )( 1-ap)u~.1~ 

E4. (a5) 6ec0me5: 

a~uh+a~u~+(1-a~-a~)[aPuP~11+(1-a0)u~1] (a6) 

---•1t 1• 

1f the ve10c1ty 0f den5e pha5e 15 u,, then 

a~u pa~ +( 1-ap)u~.t~=u~ (a7) 

Rep1ac1n9 E4. (a7) 1nt0 E4. (a6): 

a,,tt~, 4"a,,,u6 +( 1 -•ah-a,, )u~=tt t • (a8) 

Append1x 8 

Der1vat10n 0f  the pre55ure d15tr16ut10n dur1n9 c011ap51n9 

F0r re910n A, 8, C, D, the m0mentum e4uat10n5 0f9a5 and 
5011d pha5e are: 
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d9 u9 dp 4 %.~ 
ep9 dt = - 6 - ~ x - e P 9 9 - F D +  D~ (61)  

dpu dp 
(1-~)p0 dt P = - ( 1 - e ) ~ x - ( 1 - e ~ ) P r - 9 + F 0  

(62) 

4"r,,..p dpp.f dpp.,: 
D6 dx dx 

c0m61n1n9 E4. (61) w1th E4. (62) 91ve5 the m0mentum 
e4uat10n 0f m1xture: 

d~u~ dp • 
(1-6)pp dt +8p~ dt = -  dx (1-e)P09 (63) 

4 (%.p + %..~) dpp.t, dP0,~ 
-~:P~9+ D1, - dx - dx 

where e, 15 the avera9e v01da9e (1f 6u661e5 ex15t, 1t 15 the 
avera9e 1nc1ud1n9 6u661e and emu1510n pha5e), FD 15 the 
avera9e f0rce 6etween 9a5 and part1c1e 1n un1t v01ume 0f 
m1xture; "r,,.t~ and "r,,.p are the wa11 fr1ct10n act1n9 0n 9a5 pha5e 
and 5011d pha5e re5pect1ve1y; P0.r 15 the 5tre55 due t0 the ran- 
d0m m0t10n 0f part1c1e5 1nc1ud1n9 c0111510n 5tre55; pp.,. 15 the 
5tre55 due t0 the c0ntact 0f part1c1e5 

1n re910n A, 

1n re910n 8, 
e = ah + ( 1 - ah) ( 1 - a 0), Pv.~" = 0, 
dpp .Jdx=0,  d p u p / d x = 0 ,  d~uv/dt=0; 

1n re910n C, 
e = 1 - ap, pp.~. = 0, 
d1 ,up /dr=0,  d~.u~/dt=0; 

1n re910n D, 
e = 1 - a , ,  d~ur/dt=0, 

dpp., /dx=0, 

u,,=0, pp.,=0. 

Ne91ect1n9 %.0, "r,,.9 and the 9rav1ty 0f9a5, and u51n9 a60ve 
re1at10n5, E45. ( 61 ) and (62) 6ec0me 

0 =-e-~x - F D  (64) 

dp 
0 = - ( 1 - e ) ~ x  x - ( 1 - e ) p p 9 + F D  dpp.~.dx (65) 

then the m0mentum e4uat10n 0f m1xture 15: 

0 = -  dp - ( 1 - e ) P 0 9 -  dpp.~ dx dx (66) 

1n re910n 8 and C, Pp.c = 0, E4. (66) 91ve5: 

dp 
dx = - ( 1 - e ) 0 p 9  (67) 

1n re910n D, Carman-K02eny e4uat10n 91ve5: 

d1...~ = -  1800,~ a ~ = -  Ku j 
dx d~,( 1 - a  ~ )~ 

where, K = ( 180#~a,~ ) / ( dp~( 1 - a .  )~) 

(68) 
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