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SUMMARY OF PROGRESS 

I. HIGH VELOCITY FLUIDIZED BEDS 

Bed expansion o f  t h r e e  f i n e  group A powders i s  descr ibed by 

a modified Richardson and Zaki c o r r e l a t i o n .  The two parameters 

i n  t h i s  c o r r e l a t i o n  a r e  shown t o  be i n h e r e n t l y  t i e d  - t o  t h e  
v s . . 

c l u s t e r i n g  behav io r .o f ,  f i n e  powders. P a r t i c l e  p r o p e r t i e s  a f f e c t  

bed expansion, bu t  t h e  main parameter is ' shown t o  be p a r t i c l e  

s i ze .  d i s t r i b u t i o n .  Thebindex n i n  the ,modi f i ed  Richardson-Zaki 

c o r r e l a t i o n  i s  thought 'of a s  a measure of segregat ion  o f  the  bed: 

being high (410) i n  t h e  s lugging regime and low.(-5) i n  t h e  more 

homogeneous tu rbu len t  regime. C l u s t e r  s i z e  and voidage a r e  c a l -  

cu la ted  from t h e  two parameters i n  t h e  Richardson-Zaki approach 

and some l i g h t  is thrown i n  the  phenomenon of  c l u s t e r i n g .  This 

aggregat ion of f i n e  powders is  thought t o  be a dynamic phenomenon, 

wi th  p a r t i c l e s  quickly  moving i n  and o u t  of c l u s t e r s .  Thus t h e  

hydrodyriamics of t h e  bed can be descr ibed  a s  somewhere between .a ' 

hard sphere p i c t u r e  o f i c l u s t e r s  and t h a t  of a bed composed of  

ind iv idua l  p a r t i c l e s .  To be a b l e  t o  p r e d i c t  bed expansion, t h e s e  

c l u s t e r  - p r o p e r t i e s  prove usefu l .  However, because of t h e  dual  

n a t u r e  of these  c l u s t e r s ,  i t  i s  bel ieved t h a t  t h e  e f f e c t i v e n e s s  o f  

the  bed a s ,  f o r  example, .a c a t a l y t i c  r e a c t o r , * w i l l  n o t  be impaired. 

11. FLASH HYDROGENATION 

Empirical  y i e l d  c o r r e l a t i o n s  involving t w o  c o a l   ropert ties a s  

independent pafameters w e r e  developed using t h e  tachnique of  s t ep -  

wise r eg ress ion  t o  i d e n t i f y  t h e  parameter p a i r s  t h a t  provide, t h e  

b e s t  f i t .  These c o r r e l a t i o n s  of y i e l d s  of t h e  ind iv idua l  products  

a r e  v a l i d  f o r  t h e  r e a c t i o n  condi t ions  employed. Modelling consid- 

e r a t i o n s  o f f e r  a t h e o r e t i c a l  b a s i s  f o r  the  c o r r e l a t i o n s  presented. 



The g rav imet r i c  de terminat ion  of  t h e  SESC . . f r a c t i o n  i s  
.. - . , . .  . .  

a f f e c t e d  by e r r o r s  due t o  t h e  presence of . s i l i c a :  . g e l  from t h e  . . 
. " . .  . .  . . .. 3 ~ . .. 3 . .  

column. Pre-washing wi th  s o l v e n t s  d id  not:; e l i m i n a t e  t h e  . 

problem. A high p ressu re  GPC column i s  now being,  :used , tha t  : i. 

reduces a n a l y s i s  t i m e  compared wi th  t h e  low-pressure column,: 

previous ly  used. A comparison of  coal-derived l i q u i d s  by GPC 
* . . . shows t h e  power of  t h i s  technique. . . 

. . . . 
& . .. - . : . .  . . 

111. FkASH HYDROLYSIS 

A modif ica t ion  o f  t h e  e l e c t r i c a l  system of  t h e  f l a s h  
. . . . ., ,, . 

hydro lys i s  r e a c t o r  has  been made which w i l l  al low hea t ing  rate,. 

t o  be ad jus ted  a t  w i l l .  This i s  i n  p repara t ion  f o r  a s tudy  of  

t h e  e f f e c t  of  h e a t i n g  r a t e  on hydro lys i s  y i e l d  to  be made in the 

n e x t  q u a r t e r .  
. . 



DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

1.1 WORK 'ACCOMPLISH~D Bed   mansion of Fine PowderS: and the  
Phenomenon of Clustering. . . 

I. 1 . 1 INTRODUCTION . 
Bed expansion of FCC i n  a l l  f l u id i za t ion  regimes was described 

by the- modified Richardson-Zaki approach i n  the  11th Quar te r ly  

report.  The co r re l a t ion  takes the  form:, 

"g/u$ = en (1) 
* .  . 

where U is the  supe r f i c i a l  gas veloci ty ,  s i s  the  average voidage 
g 

i n  the  c e n t r a l  p a r t  of the  bed, U* i s  the  modified terminal velo- . . T 
c i t y  (01 t h e  equivalentL c l u s t e r  terminal ve loc i ty  U* >> U the  - .  T t 
~ i n g l e  p a r t i c l e  terminal ve loc i ty) .  

Experiments were a l s o  conducted i n  the  c i r cu la t ing  and expanded 

top systems f o r  the  o ther  twogroupA powders, HFZ-20 and Dica l i t e  

4200. The r e s u l t s  f o r  t he  f a s t  f l u id i za t ion  region s u f f e r  from too 

much s c a t t e r  f o r  these two powders and so  only a comparison t o  FCC 

i n  the  slugging, turbulent ,  and dense conveying regime w i l l  be  

attempted. A comparison f o r  t he  slugging and turbulent  regimes E o r  

t h e  th ree  powders ( a l l  "used") i s  shown i n  Table 1-1. 

There seems t o  be a good dea l  of.  s i m i l a r i t y  between FCC and 

HFZ-20. Their n values a r e  very c lose  i n  both the  slugging and 

turbulent  regimes, and t h e i r  U* U values seem t o  be l i n e a r l y  pro- d T 
por t iona l  t o  t h e i r  respective p dp (o r  Ga) values. This ind ica tes  

S 

t h a t  powders s imi l a r  i n  s i z e  d i s t r i b u t i o n  behave s imi la r ly  i n  the  

slugging and turbulent  regimes, t h e i r  n values a r e  -9 (slugging) 

and -4.7 ( turbulent) .  Their U* values a r e  proport ional  t o  p a r t i c l e  
T 

properties ' ,  a s  shown f o r  HFZ-20 and FCC. 

Dical i te ,  on the  o ther  hand, exhib i t s  a markedly d i f fe ren t .  

behavior, both v i sua l ly  and a s  indicated i n  .Table 1-1. The much 



Table 1-1:. Expansion Pmper.ties o f  Three Group A Powders ( " ~ s e d " )  
i n  the  Sluqqinq ar-d Turbulent Reqixn=s. . . 

f 

T r a n s i t i o n  
t o  Fast 

F l u i d i z a t i o n  
1 4 s )  

1 . 4  

1 .8-2 .1  

1 . 1  ' 

Padder 

FCC. 

HFZ-20 

D i c a l i t e  

P ~ ~ P  
ig/cm2 
:<103 

5 .24 

7 . 1 1  

5 .51 

Turbulent 
& Regime 

Ga M l o = i t y  . 
' x ~ o - ~ /  n  (m/a) n 

I 

UT* 
( m / s )  

3 .4  

6 . 3  

5.0 

Cia* - 
F 

L.2 .7 

r5.4  

220 

1 .84  

2.49 

1 . 8 8  

2Z.S 

38.1  

853 

9 . 2  

8 . 3  

46 

290 

365 

3 . ~ ~ 1 0 ~  

0 .37  

0 .88  

C.52 

5 

4 . 4  

14  



higher values. of U* and n f o r  Dica l i te  a t  the  lower gas ve loc i t i e s  
T 

(slugging and turbulent regimes) a r e  a t t r ibu ted  t o  i t s  cohesiveness, 

especial ly  i n  a humid atmosphere. Dical i te  i s  on the border 

between Group A and C of Geldart 's  c l a s s i f i c a t i o n  and i n  these two 

regimes i t s  cohesive propert ies predominate; 

1 1 l . a :  The Effect  of Pa r t i c l e  Size ~ i s t r i b u t i o n  on Bed 
Expansion of Fine Powder's 

. , 
The s i z e  d i s t r ibu t ion  of the p a r t i c l e s  has a large e f f e c t  on 

U* and a small e f f e c t  on n. This was shown i n  our expanded top 
T 

bed when one compares "fresh" c a t a l y s t  (with a large f ines  f rac t ion)  

t o  "used" c a t a l y s t  t h a t  has been run i n  the recirculat ing system 

fo r  several  hours and thus . los t  one half  of the smaller par t ic les .  

A l l  our reported re su l t s ,  so f a r ,  save fo r  the comparison i n  

Table 1-2, a r e  fo r  "used" ca ta lys t .  . 

Table 1-1. ~ o m ~ a r i s o n  between "Fresh" and "Used" Catalyst  

L i t t l e  e f f e c t  on n i s  shown f o r  both FCC and HFZ. H0wever.a 

considerable differe.nc'e i n  U* i s  noted: "fresh" c a t a l y s t  has a 
T 

lower value than used c a t a l y s t  indicating b e t t e r  f lu id iza t ion  of a 

powder t h a t  contains a 1arge.r i i nes  fraction.  The !'usedw powder has 

7 

Powder 

FCC ( "Fresh") . . 

FCC ("Used") 

HFZ ( "Fresh" ) 
- --- 1 HFZ ("Used") 

l e s s  f ines ,  thus c lus te r s  t o  a la rger  degree than the "smooth" f resh 

ca ta lys t ,  causing a large e f fec t ive  U* , 
T O  

' Slugging 
Regime 

u* 
T ( m / s )  

12 .2  

22.6 

30.5 

38.7 
L 

n 

10.2 

9'2 

10 

8.3 

~ u r b u l e n t  
Regime 

T (m/s)  
u* 

2.8 

3.4 

4.5 

6.3 

n 

6 

5 

5.1 

4.4 



l.l.l.b: Bed Expansion of Fine Powders i n  the  Dense Conveying 
Reqime ( ~ S . 9 5 )  

A l l  t h ree  powders behave s imi la r ly  i n  the  dense conveying regime, 

This i s  shown i n  Figure 1-1. Figure 1-1 shows the  va r i a t ion  i n  the  

index n, with the  s o l i d  r a t e  i n  the  dense conveying regime. Despite 

some s c a t t e r ,  there  seems t o  be no s t a t i s t i c a l l y  s ign i f i can t  d i f -  

ference between the  th ree  powders, which i$ surpr is ing i n  the  case 

of Dical i te .  Figure I - lob ,  giving U* T vs. G s , shows an even 

b e t t e r  cor re la t ion*  

Tf one cbnsiders U* t o  be a measure of c l u s t e r  s i z e  and density 
T 

(an "ef fec t ive"  terminal  ve loc i ty ) ,  it seems t h a t  a l l  t h ree  powders 

g ive  rise t o  s imi l a r  c l u s t e r s  f o r  3 - 9 5 .  Figure I-1.c shows the  

t r a n s i t i o n  ve loc i ty  from f a s t  f l u id i za t ion  t o  dense conveying (i.e., 

t h e  gas ve loc i ty  a t  e= 0.945) vs. sol ;  3 r a t e ,  and again, a l l  th ree  

powders behave sini i larly.  

I. 1.2 The Index n i n  the  Modi_figd Richardson-Zaki Approach 

The index n should assume the  value of 4.65 f o r  f i n e  powders. 

Indeed, f o r  FCC and HFZ, a s  wel l  a s  f o r  the  cracking c a t a l y s t s  used 

by Canotenuto (1974) and Massimilla (1971), n 5 i n  the  turbulent  

regime. This view of the  turbulent  regime i s  supported by v i sua l  

observations i n  our t ransparent  equipinent. The t r a n s i t i o n  t o  turbu- 

lence i s  associated w i t h  the  break-up of t he  slugs. On the  whole 

t h e  voids a r e  smaller,  and moreover, they appear and disappear i n  

c o n t r a s t  t o  the  slugging regime where usually one can follow a s ing le  

s lug from the bottom of the  bed t o  the  top. 

Thus the index n can be viewed as a measuse of the hohMeneity 

o i  the  f lu id ized  bed. For f i n e  cracking c a t a l y s t s  it seeins t o  be 

only s l i g h t l y  dependent on p a r t i c l e  proper t ies  o r  s i z e  d i s t r ibu t ion ,  

which s t rongly a f M c t  U i .  I n  the  slugging regime, our da ta  ds w e l l  

as the above-mentibned data  from the  l i t e r a t u r e  y i e ld  values of the  

index n which average arounZl 10, o r  t w i c e  i ts  value i n  the  turbulent  



. . solid  ate, G~ (kg/m2-s) . . 
. . . . . .  . 

Fig,' I - l a ,  . The , index . n  i n  t h e  .dense conveying 
r e g i m e  f o r  t h r e e  .. d r o u p  . . . A powders., 

1 
50 100 190 

Solid Rate, dS (kg/ni2-s) 

Fig. I - lb ,  UT* i n  the dense conveying 
ragime f o r  t h r eg  Group A powders. 
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Fig. I-lc. Transition velocity from fast 
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for three Group A powders. 
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regime. Mogan, Taylor and Booth (1970/71) summarize data from several  

investigatorsshowing n values from 4 - 10 fo r  f ine  solids.  Analysis 

of the Data of Zenz and O t h e r  (1960) shows a change i n  slope, o r  i n  

the index n, when a t r ans i t ion  from bubbling t o  slugging occurs. Thus, 

the range 4 - 10 reported by Mogan e t  a l ,  can be viewed a s  represent- ' 

ing data from the two regimes, the  lower values i n  the bubbling 

regime, and the higher n values i n  the slugging regime. This rein- 

forces the notion t h a t  the  index n i s  a degree of segregation show- 

ing the g rea tes t  degree of inhomogeneity fo r  the slugging regime. 

Capes (1974) has suggested t h a t  high values of n reported 'by 

Mogan, e t  a l .  may 'be due t o  increased p a r t i c l e  'volume caused by 

agglomeration o r  i r regular  p a r t i c l e  shape. This can be t i e d  t o  

our representation of segregation i n  the slugging regime, since 

the formation of siugs i s  probably enhanced by the agglomerative 

nature of the pa r t i c l e s ,  Capes presents an approach t h a t  takes 

t h i s  agglomeration i n t o  account, and by making use of an "effec- 

t ive"  porosity represents 'bed expansion by: 

where: ( 1-KC) = S e e f fec t ive  porosity (4) 

(1-C) = ca apparent porosity (5) 

Values of K > 1 indicate  c luster ing and indeed t h i s  causes the 

e f fec t ive  porosity t o  'be l e s s  than the apparent one. It i s  

in te res t ing  , t o  compare t h i s  approach t o  Yerushalmi e t  a l .  (1978), 

shown i n  ~ ~ u a t i o i  6: 

(I - C a )  = (1 - E . )  (1 - ec) 
e (6  

where e ., the  c l u s t e r  voidage, is  not assumed t o  be e fo r  t'he 
C mf 

moment. Substi tuting Equations 4 and 5 . in to  Equation 6 one gets: 



. . 
Let us examine the K values reported 'by Capes: 

Table 1-2: Cluster Voidaqe from K Values Reported - hy Capes (1974) - 

. .. " . , 

In  th i s . ana lys i s  it i s  hard t o  attach physical sense t o  K < 1, which 

gives negative values t o  e . For spherical par t ic les  values of 
C 

K < 1.3 should be used, and i f  one assumes minimum fluidizat ion 

voidage for  the  c lus ters ,  one should use K 7 1. 7, which i s  the 

highest value reported by Capes. It is c lear  t ha t  the "clusters" 

reported by Capes and the same concept as used by us are different.  

While Capes reports c lus te r  s i ze  of 100-260 pm, which i s  i n  the 

range of the larges t  pa r t i c les  used by Mogan e t  al. ,  much larger 

c lus te r s  are evident i n  our work. 

The resu l t s  of Mogan, Taylor and Booth (1969), a re  important 

because of the limited high pressure data available, but  a 1.75 an 

I D  tube was used. They observed a "predominantly downward motion 

a t  the tube wall,'' which raises questions as t o  the magnitude of 

wall effects.  The dependence of bed expansion on bed diameter was 

shown t o  be qui te  strong. In general, the voidage w i l l  decrease 

strongly i n  going from Dt = 1.75 cm t o  D say, of 15 cm. This t 
would offer  an al ternat ive explanation t o  the high value of n as  

being a small diameter phenomenon in this case. 

Our approach, on the other hand, i s  t o  view the index n as a 

degree of segregation i n  a slugging bed of f ine sol ids  caused a -  

largely by par t i c le  agglomeration. Thus, large values of the 

index n a r i se  naturally and need not be corrected. These values 

of n can be obtained from the Richardson-Zaki equation i f  one uses 

", o r  an "equivalentu c lus te r  diameter, instead of dp, the single 

pa r t i c l e  diameter. 



For FCC and HFZ the  appropriate equation is: 

Note ' tha t  t h e  s ing le  p a r t i c l e  ~ e y n o l d s ,  numb'er is  used i n  choosing 

t h e  appropriate Reynolds number range and i n  Equation 9, while 

D is  used f o r  dp, The r a t i o n a l  f o r  t h i s - c h o i c e  i s  t h a t  c l u s t e r  
C 

ing is a dynamic phenomenon, p a r t i c l e s  move. i n  and out  of  c l u s t e r s  - 
a phenomenon t h a t  i s  supported by high ve loc i ty  movies taken a t  

;; 
CCNY and by ~ e ~ a s a  and ~ a u  (1973). Thus,' - the s ing le  p a r t i c l e  

proper t ies ,  a s  w e l l  a s  i t s  Reynolds'number, a r e  s t i l l  important.  

~ l u s t e r i n g ' i s  taken i n t o  account a s  a segregation causing pheno- 

menon, which i s  r e l a t i v e  t o  D the  tube diameter. - Obviously, 
t' 

Equation 9 is only a f i r s t  approximation, b u t  some order  of mag- 

i ~ i t u d e  values of D can be  obtained from it (and experimental . &  

C 

values of n) and compared t o  t he  c l u s t e r  diameter ca lcu la ted  by 

Yerushalmi e t  a l ,  (1978). 

Table 1-3 Cluster  ~ i a m e t e r s  f o r  FCC 

An order of  magnitude agreement and the  same trend a r e  shown f o r  

t h e  cluster diameter calculated by both  .methods i n  Table 1-3. 

Regime ' 

Slugging 

Turbulent 

The same trend continues i n t o  t h e  f a s t  f l u i d i z a t i o n  regime, n 

values a r e  g e t t i n g  smaller,  and so  is D ' a s  ca lcu la ted  by Yerushalmi 
C 

Dc from ' 

Eq. 9 
(cm) 

3-9 

0.4 

e t  al. While t h i s  can be  viewed a s  encouraging, one should not f o r  

Dc from 
Yerushalmi e t  a l .  

(4 

- 3.0 

0..7-1.5 

t 

g e t  t h a t  w e  r e f e r  t o  c l u s t e r s  as a concept r a t h e r  than as hard 

spheres of  a diameter D . A s  w a s  pointed out before,  c lu s t e r ing  is 
C 



a complex dynamic phenomenon. One should keep i n  mind the follow- 

ing important features  of c lusters :  

a )  A s i z e  d i s t r ibu t ion  ra ther  than a s ingle  diameter i s  more 

l i k e l y  t o  represent c l u s t e r  s ize .  

'b) The c l u s t e r  voidage, c . ,  a s  well a s  the c l u s t e r  s i z e  
1 

a f f e c t s  the "ef fec t ive  terminal velocity. " This voidage can vary 

with c l u s t e r  s i ze ,  time, and gas and so l id  fluxes. The e f f e c t  of 

t h i s  c l u s t e r  voidage on the s l i p  veloci ty  i s  elaborated upon i n  

the next subsection. 

c )  Clustering i s  a dynamic phenomenon, p a r t i c l e s  move i n t o  

c l u s t e r s ,  a r e  s t r ipped o f f . b y  the r i s ing  gas; smaller c l u s t e r s  

coalesce t o  la rge  ones, which i n  turn break up. DeLasa and Gau 

(1973) found t h a t  t h i s  observed c lus te r ing  does not a f f e c t  conver- 

s ion  i n  a c a t a l y t i c  reaction. This would seem t o  indicate  t h a t  

c lus te r ing  i s  not a segregative phenomenon as  f a r  as  gas-solid 

contact  i s  concerned. It would seem plausible  t o  assume t h a t  

e i t h e r  o r  both of the following is taking place: more- gas than . 
. . 

previously assumed i s  t r ave l l ing  'through the c l u s t e r  phase (caus- 

inq l a rqe r  c l u s t e r  voidages than rninimwn f luidizat ion;  the cha- 

r a c t e r i s t i c  time d i s t r ibu t ion  associated with a p a r t i c l e  'being i n  

a c l u s t e r  is  small when compared t o  the average gas residence time. 

d)  Our v isua l  observations and high veloci ty  movies support 

the  dynamic p ic ture  presented above. I t  a l so  seems t h a t  most . r i s ing  - 

c l u s t e r s  a re  elongated i n  shape, explaining the observed drag xeduc- 

t i o n  by the shielding e f f e c t  of 'long chains of spheres. mis hss 

has been discussed byAvidan (1979). 

A l l  of these fac tors  help i l l u s t r a t e  the  complexity of the 

c lus te r ing  phenomenon. I t  i s  c l e a r  t h a t  a simple "hard sphere" 

p ic ture  i s  inadequate when describing clustering.  A more quanti- 

t a t i v e  comparison between.the '!hard sphere" model and the actual  

s l i p  veloci ty  i s  presented i n  the following subsection, 



1n the f a s t  f lu id iza t ion  and dense conveying r e g h e s  both n 

and U* become dependent on so l id  rate.  The dependence of the index 
T 

n on 'sol id  rake was shown t o  be l i n e a r  fo r  a l l  th ree  group A powders 

(Figure I-1.a) investigated i n  the dense conveying regime, and can 
, ' be described by: 

' dense 
conveying n = 10.3 + 0.0662G s (10) 
f ine  powders 

The same l inea r  dependence is  shown fo r  F ~ c  i n  the f a s t  f luidiza- 

t i o n  regime (Figure 1-2) : 

FCC n = 0.04826 f a s t  f lu id iza t ion  s 

Both regimes show an increase i n  the  value of n, o r  the degree of 

segregation, with increasing the so l id  ra te .  

A d i f f e ren t  approach towards understanding the significar-ce 

of the exponent n allows us t o  g e t  a handle on c l u s t e r  voidage. 

In  t h i s  approach the c lus te r s  a re  considered more " t i g h t l y  packed," 

so t h a t  t h e i r  c l u s t e r  s i z e  and voidage would cause an e f fec t ive  ' 

behavior -similar  t o  large p a r t i c l e  f luidizat ion,  i.e., n values 

from Equation 9 would be i n  the 2.4-3 range. An ef fec t ive ,  ra ther  

than the apparent voidage should then be used t o  represent bed - ;  

'expansion ' ( , in  the form of Equation 1). Both voidages a r e  repre- - 

sented i n  Figure 1-3, which is s imilar  t o  the curves presented by 

Capes (1974). 

Thus, t h i s  approach would consider n values t o  be those of 

large pa r t i c l e s ,  of the same diameter as  D , The connection be- 
C 

tween the apparent and ef fec t ive  voidages is through the c l u s t e r *  

voidage, Equat.ion 9. The cluster diameter i s  calculated from: 

I f  n' = 2.4 would have been used throughout a l l  f lu id iza t ion  

regimes, the  c l u s t e r  voidage of Table 1-4 a r e  calculated. 



Fig. 1-2. The index n  and UT* for FCC ("used") 
i n  the fgst f l u i d ~ z . a t i o n ' r e g ~ e .  . . 
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Fig. ' 1-3. . Schematic representation o f  bed '., . 

expansion i n  one . f lu idizat ion regime. 
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 able'+ 1-4.- C l u s t e r  Voidaqe Ca lcu la t ed  from Equation (12). ' 
. . -  a 

. . - I - .  . . : ;, 

Bense Conveying 
1 n = 14.2 n = 9.4 

/ * ,. . . . ,  
._ I . . ,  . 

Regime 

Slugging ' -  

. . +  

Turbulent  

Fast ~ l u i d i z a t i o n  

, . 

n 

. 9.2 

5 

Apparent 
Voidage 

€a  

0.54 

0.6 

0.64 

0.7 

- - I  I 0.75 1 0.45 

2 2 

0.55 

C l u s t e r  
Voidage 

e c  

0.49 

0.53 

0.41 

0.43 

2 
Gs = 150 kg/m -S 

n = 7.2 

E f f e c t i v e -  
Voidage 

€ c  

0.09 

0.14 

0.39 

0.48 

Gs = 50 kg/m - s  
n = 2.9 

c c 
0.64 
0.73 

0.86 

ca 

0.86 

0.90 

0 . 9 5  

Gs = 100 kg/m -s 
n = 9.5 

' ca 

0.82 
0.87 

0.95 

€c 

0.62 
0.63 

. 0.65 

ca 

0.84 
0.90 

0.95 

cc 

0.16 

0.16 

0.17 

cc 

0.43 
0.44 

0.45 

c c  ' 

0.79 

0.85 

0.94 

c c  

0.72 

0.82 

0-91 



The following features a r e  presented by Table 1-4: 

a )  The values of the e f fec t ive  voidage a re  very low i n  the 

slugging regime. It can be concluded t h a t  t h i s  method . i s  . not su i t -  

able fo r  the slugging regime where the index n represents gross 
.. . . . 
segregation i n t o  the slug and dense -phases rather: than clustering.  

b )  For the more homogeneous higher veloci ty  regimes reasow 
. . 

able values fo r  the c l u s t e r  voidage a r e  obtained.:. . I t -  should be 

noted t h a t  the c l u s t e r  voidage remains relat ive1y:constant  i n  each 

f lu id iza t ion  regime, increasing s l i g h t l y  as  the gk veloci ty  i s  * 

. . . . .. . - .  
raised. 

c )  In  the turbulent regime, the  c l u s t e r  voidage i s  close t o  

minimum f lu id iza t ion  voidage, an assumption which is  often made. 

d) In  the f a s t  and dense conveying regimes .the c l u s t e r  void- 

age i s  a function of the so l id  r a t e ,  being very low fo r  Gs=-50 
2 

kg/m -s. . .  . - . . 

. For t h i s  low. so l id  r a t e  it i s  hard t o  a t tach physical signi- 

ficance t o  c = 0.16' unless one can assume very sm'all c lus te rs ,  
C .  . - 

o r  an almost uniform suspension. The higher solid'  r a t e s  present 

reasonable c l u s t e r  voidages, from 'minimum f lu id iza t ion  voidage 
2 2 

(G = 100 kg/m -s) t o  cc = 0.63 fo r  Gs = 150 kg/m -s. The higher 
S .  

s l i p  velocity associated with the higher so l id  r a t e  i s  causing 

a higher c l u s t a r  voidago. A l l  voidages, ca, cc, and c O  

approach one when the d i l u t e  transport  regime i s  approached. 

1.1.3 U"' i n  the Modified Richardson-Zaki Approach 
T 

The value of U; is  thought t o  represent the s i z e  and density 

of c luster ing i n  the suspension. It  has a high value, many times 

the s ingle  p a r t i c l e  t e h i n a l  velocity,  i n  the slugging regime and 

it decreases considerably oncetransit ion t o  turbulence takes place. 

For both HFZ-20 and FCC ("used) U*/U values i n  the turbulent and 
T T 



slugging regime a r e  l i n e a r l y  dependent on t h e i r  respect ive  p d 
s P 

products, o r  Gal i leo  numbers. This re la t ionsh ip  shown i n  Table 1-1 

cannot be taken _ P C  t o  include our l l freshll  ca t a lys t s ,  Dical i te ,  o r  the  
^ I .- .r . . . . .  . , . .  . 

f i n e  s o l i d s  used . . . .  by o ther  invest igators .  The. . . c u l p r i t  seems t o  be 

t h e  e f f e c t  of the  s i z e  d i s t r i b u t i o n  shown i n  Table 1-2. "Fresh" 

c a t a l y s t s  show markedly lower values of U* i n  both the  slugging 
T 

and turbulent  regimes than "used" ca ta lys t s .  Thus, unless the  

e f f e c t ,  of  the s i z e  d i s t r ibu t ion ,  which seems stronger than p a r t i c l e  

proper t ies ,  can be taken i n t o  account, no general  dependence on 

p d can be  suggested, The strong dependence of bed expansion on 
s P 

s i z e  d i s t r i b u t i o n  was -shown by Rowe e t  a l ,  (1978) and q u a l i t a t i v e l y  

t h e i r  r e s u l t s  show the  same trend: t he  higher the  f ines  f r ac t ion  

t h e  higher  the voidage a t  t he  same gas velocity.  Since the  index 

n does 'not  vary'much, t h i s  causes a much lower value f o r  U*. A 
T 

reduction i n  th= e f f e c t i v e  c l u s t e r  s i z e  seems t o  take place when 

more gas flows i n  the  dense phase. 

Much l i k e  the  index n, U* seems t o  decrease i n  going t o  the  
T 

tu rbulen t  regime, suggesting more homogeneity. I increases with 

i~ l c reas ing  solid rate i n  both the  f a s t  and dense conveying regimes, 

q u a l i t a t i v e l y  agreeing with the  p i c tu re  - of increased c lus t e r ing  afi 

t h e  s o l i d  r a t e  increases. It is not  c l e a r  how an "equivalent" 

c l u s t e r  diameter can be calcula ted from U* A s  an exercise,  a . ... 
.. . T. . . 
. . . . 

simple approach is i l l u s t r a t e d  i n  T a b l e  1-5 whet& a c l u s t e r  d i m o r  .!8:<.: ... 

is  calcula ted by using: 

f o r  
- - 

Rec 
7 500 (Kunii and Levenspiel, 1969) 

v 



. . . . 3 . .r . , . , 
. . Table I-.5: ~ l u b ' t e r  ~iameter ca icu ia ted  from U* 

. .  . . .  for "Used" FCC '. . . . . .  : T 
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The q u a l i t a t i v e  agreement with D values, calculated from the 
C 

index n, i s  shown f o r  the slugging and turbulent regimes i n  

Tables 1-3 and 1-4, The var ia t ion  of U* with so l id  r a t e  i n  the 
T 

f a s t  f lu id iza t ion  regime fo r  FCC i s  shown i n  Figure I.3.b where 

it i s  shown t h a t  U* = 0.0465 G . In  the dense conveying regime, 
T s 

a l l  t h ree  powders investigated seem t o  follow the same l inea r  rela- 

t ionship U* = 0.09 Gs, possibly suggesting t h a t  a l l  three c lus te r  
T 

t o  the  same degree i n  t h a t  regime. This re la t ionship is shown in 

Figure I-1.b- 

It i s  in te res t ing  t o  look a t  the  connection between the effec- 

t i v e  terminal veloci ty  and the s l i p  velocity. When one s t a r t s  with 

a s ing le  p a r t i c l e  conveyed by a gas with a super f ic ia l  velocity,  

U , the  s l i p  veloci ty  i s  equal t o  the , s ingle  p a r t i c l e  terminal 
g 

velocity.  This i ~ ~ i l l u s t r a t e d  i n  Figure I-4.a. Upon adding more 

pa r t i c l e s ,  'but keeping the suspension d i l u t e  one can observe uni- 

formly dispersed p a r t i c l e s  - . e spec ia l ly  when wall e f fec t s  a re  

negligible.  For t h i s  s i tua t ion ,  .depicted i n  Figure 1-4b, the s l i p  

ve loc i ty  is  l e s s  than the  s ingle  p a r t i c l e  terminal velocity,  and 

the  phenomenon i s  known as  hindered se t t l ing .  While no data are  

presented here fo r  pneumatic conveying, visual  observations lead 

us t o  bel ieve t h a t  p a r t i c l e s  a r e  not t r u l y  uniformly dispersed and 

one can always de tec t  some c lus te r ing  and recirculat ing especially 

i n  the  v i c i n i t y  of the  walls. This dev.iation from a uniformly dis- 

persed suspansion i s  more pronounced a t  higher so l id  ra tes ,  o r  

lower gas ve loc i t ies .  A t  a voidage of approximately 0.98 o r  lower, 

the  uniform suspension s t ruc ture  breaks down and the agglomerative 

nature of the suspension i s  evident. Par t ic les  r i s e  i n  center,  i n  

t h e  fonn of twist ing chains, of varying lengths and widths. These 

chains o r  strands a re  broken and reformed and some a re  f a l l i n g  back, 

especial ly  i n  the v i c i n i t y  of the walls. Some zigglomerations of 



a )  A s i n g l e  p a r t i c l e  

us lip=uq-up=UT 
b) Uniformly d i spersed  

d i l u t e  suspension 

C )  "dense conveying" d)  Fast  f l u i d i z a t i o n  

U s l i p T u T  
C .  * up < cnuT* 

and 

. . 

Fig. 1-4. S l i p  Veloc i ty  i n  various f l u i d i z a t i o n  
regimes. 



p a r t i c l e s  seem t o  be almost stagnant a t  the  wall, they creep down 

( o r  up ' a t  higher gas veloc, i t ies)  and aye constantly str ipped of 

p a r t i c l e s  and then replaced by .new . ~ . ~ u s t e r s ,  seemingly thrown off  

the  center  region of the  tube. This. p ic ture  i s  typica l  of the 

proposed dense conveying regime, and i s  represented schematically 

i n  Figure I-4.c. 

Both c lus te r ing  and solid. rec i rcu la t ion  are  causing a reversal  

i n  the  magnitude of the  s l i p  velocity,  and one obtains s l i p -  veloci- 

t i e s  much 'hiqher than the s ingle  p a r t i c l e  terminal velocity. The 
. . .  

suspension "ef fec t ive  . terininal velocity" U$ was ,calculated. along 

with the  index ri, .from the expansion data. It  i s  evident t h a t  a l l  

values of U*T8 i n  the  dense conveying regime. a re  more than an order 

of  magnitude g rea te r  than the  s ingle  p a r t i c l e  terminal velocity. 

These values of U* lead t o  c l u s t e r  s i zes  i n  the  range of 0.08-0.707 T 
cm a s  opposed t o  a p a r t i c l e  mean diameter of 0.0049 cm. I f  one 

can consider these c l u s t e r s  a s  r i g i d  spheres one would expect a 

modified eqbation fo r  the  s l i p  veloci ty  t o  hold. 

The average s l i p  veloci ty  .is calculated and &ompared. t o  the r igh t  
hand s ide  of Equation 14 i n  Figure $-5 f o r  three so l id  ra tes .  

It is c l e a r  t h a t  throughout the dense conveying regime Equation 

14 overestimates the  ac tua l  (average), s l i p  velocity - 

  ore over; while Equation 14"pr&dicts an incr5ase i n  th.e slip vqlo-. 

e i j  a s . t h e  voidage is inc'tea&d (becauke of an iricrease i r i  the 
n 

vdlue of C , i.e., a d e c r e a s e  i n  the  magriitude oe t ~ e  hiiidered 

s e t t l i n g  effeck) the ac tua i  s l i p  veloci ty  peaks a t  around e= 0.97 

and then decreases,approaching u a s  the voidage approaches the 
T 

value 1.0. It sehs then that, as  w a s  pointed out befbre, the  
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phenomenon of c lus te r ing  i s  much more complex than a s ingle  model 

of r i g i d  spheres would predict .  One possible explanation would 

seem t o  be as  follows: while U$ i s  a measure .of c l u s t e r  s ize ,  one 

has t o  take the  c l u s t e r  voidage in to  account as well,  I t  stands 

t o  reason t h a t  when voidage i s  increased (by increasing .the super-. 

f i c i a l  gas veloci ty)  the  c lus te r s  have more "room" t o  move. Twp - 
p a r a l l e l  phenomena might be taking place: a) the c lus te r s  expand 

and t h e i r  v0idaqe.c i s  la rger  than a t  lower bed voidage values, 
C: 

Thus, more gas passes i n  the i n t e r s t i t i a l  voidage of the c lus te r ,  

causing the s ingle  p a r t i c l e  propert ies  t o  come more i n t o  play. 

!Phis was alluded t o  before, in the use of Equation 9,  The overal l  

s l i p  veloci ty  then would l i e  between the high value caused by cnu* 
T 

and the much lower value predicted by E%*. Note a l so  t h a t  the 
T 

two voidages used i n  these two expressions a re  not s t r i c t l y  the 

same. The f i r s t  implies an apparent porosity, while the l a t t e r  

takes i n t o  account a porosity c loser  t o  the c l u s t e r  voidage, c , 
C 

b) The higher gas veloci ty  i s  exert ing a la rger  shearing stress on 

the  down-flowing phase. Thus, c lus t e r s  would rec i rcu la te  l e s s  than 

at lower gas ve loc i t ies .  This phenomenon of decreased down-flow 

ve loc i ty  a t  super f i c i a l  gas ve loc i t i e s  higher than 3 m / s  i s  corru- 

borated l a t e r  by our so l id  mixing re su l t s ,  

These two factors ,  a  lower down-flow veloci ty  and a higher 

c l u s t e r  voidage o f f e r  one possible explanation fo r  the deviation 

of the  actual  s l i p  veloci ty  from t h a t  predicted by Equation 14. 

When one goes i n t o  the f a s t  f lu id iza t ion  regime, depicted i n  

Figure I-4.d, the  voidage decreases and so l id  rec i rcu la t ion  becomes 

predominant. The ac tua l  s l i p  velocity approaches the theore t ica l  

predict ion of Equation 14 (Figure 1.5) and seems t o  equal k t  exactly 

a t  the  onset of the f a s t  f lu id iza t ion  regime fo r  a l l  so l id  r a t e s  

investigated. Note t h a t  d i f f e ren t  values of n and U* a re  used i n  
T 

the  f a s t  f lu id iza t ion  regime. Following the  same logic one may 



presume t h a t  c l u s t e r s  behave. more a s  t i g h t l y  packed spheres i n  t he  

denser  f a s t  f l u i d i z a t i o n  regime. The denser  t h e  suspension - t h e  

denser a r e  t he  c l u s t e r s  and thus t h e i r  te rminal  ve loc i ty ,  correc ted  

f o r  t h e  ,voidage, approximately equals  t he  a c t u a l  s l i p  ve loci ty .  

I t  is  i n t e r e s t i n g  t o  note t h a t  Equation 14 seems t o  be exac t ly  

s a t i s f i e d  a t  U T ~ ,  t h e  t r a n s p o r t  ve loc i ty ,  f o r  a l l  s o l i d  r a t e s  

inves t iga ted .  This seems t o  o f f e r  another  method. f o r  c a l cu l a t i ng  

U T ~ ,  and it agrees w e l l .  with the  p i c t u r e  of  t h i s  b r ans i t i on  a s  

presented i n  t h e  in t roduc t ion  t o  t h i s  work. I .  

The t r anspo r t  ve loc i t y  is  thought of as the  ve loc i t y  which. 

would cause t h e  entrainment of  t h e  l a r g e s t  pos s ib l e  c l u s t e r s .  A s  

t h e  voidage i s  increased beyond t h e  voidage a t  U T ~  t h e  a c t u a l  s l i p  
4 

ve loc i t y  is  l e s s  than t h a t  predic ted  by Equation 14 f o r  t h e  same 

reasons discussed 'before: t h e  c l u s t e r s  expand, allowing more gas  
. . 

t o  pe rco la te  through them, and less r e c i r c u l a t i o n  i s  taking   lace 
a t  t he  h igher  gas  ve loc i t i e s .  
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I. 2 WORK FORECAST FOR THE NEXT QUARTER 
. . . . 

i . . . . . . . . . . .  ' , - ,  ,:, :. . t r 
.~ , 

work i n  the  next c p a r t e r ,  w i l l  concentrate on s o l i d .  mixing experi- 

mentation' i n  t h e  expended top bed. preliminary woi-k'- i&* t h i s  area 

was . . described i n  the ninth and tenth quar ter ly  ,reports.: An experi- . . .  - , . " .  
mental setup consist ing o f  a 15.2. cm I. D. expanded"'top. bed was . . 

. 8  
. . . . .  . . <;.- . . . . .  

. * 

.. , , . , * . . . . . .  . . " 

constructed and a f&omagnetic t r ace r  system was ins t a l l ed  i n  it. 

This system w i l l  be  improveds Gpon aid ' r e s u i t s  i n  t h e : ~ l o w ~ v ~ l o ~ i t y  
" . .  , . .  . . . . . .  

." . :,- ..* - ..., 
f lu id iza t ion  regimes (bbbbling &hd 'slugging) w i l l  be sought with 

HFZ-20, We w i l l  a l so  tb t o  ge t  some data .  i n  they.>turbul'en.t flui'd- . . . . . . .  
. .- ,C"".', ' ., . ' .  

i za t ion  regime. ; 1 5  . * . . 'I 1 . ,,.., ., ,. . I- 

. . .  . . 



I I. FLASH ' . ~ R & E N A T I O N  

11'. 1 wbkK ACCOMPLISHED 
. . 

11.1.1' - ' ~ i e ' l d  Correlations 
. . .  - 

We have prev'iously (see 11th Quarterly Report) explored' the ' 

. , re la t ionship  b;tween t o t a l  hydropyrolysis y ie ld  and coal  rank, 
- . .  . 

petrogrephic composition, and a l ipha t ic  hydrogen and oxygen con-. ' 

t en t .  ' Here 'we. develop correla t ions  for  the various products - , 

I . 
separaLely . 

( .  . . . 
For purpose's of empirical predic  ion, carrala6iono i n  two 

. 3 . ,  
var iab les  have b=en formulated using the technique of stepwise 

regression (1). The field of iridepelldent variablcc used trs ' 

describe the coals  include: the  petrographic composition, the 

elemental composition, and the mineral matter, v o l a t i l e  matter 

and the  react ive maceral ( the  sum of v i t r i n i t e ,  pseudo-vitrinite, 

e x i n i t e  and r e s i n i t e )  contents a l l  on a dmmf basis .  These vari- 

ables a m o u n t  t o  a t o t a l  of 16. The dependent variables of 

i n t e r e s t  are: the  t o t a l  conversion t o  vo la t i l e s  and the yields  of 

methane, ethane, COX, BTX and t o t a l  l iquids.  In  a l l  cases the 

dependent variables a r e  frbm experiments performed a t  300O~, 10 

seconds contact  time and 0.6 seconds vapor phase residence time. 

Yields a re  expressed a s  percentage of the i n i t i a l  carbon converted 

t o  the  product considered. 

A stepwise regression was carr ied out with each dependent 

var iable  as a l i n e a r  function of the independent variables. In  

all cases, two var iables  were necessary t o  yield  correla t ions  whose 

standard deviation was of the  order of magnitude expected from the 

accuracy of the  experimental data. The resul t ing re la t ions ,  from 

a l l  possible var iable  pa i r s ,  were compared according t o  t h e i r  cor- 

r e l a t i o n  coef f ic ien t  ( p )  and standard deviation ( a )  and the b e s t  

f i t  chosen. The parameters obtained i n  the correla t ions  a r e  valid 

t o  predic t  y ie lds  under the reaction conditions employed in' these 

experiments. The parameters a re  expected t o  change with the reaction 

conditions . 



The 'bes t  co r r e l a t i on  f o r  the  t o t a l  conversion of coa l  t o  . , 
v o l a t i l e s  was obtained with e x i n i t e  content  and mineral  matter  a s  

. .  - 
independent var iables .  I t  shows a  c o r r e l a t i o n  c o e f f i c i e n t  c lo se  . .  . - .  , . " . . .  
t o  one, and a  standard devia t ion c lo se  t o  the  sta-ridard, devia t ion of 

. . . . . . 

the  experimental da t a  (See Figure 11-1). The con ten t ,  of mineral 
, , . .  , .  . . -  , . 

matter  appears i n  the  c o r r e l a t i o n  with a nega t ive ,coef f ic ien t ,  . . in- . .  % 

d ica t ing  t h a t  increased mineral matter  w i l l  decrease . . t he  y i e l d  of 

t o t a l  v o l a t i l e s  i n  f l a s h  hydrogenation. Although f o r  the  sho r t  

residence times and high temperatures used i n  f l a sh  hydrogenation 
. . .  

experiments, the  c a t a l y t i c  e f f e c t  of the  mineral matter  should be 

minimal ( i n  con t r a s t  with the  r e s u l t s  obtained i n  coa l  l iquefact ion,  

a t  low temperatures apd longer residence t imes) ,  the  presence of a  
. . 

negative e f f e c t  i s  q u i t e  unexpected. 

The s t rong co r r e l a t i on  of t o t a l  y i e ld  of v o l a t i l e s  .. , with 

e x i n i t e  content  ind ica tes  t h a t  t h i s  i s  the  most important var iab le  

i n  the  cor re la t ion .  A,discuss ion of t h i s  po in t  was given i n , t h e  
. . 

l a s t  qua r t e r ly  report .  

The technique of  stepwise regression i s  a l s o  applied t o  t he  

individual  species.  The co r r e l a t i ons  f o r  the  y i e l d s  of methane, 

ethane, BTX, carbon oxides and heavy l i qu ids  a r e  presented i n  

Table 1-1 and Figures 11-2 t o  6 .  

The b e s t  co r r e l a t i on  f o r  methane y i e ld s  a r e  with pseudo-vitr ini te  

and sulphur. Sulphur, i n  t he  co r r e l a t i on ,  appears with a  negative 

coe f f i c i en t .  This f a c t  con t r a s t s  with the  r e s u l t s  from coal  lique- 

f ac t ion  ( 2 )  where a , p o s i t i v e  e f f e c t  of sulphur content  i s  observed. 

Ethane y i e ld s  c o r r e l a t e  with v i t r i n i t e  and sulphur content.  . 

Again, sulphur appears with a  negative c o e f f i c i e n t  i n  the  cor re la t ion .  

BTX y i e l d s  c o r r e l a t e  with v i t r i n i t e  and f u s i n i t e  content.  The 

coe f f i c i en t s  f o r  both macerals a r e  negative. 

The y i e ld s  of carbon oxides co r r e l a t e s  with the  oxygen and 

hydrogen contents.  I n  t h i s  case,  t h e  observed p o s i t i v e  co r r e l a t i on  

with oxygen i s  t o  be  expected, s ince  i n  f l a s h  hydrogenation the  only 



Table 11-1 

SUMMARY OF CORRELATIONS OF YIELDS WITH COAL PROPERTIES 

Fixed reaction conditions: 800i0c, 1 0 ~ ~  atm H ~ ,  10 seconds s o l i d  contract t i m e .  

0 . 6  seconds gas residence t i m e .  

TOTAL VOLATILES = '54.5.4 + j.93 [Exinite) - 0-49 ( ~ i n e r a l  Matter) 
. ., . 

, . 
.p .= 0 ..94 a = 2.4 % 

METHANE = I7 -97 - 0.5 (Sdlphur) + 0.3.3 !Pseudo-Vitr'inite) . 

. , . . 

TOTAL LIQUIDS = 2.55 (Carbon) - 4.2 (Su.lphur) 

CARBON OXIDES = 26-63 + 0.35 (Oxy.gen) - 4..3 (Hydrogen) 

BTX = 16.65 - 0.08 (Vitrinite) - 0.58 i ~ u s i n i t e )  

p = 0-88 o = 0.87 % 

ETHANE = 1.44 + 0.086 (Yi tr in i te )  - ) . 3 5  (Sulphur 

p = 0.98 a = r3.19 % 
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Figure 11-1. ~ o r r e i a  t ion  forn Total Carbon Conversion 
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Figure 11-2. Correlation for Methane' Yield 



F i g u r e  11-3. C o r r e l a t i o n  for E t h a n e  Y i e l d  
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source of oxygen i s  what i s  contained i n  the  coal .  Hydrogen con- 

t e n t  appears t o  decrease the  y i e ld s  of carbon oxides. 

The y i e ld s  of l i q u i d s  heavier  than BTX c o r r e l a t e s  with exi- 

n i t e  and pseudo-vitr ini te .  Again, e x i n i t e  appears with a coef f i -  

c i e n t  l a rge r  than one, ind ica t ing  t h a t  it promotes the  production 

of l i q u i d s .  . 

A l l  c o r r e l a t i o n  coef f ic ien t s '  a r e  about 0.9 o r  b e t t e r ,  and the  

standard devia t ions  a r e  a l l  q u i t e  low. T h e  l a r g e s t  ones, o = 2.55% 

f o r  heavy l i qu ids  and -24% f o r  t o t a l  vol'at:iles, a r e  about the  same 

a s  t he  standard devia t ion obtained from 'the experimental s ca t t e r -  

ing  of the  da ta  f o r  these  two y ie lds .  

11.1.2 Discussion 

The react ions  involved i n  coa l  f l a s h ,  hydrogenat$& . . can be 

v i sua l ized  a s  occurring i n  two stages.  . I n  a f i r s t  s tage ,  i n  a 
* .  

s o l i d  o r  p l a s t i c  phase coa l  decomposes t h e m a l l y  a s  i n  pyrolys is ,  

y ie ld ing  l i g h t  gases and la rge  fr&dents t h a t  a r e  a , p a r t  of t he  

o r ig ina l  coa l  s t ruc tu re .  I n  the  second s tage ,  occurring i n  the  

gas phase, the  fragments undergo hydrogenation and fu r the r  hydro- 
. . 

cracking t o  y i e l d  l i g h t  gases and l i g h t  aromatic species.  With - "+. 

t h i s  desc=iption of t he  sequence of events,  it follows t h a t  f l a s h  

hydrogenation may be  modelled with the  combination of a coal  

pyrolys is  ( o r  hydro-pyrolysis model) model, and a model of the  

thermal hydrocracking react ions  i n  the  vapor phase. 

A model of coa l  pyrolys is ,  .based on f ree-radical  k i n e t i c s  and 

a set  of " s t r u c t u r a l  parameters" f o r  t he  coal ,  has been pro'posed by 

Gavalas and cc-workers ( 3 ) .  I n  t h i s  model, t he  s t r u c t u r e  of t he  

coal a f f e c t s  the i n i t i a l  condit ions used t o  s t a r t  the  i n t eg ra t ion  

of a s e t  of non-linear d i f f e r e n t i a l  equations t h a t  descr ibes  t he  

behavior of  t he  cliemical react ions involved i n  the  model. The 

k i n e t i c  constants  a r e  assumed t o  be "universa l" ,  o r  t o  depend 

weakly on coal proper t ies  ( 4 ) .  
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A more . ; implified o .  model of  c o a l  p y r o l y s i s  w a s  proposed by 
. . 

Solomon .and . ~ d l k e t  (4) . , Thi,s model i s  based upon f i r s t  o r d e r  kine- 
. . , 

tics. I t  a l s o , ' c o n t a i n s  a, ' s e t  o f  . " s t r u c t u r a l  parameters" which a r e  

v i s u a l i z e d  a s  t h e  i n i t i a l :  cont.ent o f  func t iona l  groups i n  t h e  coal .  
. . 

These grou& c a n  be measured b y d i f f e r e n t  a n a l y t i c a l  techniques.  
. .  . 

" ~01omon"s '  s t fuc . tu ra1  parameters .  a r e  ' used as i n i t i a l  cond i t ions  i n  
. .  . . . .  

t h e  i n t e g r a t i o n  o'f t h e  d i f f e r e n t i a l  . . equat ions  . d e s c r i b i n g  h i s  kine- 

t i c  model, which. ' a l so  c o n t a i n s  "un ive r sa l "  k i n e t i c  cons tants .  

1 n  50th  models c o a l  p r o p e r t i e s  e n t e r  through the ! ' s t r u c t u r a l  
. . 

parameters"  o f  t h e  coal, :which a r e .  t h e  i n i t i a l  cond i t ions  of t h e  

model d i ' f f e r e n t i a l  equat&ns. In bo th  cases, it i s  poooible t o  

assume a l i n e a r .  r e l a t i o n s h i p  between t h e  s p e c i f i e d  s t r u c t u r e  para- 

meters and t h e  p r o p e r t i e s  o f  t h e  coal ,  as measured by more conven- 

t i o n a l  techniques.  

With r e s p e c t  t o  t h e  r e a c t i o n s  i n  t h e  gas  phase, t h e  simultaneous 

8 
thermal decomposition and hydrogenation o f  hydrocarbons has  been 

modeled us ing  f ree - rad ioa l  k i n e t i c s  (5)  and a l s o  us ing  more simgli-  
. . 

f i e d  approach, i n  t h e  case bf  cons tan t  hydrogen p ressu re  (6)  . . T h e  

s i m p l i f i e d  approach ldeds t o  a ayotem of first order reactions. 

It i s  poss . ib le  t o  b u i l d  a f l a s h  hydrogenation model with, a . s i m  

p l i f i e d  p y r o l y s i s  model, such as t h e  qne proposed by  Solomon and. 

Colket ,  and a s i m p l i f i e d  gas  phase r e a c t i o n  model. I n  t h i s  case  both 

chemical processes  are modeled with f i r s t  o r d e r  chemical r eac t ions  

and wi th  "un ive r sa l "  k i n e t i c  cons tants .  Thus, t h e  model of c o a l  

f l a s h  hydrogenation w i l l  c o n t a i n  t h e  p r o p e r t i e s  o f  t h e  c o a l  i n  t h e  

i n i t i a l  cond i t ions  o f  a set o f  d i f f e r e n t i a l  equat ions  r ep resen t ing  

t h e  behavior  of t h e  coal. Consequently, us ing  t h e  genera l  theory 

of f i r s t  o r d e r  k i n e t i c  network (7 )  and under f ixed  r e a c t i o n  condi- 

t i o n s ,  t h e  y i e l d  o f  each of t h e  i n d i v i d u a l  s p e c i e s  is  a l i n e a r  cam- 

b i n a t i o n  of  t h e  i n i t i a l  cond i t ions ,  o r  more prec i se ly ,  i s  a l i n e a r  
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combination df t h e  cOal p r o p e r t i e s .  ' This important  conclusion g ives  

a t h e o r e t i c a l  b a s i s  t o  t h e  empir ica l  c o r r e l a t i o n s  g iven  here.  
. . 
T,. ' 

An &tens ion  'of '  t h e  co r ' r e l a t ions  given here, '  i n t e g r a t i n g  c o a l  

p r o p e r t i e s  and ~ r o c e i - s  cond i t ions  i n  f l a s h  hydrogenation, is most 

d e s i r a b l e .  Such a m'dhel would be very u s e f u l  i n  p r e d i c t i n g  y i e l d s  
I 

f o r  var ious  c o a l s  and ' d i f f e r e n t  opera t ing  cond i t ions ,  knowing only  
c.. 

t h e  p r o p e r t i e s  o f  t h e  coa l s .  
, . 

11.1.3 Liquids ' c h a r a c t e r i z a t i o n  

El iminat ion o f  i n t e r f e r e n c e  of  s i l i c a  g e l  i n  SESC f r a c t i o n s  

A f t e r  washing t h e  s i l i c a  gel used i n  t h e  SESC separa t ion  with 
1 

methanol and with a c i d i f i e d  d i s t i l l e d  water,  it was found t h a t  t h e  

SESC f r a c t i o n s  s t i l l  c&tained 'considerable  amounts o f  s i l ica  g e l  

p a r t i c l e s .  A s  a r e s u l t ,  t h e  gravimetr ic  de terminat ion  o f  t h e  frac-  

t i o n s  s t i l l  would be inaccura te  due t o  t h e  presence o f  t h i s  ma te r i a l .  

A l t e r n a t i v e  methods of quan t i fy ing  t h e  amount o f  sampleshave t o  

b e  considered,  . . . I  
Pressure  qel pernieation chrmatoqraphy 

The GPC technique i n  use has  t h e  inconvenience o f  being time- 

consuming. (Taking about 2 t o  4 hours p e r  a n a l y s i s ) .  I n  o rde r  t o  

reduce t h e  time of  a n a l y s i s ,  an Altex p-Spherogel l O O A  s t e r i c  'ex- 

c l u s i o n  chromatography column has  been p u t  i n t o  use. Analysis  

with t h e  new column takes  about 15'minutes.  Figure 11-7 shows t h e  

c a l i b r a t i o n  curve,  us ing  polys tyrene  s tandards  o f  known molecular 

weight, 

Figure 11-8 shows t h e  normalized t r a c e s  from t h e  GPC of  f l a s h  

hydrogenation l i q u i d s ,  o t h e r  coal-derived l i q u i d s  and t a r  sands. 

The a n a l y s i s  i s  very u s e f u l  f o r  comparison purposes although t h e  

molecular weight s c a l e  corresponds t o  t h e  s tandards  used and t h e  

U.V. d e t e c t o r  response w a s  not  cor rec ted .  



Figure 11-7. Calibration of Steric Exclugion 
Chromatography Column (100 A 
p-Spherogel) with Polystyrene 
Standards 



Figure 11-8. Molecular Weight Distribution of Illustrative 
Synthetic Liquids. 

Flash ~ ~ d r o ~ e n a t i o n  Liquid: from PSOC 170 coal 
. at 71S0c, 0.6 sec. v.r.t., 100 atm. H2, The 

City College.. . 

Vacuum Pyrolysis Liquid: from PSOC 170 coal at 
46s0c, P. Solomon, United Technologies Research 
Center. 

Synthoil: U.S. Bureau of Mines. 

Tar Sand: Athabasca ARII, W. Seitzer, Sunoco. 



11 .2  WORK FORECAST FOR THE NEXT OUARTER . 
1 . 

A study of two-stage flash hydrogenation w i l l  be in i t i a ted  , . 

i n  the next quarter. Separate control of devolati l ization , - . .  tew 

perature and hydrocracking temperature adds - .  a degree of freedom 

i n  process optimization.. .. : -. , , 
3 ,. I . . : ,  

1y . ' .  . . , . - ' i  

A carbon cqntent . . analyzer . . . i s  . -  being constructed I .  .. ... i-,... . t o  .analyze . . 

the  samples fr6m the SESC separation. It i s  expected t h a t t h i s  

un i t  w i l l  , s t a r t  yielding resul ts  . , * . .  i n  the nex.t, . . quarter. This . .  . , w i l l  
. 

allow t h e ,  . . use of  ,;SESC , , aid DPC i n  t h e  . , chara.ctatiz~ti .on . L o f .  . . 1iqui .d~ 

from flash hydrogenation, ,,runs, A :  I . . . " , ~. , . ... 



I .- . ' . ,_ .  . . .  . . . . . . .  . .' . I FLASH HYDROLYSIS . . .  
., ' 2  : . . . .  . . .' . III.'l wORK..:AC=OMPLISHEb , ' , .  . . r ,  . , 

. ,. -' 1;. order t o  s t u d y 8  the e f fec t .  of heating r a t e  o n  f lash  hydro- 
. . 

lysis yield; a modific=tf o n  of t h e  e l e c t r i c a l  system 'is required. 

The modification. made during t h i s  quarter ,  cons is t s  of i n t e r  

posing a ' p a i t  6f  GarGbl'e frah'hforniers. between thc  system a id  
. . . . .  . , . . -  

" . '. . . . . .  - .  - ,  
. . ,. ,. . , . , . * _ .  . . . the.. ' i ine. ' 

. - ' 7  

A s  a result '  o f  voltage losses  'in. ;the>& 'transforniers the 
- .  . . . . . . . . . .  . . . . . . .  - 0 . . . . . . . .  . . - m & h k  heating r a t g ' &  limifed t o  250 C p e r ;  second.' '1i1' addi ; ' 

t ion,  each s e t t i n g  of  the l i n e  voltage t ransfomers  requires ' 
a readjustment of var iable  transformer 6 which controls  reactor  

power during the constant temperature period. An extensive s e t  

of ca l ibra t ions  is consequently required t o  es tab l i sh  the se t t ings  

on both sets of transformers fo r  a desired heating r a t e  and a 
desired f i n a l  temperature, each of which can be independently ' . 

. . 
controlled. 

The modification has been ins t a l l ed  and tested. ca l ib ra t ion  

f o r  a reaction temperature of.  8 0 0 ~ ~  have been established. 

111.2 WORK FORECAST FOR NEXT QUARTER 

During the next quar ter  a series of  runs w i l l  be conducted 

establishing the e f f e c t  of heating r a t e  on f lash  hydrolysis 

yield. 



. . . . -  . - 
PREHEAT CIRCUIT REACTOR - 

SWITCH VARIABLE RELAY 

O TRANSFORMER 

@ 0 
.' Figure 111-1. Electrical Schematic of Flash ~ ~ d r o l ~ s ' i s  system Modified 

for Variable. Heating 3ate by .the Addition of,. Ad justabEe 
Transformers 7. 



CONCLUSIONS 

I. HIGH VELOCITY FLUIDIZED BEDS 

1. Bed expansion of a l l  group A powders investigated can be 

described by a modified Richardson-Zaki correla t ion,  Ug/U* = en. . . T 
While U* and n vary predictably with p a r t i c l e  propert ies fo r  known 

T . . 
s i z e  d is t r ibut ion;  it i s  the l a t t e r  parameter t h a t  i s  of udnost '  . . 
importance. changes i n  s i z e  d i s t r ibu t ion  w i l l  have .a profound 

e f f e c t  . . on bed expansion propert ies,  , , ' 

- 2. A l l  three  group A powders used i n  t h i s  , invest igat ion can 
- .  . - 

be described by. the same expansion equation i n  the "dense conveying" 

regime (0.945 < . E < 0.98). It is possible t h a t  because of %he high 
. . 

voidages, a l l  group A powders show the same expansion behavior i n  

th is '  regime, regardless of p a r t i c l e  properties. 

3.  The index n i n  the  modified Richardson-Zal:i approach is 
. ' 2  

thought of as  a measure of the hcnnogeneity of a 'fluidized bed: It, 

i n  the  aggregative, slugging regime, and drops t o  i t s  
. . 

norm'al . .  value , f o r  f ine  powdersi i n  the  turbulent regime (n = 10. i n  

the. slugging regime, n = 5 i n  the turbulent regime). 

. 4, ~ i g h  values of the exponent n were thought of as  anoma- 

lous i n  the  reported l i t e r a t u r e  f o r  f ine  powders, and Capes (1974) 

presented a method t o  explain them 'by considering p a r t i c l e  aggrega- 

tijon.' A s imilar  approach by Yerushalmi i s  shown t o  give estimates 

of c l u s t e r  voidage, The c l u s t e r  voidage i n  the turbulent regime.is  . , 

shown :to be c lose t o  minimum f lu id iza t ion  voidage. In  the f a s t  'bed 

t h e ' c l u s t e r  voidage depends on so l id  r a t e  and does not change much 

with gas velocity. " ~ q u i v a l e n t "  c l u s t e r  diameters a r e  a l s o  calcu- 

l a t ed  from the exponent n and they show an order of magnitude .. ' 

agreement t o  c l u s t e r  diameter calculated by o ther  methods. 

5.  While the index n is  not a function of s i i e  d is t r ibut ion ,  

U* (thought t o  represent the e f fec t ive  c l u s t e r  terminal velocity) 
T 

is. This e f fec t ive  c l u s t e r  velocity, calculated from the experimental 



r e s y l t s ,  i s  shown t o  throw some l i g h t  on the phenomenon of c l u s t e r  

ing. Clustering i s  shown t o  be a complex dynamic phenomenon. Part- 

i c l e s  move i n  and out  of c lus t e r s  rapidly and..thus c lus te r s  cannot 

be thought of a s  "hard spheres" of the equivalent . . .  c lus te r  diameter, 

except a t  the  lower end of the f a s t  f lu id iza t ion  regime, A t  the  
n 

l a t t e r  point  the  average s l i p  velocity i s  shown t o  equal C u*, 
T 

thus supporting the  "hard sphere" model. A s  the gas velocity is 

ra ised,  the c l u s t e r s  arc' thought t o  have a higher deg'ree of free- 

dom and the s ingle  p a r t i c l e  pruyert ies eome.+nfo play as well, 
n 

causing the average s l i p  veloci ty  t o  be lower than . Uz. The s l i p  
.L 

veloc i ty  peaks i n  the .  dense .canveyinq ragiqe, and ic thought .to 

approach the s ingle  p a r t i c l e  terminal veloc.i,ty as the voidage 
\ . 

approaches unity,  A uniform suspension does not seem 

t o  form with f ine  powders even a t  very high . ,  , voi@qges, and  so instead 

'slip . . 
27 u < U (hindered s e t t l i n g )  , one always. observes Usl ip  , T. 

T 
In  o ther  words, while U; serves as khe lower..:Iimit t o  the s l i p  velo- 

I 

c i t y  i n  the f a s t  and dense conveying regimes,: E"U* is the higher 
T 

l i m i t ,  This i s  thought of as  representative of the dual nature of 

c l u s t e r s :  as "hard spheres (cU;) qnd ao single par t i c l e s  (uT). 

11. FLASH HYDROGENATION 

2 .  Y i e l d s  from U.S. coals ranging from l i g n i t e  through 

bitumingus a r e  correlated to  within experimental accuracy by l inear  

re la t ions  i n  two independent variables. These c o r r e l a t ~ o n s  a re  

l i s t e d  in Table 11-1. 

2. Exiil ite i n  a promoter for  the formation of heavy l iquids . - 
from other maceralp. 

3 .  Plash hydrogenation l iquids a re  predominantly i n  the 90 

t o  400 molecular weight range. 

111. FLASH . . HYDROLYS-IS . .  . . 

None t h i s  quar ter .  




