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The report is complementary to the first report on this project, 
AMDL Report 243. It describes experimental work and considerations of 
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reopening the investigation at a future date, as all of the experimental work 
has demonstrated that the chemistry of the process is well founded. 
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ABSTRACT 

This report is an account of work carried out 
as part of an investigation of a process for extracting 
titanium dioxide from ilmenite sands. 

The process makes use of reaction between, 
chlorine and oxidised ilmenite to produce ferric oxide 
and titanium dioxide as separate products of high purity. 

Details are given of experiments carried out to 
measure rates at which chlorine reacts with oxidised 
ilmenite and of the application of the data to the pre-
liminary design of a large scale chlorination reactor. 
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1. INTRODUCTION 

T h e p r o c e s s which w a s t h e s u b j e c t of t h i s i n v e s t i g a t i o n c o m p r i s e d 
a s e q u e n c e of t h r e e c h e m i c a l r e a c t i o n s . 

I l m e n i t e is f i r s t o x i d i s e d wi th a i r at h igh t e m p e r a t u r e to c o n v e r t 
f e r r o u s oxide t o f e r r i c oxide a c c o r d i n g to r e a c t i o n (1) 

4 F e O . TiO z + 0 2 * 2 F e 2 0 3 . T i 0 2 + 2TiO z (1) 

T h e ox id i s ed i l m e n i t e i s t r e a t e d with c h l o r i n e t o r e m o v e t h e i r o n 
a s v o l a t i l e f e r r i c c h l o r i d e and l e a v e a so l id t i t a n i u m d ioxide r e s i d u e . 

2 F e 2 0 3 . T i 0 2 + 2TiO z + 6C12:'«-5b 4 F e C l 3 + 3 Oz + 4 T i 0 2 (2) 

The f e r r i c c h l o r i d e and oxygen p r o d u c e d in the c h l o r i n a t i o n 
r e a c t i o n a r e coo led t o ' a s u i t a b l e t e m p e r a t u r e , w h e r e b y f e r r i c oxide i s 
d e p o s i t e d and c h l o r i n e i s r e l e a s e d f o r r e t u r n t o the c h l o r i n a t i o n s t a g e . 

4 F e C l 3 + 30 2 2 F e 2 0 3 + 6 Cl2 (3) 

F l u i d i s e d bed r e a c t o r s w e r e s e l e c t e d f o r bo th the ox ida t ion and 
c h l o r i n a t i o n r e a c t i o n s . The m a i n c o n s i d e r a t i o n s which l ed t o t h i s choice., 
w e r e : ' 

i. t he p a r t i c l e s i z e d i s t r i b u t i o n of b e a c h s and i l m e n i t e s 
w a s s u i t a b l e f o r f l u i d i s a t i o n , 

i i . t he p a r t i c l e s did riot a p p e a r t o b r e a k up d u r i n g e i t h e r 
. ^ r e a c t i o n , 

i i i . . good con tac t could be ob ta ined b e t w e e n r e a c t i n g 
s o l i d s and g a s e s , and 

iv. f l u i d i s e d bed r e a c t o r s , h a v i n g no m o v i n g p a r t s , 
m i g h t f a i r l y r e a d i l y be c o n s t r u c t e d in s u i t a b l e hea t 
and c o r r o s i o n r e s i s t a n t m a t e r i a l s . 

F o r t h e s u c c e s s f u l o p e r a t i o n of t h e p r o c e s s , both t h e ox ida t i on of 
i l m e n i t e and t h e c h l o r i n a t i o n of o x i d i s e d i l m e n i t e m u s t be s u b s t a n t i a l l y 
comple ted 

= Ox ida t i on of i l m e n i t e m u s t a p p r o a c h c o m p l e t i o n to r e d u c e the 
add i t i on of p u r e oxygen t o the. c y c l i c s y s t e m t o an e c o n o m i c m i n i m u m . 

, At t h i s s t a g e t h e o p t i m u m g r a d e of p r o d u c t f r o m t h e ox ida t ion r e a c t i o n 
cannot be p r e d i c t e d . 

C h l o r i n a t i o n m u s t be s u f f i c i e n t l y c o m p l e t e t o . r e d u c e t h e f e r r i c 
oxide content of ox id i sed i l m e n i t e f r o m about 50 p e r cent t o be low 0. 5 p e r 
cent which i s t h e m a r k e t s p e c i f i c a t i o n for. m i n e r a l r u t i l e . T h e t i t a n i a 
p r o d u c t m u s t t h e r e f o r e be at l e a s t 99. 5 p e r cent r e a c t e d . 

F l u i d i s e d bed r e a c t o r s a r e e x t e n s i v e l y u s e d in t h e p e t r o l e u m 
i n d u s t r y f o r c a t a l y t i c v a p o u r p h a s e r e a c t i o n s and t h e y a r e in l i m i t e d u s e in 
v a r i o u s c h e m i c a l i n d u s t r i e s f o r d r y i n g , r o a s t i n g and ca lc in ing , o p e r a t i o n s 
(Anon . 1 1954, Anon2 1958, Anon 3 1962, K i t e and R o b e r t s 1947, L a b i n e I960 
Whi te and K i n s e l l a 1952)( a ) . 

(a) A l l r e f e r e n c e s a r e l i s t e d in Sec t ion 10 " L i t e r a t u r e R e f e r e n c e s " . 
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F l u i d i s e d bed r e a c t o r s have not un t i l now b e e n u s e d t o p r o d u c e t h e 
d e g r e e of r e a c t i o n in t h e so l id p r o d u c t s r e q u i r e d in t h i s p r o c e s s . A s u r v e y 
of a v a i l a b l e l i t e r a t u r e h a s d i s c l o s e d no s u i t a b l e m e t h o d of r e a c t o r d e s i g n . 
C o n s e q u e n t l y a m a t h e m a t i c a l a n a l y s i s of f l u i d i s e d bed r e a c t o r s y s t e m s h a s 
b e e n u n d e r t a k e n and a s c h e m e f o r r e a c t o r d e s i g n h a s b e e n d e v i s e d and h a s 
b e e n r e p o r t e d e l s e w h e r e ( K e t t e r i d g e , 1962). 

E x p e r i m e n t a l work , s u b s e q u e n t l y c a r r i e d out t o d e t e r m i n e t h e r a t e 
at which t h e c h l o r i n a t i o n r e a c t i o n p r o c e e d s , f o r m s the s u b j e c t of t h i s r e p o r t . 
R e a c t i o n r a t e da t a have b e e n c o r r e l a t e d wi th s i g n i f i c a n t v a r i a b l e s and t h e 
r e s u l t i n g r e l a t i o n s h i p s u s e d in p r e l i m i n a r y d e s i g n s f o r l a r g e s c a l e f l u i d i s e d 
bed c h l o r i n a t i o n r e a c t o r s . 

2. SUMMARY 

T h e p o s s i b i l i t y of c h l o r i n a t i n g o x i d i s e d i l m e n i t e in a f l u i d i s e d bed 
r e a c t o r h a s b e e n d e m o n s t r a t e d . 

P r e c a u t i o n s w e r e n e c e s s a r y t o p r e v e n t t h e f l u i d i s e d bed f r o m 
s i n t e r i n g and t o p r e v e n t e n t r a i n m e n t in t h e g a s s t r e a m of r u t i l e p r o d u c e d 
d u r i n g c h l o r i n a t i o n . 

It w a s found tha t 1100°C w a s a s u i t a b l e c h l o r i n a t i o n t e m p e r a t u r e 
and t h a t c h l o r i n e g a s f lows of b e t w e e n 8 and 12 t i m e s t h e m i n i m u m f l u i d i s -
ing v e l o c i t y at t h i s t e m p e r a t u r e p r e v e n t e d s i n t e r i n g without c a u s i n g s i g n i f i c a n t 
l o s s e s by e n t r a i n m e n t . 

At 1100°C, t h e m a x i m u m c o n v e r s i o n of c h l o r i n e t o f e r r i c c h l o r i d e 
t o b e e x p e c t e d in a con t inuous ly f ed s y s t e m w a s shown t o be about 40 p e r cen t . 
At h i g h e r t e m p e r a t u r e s t h i s v a l u e would be g r e a t e r , but t h e t e n d e n c y t o 
s i n t e r a l s o would i n c r e a s e . T h e m a x i m u m t e m p e r a t u r e w a s t h e r e f o r e 
l i m i t e d t o 1100°C. 

C h l o r i n a t i o n e x p e r i m e n t s wi th d i f f e r e n t c h l o r i n e f low r a t e s and 
d i f f e r e n t bed dep ths showed tha t an . i n c r e a s e d gas v e l o c i t y i n c r e a s e d t h e 
r a t e of r e a c t i o n but r e d u c e d t h e c h l o r i n e c o n v e r s i o n . H o w e v e r , l o n g e r 
con t ac t t i m e b e t w e e n c h l o r i n a t i o n g a s and f l u i d i s e d s o l i d s in d e e p e r b e d s 
i n c r e a s e d c h l o r i n e c o n v e r s i o n . Both r e a c t i o n r a t e and c h l o r i n e c o n v e r s i o n 
could be i n c r e a s e d by u s i n g h i g h e r c h l o r i n e f low r a t e s , up t o t h e l i m i t of 
12 t i m e s t h e m i n i m u m f l u i d i s i n g ve loc i t y , and by u s i n g d e e p ' f l u i d i s e d b e d s 
t o c o m p e n s a t e f o r t h e high f low r a t e s of c h l o r i n e . 

A s e r i e s of t e s t s w a s p e r f o r m e d which showed t h a t , w i t h i n t h e s i z e 
r a n g e of t h e i l m e n i t e t e s t e d , t h e i n h u e n c e of p a r t i c l e s i z e upon t h e r a t e of 
c h l o r i n a t i o n w a s not g r e a t . The e r r o r i n t r o d u c e d by a s s u m i n g tha t t h e 
f e e d w a s c o m p o s e d of u n i f o r m a v e r a g e s i z e d p a r t i c l e s w a s not s i g n i f i c a n t . 

C h l o r i n a t i o n e x p e r i m e n t s conduc t ed with m i x t u r e s of o x i d i s e d 
i l m e n i t e and c h l o r i n a t e d p r o d u c t have shown tha t t h e r e a c t i o n r a t e i n c r e a s e d 
a s t h e p r o p o r t i o n of i l m e n i t e in t h e c h a r g e d e c r e a s e d , but t h i s e f f e c t w a s 
a c c o m p a n i e d by a d e c l i n e in t h e p e r c e n t a g e of c h l o r i n e u t i l i z e d . 

T h e da ta f r o m t h e s e e x p e r i m e n t s have b e e n c o r r e l a t e d on an 
e m p i r i c a l b a s i s . T h e c o r r e l a t i o n . h a s b e e n u s e d to p r e d i c t bo th t h e ex ten t 
of r e a c t i o n in s m a l l , c o n t i n u o u s l y fed , f l u i d i s e d bed r e a c t o r s and a l s o 
the- r e s u l t i n g c h l o r i n e c o n v e r s i o n . 



E x p e r i m e n t s w e r e t h e n conduc ted wi th a 2 - s t a g e , f l u i d i s e d bed 
r e a c t o r , t h e b o t t o m s t a g e of which w a s fed c o n t i n u o u s l y wi th o x i d i s e d 
i l m e n i t e and c h l o r i n e whi le t h e t op s t a g e con ta ined a b a t c h c h a r g e of 
o x i d i s e d i l m e n i t e which w a s t r e a t e d wi th the g a s e o u s c h l o r i n a t i o n p r o d u c t s 
f r o m t h e b o t t o m s t a g e . T h e i n f l u e n c e of c h l o r i n a t i o n g a s c o m p o s i t i o n on 
t h e r a t e of r e a c t i o n w a s t h e r e b y s t u d i e d . 

T h e c h l o r i n e c o n v e r s i o n s p r e d i c t e d f o r v a r i o u s f low r a t e s in t h e 
b o t t o m s t a g e w e r e c o n f i r m e d . T h e v a r i a b i l i t y in the c o m p o s i t i o n of t h e s e 
g a s e o u s p r o d u c t s in t h e e a r l y s t a g e s of con t inuous c h l o r i n a t i o n t e s t s i s 
d i s c u s s e d and t h e n e c e s s i t y f o r e n s u r i n g a s t e a d y v a l u e f o r c h l o r i n e c o n v e r -
s i o n in t h e l o w e r s t a g e h a s b e e n d e m o n s t r a t e d . 

F i n a l l y , da t a f r o m t h e c h l o r i n a t i o n t e s t s wi th v a r i a b l e c h l o r i n a t i o n 
g a s c o m p o s i t i o n s h a v e b e e n c o r r e l a t e d . An a p p r o x i m a t e c o r r e l a t i o n h a s 
b e e n a c c e p t e d in o r d e r t o s i m p l i f y t h e r e l a t i o n s h i p and s o r e d u c e t h e m a g -
n i t u d e of s u b s e q u e n t des ign , c a l c u l a t i o n s . 

On t h e b a s i s of da ta ga ined in s m a l l s c a l e f l u i d i s e d bed e x p e r i m e n t s , 
p r e l i m i n a r y d e s i g n c a l c u l a t i o n s fo r . i n d u s t r i a l s c a l e r e a c t o r s h a v e b e e n 
p e r f o r m e d . 

T h e s e c a l c u l a t i o n s showed tha t t h e h o l d - u p of o x i d i s e d i l m e n i t e 
in a f l u i d i s e d bed r e a c t o r could be m a r k e d l y r e d u c e d by i n c r e a s i n g t h e 
n u m b e r of s t a g e s f r o m 1 to 3. 

M u l t i p l e s t a g e r e a c t o r s h a v e b e e n c o n s i d e r e d wi th the s t a g e s 
a r r a n g e d h o r i z o n t a l l y o r v e r t i c a l l y . 

In o r d e r t o r e t a i n a p r a c t i c a b l e dep th of f l u i d i s e d bed, no m o r e t h a n 
t w o s t a g e s w e r e shown t o b e n e c e s s a r y in t h e c h l o r i n a t i o n r e a c t o r . T h e 
b e s t a r r a n g e m e n t a p p e a r e d t o be a h o r i z o n t a l l y a r r a n g e d 2 - s t a g e r e a c t o r 
wi th the f i r s t s t a g e abou t 20 t i m e s l a r g e r t h a n t h e s e c o n d . 

F i n a l l y t h e n e c e s s a r y r a t e s of hea t t r a n s f e r t o . t h e r e a c t o r t o 
s u p p l y the h e a t c o n s u m e d by the e n d o t h e r m i c c h l o r i n a t i o n r e a c t i o n h a v e b e e n 
c a l c u l a t e d . 

T w o m e t h o d s of s u p p l y i n g t h e hea t h a v e b e e n c o n s i d e r e d . 
T h e f i r s t h a s b e e n t h e c o n s t r u c t i o n of a f l u i d i s e d bed r e a c t o r wi th 

a c o m b u s t i o n c h a m b e r a r o u n d t h e o u t s i d e . In v i e w of t h e h igh r e a c t i o n 
t e m p e r a t u r e and of t h e c o r r o s i v e n a t u r e of the c h l o r i n a t i o n g a s e s , c o n s t r u c -
t i o n of a s u i t a b l e i m p e r v i o u s r e a c t o r would be d i f f i c u l t . T h e t e m p e r a t u r e 
d i f f e r e n t i a l n e c e s s a r y t o t r a n s f e r s u f f i c i e n t h e a t t h r o u g h t h e w a l l s of s u c h 
a r e a c t o r is s o g r e a t t h a t t h e s y s t e m . i s not p r a c t i c a b l e . 

The a l t e r n a t i v e m e t h o d c o n s i d e r e d w a s to w i t h d r a w s o l i d s f r o m t h e 
f l u i d i s e d bed con t i nuous ly , s u p e r h e a t t h e s t r e a m of p a r t i a l l y r e a c t e d 
m a t e r i a l and r e t u r n it t o t h e c h l o r i n a t i o n r e a c t o r . W i t h d r a w a l of m a t e r i a l 
f r o m and r e t u r n of s u p e r h e a t e d m a t e r i a l t o the c h l o r i n a t i o n r e a c t o r , at t h e 
t e m p e r a t u r e s r e q u i r e d t h r o u g h . g a s - t i g h t s e a l s , would not be s i m p l e . 
T h e r e c i r c u l a t i n g load n e c e s s a r y t o t r a n s f e r s u f f i c i e n t h e a t by t h i s m e a n s 
would be of t h e o r d e r of 10 t i m e s t h e f e e d r a t e . 

T h e c o n c l u s i o n w a s tha t t h e r e i s no p r a c t i c a l m e t h o d of s u p p l y i n g 
h e a t t o a c h l o r i n a t o r of s i g n i f i c a n t l y l a r g e c a p a c i t y . 

F u r t h e r c h l o r i n a t i o n e x p e r i m e n t s wi th l a r g e s c a l e e q u i p m e n t a r e 
t h e r e f o r e not j u s t i f i e d . 
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M A T E R I A L EXAMINED 

T h e i l m e n i t e c a m e f r o m dune d e p o s i t s on S t r a d b r o k e I s l a n d , 
Q u e e n s l a n d . The s a m p l e a s r e c e i v e d , w a s c o n t a m i n a t e d wi th s i l i c a t e s 

• and w a s c l e a n e d by m a g n e t i c s e p a r a t i o n with a c r o s s - b e l t m a g n e t i c s e p a r a t o r . 
T h e c o n c e n t r a t e p r o d u c e d had t h e fo l lowing c h e m i c a l c o m p o s i t i o n and 
p a r t i c l e s i z e d i s t r i b u t i o n : 

C h e m i c a l A n a l y s i s 

S p e c i f i c G r a v i t y 

M a t e r i a l 4 . 7 
Bu lk 2. 5 

% 
F e r r o u s oxide 3 1 . 6 
F e r r i c oxide 1 4 . 4 
T i t a n i u m d iox ide 50. 1 
C h r o m i c oxide 0 . 1 8 

. S c r e e n A n a l y s i s 
M e s h % 
BSS 
+ 52 0. 7 

52 + 72 2. 2 
72 + 100 2 3 . 9 

100 + 150 53. 4 
150 + 200 18. 8 
200 1 . 0 

1 0 0 . 0 

4. A N C I L L A R Y M A T E R I A L S 

T h e c h l o r i n e u s e d in t h e s e e x p e r i m e n t s w a s c o m m e r c i a l g r a d e 
l iqu id c h l o r i n e p u r c h a s e d in s t e e l c y l i n d e r s . . T h e c o m m e r c i a l g a s w a s 
r e p o r t e d t o con ta in in e x c e s s of .99. 9 p e r cen t c h l o r i n e on a v o l u m e t r i c 
b a s i s . 

5. E Q U I P M E N T 

Two t y p e s of f l u i d i s e d bed r e a c t o r w e r e u s e d f o r t h i s w o r k . 
B o t h w e r e c o n s t r u c t e d f r o m l e n g t h s of 3 - i n c h n o m i n a l b o r e s i l i c a t ub ing . 

One was a s i n g l e s t a g e r e a c t o r u s e d . f o r c h l o r i n a t i o n of b a t c h 
c h a r g e s of o x i d i s e d i l m e n i t e . T h e o t h e r w a s a 2 - s t a g e r e a c t o r in which 
o x i d i s e d i l m e n i t e in t h e b o t t o m s t a g e w a s c o n t i n u o u s l y fed and d i s c h a r g e d 
whi le a b a t c h c h a r g e w a s t r e a t e d in t h e top . 
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The r e a c t o r s a r e i l l u s t r a t e d d i a g r a m m a t i c a l l y in F i g u r e s . A - 1 and 
• A - 2 of Append ix A. 

A g a s f i r e d c y l i n d r i c a l f u r n a c e w a s u s e d t o h e a t t h e s i n g l e s t a g e 
r e a c t o r s . Two oil f i r e d f u r n a c e s , one above, t h e o t h e r , w e r e u s e d . f o r 
h e a t i n g t h e 2 - s t a g e r e a c t o r s . 

T h e r e a c t o r s , t h e gas and oil f i r ed , f u r n a c e s and s u c h a n c i l l a r y 
e q u i p m e n t a s c h l o r i n e supp ly a n d . m e t e r i n g e q u i p m e n t , s c r e w f e e d e r s , 
r o t a r y p r e s s u r e s e a l s and r e a c t o r d i s c h a r g i n g e q u i p m e n t have b e e n . d e s c r i b e d 
in d e t a i l by N o r d i n (1961). 

.6. . E X P E R I M E N T A L P R O C E D U R E S AND R E S U L T S 

T h e t e c h n i q u e s u s e d in t h e s e e x p e r i m e n t s h a v e a l s o b e e n d e s c r i b e d 
in d e t a i l by N o r d i n (1961) and only a b r i e f ou t l ine i s r e p o r t e d h e r e . 

O x i d i s e d i l m e n i t e w a s p r e p a r e d by f l u i d i s i n g i l m e n i t e wi th a i r at 
1000°C. C h a r g e s of 1 0 0 0 . g r a m s w e r e f l u i d i s e d in a 3 - i n c h d i a m e t e r r e a c t o r 
wi th an a i r f low of 0. 019 g r a m s p e r s q u a r e inch of c r o s s s e c t i o n p e r s e c o n d 
f o r p e r i o d s in e x c e s s of 2 h o u r s , u n d e r which cond i t i ons t h e i l m e n i t e w a s 
c o m p l e t e l y o x i d i s e d . 

C h l o r i n a t i o n t e s t s , w e r e conduc ted wi th o x i d i s e d i l m e n i t e . Weighed 
c h a r g e s w e r e f l u i d i s e d wi th a i r and b r o u g h t up t o t e m p e r a t u r e b e f o r e 
chang ing t h e f l u i d i s i n g g a s to c h l o r i n e and c o m m e n c i n g t h e t e s t s . 

. S m a l l s a m p l e s w e r e d r a w n . f r o m , t h e f l u i d i s e d bed a t t i m e d i n t e r v a l s 
and a s s a y e d f o r i r o n con ten t , t h e r e b y p r o v i d i n g a m e a n s of fo l lowing t h e 
c o u r s e of the c h l o r i n a t i o n r e a c t i o n . 

T h e d e g r e e of r e a c t i o n of a c h a r g e of o x i d i s e d i l m e n i t e , u s e d a s 
a m e a s u r e of t h e p r o g r e s s of t h e r e a c t i o n , i s d e f i n e d a s t h e m a s s of i r o n 
ox ide which h a s b e e n r e m o v e d by r e a c t i o n wi th c h l o r i n e e x p r e s s e d a s a 
f r a c t i o n of t h e i r o n oxide content of t h e o r i g i n a l c h a r g e . 

T h i s f a c t o r w a s c a l c u l a t e d t a k i n g in to a c c o u n t t h e l o s s i n .we igh t 
of t h e c h a r g e a s the t e s t p r o c e e d e d . 

(a) 
le t a - i n i t i a l c o n c e n t r a t i o n F e 2 0 3 

b = i n i t i a l c o n c e n t r a t i o n T i O / b ) 
at - c o n c e n t r a t i o n of F e 2 0 3 at t i m e " t " 
x = m a s s of F e 2 0 3 p e r uni t m a s s of o r i g i n a l 

c h a r g e c h l o r i n a t e d in t i m e " t " 
C h l o r i n a t i o n of uni t m a s s (a + b = 1) of c h a r g e f o r . t i m e " t " l e a v e s 

a r e s i d u e c o n t a i n i n g 

F e 2 0 3 a - x 
FeO z b 

Sum 1 - x 

(a) C o n c e n t r a t i o n i s e x p r e s s e d a s m a s s f r a c t i o n . 
(b) F o r t h e p u r p o s e of t h i s c a l c u l a t i o n , t h e c o n c e n t r a t i o n of T i 0 2 i s t a k e n 

t o i n c l u d e a l l m a t e r i a l s o t h e r t h a n F e 2 0 3 . 
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C o n c e n t r a t i o n of f e r r i c oxide at t i m e " t " i s t h e r e f o r e 

a t s a - x 
1 - x 

D e g r e e of r e a c t i o n 
_ a . - at 

a ' a ( l - - at) 

The f r a c t i o n of c h l o r i n e p a s s i n g t h r o u g h t h e c h a r g e u t i l i z e d in . t he 
p r o d u c t i o n of f e r r i c c h l o r i d e w a s t h e n c a l c u l a t e d in a c c o r d a n c e wi th r e a c t i o n 
(2) f r o m t h e m a s s f low of c h l o r i n e , t he m a s s of c h a r g e , t h e i n i t i a l c o n c e n -
t r a t i o n of f e r r i c oxide and t h e d e g r e e of r e a c t i o n . 

2 F e 2 0 3 . T i 0 2 + 2TiO z + 6C12 ^ 4 F e C l 3 + 30 2 + 4TiO z (2) 

T h e r e s u l t s of c h l o r i n a t i o n t e s t s c a r r i e d out by t h i s p r o c e d u r e 
a r e g iven in Append ix B, T a b l e s B - l t o B - 2 0 and F i g u r e s B - l t o B - 2 0 . 

In o r d e r t o e x a m i n e t h e i n f l u e n c e of c h l o r i n a t i o n gas c o m p o s i t i o n 
on t h e r a t e of ch lo r i na t i on , a s h o r t s e r i e s of t e s t s w a s c a r r i e d out wi th t h e 
2 - s t a g e f l u i d i s e d bed c h l o r i n a t i o n r e a c t o r i l l u s t r a t e d in Append ix .A 
F i g u r e A - 2 . The b o t t o m s t a g e of t h e r e a c t o r w a s c o n t i n u o u s l y f ed a t 
c o n t r o l l e d . f l o w . r a t e s wi th o x i d i s e d i l m e n i t e and t h e c h l o r i n a t e d p r o d u c t w a s 
c o n t i n u o u s l y r e m o v e d . C h l o r i n e g a s w a s f ed t o the b o t t o m s t a g e and the 
c h l o r i n a t i o n g a s e s p r o d u c e d p a s s e d u p w a r d s t o f l u i d i s e and r e a c t wi th a 
b a t c h c h a r g e of ox id i s ed i l m e n i t e in t h e u p p e r s t a g e . By r e g u l a t i n g t h e 
r a t e at which o x i d i s e d i l m e n i t e w a s fed t o the b o t t o m s t a g e , and m a i n t a i n i n g 
t h e c h l o r i n e f low r a t e at a c o n s t a n t l e v e l , t he c o m p o s i t i o n of t h e c h l o r i n a t i o n 
g a s e s p r o d u c e d in the b o t t o m s t a g e could be c o n t r o l l e d . D e t a i l s of t h e 
t e c h n i q u e s adop ted in t h e s e e x p e r i m e n t s h a v e b e e n d e s c r i b e d by N o r d i n (1961). 

The d e g r e e of r e a c t i o n of t h e s o l i d s in the b o t t o m s t a g e w a s d e t e r -
m i n e d by c o m p a r i n g t h e c h e m i c a l a n a l y s i s of the o x i d i s e d i l m e n i t e f e e d wi th 
tha t of t h e c h l o r i n a t e d p r o d u c t . T h e c o m p o s i t i o n of the c h l o r i n a t i o n g a s e s 
p r o d u c e d in t h e b o t t o m s t a g e w a s t h e n c a l c u l a t e d in a c c o r d a n c e wi th r e a c t i o n 
(2) f r o m t h e f e e d r a t e s of c h l o r i n e and of o x i d i s e d i l m e n i t e and f r o m . t h e 
e x t e n t of r e a c t i o n of t h e ox id i s ed i l m e n i t e . 

T h e d e g r e e of r e a c t i o n in t h e t op s t a g e w a s c a l c u l a t e d in t h e s a m e 
m a n n e r a s p r e v i o u s l y f o r e x p e r i m e n t s wi th the s i n g l e s t a g e r e a c t o r . 

The r e s u l t s f o r t h e s e e x p e r i m e n t s a r e p r e s e n t e d in T a b l e s B - 2 1 
t o B - 2 4 and in F i g u r e s B - 2 1 t o B - 2 4 in Append ix B . 

7. DISCUSSION O F R E S U L T S 

E x p e r i m e n t , had shown tha t a r i s i n g a i r v e l o c i t y of about 1. 3 
i n c h e s p e r s e c o n d w a s n e c e s s a r y at r o o m t e m p e r a t u r e t o f l u i d i s e the 
i l m e n i t e s a n d s u s e d in t h i s w o r k . 

L e v a et a l (1951) ob ta ined an e x p r e s s i o n f o r c a l c u l a t i n g t h e 
m i n i m u m g a s v e l o c i t y n e c e s s a r y t o f l u i d i s e a g r a n u l a r so l i d . F o r a p a r t i c u -
l a r , g r a n u l a r so l i d , t h i s e x p r e s s i o n m a y be r e d u c e d t o the fo l lowing 
p r o p o r t i o n a l r e l a t i o n s h i p . 



Gm.f : d / u 

w h e r e G m f s m i n i m u m m a s s f low of gas f o r f l u i d i s a t i o n 

d = gas d e n s i t y 

u a gas v i s c o s i t y 

Va lue s f o r the d e n s i t y and v i s c o s i t y of a i r at r o o m t e m p e r a t u r e 
a r e a v a i l a b l e f r o m H i n s e l r a t h et a l (1955) and s i m i l a r da t a f o r c h l o r i n e 
a r e a v a i l a b l e f r o m P e r r y (1950). The m i n i m u m f l u i d i s i n g v e l o c i t y .of r o o m 
t e m p e r a t u r e f o r c h l o r i n e can t h e r e f o r e be c a l c u l a t e d . 

T o e s t i m a t e t h e m i n i m u m f l u i d i s i n g v e l o c i t y at h igh t e m p e r a t u r e s , 
t h e d e n s i t y f o r c h l o r i n e h a s b e e n c a l c u l a t e d a s s u m i n g t h a t c h l o r i n e b e h a v e s 
a s a p e r f e c t g a s and the v i s c o s i t y h a s b e e n c a l c u l a t e d wi th a v a l u e f o r t h e 
S u t h e r l a n d c o n s t a n t t a k e n f r o m P e r r y (1950). 

T h e fo l lowing e x p r e s s i o n w a s - e b t a i n e d : 

h 325 + T [ 2 9 8 \ ^ (g) ( i n . ) " 2 ( s e c ) ' 1 

s 7281 ^ T ] 

w h e r e T = degre ies K e l v i n 

F l u i d i s e d b e d s of ox id i s ed i l m e n i t e t e n d e d t o s i n t e r at h igh t e m p -
e r a t u r e s . ; F o r t h i s r e a s o n t h e m i n i m u m f l u i d i s i n g gas v e l o c i t y could not 
be m e a s u r e d at h igh t e m p e r a t u r e s in o r d e r t o c h e c k t h e above e x p r e s s i o n . 

The t e n d e n c y f o r o x i d i s e d i l m e n i t e t o s i n t e r at h igh t e m p e r a t u r e s 
w a s m o s t n o t i c e a b l e at t he beg inn ing of a c h l o r i n a t i o n t e s t and d e c r e a s e d a s 
t h e t e s t p r o c e e d e d . F u l l y c h l o r i n a t e d m a t e r i a l did not s i n t e r . H o w e v e r , 
a s c h l o r i n a t i o n p r o c e e d e d , r e m o v a l of i r o n ox ide , wh ich c o m p r i s e d about 
50 p e r cent of t h e m a t e r i a l , c a u s e d a r e d u c t i o n in the d e n s i t y of t h e s o l i d 
p a r t i c l e s . T h e s u s c e p t i b i l i t y t o b r e a k a g e by a t t r i t i o n i n g and t o c o n s e q u e n t 
dus t f o r m a t i o n t h e r e f o r e i n c r e a s e d . I n c r e a s e d l o s s e s by e n t r a i n m e n t in 
t h e gas s t r e a m t h e n fo l lowed . 

A c h l o r i n e f low r a t e of b e t w e e n 8 and 1 2 t i m e s t h e m i n i m u m 
f l u i d i s i n g gas f low r a t e c a l c u l a t e d by the above f o r m u l a w a s a s u i t a b l e 
f l u i d i s i n g g a s f low. T h i s gas f low r a t e e f f e c t i v e l y p r e v e n t e d s i n t e r i n g 
wi thout c a u s i n g e x c e s s i v e dus t l o s s e s . 

A s e r i e s of f i ve c h l o r i n a t i o n t e s t s w a s p e r f o r m e d t o d e t e r m i n e 
t h e i n f l u e n c e of t e m p e r a t u r e on the r a t e of c h l o r i n a t i o n . 

T e m p e r a t u r e s r a n g e d f r o m 1000°C t o 1175°C. Al l f i ve t e s t s 
w e r e c a r r i e d out in 2 3 / 4 - inch d i a m e t e r f l u i d i s e d bed r e a c t o r s wi th 725 g r a m 
c h a r g e s of ox id i s ed i l m e n i t e to give a uni t r a t i o of bed dep th t o bed d i a m e t e r . 
C h l o r i n e f low r a t e s w e r e m a i n t a i n e d at 0. 043 g r a m p e r s q u a r e inch p e r 
s e c o n d , about e ight t i m e s t h e c a l c u l a t e d m i n i m u m f l u i d i s i n g m a s s v e l o c i t y . • 

T e s t No. 1 w a s c a r r i e d out at t he l o w e s t t e m p e r a t u r e , 1000°C, 
and r e s u l t e d in t h e s l o w e s t r a t e of r e a c t i o n . A f t e r 300 m i n u t e s the r e a c t i o n 
w a s 85 p e r cent c o m p l e t e . In t h e i n i t i a l s t a g e s of t h e t e s t , c h l o r i n e u t i l i z a -
t i o n w a s about 15 p e r cen t , and s t e a d i l y d e c r e a s e d a s t h e t e s t p r o g r e s s e d . 
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T e s t No. 2 at 1050°C w a s c o n s i d e r a b l y f a s t e r , 99. 5 p e r cent of t h e 
i r o n b e i n g r e m o v e d f r o m t h e c h a r g e in about 270 m i n u t e s . In t h i s t e s t t h e 
c h a r a c t e r i s t i c d e c r e a s e in the r e a c t i o n r a t e a s t h e t e s t p r o c e e d e d w a s m o r e 
a p p a r e n t t h a n wi th the f i r s t t e s t . G h l o r i n e c o n v e r s i o n w a s i n i t i a l l y about 
22 p e r cent and d e c r e a s e d t o about 11 p e r cen t when t h e r e a c t i o n a p p r o a c h e d 
c o m p l e t i o n . 

T e s t No. 3 at 1100°C showed an e v e n f a s t e r r e a c t i o n r a t e , r e a c h i n g 
99. 8 p e r cent r e a c t i o n in 180 m i n u t e s . T h e in i t i a l and f i n a l c o n v e r s i o n s of 
c h l o r i n e w e r e a p p r o x i m a t e l y 29 and 16 p e r cen t . 

T e s t No. 4 at 1150°C had a g r e a t e r r e a c t i o n . r a t e , r e a c t i n g t o 
99. 8 p e r cent in 120 m i n u t e s . T h e in i t i a l ch lo r ine , u t i l i z a t i o n w a s about 
40 p e r cent and d e c r e a s e d t o a p p r o x i m a t e l y 25 p e r cent on c o m p l e t i o n . 

R e p e a t e d a t t e m p t s t o conduct c h l o r i n a t i o n t e s t s at t e m p e r a t u r e s 
h i g h e r t h a n 1150°C w e r e u n s u c c e s s f u l . T e s t No. 5 at 1175°C c o m m e n c e d 
wi th a r a p i d r e a c t i o n r a t e and h igh c h l o r i n e u t i l i z a t i o n . H o w e v e r t h e 
f l u i d i s e d bed s i n t e r e d in to a so l id m a s s a f t e r 40 m i n u t e s and t h e t e s t could 
not be con t inued . O t h e r a t t e m p t s at 1175°C and 1200°C ended in the s a m e way. 

In g e n e r a l t h e h i g h e r t h e c h l o r i n a t i o n t e m p e r a t u r e t h e g r e a t e r t h e 
u t i l i z a t i o n of c h l o r i n e . H o w e v e r t h e m a x i m u m t e m p e r a t u r e at which 
c h l o r i n a t i o n w a s p r a c t i c a b l e in a f l u i d i s e d bed w a s l i m i t e d by t h e t e n d e n c y 
of t h e m a t e r i a l t o s i n t e r . It w a s a l s o d e s i r a b l e f r o m t h e v iewpoin t of hea t 
e c o n o m y and of f i nd ing s u i t a b l e m a t e r i a l s of c o n s t r u c t i o n t o o p e r a t e the 
r e a c t o r at a s low a t e m p e r a t u r e a s p o s s i b l e . 

A s s e s s m e n t of a l l t he f a c t o r s i n f l u e n c i n g t h e s e l e c t i o n of a s u i t a b l e 
c h l o r i n a t i o n t e m p e r a t u r e i s not p o s s i b l e at t h i s s t a g e , so tha t 1100°C h a s b e e n 
t e n t a t i v e l y s e l e c t e d a s the m o s t s u i t a b l e t e m p e r a t u r e . 

F u r t h e r c h l o r i n a t i o n t e s t s w e r e t h e n conduc t ed at 1100°C t o 
d e t e r m i n e t h e i n f l u e n c e of c h l o r i n e f low r a t e upon t h e r a t e of r e a c t i o n . 

T e s t No. 6 w a s c a r r i e d out u n d e r s i m i l a r cond i t ions t o T e s t No. 3 
e x c e p t t h a t t h e c h l o r i n e f low r a t e w a s i n c r e a s e d t o 0. 0620 g r a m s p e r s q u a r e 
inch p e r s e c o n d o r about 12 t i m e s the c a l c u l a t e d m i n i m u m f l u i d i s i n g v e l o c i t y . 
T h i s r a t e w a s a p p r o x i m a t e l y t h e l i m i t beyond which gas f low could not be 
i n c r e a s e d wi thout c a u s i n g e x c e s s i v e e n t r a i n m e n t l o s s . 

T h e r e a c t i o n r a t e w a s s o m e w h a t f a s t e r wi th the h igh c h l o r i n e 
f low r a t e , 150 m i n u t e s r e a c t i o n t i m e b e i n g n e c e s s a r y t o p r o d u c e an a c c e p t a b l e 
g r a d e of p r o d u c t c o m p a r e d with 180 m i n u t e s f o r T e s t No. 3. 

C h l o r i n e c o n v e r s i o n w a s about the s a m e in t h e i n i t i a l s t a g e s of 
bo th t e s t s , but it d e c r e a s e d a l i t t l e m o r e r a p i d l y wi th t h e high c h l o r i n e f low 
r a t e , b e i n g about 14 p e r cent at c o m p l e t i o n c o m p a r e d with 16 p e r cent f o r 
T e s t No. 3. 

T h e c h l o r i n e f low could not be r e d u c e d m u c h be low t h e l e v e l of 
T e s t No. 3 without at l e a s t p a r t i a l s i n t e r i n g of the f l u i d i s e d bed o c c u r r i n g . 
T o e x a m i n e t h e e f f e c t of r e d u c e d c h l o r i n e f low in r e l a t i o n t o t h e i l m e n i t e 
c h a r g e , T e s t No. 7 w a s c a r r i e d out u n d e r s i m i l a r cond i t ions t o T e s t No. 3 
but wi th a f l u i d i s i n g gas c o n s i s t i n g of a m i x t u r e of c h l o r i n e and n i t r o g e n . 

T h e c h l o r i n e f low w a s r e d u c e d t o about 40 p e r cent and the n i t r o g e n 
f low w a s about 50 p e r cent of t h e c h l o r i n e f low f o r T e s t No. 3. 
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The g a s e o u s v o l u m e change which a c c o m p a n i e d t h e c h l o r i n a t i o n 
r e a c t i o n w a s s m a l l s o tha t d i lu t ion of c h l o r i n e wi th an i n e r t gas had 
r e l a t i v e l y l i t t l e e f f e c t on t h e e q u i l i b r i u m c o m p o s i t i o n of t h e g a s e o u s c h l o r i n a -
t i on m i x t u r e . 

T h e r e a c t i o n r a t e w a s s low, s o m e 330 m i n u t e s b e i n g r e q u i r e d 
f o r r e a c t i o n c o m p a r e d t o 180 m i n u t e s f o r T e s t No. 3. I n i t i a l l y c h l o r i n e 
c o n v e r s i o n w a s h igh, 35 p e r cen t , and d e c r e a s e d t o 21 p e r cen t at c o m p l e t i o n 
c o m p a r e d wi th 28 p e r cent- and 16 p e r cent r e s p e c t i v e l y f o r T e s t No. 3. 

A f u r t h e r t e s t , No. 8, w a s c a r r i e d out u n d e r cond i t i ons s i m i l a r 
t o T e s t No. 3 but wi th /1450 g r a m s , t w i c e . t h e c h a r g e of o x i d i s e d i l m e n i t e . 
T h e r a t e - o f r e a c t i o n w a s m u c h s l o w e r f o r t h i s t e s t t h a n f o r T e s t No. 3, 
about . 300 m i n u t e s b e i n g t a k e n f o r c o m p l e t e r e a c t i o n . T h e i n i t i a l c h l o r i n e 
u t i l i z a t i o n w a s about the s a m e o r a l i t t l e h i g h e r t h a n f o r T e s t No. 3, 28 / 
p e r cen t , but did not d e c r e a s e a s r a p i d l y . At c o m p l e t i o n of t h e r e a c t i o n , 
t he c o n v e r s i o n of c h l o r i n e . h a d f a l l e n t o ' 1 9 . 4 p e r cent c o m p a r e d t o 1 6 . 4 
p e r cent f o r T e s t No. 3. 

R e s u l t s of T e s t No. 8 a r e not s t r i c t l y c o m p a r a b l e wi th t h o s e of 
T e s t s 3 and 6 a s t h e c h a r g e of ox id i sed- i lmen i t . e had b e e n doubled and t h e 
c h l o r i n e f low had r e m a i n e d u n a l t e r e d . H o w e v e r , t he t ype of f l u i d i s a t i o n 
would not h a v e b e e n m u c h a f f e c t e d by t h e i n c r e a s e d bed dep th . Al though 
the gas bubbles , r i s i n g t h r o u g h t h e bed m i g h t have b e e n l a r g e r in t h i s c a s e , 
t h e c h l o r i n a t i o n w a s p r o b a b l y u n a f f e c t e d . 

T h e c o n c l u s i o n s f r o m t h e s e t e s t s w e r e t h a t an i n c r e a s e of the g a s 
v e l o c i t y i n c r e a s e d t h e r a t e of r e a c t i o n but r e d u c e d the c h l o r i n e u t i l i z a t i o n 
s l i g h t l y . H o w e v e r , l o n g e r con tac t t i m e b e t w e e n g a s ; a n d s o l i d s wi th d e e p e r 
b e d s i n c r e a s e d the c h l o r i n e u t i l i z a t i o n . R e a c t i o n r a t e and c h l o r i n e u t i l i z a -
t i o n w e r e both i n c r e a s e d by u s i n g . h i g h e r . g a s f lows and d e e p e r b e d s . 

T h e ex ten t t o which , g a s f low could be i n c r e a s e d w a s l i m i t e d by 
t h e a c c o m p a n y i n g i n c r e a s e in e n t r a i n m e n t l o s s e s . 

T h e ex ten t t o which bed dep th can be i n c r e a s e d and i m p r o v e 
r e a c t i o n r a t e and c h l o r i n e u t i l i z a t i o n i s not known. T h e r e i s a l i m i t on 
how f a r t h i s can p r o f i t a b l y be c a r r i e d b e c a u s e i n c r e a s e d depth i n c r e a s e s 
t h e p r e s s u r e loss, i n c u r r e d by the f l u i d i s i n g g a s in p a s s i n g t h r o u g h t h e bed . 

F u r t h e r t e s t s w e r e p e r f o r m e d t o e x a m i n e the i n f l u e n c e of p a r t i c l e 
s i z e on t h e r a t e of c h l o r i n a t i o n . 

T e s t s w e r e conduc ted in 3 - i n c h d i a m e t e r f l u i d i s e d bed r e a c t o r s , 
in p l a c e of t h e p r e v i o u s 2 3 / 4 - inch r e a c t o r s , and wi th 1000 g r a m c h a r g e s t o 
m a i n t a i n the r a t i o of un i ty b e t w e e n bed depth and d i a m e t e r . 

T w o c h l o r i n a t i o n t iests , 9 and 10, w e r e c a r r i e d out wi th c h a r g e s 
of u n s i z e d o x i d i s e d i l m e n i t e to p r o v i d e a b a s i s of c o m p a r i s o n f o r s u b s e q u e n t 
t e s t s . Bo th w e r e conduc ted with c h l o r i n e f l o w s of 0. 0344 g r a m s p e r s q u a r e 
inch p e r s e c o n d . T h e r e s u l t s for t h e s e t e s t s , T a b l e s B - 9 and B - 1 0 and 
F i g u r e s B - 9 and B - 1 0 , a r e v e r y s i m i l a r . 

T e s t No. 11 w a s c a r r i e d out u n d e r s i m i l a r cond i t ions excep t tha t 
t h e c h a r g e of o x i d i s e d i l m e n i t e w a s a s c r e e n f r a c t i o n of t h e s i z e r a n g e 
m i n u s 52- p l u s 7 2 - m e s h (BSS). T h e r e s u l t w a s a s l i g h t l y l o w e r r a t e of 
c h l o r i n a t i o n and a c o r r e s p o n d i n g l y l o w e r c h l o r i n e u t i l i z a t i o n a t c o m p l e t i o n . 
I n i t i a l l y t h e c h l o r i n e u t i l i z a t i o n w a s the s a m e a s f o r T e s t s 9 and .10, but it 
d e c r e a s e d m o r e r a p i d l y , p r e s u m a b l y a s a r e s u l t of the l o w e r s u r f a c e a r e a 
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of t h e c h a r g e and c o r r e s p o n d i n g l y g r e a t e r t h i c k n e s s of r e a c t e d p r o d u c t f o r m e d 
on t h e s u r f a c e a s the t e s t p r o c e e d e d . 

C h l o r i n a t i o n T e s t No. 12 w a s s i m i l a r excep t t h a t the s i z e f r a c t i o n 
m i n u s 150- p l u s 2 0 0 - m e s h (BSS) w a s u s e d . The f l u i d i s e d bed s i n t e r e d 
a f t e r 80 m i n u t e s and no s i g n i f i c a n t r e s u l t s w e r e ob ta ined . 

T e s t No. 13 w a s s i m i l a r t o No. 12 e x c e p t i n g tha t t h e c h l o r i n e f low 
w a s i n c r e a s e d t o 0. 0383 g r a m s p e r s q u a r e inch p e r s e c o n d , an i n c r e a s e of 
about 10 p e r cen t . T h i s c h a r g e a l s o s i n t e r e d a f t e r 80 m i n u t e s . 

T h e m o s t p r o b a b l e e x p l a n a t i o n of t h i s p h e n o m e n o n w a s t h a t 
a g g r e g a t e s of f i ne m a t e r i a l , f o r m e d d u r i n g f l u i d i s a t i o n , s i n t e r e d in to so l id 
p a r t i c l e s , c o m m e n c i n g a p r o c e s s which did not c e a s e un t i l t h e whole bed w a s 
s i n t e r e d . P r e s u m a b l y wi th u n s i z e d i l m e n i t e c o a r s e p a r t i c l e s a r e p r e s e n t 
in s u f f i c i e n t quan t i t y t o p r e v e n t o r l i m i t t h e ex ten t of t h i s s i n t e r i n g . 

A d i f f e r e n t t e c h n i q u e w a s t h e r e f o r e t r i e d in an a t t e m p t t o e l u c i d a t e 
t h e e f f e c t of p a r t i c l e s i z e . One k i l o g r a m c h a r g e s of ox id i s ed i l m e n i t e w e r e 
c h l o r i n a t e d u n d e r s i m i l a r cond i t ions f o r v a r y i n g p e r i o d s of t i m e , the c h l o r i n a t e d 
p r o d u c t s w e r e s c r e e n e d and t h e v a r i o u s s i z e f r a c t i o n s a s s a y e d f o r i r o n con ten t . 
T h e c h l o r i n e f low w a s he ld at 0. 0441 g r a m s p e r s q u a r e inch p e r s e c o n d w h e n 
c h l o r i n a t i n g e a c h of s i x s a m p l e s , and t h e c h l o r i n a t i o n t i m e s w e r e c h o s e n t o 
a l low s a m p l e s t o be t a k e n a t s u i t a b l e t i m e i n t e r v a l s o v e r a 3 - h o u r p e r i o d . 
R e s u l t s a r e p r e s e n t e d in T a b l e B - 1 4 and F i g u r e B - 1 4 . The i n i t i a l c h l o r i n a -
t i o n r a t e w a s a p p r o x i m a t e l y t h e s a m e f o r a l l s i z e f r a c t i o n s , but the r a t e f e l l 
off m o r e r a p i d l y t o w a r d c o m p l e t i o n of t h e r e a c t i o n wi th c o a r s e p a r t i c l e s t h a n 
wi th f i n e . H o w e v e r , no g r e a t d i f f e r e n c e w a s d i s c e r n a b l e and no s i g n i f i c a n t 
e r r o r was i n t r o d u c e d by i g n o r i n g t h i s e f f e c t and t r e a t i n g t h e ox id i s ed i l m e n i t e 
a s if it w e r e c o m p o s e d of u n i f o r m s i z e p a r t i c l e s . 

A s e r i e s of t e s t s w a s p e r f o r m e d t o m e a s u r e t h e i n f l u e n c e of 
d i lu t ion of i l m e n i t e wi th c h l o r i n a t e d p r o d u c t upon t h e c h l o r i n a t i o n r a t e . 

F i r s t l y two t e s t s w e r e c a r r i e d out wi th 1000 g r a m c h a r g e s of 
o x i d i s e d i l m e n i t e in a 3 - i n c h d i a m e t e r r e a c t o r wi th a c h l o r i n e f low r a t e of 
0. 434 g r a m s p e r s q u a r e inch p e r s e c o n d . R e s u l t s f o r t h e s e t e s t s a r e r e -
p o r t e d in T a b l e s B - 1 5 and B - 1 6 and F i g u r e s B - 1 5 and B - 1 6 . In e a c h c a s e 
180 m i n u t e s w a s r e q u i r e d f o r 99. 5 p e r cent r e a c t i o n . C h l o r i n e u t i l i z a t i o n 
w a s i n i t i a l l y about 33 p e r cent and g r a d u a l l y d e c r e a s e d t o about 19 p e r cent 
at c o m p l e t i o n . 

C h l o r i n a t i o n T e s t No. 17 w a s t h e n c a r r i e d out wi th a c h a r g e 
c o m p r i s i n g 75 p e r cent by v o l u m e of ox id i s ed i l m e n i t e and 25 p e r cen t of 
c h l o r i n a t e d p r o d u c t f r o m a p r e v i o u s t e s t . T h e weight of t h e m i x e d c h a r g e 
w a s 910 g r a m s , g iv ing a bed dep th e q u a l t o t h e d i a m e t e r . 

R e a c t i o n w a s c o m p l e t e in about 120 m i n u t e s . C h l o r i n e u t i l i z a t i o n 
c o m m e n c e d at about 35 p e r cen t and d e c r e a s e d t o 21. 5 p e r cent at c o m p l e t i o n . 

C h l o r i n a t i o n T e s t No. 18 w a s s i m i l a r t o No. 17 excep t t ha t t h e 
p r o p o r t i o n of i l m e n i t e in the c h a r g e w a s r e d u c e d t o 50 p e r cent by v o l u m e . 
R e a c t i o n w a s c o m p l e t e in about 100 m i n u t e s but c h l o r i n e u t i l i z a t i o n s w e r e 
l o w e r t h a n with the p r e v i o u s t e s t . 

F o r T e s t s 19 and 20 c h a r g e s c o n t a i n i n g r e s p e c t i v e l y 25 p e r cent 
and 1 2 . 5 p e r cen t by v o l u m e of o x i d i s e d i l m e n i t e w e r e u s e d . The p e r i o d s 
r e q u i r e d f o r c h l o r i n a t i o n w e r e s u c c e s s i v e l y l e s s and c h l o r i n e c o n v e r s i o n s 
s u c c e s s i v e l y l o w e r , t h a n f o r p r e v i o u s t e s t s in t h e s e r i e s / * ' 
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No r e d u c t i o n in c h l o r i n e c o n v e r s i o n o c c u r r e d when the i l m e n i t e 
conten t of t h e c h a r g e w a s r e d u c e d f r o m I'OO p e r cent t o 75 p e r cent by v o l u m e . 
T h e r e a c t i o n t h e r e f o r e p r o c e e d e d . a t a c o r r e s p o n d i n g l y f a s t e r r a t e . . 

With a c h a r g e con t a in ing 50 p e r cent of o x i d i s e d i l m e n i t e , t he 
r e a c t i o n p r o c e e d e d at a f a s t e r r a t e t h a n f o r 75 p e r cent but t h e c h l o r i n e 
c o n v e r s i o n w a s l o w e r . F u r t h e r d i lu t ion of t h e c h a r g e f u r t h e r r e d u c e d t h e 
r e a c t i o n t i m e and a l s o r e d u c e d t h e c h l o r i n e c o n v e r s i o n . 

T h e f i n a l s e r i e s of t e s t s w a s conduc ted in a 2 - s t a g e v f l u i d i s e d bed 
r e a c t o r . C h l o r i n e w a s fed to t h e b o t t o m s t a g e at t he r a t e of 0. 0443 g r a m s 
p e r s q u a r e inch p e r s e c o n d . O x i d i s e d i l m e n i t e w a s c o n t i n u o u s l y f e d t o the 
b o t t o m s t a g e and c h l o r i n a t e d p r o d u c t c o n t i n u o u s l y r e m o v e d a.t r a t e s , w h i c h 
gave c h l o r i n e c o n v e r s i o n s in t h e b o t t o m s t a g e of a p p r o x i m a t e l y 5, 10, 15 
and 20 p e r cent r e s p e c t i v e l y . C h a r g e s of 1000 g r a m s of o x i d i s e d i l m e n i t e 
w e r e t r e a t e d in the t op s t a g e with t h e r e a c t i o n g a s e s f r o m t h e b o t t o m s t a g e . 

T h e m e t h o d by which t h e f e e d r a t e s of o x i d i s e d i l m e n i t e t o . t h e 
b o t t o m r e a c t o r s t a g e w e r e d e t e r m i n e d in o r d e r t o p r o d u c e c h l o r i n a t i o n 
g a s e s of t h e d e s i r e d c o m p o s i t i o n s i s dea l t wi th in a l a t e r s t a g e of t h i s r e p o r t . 

R e s u l t s f o r the f i r s t c h l o r i n a t i o n t e s t , No. 21* wi th 5 p e r cen t 
c h l o r i n e c o n v e r s i o n in the b o t t o m s t a g e , w e r e v e r y l i t t l e d i f f e r e n t f r o m 
T e s t s 15 and .16 which w e r e conduc t ed w i t h . p u r e c h l o r i n e u n d e r c o m p a r a b l e 1 

c o n d i t i o n s . T h e r e a c t i o n r a t e w a s s i m i l a r and t h e o v e r a l l c h l o r i n e c o n v e r -
s i on w a s about 5 p e r cent g r e a t e r t han in> t h e - p r e v i o u s t e s t s . 

T e s t 22 wi th 11 p e r cent c o n v e r s i o n of c h l o r i n e in t h e b o t t o m s t a g e 
w a s s o m e w h a t s l o w e r . - I n i t i a l l y t h e r a t e of r e a c t i o n w a s m u c h t h e s a m e a s 
f o r T e s t s 15, 16 and 21, c h l o r i n e c o n v e r s i o n b e i n g about 33 p e r c en t . 
H o w e v e r , t h e r a t e d e c r e a s e d m o r e r a p i d l y t h a n had p r e v i o u s l y b e e n t h e c a s e 
s o t h a t , at c o m p l e t i o n of t h e r e a c t i o n , c h l o r i n e c o n v e r s i o n had f a l l e n t o 
14. 3 p e r cen t . T h e t o t a l c h l o r i n e c o n v e r s i o n w a s about the s a m e a s . f o r 
T e s t 21. 

T e s t 23 w a s p e r f o r m e d wi th about 16 p e r cent c o n v e r s i o n in t h e 
b o t t o m s t a g e . T h e r e a c t i o n r a t e w a s m a r k e d l y s l o w e r , 405 m i n u t e s b e i n g 
r e q u i r e d f o r . 9 9 . 5 p e r cent . . reac t ion . C h l o r i n e c o n v e r s i o n s w e r e l o w e r 
t h a n p r e v i o u s l y and r e d u c e d t o 8 p e r cent at c o m p l e t i o n of the r e a c t i o n . 
T o t a l c h l o r i n e u t i l i z a t i o n w a s about t h e s a m e a s f o r T e s t s 21 and 22. 

T e s t 24 wi th 21 p e r cent c o n v e r s i o n in t h e l o w e r s t a g e w a s s l o w e r 
s t i l l . In 480 m i n u t e s r e a c t i o n w a s only 85 p e r cent c o m p l e t e . G r o s s 
c h l o r i n e c o n v e r s i o n w a s i n i t i a l l y about the s a m e a s f o r p r e v i o u s t e s t s in 
t h e s e r i e s b u t , a s t h e r e a c t i o n p r o c e e d e d , d e c r e a s e d t o a g r e a t e r e x t e n t t h a n 
had o c c u r r e d wittivthe p r e v i o u s t e s t s . 

. F r o m the r e s u l t s of t h e s e t e s t s , it a p p e a r e d tha t c h l o r i n a t i o n wi th 
a g a s e o u s m i x t u r e , in which about 5 p e r cen t of t h e c h l o r i n e had b e e n con-
v e r t e d t o f e r r i c c h l o r i d e wi th t h e r e l e a s e of an e q u i v a l e n t quan t i t y of oxygen, 
p r o c e e d e d a s r a p i d l y a s wi th p u r e c h l o r i n e , at l e a s t in f l u i d i s e d b e d s of 
t h i s s i z e . A s c o n v e r s i o n of c h l o r i n e in t h e b o t t o m s t a g e i n c r e a s e d , 
r e a c t i o n r a t e in the u p p e r s t a g e d e c r e a s e d , a l though the t o t a l c h l o r i n e con -
v e r s i o n r e m a i n e d h igh . With up t o 16 p e r cent c o n v e r s i o n of c h l o r i n e in 
t h e b o t t o m s t a g e , t o t a l c h l o r i n e c o n v e r s i o n w a s g r e a t e r t h a n w a s ob t a ined 
when c h l o r i n a t i n g wrth p u r e c h l o r i n e in a s i n g l e s t a g e . With 20 p e r cent 
c o n v e r s i o n in t h e l o w e r s t a g e , t o t a l c h l o r i n e c o n v e r s i o n w a s g r e a t e r i n - t h e 
i n i t i a l s t a g e s of r e a c t i o n t h a n w a s t h e c a s e w h e n c h l o r i n a t i n g wi th p u r e 
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c h l o r i n e , but i n d i c a t i o n s w e r e t h a t it m i g h t h a v e b e e n l e s s at t h e c o m p l e t i o n 
of the r e a c t i o n . 

T h r e e f u r t h e r c h l o r i n a t i o n t e s t s w e r e conduc ted . 
A c h a r g e c o m p r i s i n g 1000 g r a m s of ox id i s ed i l m e n i t e and an equa l 

v o l u m e of c h l o r i n a t e d i l m e n i t e f r o m a p r e v i o u s t e s t w a s c h l o r i n a t e d u n d e r 
cond i t i ons s i m i l a r to t h o s e u n d e r wh ich 1000 g r a m c h a r g e s were , t r e a t e d in 
T e s t s 15 and 16. R e s u l t s a r e p r e s e n t e d in T a b l e B - 2 5 and F i g u r e B - 2 5 . 

T h e c h l o r i n a t i o n r a t e w a s f a s t e r t h a n f o r T e s t s 15 and 16, r e a c t i o n 
going t o 99. 5 p e r cent c o m p l e t i o n in 150 m i n u t e s c o m p a r e d wi th 180 m i n u t e s , 
and c h l o r i n e c o n v e r s i o n w a s c o r r e s p o n d i n g l y h i g h e r . 

T e s t 26 w a s conduc ted u n d e r s i m i l a r cond i t ions wi th a 2000 g r a m 
c h a r g e of o x i d i s e d i l m e n i t e . R e a c t i o n t i m e w a s 240 m i n u t e s f o r 99. 7 p e r 
cent r e a c t i o n and c h l o r i n e c o n v e r s i o n w a s h igh , b e i n g 2 6 . 4 p e r cent a t 
c o m p l e t i o n . T h i s w a s about the s a m e a s t h e o v e r a l l c h l o r i n e c o n v e r s i o n 
p r e v i o u s l y ob t a ined in the 2 - s t a g e r e a c t o r wi th 5, 10 and 15 p e r cent 
c o n v e r s i o n in t h e b o t t o m s t a g e . 

C o m p a r i s o n of t h e r e s u l t s f o r T e s t s 3 and 8 h a s shown tha t a n 
i n c r e a s e in bed dep th i n c r e a s e d c h l o r i n e u t i l i z a t i o n . T h i s i s c o n f i r m e d by 
c o m p a r i s o n of t h e r e s u l t s of T e s t s 15 and 16 wi th T e s t 3, w h e r e a s m a l l 
i n c r e a s e in bed depth wi th a l a r g e r c h a r g e of i l m e n i t e r e s u l t e d in i n c r e a s e d 
c h l o r i n e e f f i c i e n c y and no i n c r e a s e in r e a c t i o n t i m e . C o m p a r i s o n of r e s u l t s 
f o r T e s t s 25 and 26 wi th T e s t s 15 and 16 h a v e shown s i m i l a r e f f e c t s . 

C o m p a r i s o n of- the r e s u l t s of T e s t s 18 and 25 show tha t t h i s e f f e c t 
w a s s t i l l ev iden t when ox id i s ed i l m e n i t e w a s d i lu ted with r e a c t e d p r o d u c t . 

F i n a l l y T e s t 27 w a s conduc t ed wi th 1000 g r a m c h a r g e of o x i d i s e d 
i l m e n i t e a s f o r T e s t s 15 and 16, but wi th t h e c h l o r i n e f low i n c r e a s e d by 
about 17 p e r cent t o 0. 0508 g r a m p e r s q u a r e inch p e r s e c o n d . The r a t e of 
r e a c t i o n w a s f a s t e r t h a n T e s t s 15 and 16, r e a c t i o n b e i n g c o m p l e t e in 150 
m i n u t e s i n s t e a d of 180 with no d e c r e a s e in c h l o r i n e u t i l i z a t i o n . 

T h e c o m p a r i s o n b e t w e e n t h e s e t e s t s can now be c o n s i d e r e d in 
r e l a t i o n t o t h e c o m p a r i s o n p r e v i o u s l y d r a w n b e t w e e n the r e s u l t s of T e s t s 6 
and 3. In t h a t c a s e an i n c r e a s e of 45 p e r cent in the c h l o r i n e f low c a u s e d 
a r e d u c t i o n in r e a c t i o n t i m e f r o m 180 m i n u t e s t o s o m e w h a t l e s s t h a n 120 
m i n u t e s . C h l o r i n e c o n v e r s i o n w a s r e d u c e d f r o m 1 6 . 4 p e r cent t o 13. 7 
p e r cen t . 

A p p a r e n t l y , f o r f l u i d i s e d b e d s wi th a dep th of 3 i n c h e s , c h l o r i n e 
f low can be i n c r e a s e d t o a v a l u e b e t w e e n 0. 0508 g r a m p e r s q u a r e i nch p e r 
s e c o n d and 0. 062 g r a m p e r s q u a r e inch p e r s e c o n d r e s u l t i n g in an i n c r e a s e 
in t h e r e a c t i o n r a t e wi thout s i g n i f i c a n t l o s s of c h l o r i n e e f f i c i e n c y . 

The r e s u l t s of these , t e s t s a r e now b r i e f l y s u m m a r i z e d . 1100°C 
h a s t e n t a t i v e l y b e e n s e l e c t e d a s t h e c h l o r i n a t i o n t e m p e r a t u r e . 

At t h i s t e m p e r a t u r e t h e p p t i m u m c h l o r i n e f low r a t e w a s b e t w e e n 
0. 05 and 0. 06 g r a m p e r s q u a r e i nch p e r s e c o n d when t r e a t i n g o x i d i s e d 
i l m e n i t e in f l u i d i s e d b e d s 3 i n c h e s in dep th . The f low r a t e could not be 
i n c r e a s e d v e r y m u c h f a s t e r e v e n if a d e e p e r b e d w e r e u s e d a s t h e u t i l i z a t i o n 
of c h l o r i n e i s a p p r o x i m a t e l y t h e e q u i l i b r i u m v a l u e . L i t t l e e r r o r w a s c a u s e d 
by d i s r e g a r d i n g t h e e f f e c t of p a r t i c l e s i z e d i s t r i b u t i o n on the r a t e of r e a c t i o n 
and a s s u m i n g t h a t t h e ox id i s ed i l m e n i t e w a s c o m p o s e d of u n i f o r m s i z e 
p a r t i c l e s . 
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Di lu t ion of the i l m e n i t e c h a r g e with r e a c t e d p r o d u c t i n c r e a s e d 
r e a c t i o n r a t e but d e c r e a s e d c h l o r i n e e f f i c i e n c y . 

T h e e f f e c t of t r e a t i n g i l m e n i t e wi th c h l o r i n e d i lu ted wi th f e r r i c 
c h l o r i d e and oxygen w a s to r e d u c e the r e a c t i o n r a t e a l t hough t h e o v e r a l l 
c h l o r i n e c o n v e r s i o n w a s l i t t l e a f f e c t e d . 

I n c r e a s i n g t h e depth of t h e f l u i d i s e d bed and s o p r o v i d i n g l o n g e r 
con t ac t t i m e b e t w e e n c h l o r i n e and o x i d i s e d i l m e n i t e i n c r e a s e d c h l o r i n e 
e f f i c i e n c y . 

T h e s e p o i n t s s u m m a r i s e q u a n t i t a t i v e l y t h e c o n c l u s i o n s which 
m a y be d r a w n f r o m t h e d a t a . T h e y e x e m p l i f y t h e c o m p l i c a t e d n a t u r e of 
t h e f l u i d i s a t i o n - c h l o r i n a t i o n p r o c e s s . No d e t a i l e d a n a l y s i s of t h e r e s u l t s 
i s r e p o r t e d h e r e . A r b i t r a r y c o r r e l a t i o n s of t h e da t a h a v e b e e n ob t a ined 
and u s e d f o r d e s i g n i n g s o m e of t h e s e e x p e r i m e n t s and, in t h e p r e l i m i n a r y 
d e s i g n of l a r g e s c a l e f l u i d i s e d bed r e a c t o r s , f o r t h e p u r p o s e of a s s e s s i n g 
the f e a s i b i l i t y of o p e r a t i n g the p r o c e s s on an i n d u s t r i a l s c a l e . T h e s e 
c o r r e l a t i o n s and t h e i r a p p l i c a t i o n s a r e r e p o r t e d in the fo l lowing s e c t i o n . 

8 . C O R R E L A T I O N S 

The d e r i v a t i o n of a m e t h o d f o r d e s i g n i n g m u l t i p l e s t a g e f l u i d i s e d 
bed r e a c t o r s h a s b e e n r e p o r t e d e l s e w h e r e ( K e t t e r i d g e 1962). R e a c t i o n 
r a t e s a r e c l a s s i f i e d a c c o r d i n g to t h e m a g n i t u d e of the exponent "p" in the 
e q u a t i o n . 

w h e r e 

a x 

. d x / d t k (a - x)P 

i n i t i a l c o n c e n t r a t i o n of r e a c t a n t in the so l id 
e x p r e s s e d a s a m a s s f r a c t i o n . 

change in c o n c e n t r a t i o n d u r i n g t i m e t . 

t i m e e l a p s e d s i n c e c o m m e n c e m e n t of r e a c t i o n 

r e a c t i o n " r a t e " c o n s t a n t 

r e a c t i o n " o r d e r " c o n s t a n t 

An i n t e g r a t e d f o r m of t h i s e q u a t i o n i s 

1/q a q 

kq 

w h e r e q 1 - p 

P l o t s of t h e e x p e r i m e n t a l da ta f o r t h e c h l o r i n a t i o n t e s t s can be 
f i t t e d wi th t h i s type of c u r v e and a good fi t i s ob ta ined in m o s t c a s e s if ' 
t he v a l u e of p i s t a k e n a s 0. 5. T h e s i g n i f i c a n c e of t h i s f a c t i s d i s c u s s e d 
in a l a t e r s e c t i o n of t h i s r e p o r t . 
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When p = 0. 5 t h e e x p r e s s i o n f o r t h e f r a c t i o n of u n r e a c t e d 
m a t e r i a l r e m a i n i n g in the c h a r g e a f t e r t i m e t b e c o m e s 

a - x / kt \ 2 2 a ° ' 5 

- (1 " 2 - o - s J . o > t 

T h e n f o r p = 0 . 5 t h e c u m u l a t i v e c o n v e r s i o n of c h l o r i n e , 
C, i s g iven by 

M 
f s t c 

w h e r e M • m a s s of c h a r g e 

f • c h l o r i n e f low r a t e 

s s s t o i c h e i o m e t r i c cons t an t 

t - 2 ( a ) 6 ' 5 (k)"1 

c 
T h e c h l o r i n e c o n v e r s i o n t h e r e f o r e d e c r e a s e s l i n e a r l y f r o m a 

va lue at t h e c o m m e n c e m e n t of r e a c t i o n of 

C t . o • 

t o hal f t h i s v a l u e at t h e i n s t a n t t h e l a s t t r a c e of f e r r i c oxide i s r e m o v e d 
f r o m t h e c h a r g e . 

A good f i t of t h e da ta w a s ob ta ined when c u r v e s of t h i s t y p e 
wi th p = 0 .5 w e r e f i t t e d t o the r e s u l t s f o r T e s t s 15 t o 20, t h e s e r i e s wi th 
v a r y i n g f r a c t i o n s of o x i d i s e d i l m e n i t e in t h e c h a r g e . T h e e x p e r i m e n t a l 
d a t a and m a t c h i n g c u r v e s a r e shown in Append ix C F i g u r e s C - l t o C - 6 . 
T h e fo l lowing v a l u e s f o r t h e r a t e c o n s t a n t k h a v e b e e n found f r o m t h e s e 
f i g u r e s : 

T e s t i k 
15 1 0 . 0 0 7 6 2 
16 1 0 . 0 0 8 0 6 

17 0. 75 0 . 0 1 0 6 
18 0. 5 0 . 0 1 4 6 
19 0. 25 0 . 0 2 4 9 
20 0 . 125 0 . 0 2 6 4 

w h e r e i • v o l u m e t r i c f r a c t i o n of o x i d i s e d i l m e n i t e in t h e c h a r g e . 
T h e s e da t a a r e shown a s a plot of r a t e c o n s t a n t a g a i n s t f r a c t i o n 

of o x i d i s e d i l m e n i t e in F i g u r e C - 7 , Append ix C. 
It i s i n t e r e s t i n g t o o b s e r v e t h a t e x t r a p o l a t i o n of the c u r v e t o 

i = o g i v e s a v a l u e f o r k of 0. 0266. T h i s can be i n t e r p r e t e d a s t h e r a t e 
c o n s t a n t at wh ich a s i n g l e a v e r a g e s i z e p a r t i c l e of o x i d i s e d i l m e n i t e r e a c t s 
in a s t r e a m of p u r e c h l o r i n e . T h e t i m e t a k e n f o r c o m p l e t e r e a c t i o n 
c o r r e s p o n d i n g to t h i s r a t e c o n s t a n t i s 51. 5 m i n u t e s . 
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The r e l a t i o n s h i p b e t w e e n the f r a c t i o n of o x i d i s e d i l m e n i t e in the 
c h a r g e and t h e r a t e c o n s t a n t w a s u s e d in c a l c u l a t i o n of f e e d r a t e s of o x i d i s e d 
i l m e n i t e t o t h e b o t t o m s t a g e of t h e 2 - s t a g e c h l o r i n a t i o n r e a c t o r t o p r o d u c e 
v a r i o u s p e r c e n t a g e s of c h l o r i n e c o n v e r s i o n in t h e b o t t o m s t a g e . T e s t s 21 
to 24 w e r e conduc ted on the b a s i s of t h e s e c a l c u l a t i o n s wh ich a r e r e p o r t e d 
h e r e . 

The ex ten t of r e a c t i o n o c c u r r i n g in a c o n t i n u o u s l y fed s i n g l e s t a g e 
f l u i d i s e d bed r e a c t o r in which a r e a c t i o n of t y p e (3) wi th p = 0. 5 i s t a k i n g 
p l a c e , i s g iven by t h e fo l lowing e q u a t i o n ( K e t t e r i d g e 1962) 

2 V a ° ' : 

•T-, . v k i f y k \ V v k 
Fu, - 1 - ^ b t t + . ' J t t ) I l 

w h e r e F u j = f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e e f f l u e n t f r o m 

a s i n g l e s t a g e r e a c t o r . 

V a s i ng l e s t a g e r e a c t o r c a p a c i t y 

v = r a t e of t h r o u g h p u t 
T r i a l and e r r o r t ype c a l c u l a t i o n can now be u s e d t o d e t e r m i n e t h e 

f e e d r a t e n e c e s s a r y t o p r o d u c t a d e s i r e d d e g r e e of c h l o r i n e c o n v e r s i o n in 
t h e b o t t o m s t a g e . 

A c h l o r i n e f low of 0. 0434 g r a m s p e r s q u a r e inch p e r s e c o n d in a 
3 - i n c h d i a m e t e r r e a c t o r w a s a s s u m e d and it w a s a l s o a s s u m e d t h a t o x i d i s e d 
i l m e n i t e con t a ined 47 p e r cent of f e r r i c oxide , i. e . , = 0. 47. The r a t e at 
wh ich ox id i s ed i l m e n i t e i s c o n s u m e d by r e a c t i o n f o r a g iven c o n v e r s i o n of 
c h l o r i n e can be c a l c u l a t e d f r o m s t o i c h e i o m e t r i c p r o p o r t i o n s . 

C h l o r i n e C o n v e r s i o n I l m e n i t e C o n s u m e d 
% g / m i n 

5 1. 47 
10 2 :93 
15 4 . 4 0 
20 5 . 8 7 

With 5 p e r cent c o n v e r s i o n of c h l o r i n e , t he f r a c t i o n of u n r e a c t e d 
i l m e n i t e in the so l id p r o d u c t i s t h e r e f o r e 

F u a v - 1 - 4 7 
1 v 

An e x p r e s s i o n f o r Fux in t e r m s of v, V, a and k h a s a l r e a d y b e e n 
g iven , s o t h e fo l lowing r e l a t i o n s h i p h a s b e e n ob ta ined 

o- 5' 2va 
Vk . 1 Vk 

P r o v i d i n g v a l u e s can b e a s s i g n e d t o a , V and k, t h e va lue of v 
can b e ob ta ined f r o m t h i s e x p r e s s i o n . 
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A v a l u e f o r "a" h a s a l r e a d y b e e n t a k e n a s 0 . 4 7 . 
A p r e c i s e va lue cannot be f i xed f o r V. . D i s c h a r g e f r o m t h e 

r e a c t o r w a s by m e a n s of an o v e r f l o w s y s t e m wi th t h e o v e r f l o w l e v e l 3 i n c h e s 
above t h e gas d i s t r i b u t o r . T h e c a p a c i t y of the bed t h e n d e p e n d s on t h e 
d e g r e e of e x p a n s i o n which a c c o m p a n i e s f l u i d i s a t i o n and is t h e r e f o r e v a r i a b l e . 
T h e v a l u e t a k e n f o r "V" w a s t e n t a t i v e l y f ixed on t h e b a s i s of a s i m p l e 
e x p e r i m e n t at 850 g r a m s of o x i d i s e d i l m e n i t e . T h i s va lue wi l l be r e c o n -
s i d e r e d l a t e r . 

It now r e m a i n s to f i x a v a l u e f o r " k " . 
With low c o n v e r s i o n of c h l o r i n e , t h e f r a c t i o n of u n r e a c t e d m a t e r i a l 

in t h e p r o d u c t wi l l be low. When t h e f r a c t i o n of ox id i s ed i l m e n i t e in t h e 
r e a c t o r i s low t h e r a t e c o n s t a n t i s c o r r e s p o n d i n g l y h igh . 

At t h e t i m e t h i s c a l c u l a t i o n w a s p e r f o r m e d , the only da t a on which 
a c o r r e l a t i o n b e t w e e n " i" and 11 k" could be b a s e d w e r e t h e r e s u l t s of T e s t s 15, 
18 and 19. 

T h e t i m e s r e q u i r e d f o r c o m p l e t e r e a c t i o n w e r e t a k e n a s 180, 90 
and 60 m i n u t e s r e s p e c t i v e l y and c o r r e s p o n d i n g v a l u e s f o r "k" w e r e c a l c u l a t e d . 

T e s t 

15 1 . 0 0 . 0 0 7 6 
18 0 . 5 0 . 0 1 5 2 
19 0 . 2 5 0 . 0 2 2 8 

T h e fo l lowing r e l a t i o n s h i p b e t w e e n " i" and "k" t h e n h o l d s : 

k » 0 . 0 3 2 9 + 0 . 0 4 5 6 i + 0 . 0 2 0 3 i2 

T h i s i s i l l u s t r a t e d in F i g u r e C - 8 , Append ix C. 
T o f i x a va lue f o r "k" , it w a s a s s u m e d i n i t i a l l y t ha t i = 0. 1, in 

wh ich c a s e k = 0 . 0 2 8 5 , so tha t t h e t i m e r e q u i r e d f o r c o m p l e t e r e a c t i o n i s 
48 m i n u t e s . 

Subs t i t u t i on of t h i s v a l u e f o r "k" in the e x p r e s s i o n f o r "Fu!11 

g i v e s the fo l l owing r e l a t i o n : 

2v ( 0 . 4 7 ) ° ' 5 

1 . 4 7 850 x 0 . 0 2 8 5 1 f 8 5 0 x 0 . 0 2 8 5 ^ I 850 x 0 . 0 2 8 5 
v " v ( 0 . 4 7 r T ~ ~ + 2 Vv (0 .48)°- 5 ' I 1 + e 

T h e so lu t i on of t h i s e q u a t i o n i s : v = 1 . 5 

+v, + tp " 1 - 5 - 1 . 4 7 
s o t h a t Fu, a r—r—— s 0 . 0 2 

1 • 1. 5 
The o r i g i n a l e s t i m a t e of 10 p e r cent of u n r e a c t e d i l m e n i t e in t h e 

c h a r g e w a s h igh , s o tha t t he a s s u m e d r a t e cons t an t w a s low. Subs t i t u t i ng 
a v a l u e of i - 0. 02 in the e x p r e s s i o n f o r "k" y i e l d s a v a l u e k - 0. 0320. 

T h i s v a l u e i s g r e a t e r t h a n t h e a s s u m e d v a l u e on which t h e 
c a l c u l a t i o n w a s b a s e d . S ince bo th v a l u e s a r e b a s e d on e x t r a p o l a t i o n beyond 
t h e l i m i t of e x p e r i m e n t a l m e a s u r e m e n t , t h e o r i g i n a l and m o r e c o n s e r v a t i v e 
v a l u e f o r "k" w a s a c c e p t e d and t h e c o r r e s p o n d i n g v a l u e "v" of 1 . 5 . 
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F o r t u n a t e l y s u b s e q u e n t e x p e r i m e n t s , - p a r t i c u l a r l y c h l o r i n a t i o n 
T e s t 20, have shown tha t t h e v a l u e of "k" c h o s e n w a s v e r y n e a r t h e t r u e 
v a l u e . 

. T h e e f f e c t can now be c o n s i d e r e d of v a r i a b l e bed v o l u m e on t h e 
d e g r e e of c h l o r i n e c o n v e r s i o n in t h e l o w e r r e a c t o r s t a g e . 

When, t h e r e a c t o r b e i n g u s e d f o r t h i s w o r k w a s f l u i d i s e d wi th a i r 
at r o o m t e m p e r a t u r e and fed wi th 7. 9 g r a m s of o x i d i s e d i l m e n i t e p e r m i n u t e , 
t h e r e a c t o r r e t a i n e d 850 g r a m s i n . t he f l u i d i s e d . b e d . . If t h e i l m e n i t e f e e d 
w a s cut off and the a i r f low r a t e m a i n t a i n e d c o n s t a n t , t h e r e a c t o r c a p a c i t y 
f e l l t o 700 g r a m s . 

The p r e v i o u s c a l c u l a t i o n w a s b a s e d on a . f lu id i sed bed c a p a c i t y of 
850 g r a m s . • It w a s r e p e a t e d with V a 700, and a g a i n t h e s o l u t i o n w a s 
v • 1 . 5 g r a m s p e r m i n u t e . A change in r e a c t o r c a p a c i t y of t h i s m a g n i t u d e 
i s a p p a r e n t l y not s i g n i f i c a n t . 

. T h e p r o b l e m of ob ta in ing a. f l u i d i s e d bed of s u i t a b l e c o m p o s i t i o n 
at t h e s t a r t of r e a c t i o n can now b e c o n s i d e r e d . 

The only m a t e r i a l s a v a i l a b l e f o r m a k i n g up t h e i n i t i a l c h a r g e 
w e r e o x i d i s e d i l m e n i t e and c h l o r i n a t e d p r o d u c t , w h e r e a s u n d e r s t e a d y s t a g e 
o p e r a t i o n t h e bed would con ta in , m a t e r i a l v a r y i n g in c o m p o s i t i o n f r o m oxid-
i s e d i l m e n i t e t o fu l l y c h l o r i n a t e d p r o d u c t . The p r o b l e m w a s . t h e r e f o r e t o 
ob ta in a m i x t u r e of ox id i sed i l m e n i t e and c h l o r i n a t e d p r o d u c t in s u c h 
p r o p o r t i o n tha t t he d e g r e e of c h l o r i n e c o n v e r s i o n would r e m a i n a s c l o s e t o 
5 p e r cent a s p o s s i b l e d u r i n g t h e i n i t i a l p e r i o d u n t i l a f l u i d i s e d bed of t h e 
c o r r e c t c o m p o s i t i o n w a s e s t a b l i s h e d . 

T h e t i m e r e q u i r e d f o r c o m p l e t e r e a c t i o n of ox id i s ed i l m e n i t e at 
t h e p r e v a i l i n g r e a c t i o n r a t e w a s 48 m i n u t e s , s o t h e i n i t i a l p e r i o d d u r i n g 
w h i c h b e d c o m p o s i t i o n v a r i e s w a s s o m e w h a t l e s s t h a n 48 m i n u t e s . 

T h i s i n i t i a l " s e t t l i n g down" p e r i o d h a s b e e n d iv ided in to f o u r 
12 m i n u t e p e r i o d s and t h e a v e r a g e c h l o r i n e c o n v e r s i o n c a l c u l a t e d f o r e a c h . 

F i r s t l y the c h a r g e of o x i d i s e d i l m e n i t e i n i t i a l l y added t o the bed 
w a s c h o s e n s o t h a t t he i n i t i a l r e a c t i o n r a t e w a s s u f f i c i e n t to g ive -5 p e r cen t 
c o n v e r s i o n of c h l o r i n e . 

R e a c t i o n r a t e i s g iven by: 

d x / d t = k ( a -x )P 

T h e r e f o r e the i n i t i a l r a t e of c o n s u m p t i o n of o x i d i s e d i l m e n i t e i s 

= 0 . 0 2 8 5 (0. 4 7 ) ' ° ' 5 x W g r a m s p e r . m i n u t e 

w h e r e W = weigh t of o x i d i s e d i l m e n i t e in t h e c h a r g e . 
T o p r o d u c e 5 p e r cent c o n v e r s i o n of c h l o r i n e r e q u i r e s a c o n s u m p t i o n of 
1 . 4 7 g r a m s of ox id i s ed i l m e n i t e p e r m i n u t e . 

T h e r e f o r e W s 35. 2 g r a m s 

We c a n now c o n s i d e r t h e c a s e w h e r e we s t a r t wi th a f l u i d i s e d bed 
r e a c t o r h a v i n g a t o t a l c a p a c i t y of 850 g r a m s of o x i d i s e d i l m e n i t e c o n t a i n i n g 
35. 2 g r a m s of o x i d i s e d i l m e n i t e and t h e r e m a i n i n g v o l u m e f i l l e d wi th 
c h l o r i n a t e d p r o d u c t . T h e c h l o r i n a t e d p r o d u c t r e q u i r e d would t h e r e f o r e be 
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i s 

(850 - 3 5 . 2 ) x 0 . 5 3 3 432 g r a m s 

T h e r e a c t o r i s t h e r e f o r e c h a r g e d w i th 35. 2 g r a m s of o x i d i s e d 
i l m e n i t e and 432 g r a m s of c h l o r i n a t e d p r o d u c t a n d b r o u g h t up t o t h e 
c h l o r i n a t i o n t e m p e r a t u r e . C h l o r i n e i s t h e n a d m i t t e d a n d o x i d i s e d i l m e n i t e 
f e d at t h e r a t e of 1. 5 g r a m s p e r m i n u t e . 

At t h e i n s t a n t c h l o r i n e i s a d m i t t e d t o t h e c h a r g e , c o n s u m p t i o n of 
o x i d i s e d i l m e n i t e w i l l b e a t t h e r a t e of 1. 47 g r a m s p e r m i n u t e and c h l o r i n e 
c o n v e r s i o n wi l l be 5 p e r c e n t . 

A f t e r t h e f i r s t 12 m i n u t e p e r i o d , p a r t of t h e o r i g i n a l 35. 2 g r a m s 
of o x i d i s e d i l m e n i t e wi l l h a v e p a s s e d out of t h e s y s t e m . T h e r e m a i n d e r w i l l 
a m o u n t t o ( s e e K e t t e r i d g e , 1962) 

35. 2x e = 34. 5 g r a m s 

T h e g r a d e i s r e d u c e d t o 

a - x . B 0 . 4 7 ( l - 1 2 / 4 s ) 

a 0 . 2 6 4 

T h e r e a c t i o n r a t e e x p r e s s e d a s c o n s u m p t i o n of o x i d e s e d i l m e n i t e 

J x / \ 

- 0 . 0 2 8 5 x (0 .264)°" 5 x ( 0 . 4 7 ) " 1 x 3 4 . 5 

= 1. 08 g r a m s p e r m i n u t e 

D u r i n g t h i s 12 m i n u t e p e r i o d , o x i d i s e d i l m e n i t e h a s b e e n a d d e d 
a t t h e r a t e of 1. 5 g r a m s p e r m i n u t e . P a r t of t h i s wi l l a l s o h a v e o v e r f l o w e d 
s o t h a t of t h i s t h e r e i s l e f t a p p r o x i m a t e l y 

1 . 5 x 6 
850 _ _ _ ' 1 2 x 1 . 5 x e = 1 7 . 8 g r a m s 

T h e m e a n g r a d e of t h i s i s a p p r o x i m a t e l y 

a - x - 0 . 4 7 ( 1 - 6 / 4 8 ) 2 

= 0 . 7 6 6 

T h e m e a n r e a c t i o n r a t e i s a p p r o x i m a t e l y 

d = 0 . 0 2 8 5 (0. 766)° ' 5 x ( 0 . 4 7 ) " 1 x 1 7 . 8 

s 0 . 6 6 g r a m s p e r m i n u t e 

T h e t o t a l r a t e of c o n s u m p t i o n of o x i d i s e d i l m e n i t e at t h e end of t h e 
f i r s t 12 m i n u t e p e r i o d i s t h e r e f o r e : 

1 . 0 8 + 0 . 6 6 = 1 . 7 4 g r a m s p e r m i n u t e 

T h i s c o r r e s p o n d s t o a c h l o r i n e c o n v e r s i o n of 

5 . 0 x 1. 74 
1. 47 5. 9 p e r cen t 
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S i m i l a r c a l c u l a t i o n s . h a v e b e e n c a r r i e d out f o r t h e s e c o n d and t h i r d 
12 m i n u t e p e r i o d s . A f t e r 48 m i n u t e s , c h l o r i n e c o n v e r s i o n wi l l be 5 p e r 
cen t . The r e s u l t s of t h e s e c a l c u l a t i o n s a r e s u m m a r i s e d in t h e fo l l owing 
t a b u l a t i o n . 

C h l o r i n e C o n v e r s i o n 
% ' 

5 . 0 
5 . 9 
7. 0 
6 . 2 
5 . 0 

A b e t t e r a p p r o x i m a t i o n t o a cons t an t c h l o r i n e c o n v e r s i o n of 
5 p e r cent would obv ious ly be ob ta ined wi th a s m a l l e r a m o u n t of o x i d i s e d 
i l m e n i t e in t h e i n i t i a l c h a r g e . The c a l c u l a t i o n w a s t h e r e f o r e r e p e a t e d f o r 
a c h a r g e of 25 g r a m s of ox id i s ed i l m e n i t e and the b a l a n c e r u t i l e . T h e 
r e s u l t s w e r e : 

T i m e C h l o r i n e C o n v e r s i o n 
m i n % 

0 3 . 6 
12 4 . 8 5 
24 5 . 6 
36 5 . 7 5 
48 5 . 0 

F o r 20 g r a m s of o x i d i s e d i l m e n i t e in t h e i n i t i a l c h a r g e . t h e c h l o r i n e 
c o n v e r s i o n w a s c a l c u l a t e d t o be : 

T i m e C h l o r i n e C o n v e r s i o n 
m i n % 

0 2 . 9 
12 4 . 3 
24 5 . 2 5 
36 5 . 5 5 
48 5. 0 

and f o r 23 g r a m s of o x i d i s e d i l m e n i t e in t h e i n i t i a l c h a r g e : 

T i m e C h l o r i n e C o n v e r s i o n 
m i n % 

0 3 . 2 
12 4 . 5 5 
24 5 . 4 
36 5 . 6 
48 5 . 0 

T h e r e s u l t s f o r a l l t h e s e c a l c u l a t i o n s a r e c o m p a r e d in F i g u r e C - 9 . 
It c an be s e e n tha t any m i x t u r e m a d e in t h i s way g ives a c h l o r i n a t i o n g a s 
w h o s e c o m p o s i t i o n v a r i e s c o n s i d e r a b l y f r o m the d e s i r e d 5 p e r cent d u r i n g 
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t h e i n i t i a l s t a g e s of c h l o r i n a t i o n . The only way in which a s t e a d y 5 p e r cent 
c o n v e r s i o n can be ob ta ined i s t o u s e a bed con ta in ing c o r r e c t p r o p o r t i o n s of 
o x i d i s e d i l m e n i t e and p a r t i a l l y and fu l l y c h l o r i n a t e d i l m e n i t e . T h e t i m e 
r e q u i r e d u n d e r the p r e v a i l i n g cond i t ions f o r c o m p l e t e r e a c t i o n of o x i d i s e d 
i l m e n i t e i s 48 m i n u t e s . A bed of c o r r e c t c o m p o s i t i o n i s t h e r e f o r e ob t a ined 
a f t e r c h l o r i n a t i o n u n d e r s t e a d y s t a t e cond i t i ons f o r l o n g e r t h a n t h i s p e r i o d 
of t i m e . The fo l lowing t e c h n i q u e w a s u s e d t o ob ta in a f l u i d i s e d bed of t h e 
c o r r e c t c o m p o s i t i o n and s o e n s u r e s t e a d y c o n v e r s i o n of c h l o r i n e in the l o w e r 
s t a g e d u r i n g a c h l o r i n a t i o n t e s t . 

A c h a r g e c o m p r i s i n g 23 g r a m s of ox id i s ed i l m e n i t e and 438 g r a m s 
of c h l o r i n a t e d p r o d u c t w a s f l u i d i s e d with a i r and b r o u g h t up t o t e m p e r a t u r e . 
It w a s t h e n c h l o r i n a t e d wi th a con t inuous add i t i on of 1. 5 g r a m s of o x i d i s e d 
i l m e n i t e p e r m i n u t e f o r about an h o u r . T h e f l u i d i s i n g g a s w a s changed 
b a c k t o a i r and t h e f e e d of o x i d i s e d i l m e n i t e s t o p p e d un t i l a c h a r g e of 1000 
g r a m s of o x i d i s e d i l m e n i t e had b e e n p l a c e d in the top s t a g e and b r o u g h t up 
t o t e m p e r a t u r e . C h l o r i n a t i o n of t h e b o t t o m s t a g e w a s t h e n r e s u m e d and t h e 
c h l o r i n a t i o n g a s e s p r o d u c e d w e r e u s e d t o t r e a t t he c h a r g e in t h e t op s t a g e . 

F o r c h l o r i n a t i o n T e s t 21 it w a s found tha t a f e e d r a t e of 1. 55 g r a m s 
of o x i d i s e d i l m e n i t e p e r m i n u t e t o t h e b o t t o m s t a g e gave a c h l o r i n e c o n v e r s i o n 
of 5. 15 p e r cen t . 

T h e f e e d r a t e s n e c e s s a r y t o g ive 10, 15 and 20 p e r cent c o n v e r s i o n 
of c h l o r i n e in t h e b o t t o m s t a g e w e r e c a l c u l a t e d in a s i m i l a r m a n n e r t o t ha t 
f o r 5 p e r cent c o n v e r s i o n . The r e s u l t s of t h e s e c a l c u l a t i o n s a r e : 

C h l o r i n e C o n v e r s i o n F e e d R a t e of O x i d i s e d I l m e n i t e 

% V = 850 g V = 700 g 

5 
10 
15 
20 

The t e s t with 5 p e r cent c o n v e r s i o n of c h l o r i n e in t h e l o w e r s t a g e 
w a s c a r r i e d out f i r s t and t h o s e wi th 10, 15 and 20 p e r cent c o n v e r s i o n w e r e 
s u b s e q u e n t l y c a r r i e d out in a s c e n d i n g o r d e r . 

T h e way in which a f l u i d i s e d bed of c o r r e c t c o m p o s i t i o n w a s 
ob t a ined f o r t h e t e s t wi th 5 p e r cent c o n v e r s i o n has. a l r e a d y b e e n d e s c r i b e d . 
F o r t h e t h r e e s u b s e q u e n t t e s t s t he bed f r o m t h e p r e c e e d i n g t e s t w a s u s e d 
a s s t a r t i n g m a t e r i a l . O t h e r w i s e t h e t e c h n i q u e w a s t h e s a m e a s f o r t h e 
f i r s t t e s t . T h e b o t t o m f l u i d i s e d bed w a s b r o u g h t up to t e m p e r a t u r e wi th a i r 
a s t h e f l u i d i s i n g m e d i u m . T h e n .without any c h a r g e in t h e top s t a g e , 
o x i d i s e d i l m e n i t e w a s f ed at t h e n e c e s s a r y r a t e t o t h e b o t t o m s t a g e and 
c h l o r i n e a d m i t t e d . A f t e r 1 h o u r the f l u i d i s i n g gas w a s changed b a c k t o a i r 
and t h e f e e d of ox id i s ed i l m e n i t e s t o p p e d . T h e c h a r g e of ox id i s ed i l m e n i t e 
w a s added t o t h e top s t a g e and b r o u g h t up t o , , t e m p e r a t u r e . Con t inuous 
c h l o r i n a t i o n and con t inuous add i t i on of f e e d t o t h e b o t t o m s t a g e w a s r e s u m e d 
and the g a s e o u s m i x t u r e p r o d u c e d u s e d f o r f l u i d i s i n g and c h l o r i n a t i n g t h e 
c h a r g e in the top s t a g e . 

1. 5 
3. 1 
4. 7 
6. 7 

1 . 5 
3. 15 
4. 9 
6. 9 
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F o r e a c h of t h e f o u r c h l o r i n a t i o n t e s t s , f r o m , t h e r a t e c o n s t a n t 
f o r t h e b o t t o m s t a g e , t he t i m e r e q u i r e d f o r c o m p l e t e r e a c t i o n of an i nd iv idua l 
p a r t i c l e of i l m e n i t e w a s c a l c u l a t e d t o be l e s s t h a n 1 h o u r . T h e r e f o r e 
p r e l i m i n a r y c h l o r i n a t i o n of t h e b o t t o m s t a g e u n d e r s t e a d y s t a t e cond i t i ons 
f o r t h i s p e r i o d would g ive a. f l u i d i s e d bed of the c o r r e c t c o m p o s i t i o n and 
would e n s u r e t h e s u b s e q u e n t s t e a d y c o n v e r s i o n of c h l o r i n e d u r i n g t h e a c t u a l 
c h l o r i n a t i o n t e s t . 

E x p e r i m e n t a l r e s u l t s f o r the f o u r c h l o r i n a t i o n t e s t s w e r e : 

T e s t F e e d R a t e C h l o r i n e C o n v e r s i o n 

21 1 . 5 5 5 . 1 5 
22 3 . 3 1 1 . 0 
23 4. 9" .15.8 
24 7 . 0 2 0 . 7 

T h e da t a f o r c h l o r i n a t i o n of o x i d i s e d i l m e n i t e in t h e u p p e r s t a g e 
of t h e 2 - s t a g e r e a c t o r wi th v a r y i n g d e g r e e s of c h l o r i n e c o n v e r s i o n in t h e 
l o w e r s t a g e , T e s t s 21 t o 24, have b e e n f i t t e d to c u r v e s f o r r e a c t i o n s hav ing 
a v a l u e of p = 0. 5. T h e s e c u r v e s a r e shown in F i g u r e s C - 1 0 ' t o C - 1 3 , 
Append ix C. The v a l u e of p = . 0 . 5 does not g ive a good f i t t o t h e 
e x p e r i m e n t a l da ta f o r T e s t s 22, 23 and 24 and t h e r e a s o n s f o r s e l e c t i n g t h i s 
v a l u e of p a r e d i s c u s s e d l a t e r . 

T h e r a t e c o n s t a n t s f o r T e s t s 21 t o 24 d e t e r m i n e d f r o m t h e s e f i t t e d 
c u r v e s , t o g e t h e r wi th t h o s e f o r T e s t s 15 and 1 6 , a r e t a b u l a t e d : 

T e s t c k 

15 0 0. 00762 
16 0 0. 00806 

21 .0- 0515 0. 00762 
22 "0. 110 0. 00571 
23 0. 158 0. 00339 
24 0. 207 0. 00196 

w h e r e c = l o w e r s t a g e c h l o r i n e c o n v e r s i o n e x p r e s s e d a s a . f r a c t i o n 
of t o t a l c h l o r i n e f low. 

i T h e s e da t a have b e e n e x t r a p o l a t e d t o g ive z e r o r a t e of r e a c t i o n 
w h e n c o n v e r s i o n of c h l o r i n e in t h e b o t t o m s t a g e e q u a l s 40 p e r cent and the 
r e s u l t i n g r e l a t i o n s h i p b e t w e e n c and k i s i l l u s t r a t e d in Append ix C F i g u r e C - l 

A p r e v i o u s r e p o r t ( K e t t e r i d g e and W i l m s h u r s t , 1963) s h o w e d tha t 
t h e m a x i m u m , i. e . , e q u i l i b r i u m , c o n v e r s i o n of c h l o r i n e t o f e r r i c c h l o r i d e 
when r e a c t e d with ox id i s ed i l m e n i t e i s 44 p e r cen t . T h r o u g h o u t t h i s w o r k 
40 p e r cent w a s the v a l u e t a k e n a s t h e m a x i m u m c o n v e r s i o n tha t can be 
o b t a i n e d in a con t inuous s y s t e m . T h i s w a s t h e r e a s o n f o r e x t r a p o l a t i n g t h e 
da t a f o r the " c " s e r i e s t e s t s to z e r o r a t e cons t an t at 40 p e r cent c o n v e r s i o n . 

T h e i n f l u e n c e of d i lu t ion of i l m e n i t e wi th r e a c t e d p r o d u c t on . the 
r a t e c o n s t a n t when t h e o r d e r of r e a c t i o n w a s t a k e n a s p = 0. 5 h a s a l r e a d y 
b e e n d i s c u s s e d and i s i l l u s t r a t e d in F i g u r e C - 7 . 
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The e f f e c t of g a s c o m p o s i t i o n on r e a c t i o n , r a t e h a s b e e n a s s u m e d 
t o be i ndependen t of d i lu t ion of o x i d i s e d i l m e n i t e wi th c h l o r i n a t e d p r o d u c t , 
and t h e e f f e c t of s i m u l t a n e o u s d i lu t ion of o x i d i s e d i l m e n i t e wi th c h l o r i n a t e d 
p r o d u c t and of c h l o r i n e g a s wi th g a s e o u s c h l o r i n a t i o n p r o d u c t s d e t e r m i n e d 
by s i m p l e p r o p o r t i o n . 

T h e s e da t a , which show t h e d e p e n d a n c e of "k" on " i " and " c " f o r 
a v a l u e of the o r d e r of r e a c t i o n of p•= 0. 5, a r e i l l u s t r a t e d in F i g u r e C - 1 5 . 

T o s u m m a r i s e t h i s w o r k , it c an be s t a t e d tha t an a p p r o x i m a t e 
r e l a t i o n s h i p b e t w e e n "k" and t h e i ndependan t v a r i a b l e s " i " and 11 c" h a s b e e n 
ob t a ined by a s s u m i n g a c o n s t a n t v a l u e of p - 0 . 5 . T h i s r e l a t i o n s h i p can 
be u s e d t o p e r f o r m p r e l i m i n a r y d e s i g n c a l c u l a t i o n s f o r m u l t i p l e s t a g e 
f l u i d i s e d bed r e a c t o r s and t h e p r a c t i c a b i l i t y of con t inuous o p e r a t i o n of t h e 
p r o c e s s can be a s s e s s e d . T h e a p p r o x i m a t i o n s u s e d in ob ta in ing F i g u r e C - 1 5 
d e p i c t i n g t h e d e p e n d a n c e of "k" on " i " and " c " a r e now d i s c u s s e d . 

T h e f i r s t a p p r o x i m a t i o n w a s t h a t t h e " c " s e r i e s t e s t s , T e s t s 15, 
16 and 21 t o 24,. have b e e n c o r r e l a t e d on t h e b a s i s tha t p = 0. 5. T h i s 
v a l u e f o r p p r o v i d e d c u r v e s wh ich gave a good f i t of t h e da t a f o r T e s t s 15, 
16 and 21. H o w e v e r , T e s t s 22, 23 and 24 ' cou ld be f i t t ed b e t t e r wi th c u r v e s 
f o r h i g h e r v a l u e s f o r p. F r o m f i g u r e s C-1.1, C - 1 2 and C - 1 3 a good f i t of 
t h e da t a w a s ob ta ined wi th v a l u e s f o r p of 2/3, 3/4 and 2 f o r T e s t s 22, 23 and 
24 r e s p e c t i v e l y . At t h e p a r t i c l e s u r f a c e s t h e r e a c t i o n r a t e shou ld d e c r e a s e 
a s t h e a v a i l a b l e s u r f a c e d e c r e a s e s . ' If t he r a t e v a r i e d l i n e a r l y wi th the 
e x t e r i o r s u r f a c e of u n r e a c t e d m a t e r i a l , t h e r e a c t i o n shou ld , f r o m g e o m e t r i c 
c o n s i d e r a t i o n s , be of t h e t ype hav ing p - 2/3. 

F o r c h l o r i n a t i o n e x p e r i m e n t s wi th p u r e c h l o r i n e , t he da t a w a s 
w e l l f i t t e d by c u r v e s h a v i n g p - 0 . 5 . A p o s s i b l e e x p l a n a t i o n i s t ha t t h e 
s u r f a c e a r e a a v a i l a b l e f o r r e a c t i o n w a s g r e a t e r t h a n the e x t e r i o r s u r f a c e s 
of t h e p a r t i c l e s . T h i s w a s c o n f i r m e d by m i c r o s c o p i c e x a m i n a t i o n of p a r t i a l l y 
c h l o r i n a t e d m a t e r i a l which showed a t t a c k a long g r a i n b o u n d a r i e s wi th in t h e 
p a r t i c l e s a s w e l l a s at e x t e r i o r s u r f a c e . The s u b s e q u e n t r e d u c t i o n in 
c h l o r i n a t i o n r a t e s w a s in e x c e s s of tha t wh ich can be e x p l a i n e d by s i m p l e 
g e o m e t r i c c o n s i d e r a t i o n s and w a s a s s u m e d to be c a u s e d by t i t a n i u m do ix ide 
f o r m e d on the r e a c t i n g s u r f a c e p r e s e n t i n g a con t i nua l l y i n c r e a s i n g b a r r i e r 
t o g a s d i f f u s i o n . 

F o r t h e e x p e r i m e n t s in which m i x e d c h l o r i n e , oxygen and f e r r i c 
c h l o r i d e w e r e u s e d a s c h l o r i n a t i o n g a s e s and h i g h e r v a l u e s of p a r e found , 
l o w e r p a r t i a l p r e s s u r e s of c h l o r i n e w e r e c o n s i d e r e d t o ex t end t h e d i f f u s i o n 
c o n t r o l l e d r e g i o n t o e a r l i e r s t a g e s of t h e r e a c t i o n , t h e r e b y caiusing h i g h e r 
v a l u e s of p . 

A s t u d y of the t a b u l a t e d v a l u e s f o r c h l o r i n e c o n s u m e d by r e a c t i o n 
c o n f i r m e d t h i s c o n s i d e r a t i o n . F o r e x a m p l e t h e c h l o r i n a t i o n T e s t 24 wi th 
20. 7 p e r cent c o n v e r s i o n of c h l o r i n e in the l o w e r s t a g e , t h e c h l o r i n e con -
s u m e d at 85 p e r cent r e a c t i o n i s 5. 8 p e r cen t . T h i s c o n s u m p t i o n i s 0 . 3 
t i m e s t h e va lue when r e a c t i o n , i s only 30 p e r cent c o m p l e t e (17. 8 p e r cen t ) . 
C o m p a r a b l e r a t i o s f o r t e s t s wi th s m a l l e r c h l o r i n e c o n v e r s i o n s in t h e l o w e r 
s t a g e i n c r e a s e s u c c e s s i v e l y f r o m 0 . 7 t o 0 . 8 , t h a t i s t o s a y tha t c h l o r i n e 
c o n v e r s i o n r e m a i n s m o r e n e a r l y cons t an t t h r o u g h o u t t h e t e s t s . T h i s f a c t 
i n d i c a t e s t ha t r e a c t i o n p r o d u c t s on the p a r t i c l e s u r f a c e s f o r m l e s s of a 
d i f f u s i o n b a r r i e r wi th h igh p a r t i a l p r e s s u r e s of c h l o r i n e in the c h l o r i n a t i o n 
g a s . 



A-2 

No a t t e m p t w a s m a d e , he r e t o c o n f i r m t h e s e p o s t u l a t e s r i g o r o u s l y 
n o r t o m e a s u r e r e s u l t i n g e f f e c t s q u a n t i t a t i v e l y . The e x p e r i m e n t a l d a t a w e r e 
c o r r e l a t e d on a n a r b i t r a r y b a s i s a l o n e . 

T a k i n g a va lue of p =. 0. 5 f o r T e s t s 22, 23 and 24 i n t r o d u c e d a n 
e r r o r by r e d u c i n g t h e r e a c t i o n r a t e in t h e i n i t i a l s t a g e s of r e a c t i o n and 
a c c e l e r a t i n g it t o w a r d t h e end of r e a c t i o n . H o w e v e r , by t a k i n g a c o n s t a n t 
v a l u e f o r p t h r o u g h o u t a l l t h e t e s t s , t he n u m b e r of r e a c t i o n r a t e v a r i a b l e s 
invo lved in d e s i g n c a l c u l a t i o n s f o r m u l t i p l e s t a g e f l u i d i s e d bed r e a c t o r s w a s 
r e d u c e d f r o m f o u r to t h r e e . 

D e s i g n c a l c u l a t i o n s f o r m u l t i p l e s t a g e r e a c t o r s w e r e l eng thy , e v e n 
wi th t h r e e s u c h v a r i a b l e s . With f o u r , r e c o u r s e t o c a l c u l a t i o n by a c o m p u t e r 
would h a v e b e e n n e c e s s a r y . S ince the p u r p o s e of t h e c a l c u l a t i o n w a s t o 
p r o v i d e an a p p r o x i m a t e : d e s i g n f o r a s s e s s i n g t h e p r a c t i c a b i l i t y of o p e r a t i n g 
t h e p r o c e s s , t h e s i m p l i f i c a t i o n of t a k i n g a c o n s t a n t va lue f o r p w a s j u s t i f i e d . 

T h e s e c o n d a p p r o x i m a t i o n w a s tha t of a s s u m i n g t h e e f f e c t s of g a s 
c o m p o s i t i o n and of d i lu t ion of i l m e n i t e wi th c h l o r i n a t e d p r o d u c t upon the 
r e a c t i o n r a t e w e r e i ndependan t and e s t i m a t i n g t h e s i m u l t a n e o u s e f f e c t of 
both by s i m p l e p r o p o r t i o n . 

T o m e a s u r e t h e s i m u l t a n e o u s e f f e c t s of t h e s e two v a r i a b l e s would 
have invo lved f u r t h e r c h l o r i n a t i o n e x p e r i m e n t s wi th the two s t a g e e x p e r i m e n -
t a l e q u i p m e n t . T h e i m m e d i a t e p u r p o s e of t h i s p r o j e c t did not j u s t i f y t h e 
t i m e and e x p e n s e involved in s u c h e x p e r i m e n t s . 

T h e t h i r d a p p r o x i m a t i o n w a s t h a t da t a d e t e r m i n e d in f l u i d i s e d bed 
e q u i p m e n t only 3 i n c h e s in d i a m e t e r w e r e u s e d f o r p r e l i m i n a r y d e s i g n 
c a l c u l a t i o n s f o r l a r g e s c a l e r e a c t o r s . A g a i n t h e r e w a s no j u s t i f i c a t i o n at 
t h i s s t a g e f o r p e r f o r m i n g f u r t h e r , e x p e r i m e n t s wi th l a r g e r s c a l e e q u i p m e n t . 
If t h e r e s u l t s of t h e s e c a l c u l a t i o n s showed t h a t t h e o p e r a t i o n of t h i s p r o c e s s 
on a n . i n d u s t r i a l s c a l e w a s l i k e l y t o be p r a c t i c a b l e , t h e n f u r t h e r m e a s u r e -
m e n t s of r e a c t i o n r a t e s u n d e r v a r i o u s cond i t i ons would h a v e to be m a d e with 
l a r g e r s c a l e e q u i p m e n t . 

9. R E A C T O R DESIGN 

F i v e t y p e s of f l u i d i s e d bed r e a c t o r s w e r e c o n s i d e r e d . T h e s e 
w e r e a s i n g l e s t a g e r e a c t o r , a . 2 - s t a g e r e a c t o r h a v i n g both s t a g e s on t h e s a m e 
h o r i z o n t a l l e v e l and a c o m m o n gas d i s t r i b u t o r , 2 - s t a g e s wi th one s e t above 
t h e p t h e r s o t h a t c h l o r i n a t i o m g a s e s f r o m t h e l o w e r bed p a s s t h r o u g h t h e 
u p p e r , a 3 - s t a g e r e a c t o r wi th the s t a g e s a r r a n g e d v e r t i c a l l y s o the g a s e s 
p a s s s u c c e s s i v e l y t h r o u g h e a c h s t a g e and a 3 - s t a g e r e a c t o r with the f i r s t 
s t a g e a r r a n g e d v e r t i c a l l y above t h e s e c o n d and t h i r d s t a g e s , t h e s e 2 - s t a g e s 
b e i n g on t h e s a m e (ho r i zon t a l ) p l a n e . T h e s e r e a c t o r s a r e i l l u s t r a t e d in 
Append ix D F i g u r e s D - l to D - 5 r e s p e c t i v e l y . 

D e s i g n c a l c u l a t i o n s w e r e b a s e d on the da i l y t r e a t m e n t of 1 0 6 . 4 
t o n s of o x i d i s e d i l m e n i t e con t a in ing 50 t o n s of f e r r i c ox ide . 

In o r d e r to p r o d u c e m a r k e t a b l e g r a d e t i t a n i u m d iox ide con t a in ing 
l e s s t h a n 0. 5 p e r cent f e r r i c ox ide , t h e c h l o r i n a t i o n r e a c t i o n h a s t o p r o c e e d 
t o 9 9 - 4 3 p e r cent c o m p l e t i o n . 
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The p e r m i s s i b l e f r a c t i o n of u n r e a c t e d m a t e r i a l in the p r o d u c t was 
t h e r e f o r e t a k e n a s 0. 0057. 

Single Stage R e a c t o r 

• ( r e f e r Appendix D, F i g u r e D - l ) 

F o r a r e a c t i o n of t he type hav ing p s 0 . 5 , t he f r a c t i o n of u n r e a c t e d 
m a t e r i a l in the e f f luen t f r o m a s ing le s t a g e r e a c t o r is given by: 

2va°' 5 ^ 

F U 1 = 1 + o . S p ^ Y f i - e " V k ' 

When - 100 va" 3 

F u j « 0 . 0 0 5 

A va lue f o r the r a t e cons tan t k could be d e t e r m i n e d p r o v i d e d v a l u e s 
f o r c and i w e r e known. The r e a c t a n t gas was p u r e ch lo r ine s o c = 0. 
The f r a c t i o n of u n r e a c t e d m a t e r i a l in the e f f luen t w a s 0. 005 so i = 0. 005. 

A va lue f o r k c o r r e s p o n d i n g to t h i s va lue f o r i f r o m F i g u r e C - 7 
Appendix C was k a 0. 0266. 

The feed r a t e v was equa l t o 0. 07 36 tons of ox id i sed i l m e n i t e p e r 
m i n u t e . 

The f eed m a t e r i a l con ta ined 47 p e r cent of f e r r i c oxide s o 
a = 0 . 4 7 . 

Subs t i tu t ion of t h e s e v a l u e s in the p r e v i o u s e x p r e s s i o n y i e lded a 
va lue f o r t he r e a c t o r c a p a c i t y of V = 190 tons of ox id i sed i l m e n i t e . 

The amoun t of c h l o r i n e which could be c o n v e r t e d to f e r r i c c h l o r i d e 
u n d e r e q u i l i b r i u m condi t ions f o r the c h l o r i n a t i o n r e a c t i o n at 1100°C w a s 
44 p e r cent ( K e t t e r i d g e and W i l m s h u r s t 1963). In m o s t of the c h l o r i n a t i o n 
r e s u l t s r e p o r t e d t h e r e , the c h l o r i n e c o n v e r s i o n was m u c h l e s s t h a n t h i s va lue . 
H o w e v e r , in s o m e i n s t a n c e s , the in i t i a l c h l o r i n e c o n v e r s i o n s w e r e c l o s e to 
40 p e r cent . 

A f l u id i s ed bed r e a c t o r with a c a p a c i t y of 190 t o n s of ox id i sed 
i l m e n i t e m u s t n e c e s s a r i l y have a m u c h g r e a t e r depth of bed t han the 3 inch 
f l u i d i s e d beds u s e d f o r t h e s e e x p e r i m e n t s . Ch lo r ine gas r i s i n g t h r o u g h 
the bed wil l t h e r e f o r e r e m a i n in contac t with the c h a r g e f o r a l o n g e r p e r i o d 
and c o n v e r s i o n of ch lo r ine wil l be g r e a t e r a l though t h i s could not e x c e e d 
e q u i l i b r i u m . 

The i n c r e a s e in c h l o r i n e c o n v e r s i o n could not be d e t e r m i n e d wi th -
out m e a s u r e m e n t s m a d e with l a r g e r s c a l e e q u i p m e n t , so a va lue of 40 p e r 
cent c o n v e r s i o n was a s s u m e d . 
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2 - S t a g e R e a c t o r - H o r i z o n t a l A r r a n g e m e n t 

( r e f e r Append ix D, F i g u r e D-2 ) 

F o r a f l u i d i s e d bed r e a c t o r wi th 2 equa l s i z e s t a g e s in wh ich a 
r e a c t i o n of t h e type h a v i n g p - 0. 5 i s t a k i n g p l a c e wi th t h e s a m e r a t e 
c o n s t a n t in e a c h s t a g e , t h e a u t h o r h a s shown ( K e t t e r i d g e 1962): 

/ _ Z v a ° ' 5 \ 
Vk f _ x Vk ) 

Fu 2 3 1 - n. 5 I 2 + e / va 

2va' 0- 5 

Vk 

wi th 
va" 

FU2 = 0 . 0 0 4 7 

F o r the f i r s t s t a g e of t h i s r e a c t o r a lone 

Fux •• 0 . 0 7 8 4 

T h e c h l o r i n a t i n g gas e n t e r i n g both s t a g e s w a s p u r e c h l o r i n e t h e r e -
f o r e , a s wi th t h e s i n g l e s t a g e r e a c t o r s t a g e i = 0. 0784 t h e r e f o r e f r o m 
F i g u r e C - 7 Append ix C, k = 0. 0265. F o r the s e c o n d s t a g e i - 0. 0047 s o 
k = 0. 0266 w a s t a k e n f o r bo th s t a g e s and t h e s m a l l e r r o r s o i n t r o d u c e d , w a s 
d i s r e g a r d e d . 

A s wi th the c a l c u l a t i o n f o r a s i n g l e s t a g e r e a c t o r , v =» 0. 07 36 t o n s 
of ox id i s ed i l m e n i t e p e r m i n u t e and a - 0 . 4 7 . . 

Subs t i t u t i on of t h e s e v a l u e s y i e l d e d a v a l u e f o r t h e c a p a c i t y of 
e a c h s t a g e of V = 15. 2 t o n s of o x i d i s e d i l m e n i t e and a t o t a l r e a c t o r c a p a c i t y 
of 3 0 . 4 t o n s . 

A s p r e v i o u s l y , t h e a s s u m p t i o n w a s . n o w m a d e tha t a c h l o r i n e 
c o n v e r s i o n of 40 p e r cent could be ob ta ined in the f i r s t s t a g e of the 2 - s t a g e 
r e a c t o r . 

The c a l c u l a t e d ex ten t of r e a c t i o n in t h e f i r s t s t a g e a m o u n t e d t o 
92. 16 p e r cent and in the s e c o n d to 7. 37 p e r cen t . . 

S ince t h e two s t a g e s w e r e c o n s i d e r e d of e q u a l s i z e and on the 
s a m e h o r i z o n t a l l e v e l , t he c h l o r i n e f low t o e a c h w a s c o n s i d e r e d t o be the 
s a m e . C o n v e r s i o n of c h l o r i n e in t h e s e c o n d s t a g e w a s t h e r e f o r e c a l c u l a t e d 
t o be : 

7. 37 4 0 x . / ~ 3. 20 p e r cent 9<£. Io 
T h e o v e r a l l c o n v e r s i o n of c h l o r i n e in bo th s t a g e s w a s t h e r e f o r e 

a s s e s s e d a s 2 1 . 6 p e r cen t . 
A g r e a t e r va lue f o r t h e o v e r a l l c o n v e r s i o n of c h l o r i n e could be 

ob ta ined wi th a. 2 - s t a g e r e a c t o r if t h e c a p a c i t i e s of, t h e 2 - s t a g e s d i f f e r e d . 
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F o r a 2 - s t a g e r e a c t o r wi th t h e f i r s t s t a g e hav ing a c a p a c i t y V! and 
t h e s e c o n d V2; 

2va' 0- 5 

* * - v ^ v i I • - ^ • H - S W O - . 
V! 

2va° ' 5 

The c a s e of a r e a c t o r h a v i n g s t a g e c a p a c i t i e s in t h e r a t i o 
V •: V2 = 20: 1 w e r e t h e n c o n s i d e r e d . 

Subs t i t u t i on of a v a l u e of 

- Vik _ 
o- 5 - 40 vau 

in t h e p r e v i o u s e x p r e s s i o n y i e l d e d a v a l u e of 0. 0038 f o r t h e f r a c t i o n of u n -
s e a t e d m a t e r i a l in t h e p r o d u c t . The f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e 
f i r s t s t a g e w a s by c a l c u l a t i o n 0. 0168. 

T h e r e f o r e f o r s t a g e 1 

c = 0 and i = 0 . 0 1 6 8 

and f o r s t a g e 2 
c = 0 and i = JL 0038 . 

F r o m F i g u r e C - 7 and Append ix C, a va lue f o r k of 0. 0266 w a s 
ob t a ined f o r bo th s t a g e s . 

With v a l u e s f o r v and a a s b e f o r e , v a l u e s f o r Vj and V2 of 75. 9 
t o n s and 3. 8 t o n s r e s p e c t i v e l y w e r e ob ta ined , g iv ing a c a l c u l a t e d t o t a l 
r e a c t o r c a p a c i t y of 79. 7 t o n s . 

Va lue s c a l c u l a t e d f o r t h e f r a c t i o n of u n r e a c t e d m a t e r i a l in e f f luen t 
f r o m s t a g e 1 and s t a g e 2 w e r e 0. 0168 and 0. 0038 r e s p e c t i v e l y . T h e ex ten t 
of r e a c t i o n in e a c h of t h e t w o s t a g e s w a s t h e r e f o r e a s s e s s e d a s 98. 32 p e r cent 
and 1. 30 p e r cen t . 

If t h e two s t a g e s w e r e s o a r r a n g e d tha t t h e y had t h e s a m e dep th 
of bed , t h e n t h e c h l o r i n e f low t o e a c h would be in t h e p r o p o r t i o n of 20: 1. 
If 40 p e r cent c o n v e r s i o n of c h l o r i n e w a s a c h i e v e d in t h e f i r s t s t a g e , t h e n 
t h e c o n v e r s i o n in t h e s e c o n d s t a g e would be : 

.20 x 40 x 1 . 3 0 
3 10. 58 p e r cent 

C h l o r i n e c o n v e r s i o n f o r t h e r e a c t o r a s a whole w a s t h e r e f o r e 
c a l c u l a t e d : 

20 x 40 + 10. 58 
21 

38. 60 p e r cent 

The r e a c t o r c a p a c i t y in t h i s c a s e w a s g r e a t e r t h a n wi th two e q u a l 
s i z e s t a g e s , b e i n g 7 9 . 7 t o n s c o m p a r e d wi th 3 0 . 4 t o n s . T h i s f i g u r e i s 
c o n s i d e r a b l y l e s s t h a n the 190 t o n s r e q u i r e d f o r a s i n g l e s t a g e r e a c t o r . 
H o w e v e r , t h i s r e d u c t i o n in t h e r e a c t o r s i z e w a s a c h i e v e d at t h e e x p e n s e of 



r e d u c i n g t h e c h l o r i n e c o n v e r s i o n f r o m 40 p e r cent t o 38. 6 p e r cen t . 
If t h e r a t i o of V i : V2 w a s i n c r e a s e d t o 200: 1, wi th a va lue f o r 

t h e f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e p r o d u c t w a s c a l c u l a t e d t o be 0. 0052. 
In t h i s c a s e Vi = 1 4 2 . 4 t o n s and V2 » 0. 71 t o n s , g iv ing a 

t o t a l c a p a c i t y of 143; 1 t o n s . - O v e r a l l c h l o r i n e c o n v e r s i o n w a s a s s e s s e d a s . 
39. 94 p e r cen t . T h e r e a c t o r c a p a c i t y w a s t h e r e f o r e r e d u c e d f r o m t h e 190 
t o n s r e q u i r e d f o r a s i n g l e s t a g e r e a c t o r t o 143 t o n s wi th neg l i g ib l e l o s s in 
c h l o r i n e c o n v e r s i o n . 

The v a l u e s of 20: 1 and 200: 1 f o r t h e r a t i o s of s t a g e c a p a c i t i e s 
w e r e c h o s e n a r b i t r a r i l y t o i l l u s t r a t e t h e e f f e c t of d i f f e r e n t s i z e s t a g e s . 
O b v i o u s l y r e d u c t i o n of r e a c t o r c a p a c i t y would have, t o be b a l a n c e d a g a i n s t 
m a i n t a i n i n g ch lo r ine : c o n v e r s i o n at a s h igh a v a l u e a s p o s s i b l e . 

Two Stage R e a c t o r - V e r t i c a l A r r a n g e m e n t 

( r e f e r Append ix D, F i g u r e D-3) 

T h e r e a r r a n g e m e n t of the 2 - s t a g e f l u i d i s e d bed r e a c t o r wi th e q u a l 
s i z e s t a g e s wi th one s t a g e above t h e o t h e r w a s t h e n c o n s i d e r e d . 

T h e r e a c t o r u n d e r c o n s i d e r a t i o n h a s two s t a g e s , e a c h wi th a 
c a p a c i t y of 15. 2 t o n s of o x i d i s e d i l m e n i t e , a r r a n g e d ; v e r t i c a l l y s o t h a t 
c h l o r i n a t i o n g a s e s f r o m t h e b o t t o m s t a g e | e n t e r t h e t op s t a g e . 

T h e g a s e n t e r i n g t h e b o t t o m s t a g e would be p u r e c h l o r i n e s o f o r 
t h i s s t a g e c = 0. A s s u m i n g tha t t h e g r a d e of p r o d u c t l e a v i n g t h e r e a c t o r 
w a s t h e s a m e a s f o r t h e h o r i z o n t a l a r r a n g e m e n t of s t a g e s , t h e n f o r t h e 
b o t t o m s t a g e i = 0. 0047. The r e a c t i o n r a t e c o n s t a n t w a s t h e r e f o r e t h e 
s a m e a s f o r t h e h o r i z o n t a l a r r a n g e m e n t of s t a g e s , k = 0. 0266. 

If t h e f u r t h e r a s s u m p t i o n w a s m a d e tha t t h e ex t en t of r e a c t i o n in 
t h e f i r s t s t a g e w a s t h e s a m e a s wi th t h e h o r i z o n t a l a r r a n g e m e n t of s t a g e s , 
t h e n the ex ten t of r e a c t i o n in t h e s e c o n d wi l l be t h e s a m e a s wi th t h e h o r i z o n -
t a l a r r a n g e m e n t . 

C h l o r i n e c o n v e r s i o n in t h e bottom5 stage; wi l l be 3. 20 p e r cen t , 
s o t ha t f o r t h e t op s t a g e c = 0. 032, and a s b e f o r e f o r the f i r s t s t a g e , 
i = 0 . 0 7 8 4 . 

F r o m F i g u r e C - 1 5 Append ix C , the r a t e c o n s t a n t in t h i s s t a g e 
would be k = 0 . 0 2 6 2 . 

The d i f f e r e n c e b e t w e e n t h i s va lue f o r k and t h e v a l u e of 0. 0266 
u s e d in t h e c a l c u l a t i o n f o r t h e h o r i z o n t a l a r r a n g e m e n t of s t a g e s w a s s m a l l 
and d o e s not i n v a l i d a t e the a s s u m p t i o n tha t t h e ex ten t of r e a c t i o n in t h e 
v e r t i c a l a r r a n g e m e n t of s t a g e s w a s t h e s a m e a s f o r t h e h o r i z o n t a l a r r a n g e -
m e n t . 

A r e a c t o r hav ing two s t a g e s , e a c h wi th a c a p a c i t y of 15, 2 t o n s of 
o x i d i s e d i l m e n i t e , a r r a n g e d v e r t i c a l l y would t h e r e f o r e p r o d u c e a s a t i s f a c t o r y 
g r a d e of p r o d u c t wi th an o v e r a l l c h l o r i n e c o n v e r s i o n of 40 p e r cen t . 
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T h r e e S tage R e a c t o r - V e r t i c a l A r r a n g e m e n t 

( r e f e r Append ix D, . F i g u r e D-4) 

F o r a t h r e e s t a g e r e a c t o r in which V, k and p a r e t h e s a m e f o r 
e a c h s tages ' 

S ince r e s u l t s f o r t h e c h l o r i n a t i o n e x p e r i m e n t s h a v e b e e n b a s e d on 
a v a l u e of p - 0. 5, t h e s u b s t i t u t i o n of 

q 3 1 _p a o. 5 

can be m a d e . 
Subs t i t u t i on of a va lue f o r 

y i e l d e d a va lue f o r . ' 

FU3 = 0 . 0 0 5 7 7 0 - 0 . 0 0 0 , 0 1 7 
0 . 0 0 5 8 

F u j = 0 . 2 2 0 8 

T h e o v e r a l l ex ten t of r e a c t i o n w a s t h e r e f o r e c a l c u l a t e d t o be 99. 42 
p e r cen t . T h e ex ten t c a l c u l a t e d t o o c c u r in the b o t t o m s t a g e a lone w a s 
3. 34 p e r cent and in s t a g e s 2 and 3 c o m b i n e d w a s 21. 5 p e r cen t . 

F o r t h e f i r s t two s t a g e s of t h i s r e a c t o r 

Fu 2 = 0 . 0 3 9 2 

F o r t h e f i r s t s t a g e a l o n e 

l 0 . 0 0 5 8 
c 0 

s o tha t f r o m F i g u r e C - 7 Append ix C, k = 0. 0266 

F o r s t a g e 2 t h e f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e bed 

i 0 . 0 3 2 2 

A s s u m i n g a n o v e r a l l c h l o r i n e c o n v e r s i o n of 40 p e r cen t , r e a c t i o n 
in the b o t t o m s t a g e would give a va lue f o r c in the s e c o n d s t a g e of: 

c 0 . 4 0 x 0 . 0 3 3 4 
0 . 9 9 4 2 0 . 0 0 1 3 4 4 
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F r o m F i g u r e C - 1 5 Append ix C, f o r t h e s e c o n d s t a g e 

k = 0 . 0 2 6 6 . 

F o r the f i r s t s t a g e the c a l c u l a t e d f r a c t i o n of u n r e a c t e d m a t e r i a l 
in t h e bed w a s 0. 2208 so t h a t f o r t h i s s t a g e 

i ' = 0 . 2 2 0 8 . 

T h e ex ten t of r e a c t i o n in t h e s e c o n d and t h i r d s t a g e s w a s s u c h . t h a t 
f o r t h e f i r s t , s t a g e 

0. 40 x 0 . 2 1 5 « «„/ c 
c v 0 . 9 9 4 2 = ° - 0 8 6 5 

T h e r e f o r e f r o m F i g u r e C - l 5 Append ix C, 

k - 0 . 0 2 1 9 

T h i s v a l u e w a s l e s s by s o m e 18 p e r cen t t h a n t h e va lue f o r s t a g e s 
2 and 3. T h e r e f o r e a c o m m o n v e l o c i t y c o n s t a n t and s i z e of s t a g e could 
not be a s s u m e d f o r a l l t h r e e s t a g e s of t h e r e a c t o r . 

F o r a l l t h r e e s t a g e s : 

.= 0 4 Vk . . 
F o r s t a g e s 2 and 3, k = 0. 0266. Subs t i t u t i on of - the v a l u e s 

p r e v i o u s l y d e t e r m i n e d f o r a and v y i e l d e d a v a l u e f o r V of 4. 74 t o n s f o r 
e a c h of t h e s e s t a g e s . 

F o r t h e f i r s t s t a g e 
; . k - 0.:0219 s o tha t Vi = 5 . 7 6 . 

T h e t o t a l r e a c t o r c a p a c i t y would t h e r e f o r e be 1 5 . 2 t o n s . 

T h r e e S tage R e a c t o r - V e r t i c a l and H o r i z o n t a l A r r a n g e m e n t 

( r e f e r Append ix D, F i g u r e D-5 ) 

An a l t e r n a t i v e a r r a n g e m e n t of t h e t h r e e s t a g e r e a c t o r w a s t h e n 
c o n s i d e r e d . 

T h e ex ten t of r e a c t i o n in t h e b o t t o m s t a g e w a s shown t o be s m a l l 
and t h e a m o u n t of c h l o r i n e c o n v e r t e d t o f e r r i c c h l o r i d e not s u f f i c i e n t t o 
i n f l u e n c e t h e r e a c t i o n r a t e c o n s t a n t in t h e s e c o n d s t a g e . T h e r a t e c o n s t a n t 
in bo th s e c o n d and t h i r d s t a g e s w a s 0. 0266,. t h e s a m e v a l u e a s would r e s u l t 
if p u r e c h l o r i n e w e r e fed t o e a c h . 

T h e s e c o n d and t h i r d s t a g e s could t h e r e f o r e be a r r a n g e d on t h e 
s a m e h o r i z o n t a l p l a n e w i th . a c o m m o n g a s d i s t r i b u t o r wi thout a l t e r i n g t h e 
r a t e o r ex ten t of r e a c t i o n in e i t h e r . T h e f i r s t s t a g e would r e m a i n v e r t i c a l l y 
above t h e s e s t a g e s . 

With t h e t h r e e s t a g e s one a b o v e t h e o t h e r , t h e ex t en t of r e a c t i o n 
in t h e b o t t o m two s t a g e s w a s shown t o r e s u l t in 8. 65 p e r cent c h l o r i n e 
c o n v e r s i o n . With t h e s e s t a g e s a r r a n g e d h o r i z o n t a l l y t h e c h l o r i n e c o n v e r s i o n 
would be 4. 325 p e r cent s o tha t f o r the f i r s t s t a g e 



30 

c = 0 . 0 4 3 2 5 

F o r the f i r s t s t a g e in t h e v e r t i c a l a r r a n g e m e n t of s t a g e s c a l c u l a -
t i o n s have shown: 

i - 0 . 2 2 0 8 

A c o r r e s p o n d i n g va lue f o r k w a s ob ta ined f r o m Append ix C 
F i g u r e C - 1 5 . 

k - 0 . 0 2 5 0 

It h a s b e e n shown f o r t h e v e r t i c a l a r r a n g e m e n t of s t a g e s t h a t 

T h e r e f o r e f o r t h e f i r s t s t a g e of t h e c o m b i n e d v e r t i c a l and h o r i z o n t a l 
a r r a n g e m e n t 

v = 5 . 0 4 t o n s 

T h e s e c o n d and t h i r d s t a g e s would be t h e s a m e a s f o r the v e r t i c a l 
a r r a n g e m e n t of s t a g e s , 4. 7 t o n s , t h e r e f o r e the t o t a l r e a c t o r c a p a c i t y would 
be 14. 5 t o n s of ox id i sed i l m e n i t e . 

The r e s u l t s of t h e s e c a l c u l a t i o n s a r e now s u m m a r i s e d . 
T o t r e a t 106. 4 t o n s of ox id i s ed i l m e n i t e p e r day and p r o d u c e a 

p r o d u c t c o n t a i n i n g l e s s t h a n 0. 5 p e r cent f e r r i c oxide r e q u i r e d a s i n g l e 
s t a g e f l u i d i s e d bed r e a c t o r of the t ype shown in Append ix D F i g u r e D - l 
h a v i n g a c a p a c i t y of 190 t o n s of ox id i s ed i l m e n i t e . C h l o r i n e c o n v e r s i o n 
w a s a s s u m e d t o be 40 p e r cen t . 

If a f l u i d i s e d bed r e a c t o r w a s p a r t i t i o n e d to give two e q u a l s i z e 
s t a g e s on the s a m e p l ane a s in F i g u r e D - 2 , t h e t o t a l r e a c t o r c a p a c i t y 
r e q u i r e d w a s r e d u c e d to 3 0 . 4 t o n s . H o w e v e r c h l o r i n e c o n v e r s i o n w a s 
c a l c u l a t e d t o be r e d u c e d f r o m 40 p e r cent t o 21. 6 p e r cen t . 

H o w e v e r , if t h e s t a g e s w e r e m a d e wi th d i f f e r e n t c a p a c i t i e s , 
c h l o r i n e c o n v e r s i o n could be i n c r e a s e d whi le the t o t a l r e a c t o r c a p a c i t y would 
r e m a i n l e s s t h a n a s i n g l e s t a g e r e a c t o r but g r e a t e r t h a n one with two e q u a l 
s i z e s t a g e s . 

A s an e x a m p l e , a r e a c t o r h a v i n g t h e f i r s t s t a g e 20 t i m e s t h e 
c a p a c i t y of t h e s e c o n d r e q u i r e d a t o t a l r e a c t o r c a p a c i t y of 80 t o n s and 
r e s u l t e d in a c a l c u l a t e d o v e r a l l c h l o r i n e c o n v e r s i o n of 38. 6 p e r cen t . If 
t h e r a t i o of t h e s i z e of s t a g e s w a s i n c r e a s e d t o 200: 1, t h e t o t a l r e a c t o r 
c a p a c i t y r e q u i r e d was. 143 t o n s and t h e c h l o r i n e c o n v e r s i o n w a s 39. 94 p e r 
cen t . 

F o r a r e a c t o r wi th two e q u a l s i z e s t a g e s one above the o t h e r 
( F i g u r e D-3 ) , a t o t a l r e a c t o r c a p a c i t y of only 30. 4 t o n s h a s shown to be 
n e c e s s a r y t o p r o d u c e an a c c e p t a b l e g r a d e of p r o d u c t and m a i n t a i n c h l o r i n e 
c o n v e r s i o n at 40 p e r cen t . 

A t h r e e s t a g e v e r t i c a l r e a c t o r ( F i g u r e D-4) h a v i n g a f i r s t s t a g e 
wi th a c a p a c i t y of 5. 8 t o n s and t h e s e c o n d and t h i r d s t a g e s e a c h 4. 7 t o n s , 
i . e . , a t o t a l c a p a c i t y of 1 5 . 2 t o n s , was c a l c u l a t e d t o p r o d u c e a s u i t a b l e g r a d e 
of p r o d u c t wi th 40 p e r cent c o n v e r s i o n of c h l o r i n e . 

F i n a l l y if t h e t h r e e s t a g e r e a c t o r w a s r e a r r a n g e d wi th the s e c o n d 
and t h i r d s t a g e s on the s a m e h o r i z o n t a l p l ane and t h e f i r s t s t a g e v e r t i c a l l y 
above ( F i g u r e D - 5 ) , t h e f i r s t s t a g e could be r e d u c e d t o 5. 0 t o n s to g ive a 
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t o t a l r e a c t o r c a p a c i t y of 14. 5 t o n s . 
T h e r e s u l t s f r o m c o n s i d e r a t i o n s of t h e v a r i o u s r e a c t o r d e s i g n s a r e 

now s u m m a r i s e d . 
T h e s i m p l e s t , a s i n g l e s t a g e , r e q u i r e s a r e a c t o r hav ing a c a p a c i t y 

of 190 t o n s of o x i d i s e d i l m e n i t e o r a n a v e r a g e hold up t i m e of 43 h o u r s to 
p r o d u c e a s u i t a b l e g r a d e of p r o d u c t . 

F o r a su i t ab ly a r r a n g e d 2 - s t a g e r e a c t o r a c a p a c i t y of 30 t o n s o r 
a n a v e r a g e r e t e n t i o n t i m e of 6. 5 . h o u r s i s r e q u i r e d . 

F o r a 3 - s t a g e r e a c t o r a t o t a l ! c a p a c i t y .of .15 t o n s o r an a v e r a g e 
r e t e n t i o n t i m e of 3. 3 h o u r s i s s u f f i c i e n t . 

C h l o r i n e F low . R e a c t o r d e s i g n c a l c u l a t i o n s have b e e n b a s e d on the t r e a t m e n t 
of 106. 4 t o n s of ox id i s ed i l m e n i t e p e r day r e q u i r i n g t h e r e m o v a l of 50 t o n s 
of f e r r i c oxide p e r day . T h e c h l o r i n e c o n s u m e d would be , by s t o i c h e i o m e t r i c 
p r o p o r t i o n , , 

213 
50 x . Y ^ g - 7 = 66. 7 t o n s p e r day 

In c h l o r i n a t i o n e x p e r i m e n t s c a r r i e d out in s m a l l s c a l e f l u i d i s e d bed 
e q u i p m e n t , a c h l o r i n e f low s u f f i c i e n t t o m a i n t a i n the bed in a we l l f l u i d i s e d 
cond i t ion but i n s u f f i c i e n t t o c a s u e s i g n i f i c a n t l o s s of s o l i d s by e n t r a i n m e n t , 
w a s found to be 

0. 05 g ( in)"2 ( s ec ) " 1 ' 

T h i s v a l u e w a s t a k e n a s a s u i t a b l e f l o w - r a t e f o r i n d u s t r i a l s c a l e 
e q u i p m e n t . C o n v e r s i o n t o m o r e conven ien t u n i t s y i e l d e d 

0. 612 t o n s ( f t )" 2 (day)" 1 . 

j The bulk s p e c i f i c g r a v i t y of o x i d i s e d i l m e n i t e i s 2. 5 s o 1 ton 
o c c u p i e s 14. 35 cub i c f e e t . A l lowing 20 p e r . c e n t e x p a n s i o n on f l u i d i s a t i o n , 
1 t on in t h e f l u i d i s e d s t a t e o c c u p i e s 1 7 . 2 cub i c f e e t . . 

On t h e b a s i s of t h e s e v a l u e s f o r s p e c i f i c g r a v i t y and f l u i d i s e d bed 
e x p a n s i o n , t h e gas p r e s s u r e l o s s t h r o u g h 1 foot of f l u i d i s e d bed w a s c a l c u l a t e d 
to be 0. 90 p s i . 

H o w e v e r , f u l l y c h l o r i n a t e d p r o d u c t h a s a s p e c i f i c g r a v i t y of only 
1. 25 s o tha t g a s p r e s s u r e l o s s t h r o u g h 1 foot of f l u i d i s e d bed would be in t h i s 
c a s e 0. 45 p s i . 

C o n s i d e r the s i n g l e s t a g e f l u i d i s e d bed r e a c t o r . 
A v a l u e of 40 p e r cent h a s b e e n . taken a s the p r o b a b l e ex ten t of 

c h l o r i n e c o n v e r s i o n f o r the s i n g l e s t a g e f l u i d i s e d bed r e a c t o r , and t h e s i z e 
of bed n e c e s s a r y h a s b e e n e s t i m a t e d at 190 t o n s of o x i d i s e d i l m e n i t e . 

T h e c h l o r i n e f low r e q u i r e d would be 

66. 7 x 2 . 5 = 167 t o n s p e r day . 

T h e c r o s s - s e c t i o n a l a r e a r e q u i r e d to give a s u i t a b l e l i n e a r c h l o r i n e 
g a s v e l o c i t y w o u l d .be 

i r f i T • 2 7 3 <«>= 

A s s u m i n g a c i r c u l a r c o n s t r u c t i o n , a r e a c t o r h a v i n g a d i a m e t e r of 
1 8 . 5 f t , c r o s s - s e c t i o n a r e a 269 s q u a r e f e e t , would be s u i t a b l e . 
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The volume of the expanded fluidised bed would be 
190 x 17.2 a 3270 (ft)3 

and the expanded bed height 

The fluidised bed would contain almost completely reacted product 
so the gas pressure loss through the bed would be 

12. 2 x 0. 45 a 5. 5 psi. 

The single stage fluidised bed reactor would therefore have a 
diameter of 18. 5 feet and the depth of the fluidised bed would be 12. 2 feet. 
This would cause a fluidising gas pressure loss through the bed of 5. 8 psi. 

For a reactor with two equal s ize stages arranged on the same 
horizontal plane, a total reactor capacity of 30. 4 tons of oxidised ilmenite 
was shown to be necessary and the overall chlorine conversion should be 
21. 6 per cent. In order to give a suitable linear velocity of chlorine through 
the fluidised bed, a reactor 25. 5 feet in diameter partitioned in the centre 
would be necessary. The depth of the expanded fluidised bed necessary 
would then be 1. 0 foot and the corresponding chlorine pressure loss 0. 5 psi. 

A 2-stage reactor having the first stage 20 t imes the volume of 
the second required a total reactor capacity of 79.7 tons of oxidised ilmenite 
and was calculated to give 38. 6 per cent conversion of chlorine. In order 
to give a suitable velocity of chlorine through this reactor, a diameter of 
19 feet would be required with a partition placed to give a second stage 
having an area in cross section of 14 square feet. The depth of bed in 
this reactor would be 4. 8 feet and gas pressure loss 2. 2 psi. 

If the ratio of s i zes was increased to 200:1, the necessary total 
reactor capacity increased to 143. 1 tons and the chlorine conversion to 
40 per cent. The area requirement in this case was the same as for a 
single stage reactor,so a diameter of 18. 5 feet would be necessary with 
a partition so placed that the second stage would have a cross section of 
1 .4 square feet. The depth of the fluidised bed would be 9. 2 feet giving 
a gas pressure loss of 4 .1 psi. 

With a vertical arrangement of two equal s ize stages, a total 
reactor capacity of 30,4 tons of oxidised ilmenite was necessary and 
chlorine conversion would be 40 per cent. Therefore a reactor of 18. 5 
feet diameter would again be necessary. The depth of bed in each stage 
would be 1 .0 foot and the pressure loss in each 0. 44 psi giving a total 
pressure loss through the Tluidised beds of 0. 88 psi. 

For the vertically arranged 3-stage reactor, the anticipated 
chlorine conversion was 40 per cent so that an 18. 5 feet diameter reactor 
would be required. The capacity of the first stage has been calculated at 
5. 76 tons of oxidised ilmenite, so the fluidised bed depth necessary would 
be 0. 37 feet. This stage contains 22.1 per cent ilmenite so the average 
specif ic gravity would be 1. 53. The gas pressure loss through this stage 
would therefore be 0. 20 psi. 
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T h e c a p a c i t i e s of t h e s e c o n d and t h i r d s t a g e s a r e e a c h 4. 74 t o n s of 
o x i d i s e d i l m e n i t e . The depth of bed in e a c h would b e 0. 30 f e e t . B o t h 
b e d s would con ta in a l m o s t c o m p l e t e l y c h l o r i n a t e d p r o d u c t so the p r e s s u r e 
l o s s t h r o u g h e a c h would be 0. 14 p s i and p r e s s u r e l o s s t h r o u g h t h e t h r e e 
f l u i d i s e d b e d s wi l l be 0 . 4 8 p s i . 

If t h e s t a g e s w e r e r e a r r a n g e d wi th t h e s e c o n d and t h i r d s t a g e s on 
t h e s a m e h o r i z o n t a l p l a n e , an 18. 5 f e e t d i a m e t e r r e a c t o r would s t i l l be 
n e c e s s a r y . T h e c a p a c i t y of t h e t op s t a g e in t h i s c a s e w a s c a l c u l a t e d to -be 
5. 04 t o n s s o t h e bed depth would be 0. 32 f e e t and the g a s p r e s s u r e l o s s 
0. 18 p s i . 

T h e c a p a c i t y of each, of t h e b o t t o m s t a g e s w a s c a l c u l a t e d at 4. 74 
t o n s s o t h e depth of bed in e a c h would be 0. 61 f ee t and t h e g a s p r e s s u r e l o s s 
0. 27 ps i . . T o t a l p r e s s u r e l o s s t h r o u g h t h e f l u i d i s e d b e d s would-be 0. 45 p s i i 

In a l l c a s e s t h e r e f o r e bed depth would be s h a l l o w , s a y 1 foot o r 
l e s s , t h e d i s t r i b u t o r s would h a v e t o have a p r e s s u r e d r o p of t h e o r d e r of 
1. 0 p s i in o r d e r t o p r e v e n t channe l l i ng . 

T h e s e c a l c u l a t i o n s m a y now be s u m m a r i s e d . 
T o c a r r y out t h e c h l o r i n a t i o n r e a c t i o n in a s i n g l e f l u i d i s e d bed 

would r e q u i r e a r e a c t o r 18. 5 f e e t in d i a m e t e r c o n t a i n i n g a f l u i d i s e d bed 
12. 2 f e e t in depth.-

If a r e a c t o r c o m p r i s i n g two e q u a l s i z e s t a g e s on t h e s a m e h o r i z o n -
t a l p l a n e w e r e u s e d , c h l o r i n e c o n v e r s i o n would be l e s s t h a n wi th a s i n g l e 
s t a g e f l u i d i s e d bed s o a l a r g e r d i a m e t e r (25. 5 f ee t ) r e a c t o r would be 
n e c e s s a r y . Hold up of s o l i d s in a 2 - s t a g e r e a c t o r would be l e s s and t h i s 
e f f e c t , t o g e t h e r wi th the l a r g e r d i a m e t e r , w o u l d r e s u l t in a m u c h s m a l l e r 
dep th of bed , 1. 0 foot , r a t h e r s h a l l o w f o r t h i s d i a m e t e r . 

With a . 3 - s t a g e r e a c t o r , t he d i a m e t e r would r e m a i n t h e s a m e a s 
f o r a s i n g l e s t a g e r e a c t o r , but hold up would be f u r t h e r r e d u c e d and e x t r e m e l y 
s h a l l o w b e d s r e s u l t . T h e r e would be l i t t l e d i f f e r e n c e w h e t h e r a l l t h r e e 
s t a g e s w e r e a r r a n g e d v e r t i c a l l y o r w h e t h e r the s e c o n d and t h i r d s t a g e s w e r e 
on t h e s a m e h o r i z o n t a l p l a n e . 

The c a l c u l a t e d dep th of bed would be , of c o u r s e , a m i n i m u m dep th 
and d e e p e r b e d s would be p o s s i b l e . H o w e v e r t h i s would c o u n t e r the 
a d v a n t a g e of u s i n g t h r e e s t a g e s in p l a c e of two, in o r d e r t o r e d u c e hold up 
of s o l i d s . 

F u r t h e r d i s c u s s i o n i s conf ined t o r e a c t o r s wi th l e s s t h a n t h r e e 
s t a g e s . 

Hold up in a 2 - s t a g e r e a c t o r would be l e a s t when the s t a g e s w e r e 
t h e s a m e s i z e . 

With t w o equa l s i z e s t a g e s o n t he s a m e h o r i z o n t a l p l a n e , c h l o r i n e 
c o n v e r s i o n w a s shown t o be i n o r d i n a t e l y low, r e q u i r i n g a l a r g e d i a m e t e r 
r e a c t o r and a s h a l l o w f l u i d i s e d bed . If t h e two s t a g e s w e r e a r r a n g e d 
v e r t i c a l l y , c h l o r i n e c o n v e r s i o n would be h igh and t h e n e c e s s a r y bed d i a m -
e t e r r e d u c e d to t h e s a m e a s f o r a s i n g l e s t a g e r e a c t o r . H o w e v e r , t h e two 
f l u i d i s e d b e d s would s t i l l be v e r y s h a l l o w . 

F l u i d i s e d b e d s d e e p e r t h a n t h e c a l c u l a t e d m i n i m u m could be u s e d , 
but the o p e r a t i o n of t w o s t a g e s one above t h e o t h e r would be m o r e d i f f i cu l t 
t h a n if bo th w e r e on t h e s a m e p l a n e . A p a r t f r o m d i f f i c u l t i e s in m i n i m i s i n g 
g a s p r e s s u r e f l u c t u a t i o n s , e n t r a i n m e n t of s o l i d s f r e q u e n t l y t e n d s to s e a l 
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g a s d i s t r i b u t i o n in the u p p e r s t a g e and r e s t r i c t i o n s would be n e c e s s a r y in 
t h e g a s d i s t r i b u t o r s in o r d e r t o p r o d u c e a p o s i t i v e p r e s s u r e d r o p t o c o n t r o l 
any t e n d e n c y t o channe l . 

T h e p o s s i b i l i t y of u s i n g two v e r t i c a l s t a g e s shou ld not be o v e r -
looked , but two h o r i z o n t a l l y a r r a n g e d s t a g e s , c o r r e c t l y p r o p o r t i o n e d , would 
a p p e a r t o o f f e r the b e s t so lu t ion . 

Only two r e a c t o r s h a v i n g two d i f f e r e n t l y s i z e d s t a g e s h a v e b e e n 
c o n s i d e r e d h e r e , t h e r a t i o s of t h e s t a g e s b e i n g 20: 1 and 200: 1. 

T h e f o r m e r would be t h e b e t t e r , r e q u i r i n g a r e a c t o r 19 f e e t in 
d i a m e t e r and a f l u i d i s e d bed 4. 8 f ee t d e e p . C o n v e r s i o n of c h l o r i n e shou ld 
be 38. 6 p e r cen t . 

T h i s c o m p a r e d f a v o u r a b l y wi th a s i n g l e s t a g e r e a c t o r and , whi le 
t h e r a t i o of t h e s i z e s of t h e s t a g e s shou ld be t h e s u b j e c t of f u r t h e r s tudy , 
a r e a c t o r c o n s i s t i n g of two h o r i z o n t a l l y a r r a n g e d s t a g e s w a s s e l e c t e d f o r t h e 
p r e s e n t a s t h e m o s t s u i t a b l e c o m p r o m i s e . 

Hea t R e q u i r e m e n t . The h e a t of r e a c t i o n f o r r e a c t i o n (2) h a s b e e n d e t e r m i n e d 
by K e t t e r i d g e and W i l m s h u r s t (1963). 

2 F e 2 0 3 + 2TiO z + 6C12 = 4 F e C l 3 + 30 2 + 4TiO z (2) 

^ ^ 1 1 0 0 ° C 3 1 7 3 , 0 0 0 c a l o r i e s 
T h e hea t c o n s u m e d when t r e a t i n g 106. 4 t o n s of o x i d i s e d i l m e n i t e 

p e r day c o n t a i n i n g 50 t o n s of f e r r i c oxide would a m o u n t to : 

4 . 5 5 x 106 B T U (h r ) " 1 

o r , c o n v e r t i n g t o o t h e r u n i t s 

1 , 3 3 0 kw 

T h i s i s t he h e a t c o n s u m e d by r e a c t i o n a l o n e . P r e h e a t i n g of 
r e a c t a n t s t o t h e r e a c t i o n t e m p e r a t u r e of 1100°C w a s a s s u m e d and no a l l o w -
a n c e w a s m a d e f o r hea t l o s s e s . T h e r e f o r e in p r a c t i c e t h e h e a t r e q u i r e m e n t 
would be s i g n i f i c a n t l y g r e a t e r t h a n t h i s v a l u e . 

T h e f i r s t m e t h o d t o be c o n s i d e r e d f o r supp ly ing t h i s hea t w a s 
e x t e r n a l h e a t i n g of t h e f l u i d i s e d bed r e a c t o r . 

F o r a 2 - s t a g e r e a c t o r wi th t h e f i r s t s t a g e 20 t i m e s l a r g e r t h a n 
t h e s e c o n d and with bo th s t a g e s on t h e s a m e h o r i z o n t a l p l a n e , a 19 foot 
d i a m e t e r r e a c t o r w a s r e q u i r e d c o n t a i n i n g a f l u i d i s e d bed 4. 8 f ee t d e e p . 

If t h e e x t e r n a l s u r f a c e a v a i l a b l e f o r h e a t i n g w a s 4. 5 f e e t h igh a t 
t h i s d i a m e t e r , t h e a v a i l a b l e a r e a would be 

269 (ft)2 

T h e n e c e s s a r y h e a t t r a n s f e r r a t e t h r o u g h t h i s a r e a would t h e n be 

4 55 x 106 

— 2 6 9 = 16, 900 BTU ( f t ) ' 2 (h r ) " 1 

E x p e r i e n c e h a s shown tha t s i l i c e o u s o r a l u m i n o u s r e f r a c t o r i e s 
a r e i n e r t t o a t t a c k by c h l o r i n e u n d e r t h e cond i t i ons p r e v a i l i n g in t h e c h l o r i n a -
t i o n r e a c t o r . C o n s t r u c t i o n of a g a s - t i g h t f l u i d i s e d bed r e a c t o r of t h e s e 
d i m e n s i o n s would be p o s s i b l e if a s t e e l s h e l l could be bui l t a r o u n d t h e o u t s i d e . 



A-2 

H o w e v e r no s t e e l s h e l l could be u s e d . i f the r e a c t o r w e r e t o be external ly-
h e a t e d . 

A r e a c t o r would be d i f f i cu l t t o c o n s t r u c t wi thout t h i s i m p e r v i o u s 
s h e l l . H o w e v e r , a s s u m i n g tha t t h i s w e r e poss ible , , and t h e o v e r a l l h e a t 
t r a n s f e r c o e f f i c i e n t t h r o u g h t h e r e a c t o r w a l l t o be 

20 BTU (f t )" 2 (h r ) " 1 ( ° C ) r i 

( p r o b a b l y e x c e s s i v e ) , the n e c e s s a r y t e m p e r a t u r e d i f f e r e n t i a l b e t w e e n t h e 
h e a t i n g m e d i u m on the ou t s i de and t h e f l u i d i s e d bed on t h e i n s i d e would 
b e c o m e 

I S f M V . 8 5 0 ° C 

The t e m p e r a t u r e of r e a c t i o n i s 1100°C so t h a t t he e x t e r n a l t e m p -
e r a t u r e would be 1950°C which i s p l a in ly not p r a c t i c a b l e . 

E v e n if we c o n s i d e r a s i n g l e s t a g e f l u i d i s e d bed r e a c t o r wh ich , 
b e i n g l a r g e r , h a s a g r e a t e r a v a i l a b l e h e a t i n g . s u r f a c e , t h e t e m p e r a t u r e 
d i f f e r e n t i a l would b e . l a r g e . In t h i s c a s e t h e h e a t i n g s u r f a c e would be a 
1.2 foot l eng th of 18. 5 f ee t d i a m e t e r r e a c t o r o r 69^. s q u a r e f e e t . T h e 
t e m p e r a t u r e d i f f e r e n t i a l would t h e n be 326°C. 

T h i s i s a c o n s e r v a t i v e e s t i m a t e of t h e t e m p e r a t u r e d i f f e r e n t i a l 
and , a s b e f o r e , would r e q u i r e t h e c o n s t r u c t i o n of a l a r g e f l u i d i s e d bed 
r e a c t o r i m p e r v i o u s t o c h l o r i n e in s i l i c e o u s o r a l u m i n o u s r e f r a c t o r i e s . 

The. d i f f i c u l t i e s invo lved in t h e u s e of high t e m p e r a t u r e s and t h i s 
f o r m of c o n s t r u c t i o n a r e s u c h tha t t h i s m e t h o d of h e a t i n g t h e r e a c t o r d o e s 
not s e e m p r a c t i c a b l e . 

; An a l t e r n a t i v e m e a n s of h e a t i n g the r e a c t o r would invo lve c o n t i n -
u o u s l y d r a w i n g off p o r t i o n of t h e s o l i d s , s u p e r h e a t i n g , and r e t u r n i n g t h e 
s u p e r h e a t e d m a t e r i a l t o t h e c h l o r i n a t i o n r e a c t o r . 

F o r t h e 2 - s t a g e r e a c t o r wi th t h e f i r s t s t a g e 20 t i m e s g r e a t e r t h a n 
t h e . s e c o n d , t h e f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e f i r s t s t a g e would be 
0 . 0 1 7 and in t h e s e c o n d 0 . 0 0 4 . T h e r e f o r e , f o r . t h e p u r p o s e s of h e a t con ten t 
c a l c u l a t i o n s , t h e m a t e r i a l w i t h d r a w n f r o m t h e f l u i d i s e d bed could be 
r e g a r d e d a s p u r e t i t a n i u m d iox ide . 

If we a s s u m e d t h a t r u t i l e could be s u p e r h e a t e d t o 1400°C, a s f o r 
e x a m p l e by d i r e c t f l a m e h e a t i n g in an e n t r a i n e d s t a t e , t h e n t h e u s e f u l hea t 
which could be t r a n s p o r t e d in 4 m o l s of t i t a n i u m d ioxide would be 

H 1673°K - H 1373°K ( 4 T i ° 2 ) = 4 ( 2 3 , 9 1 0 - 18 ,330 ) 

= 23, 300 c a l o r i e s 

( d a t a . f r o m K e l l e y , I960) 

T h e n e c e s s a r y r e c i r c u l a t i n g load would t h e r e f o r e be 
1 7 3 , 0 0 0 . ___ 

2 2 , 3 0 0 = 7 7 5 . p e r cent 

T h i s c a l c u l a t i o n h a s b e e n b a s e d on t h e m i n i m u m p o s s i b l e hea t 
r e q u i r e m e n t and , in p r a c t i c e , a g r e a t e r c i r c u l a t i n g load would be r e q u i r e d , 
p r o b a b l y in e x c e s s of 1000 p e r cen t . 
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T h e p r o b l e m s involved in w i t h d r a w i n g s u c h a l a r g e p r o p o r t i o n of 
t h e s o l i d s f r o m t h e c h l o r i n a t i o n r e a c t o r wi thout l o s s of c h l o r i n e and of 
r e t u r n i n g the s u p e r h e a t e d s o l i d s wi thout s e r i o u s c o n t a m i n a t i o n of t h e 
c h l o r i n a t i o n g a s e s wi th n i t r o g e n and g a s e o u s p r o d u c t s of c o m b u s t i o n a p p e a r 
f o r m i d a b l e . 

It a p p e a r s t ha t t h e m a j o r o b s t a c l e t o be o v e r c o m e in d e s i g n i n g a 
p r a c t i c a b l e c h l o r i n a t i o n r e a c t o r would be t o p r o v i d e m e a n s of i n t r o d u c i n g 
s u f f i c i e n t hea t f o r t h e r e a c t i o n to p r o c e e d . The hea t r e q u i r e m e n t i s s o 
l a r g e tha t t h e r e a p p e a r s to be no p r a c t i c a b l e way of doing t h i s . 

10. CONCLUSIONS AND R E C O M M E N D A T I O N S 

F l u i d i s e d bed r e a c t o r s h a v e b e e n s e l e c t e d a s t h e m o s t s u i t a b l e 
type f o r conduc t ing t h e c h l o r i n a t i o n r e a c t i o n . 

P r e l i m i n a r y d e s i g n c a l c u l a t i o n s f o r i n d u s t r i a l s c a l e r e a c t o r s h a v e 
b e e n c a r r i e d out b a s e d on e m p i r i c a l c o r r e l a t i o n s of da t a ob t a ined f r o m 
e x p e r i m e n t s in s m a l l s c a l e e q u i p m e n t . 

A p p r o x i m a t e c o r r e l a t i o n s of t h e da t a h a v e b e e n a c c e p t e d in o r d e r 
to s i m p l i f y s u b s e q u e n t c a l c u l a t i o n s . T h e c o r r e l a t i o n s , b e i n g e m p i r i c a l , 
a r e t h e m s e l v e s q u e s t i o n a b l e when app l i ed t o c a l c u l a t i o n s f o r r e a c t o r s 
s u b s t a n t i a l l y d i f f e r e n t i n . s i z e f r o m t h o s e in wh ich t h e da t a w e r e m e a s u r e d . 
T h e s e s h o r t c o m i n g s a r e d i s c u s s e d l a t e r in t h e l ight of the r e s u l t s o b t a i n e d . 

The d e s i g n c a l c u l a t i o n s have d e m o n s t r a t e d t h a t hold up t i m e s c a n 
b e m a r k e d l y r e d u c e d by i n c r e a s i n g t h e n u m b e r of s t a g e s in the c h l o r i n a t i o n 
r e a c t o r f r o m one t o t h r e e . 

The c r o s s - s e c t i o n a r e a of t h e r e a c t o r i s d e t e r m i n e d by t h e v e l o c i t y 
of c h l o r i n e f lowing t h r o u g h t h e s y s t e m . 

F o r a 3 - s t a g e . r e a c t o r , t he hold up of s o l i d s i s s o r e d u c e d tha t 
f l u i d i s e d b e d s of only a f ew i n c h e s in depth a r e r e q u i r e d , wh i l e t h e c r o s s 
s e c t i o n a r e a r e q u i r e d i s s u c h tha t a r e a c t o r of the o r d e r of 20 f e e t in d i a m -
e t e r i s n e c e s s a r y . T h i s i s p l a i n l y not p r a c t i c a b l e s o t h e r e i s no th ing to be 
ga ined by hav ing m o r e t h a n two r e a c t o r s t a g e s . 

It h a s b e e n shown t h a t , w h e n two equa l s i z e s t a g e s a r e a r r a n g e d 
s i d e by s i d e in a s i n g l e r e a c t o r , c o n v e r s i o n of c h l o r i n e i s v e r y low. 

By a r r a n g i n g one s t a g e v e r t i c a l l y above the o t h e r , c h l o r i n e con -
v e r s i o n . i s r e s t o r e d to the v a l u e o b t a i n a b l e in a s i n g l e s t a g e r e a c t o r which , 
of n e c e s s i t y , wi l l have a m u c h g r e a t e r hold up . H o w e v e r , t h e o p e r a t i o n 
of a r e a c t o r wi th two v e r t i c a l s t a g e s could be m u c h m o r e d i f f i cu l t t h a n if 
t h e two s t a g e s w e r e a r r a n g e d on t h e s a m e h o r i z o n t a l p l a n e . 

It h a s b e e n shown tha t t h e s i m p l i c i t y of o p e r a t i o n of a s i n g l e s t a g e 
r e a c t o r and the r e d u c e d hold up of a 2 - s t a g e r e a c t o r can be a c h i e v e d at s m a l l 
e x p e n s e in c h l o r i n e c o n v e r s i o n by m a k i n g two s t a g e s of d i f f e r e n t c a p a c i t y . 
B y v a r y i n g t h e r a t i o of the two s i z e s , hold up and c h l o r i n e c o n v e r s i o n can be 
v a r i e d b e t w e e n t h e l i m i t s ob ta ined wi th a s i n g l e s t a g e r e a c t o r on one hand 
and wi th a h o r i z o n t a l a r r a n g e m e n t of two e q u a l s i z e s t a g e s on the o t h e r . 

A s u i t a b l e c o m p r o m i s e a p p e a r s t o be a r e a c t o r h a v i n g the f i r s t 
s t a g e about 20 t i m e s t h e s i z e of t h e s e c o n d . T h i s a r r a n g e m e n t a p p e a r s t o 
be c l o s e t o t h e o p t i m u m f o r n u m b e r and s i z e of s t a g e s . 



A-2 

H o w e v e r , t he hea t r e q u i r e m e n t of the h igh ly e n d o t h e r m i c 
c h l o r i n a t i o n r e a c t i o n is of s u c h m a g n i t u d e t h a t it i s not p r a c t i c a b l e t o 
supp ly s u f f i c i e n t hea t f r o m an ou t s i de s o u r c e t c m a i n t a i n the r e a c t i o n 
t e m p e r a t u r e . 

F u e l cannot be b u r n t in the c h l o r i n a t i o n r e a c t o r without r a d i c a l l y 
a l t e r i n g t h e p r o c e s s by i n t e r f e r i n g with the c h l o r i n a t i o n r e a c t i o n and by 
r e q u i r i n g the con t inuous s e p a r a t i o n and r e m o v a l of g a s e o u s p r o d u c t s of 
c o m b u s t i o n f r o m t h e c h l o r i n a t i o n g a s s t r e a m . 

The p r e l i m i n a r y c a l c u l a t i o n s d e m o n s t r a t e t h e i m p r a c t i c a b i l i t y 
of d e s i g n i n g and c o n s t r u c t i n g an i n d u s t r i a l s c a l e r e a c t o r f o r t h e c h l o r i n a t i o n 
r e a c t i o n . 

T h e e m p i r i c a l c o r r e l a t i o n of e x p e r i m e n t a l da t a and the e x t r a p o l a -
t i on of da t a f r o m s m a l l s c a l e e x p e r i m e n t s a r e s o u r c e s of e r r o r in t h e 
d e s i g n c a l c u l a t i o n s . H o w e v e r , t he supp ly of s u f f i c i e n t hea t t o the c h l o r i n a -
t i on r e a c t o r i s a p r o b l e m of s u c h m a g n i t u d e t h a t f u r t h e r c h l o r i n a t i o n 
e x p e r i m e n t s in l a r g e r s c a l e e q u i p m e n t t o ob ta in m o r e a c c u r a t e da ta f o r 
i n d u s t r i a l s c a l e d e s i g n c a l c u l a t i o n s a r e not j u s t i f i e d . 

N o . f u r t h e r w o r k should be done on t h i s p r o j e c t . 
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NOTATION 

i n i t i a l c o n c e n t r a t i o n of r e a c t a n t in the so l id e x p r e s s e d a s m a s s 
f r a c t i o n 

t i m e s i n c e c o m m e n c e m e n t , of r e a c t i o n 

c o n c e n t r a t i o n of r e a c t a n t i s t h e so l id at t i m e t 

i n e r t c o n s t i t u e n t of t h e so l id 

m a s s of so l id r e a c t a n t c o n s u m e d p e r uni t m a s s of o r i g i n a l 
c h a r g e 

c r i t i c a l f lu id m a s s velocity-

f lu id d e n s i t y 

f lu id v i s c o s i t y 

t e m p e r a t u r e in d e g r e e s K e l v i n 

r e a c t i o n " r a t e " c o n s t a n t 

r e a c t i o n " o r d e r " cons t an t 

1 - p 

m a s s of c h a r g e 

c h l o r i n e f low r a t e 

s t o i c h i o m e t r i c c o n s t a n t 

2 (a) 0 ' 5 . ( k ) - 1 

f r a c t i o n of ox id i s ed i l m e n i t e i n i t i a l l y in the c h a r g e 

f r a c t i o n of u n r e a c t e d m a t e r i a l in t h e s o l i d 

c a p a c i t y of r e a c t o r s t a g e 

s o l i d s f low r a t e 

b a s e of n a t u r a l l o g a r i t h m s 

weigh t of o x i d i s e d i l m e n i t e i n i t i a l l y in t h e c h a r g e 

c h l o r i n e c o n v e r s i o n e x p r e s s e d a s a f r a c t i o n of t o t a l c h l o r i n e f low 



A P P E N D I X A 

F I G U R E A - l : SINGLE STAGE FLUIDISED B E D R E A C T O R 
S i l i ca t ube : b o r e 3", l eng th 30", wi th 
t h e r m o c o u p l e e n t e r i n g f r o m top . 



A - 2 

F I G U R E A - 2 : TWO STAGE FLUIDISED B E D R E A C T O R 
B o t t o m s t a g e fed and d i s c h a r g e d c o n t i n u o u s l y 
wi th b a t c h c h a r g e in top s t a g e . 

THERMOCOUPLE 

48" 

f • 

• t 

OXIDISED ILMENITE 
1 F E E D 

CHLORINATED PRODUCT I 
DISCHARGE T 

THERMOCOUPLE 

CHLORINE INLET 



a p p e n d i x b 

T A B L E B - l : CHLORINATION T E S T 1 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g ( L / D - 1 D • 2. 75 in . ) 
Gas compos i t i ons 100 % c h l o r i n e 
F l o w : 0. 0436 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1000°C 

T i m e F e O F e 2 o 3 R e a c t i o n Cl2 u s e d 
Min . % % % % > 

0 nd<a> 46. 6 nd nd 
7. 5 - 45. 6 4 . 0 15. 5 

15 - 44. 8 6, . 9 13. 4 
30 - 42. 9 14. . 0 1 3 . 5 
45 - 40. 5 22. . 0 14. 2 
60 - 38. 4 28. . 5 13. 8 
80 - 34. 2 40. . 5 14. 7 

100 - 32. 8 43. , 0 12. 5 
120 . - 29. 9 51. , 1 1 2 . 4 
150 - 26. 1 59. , 6 1 1 . 6 
180 - 22. 9 66. . 0 10. 7 
240 . - 16. 6 77. 2 4. 3 
300 — 11. 8 84. 7 8. 2 

(a) nd - not d e t e r m i n e d . 



B - 2 

F I G U R E B - l : CHLORINATION T E S T 1 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g. ( L / D = 1 D - 2. 75 in . ) 
Gas C o m p o s i t i o n : C h l o r i n e (pu re ) 
Gas f low: 0. 0436 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1000°C 

O 
CM « 



B - 3 

T A B L E B - 2 : C H L O R I N A T I O N ' T E S T 2 ; 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g ( L / D - 1 D - 2. 75 i n . ) 
Gas c o m p o s i t i o n : 100 % c h l o r i n e 
F low: 0. 0429 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e s 1050°C 

T i m e F e O F e 2 0 3 R e a c t e d ' Cl2 u s e d 
Min . % % % % 

0 nd<a> 46. 8 nd nd 
7. 5 - 45. 4 5. 6 22. 1 

15 - 44. 2 . 1 0 . 0 19. 7 
30 . - 40. 6 22. 2 21. 9 
45 - 36. 2 35. 5 23. 3 
60 32. 3 45. 8 22. 6 
80 - 26. 7 58. 6 21. 7 

100 - 22. 4 6 7 . 3 19. 9 
120 - 19. 8 72. 0 17. 7 
150 - 1 4 . 6 80. 6 15. 9 
180 - • 9. 7 87. 8 14. 4 
210 - 5. 5 93. 39 . 13. 2 
240 - 2. 2 9 7 . 4 4 12. 01 
270 0. 10 99. 89 10. 96 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g ( L / D = 1 D = 2. 75 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (pu re ) 
Gas f low: 0. 0429 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e s 1050°C 
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FIGURE B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e s 725 g ( L / D = 1 D = 2. 75 i n . ) 
Gas compos i t i ons 100% c h l o r i n e 
G a s flows 0. 0429 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e s 1100°C 

T i m e F e O F e 2 0 3 R e a c t i o n Cl2 u s e d 
Min . % % % % 

0 ndv ' 46. 7 nd nd 
7. 5 - 44. 9 7. 1 2 7 . 9 5 

15 - 43. 0 14. 0 27. 5 
30 - 37. 7 30. 9 30. 4 
45 - 33. 4 42. 8 28. 0 
60 2 8 . 3 54. 9 27. 0 
80 - 22. 1 67. 6 24. 9 

100 - 1 7 . 4 75. 9 22. 4 
120 - 12. 7 83. 3 20. 5 
150 - 5. 4 93. 5 18. 4 
180 - 0 . 1 9 99. 78 1 6 . 4 
210 - 0. 03 9 9 . 9 7 1 4 . 0 5 
240 - 0. 02 9 9 . 9 8 12. 3 
300 — 0. 01 99. 99 9. 8 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g: ( L / D = 1 D - 2 . 7 5 i n . ) . 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
Gas f low: 0. 0429 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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FIGURE B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e . 725 g. . ( L / D = 1 , D - 2. 75 in. ) 
Gas compos i t i ons 100% c h l o r i n e 
G a s f low: 0. 0429 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1150°C 

T i m e F e O F e 2 0 3 R e a c t i o n Cl2 u s e d 
Min . % % % % 

0 11. 35 46. 7 nd nd 
7. 5 nd ( a ) 44 . 5 8. 5 33. 4 

15 - 41. 3 19. 7 3 8 . 7 
30 33. 1 43. 5 42. 8 
45 - - 25. 0 • 62. 0 4 0 . 6 
60 - 18. 4 74. 3 3 6 . 7 
80 - 10. 2 87. 0 32. 1 

120 - 2. 4 97. 2 28. 7 
120 0 . 2 99. 8 24. 6 
150 0. 03 99. 97 1 9 . 7 
180 - 0. 01 99. 99 16. 4 
270 — 0. 01 9 9 . 9 9 10. 9 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e s 725 g . ( L / D = 1, D - 2. 75 i n . ) 

Gas c o m p o s i t i o n : 100% c h l o r i n e 
G a s flow* 0. 0429 g (in. ) ' 2 ( s ec ) " 1 

T e m p e r a t u r e s 1150°C 
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T A B L E B - 5 : CHLORINATION T E S T 5 
M a t e r i a l : Ox id i s ed S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g ( L / D = 1, D = 2. 75 i n . ) 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
Gas f low: 0. 0427 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1175°C 

T i m e F e 2 0 3 R e a c t e d Cl2 u s e d 
Min . % % % 

0. . 4 6 . 7 nd<a> nd 
7. 5 43. 2 13. 4 53. 0 

15 40. 3 23. 0 45. 5 
30 30. 2 50. 7 50. 2 
44 20. 2 71. 1 48. 0 

(a) nd - not d e t e r m i n e d . 
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F IGURE B - 5 : CHLORINATION T E S T 5 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g. ( L / D r l , D = 2. 75 in. ) 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
G a s f low. 0. 0427 g (in. ) ' 2 ( s ec ) " 1 

T e m p e r a t u r e : 1175°C 
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FIGURE B - l : CHLORINATION T E S T 1 
M a t e r i a l s O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g: ( L / D - 1 , D - 2. 75 in. ) 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
Gas f low: 0. 0620 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n 012 u s e d 
Min . % % % 

0 47. 0 „d ' a > nd 
7. 5 44. 6 9. 2 25. 3 

15 41. 3 20. 6 28. 3 
30 3 3 . 1 44. 2 30. 3 
45 2 5 . 8 6 0 . 7 27. 8 
60 20. 2 71. 5 24. 6 
80 1 3 . 3 82. 7 21. 3 

100 7. 2 9 1 . 2 5 18. 8 
120 1 . 4 9 8 . 4 16. 9 
150 0. 06 99. 93 13. 7 
180 0. 04 99. 95 1 1 . 4 
210 0. 04 9 9 . 9 5 9. 8 
240 0. 03 99. 97 8. 6 
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F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g. ( L / D = 1 , D = 2. 75 i n . ) 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
G a s f low: 0. 0620 g (in. ) ' 2 ( s e c ) " 1 

T e m p e r a t u r e s 1100°C 
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T A B L E B - 7 : CHLORINATION T E S T 7 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 725 g ( L / D = 1 , D = 2 . 7 5 i n . ) 
Gas c o m p o s i t i o n : ; 48% c h l o r i n e , 

52% n i t r o g e n by v o l u m e 
Gas f low: 0. 0185 g (in. )"2 ( s e c ) " 1 Cl2 , 

0. 0088 g (in. )"2 ( s e c ) " 1 N2 

T e m p e r a t u r e s 1100°C 

T i m e F e 2 0 3 R e a c t i o n Cl2 u s e d 
Min . % ' % % 

0 46. 8 n d ^ nd 
15 45. 3 5. 8 26. 5 
30 42. 7 1 5 . 3 34. 9 
45: 40. 6 22. 3 34. 0 

.60 3 7 . 6 31. 5 36. 0 
80 33. 4 43. 2 37. 0 

100 29- 9 51. 5 35. 3 
120 25. 0 60. 3 34. 4 
150 21. 0 69. 8 31. 9 
180 16. 2 78. 1 29. 8 
240 10. 1 87. 3 24. 9 
285 4. 8 94. 32 22. 7 
330 0. 67 9 9 - 2 4 20. 6 

(a) nd . - not d e t e r m i n e d . 



B - 1 4 

F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e . 725 g ( L / D = 1 , D - 2 . 7 5 i n . ) 
Gas c o m p o s i t i o n : 48% c h l o r i n e , 

52% n i t r o g e n by v o l u m e . 
Gas f low: 0. 0185 g (in. ) ' 2 ( s e c ) ' 1 Cl2 , 

0. 0088 g (in. )"2 ( s ec ) " 1 N2 

T e m p e r a t u r e : 1100°C 

±N30 83d :NOUOV3a do 338930 
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B - l 5 

T A B L E B - 8 : CHLORINATION T E S T 8 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e s 1450 g ( L / D = 2, D - 2. 75 in . ) 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
Gas f low: 0. 0434 .g (in. j" 2 ( s e c ) " 1 

T e m p e r a t u r e s 1100°C 

T i m e F e 2 0 3 R e a c t e d Cl2 u s e d 
Min . % % % 

0 46. 9 ndv nd 
7. 5 46. 2 2. 8 21. 8 

15 45. 6 5. 0 . 19. 5 
30 43. 2 13. 9 2 7 . 1 
45 40. 5 22. 8 29. 7 
60 38. 1 30. 4 2 9 . 7 
80 34. 1 41. 3 30. 2 

100 '. 29. 4 52. 8 3 0 . 9 
120 22. 9 6 6 . 4 32. 3 
150 17. 9 75. 3 29. 4 
180 12. 6 83. 7 27. 2 
240 6 . 5 9 2 . 1 3 22. 4 
270 3 . 7 95. 65 20. 8 
300 0. 73 9 9 . 1 7 19. 3 

(a) nd - not d e t e r m i n e d . 



B - 1 6 

F I G U R E B - 8 : CHLORINATION T E S T 8 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1450 g. ( L / D = 2, D - 2, 75 i n . ) . 
Gas c o m p o s i t i o n : 100% c h l o r i n e 
G a s f low: 0. 0434 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

O in 

^ 1 3 0 U3d -.NOUOV3a dO 3 3 « 9 3 a 
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B - 1 7 

T A B L E B - 9 : CHLORINATION T E S T 9 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d . I l m e n i t e 
C h a r g e s 1000 g ( L / D = 1 , D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0344 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e U t i l i z a t i o n 
Min . % • % C u m . % 

0 45. 9 nd<a> nd 
7. 5 44. 9 4. 0 22. 4 

. 15 43 . 0 1 1 . 1 31. 0 
30 39- 3 2 3 . 7 33. 1 
45 34. 0 39- 3 3 6 . 6 
60 27. 3 55. 7 39. 0 
80 20. 7 69- 2 36. 3 

100 14. 2 80. 5 33. 8 
120 8. 75 88. 7 31. 0 
150 3, 75 95. 4 26. 7 
180 0. 15 99. 8 23. ,3 
210 nd nd 2 0 . 0 

(a) nd - not d e t e r m i n e d . 



B - 1 8 

F I G U R E B-27: CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g: ( L / D - l , D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low; 0. 344 g (in. )~2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

» 

\ 

z o 
I-o < 
Hi oc 
IL 
o 
HI Ui 
a. • o 

\ w 

V 
\ 

o 8 

/ / 

> c / -
o 

V / 
vy 

V 
A 

4 - i 

0 
01 

O o 
CM 

O <o 

O 
<M 

o 
CO 

O 

U> 
UJ H 
Z 

i 
i 
ui 
2 

O o o 
M 

1N3D 83d :NOilDV3a dO 3 3 8 9 3 a 

8 § 
JLN33 83d 

O O « <M 
:NOIS83ANOD 3NI80THD 3Ai±vmwno 



B - 1 9 

T A B L E S - 1 0 : CHLORINATION T E S T 10 
• M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 

C h a r g e : 1000 g. ( L / D = l , D - 3 i n . ) 
Gas c o m p o s i t i o n : c h l o r i n e (100%) 
Gas f low: 0. 0343 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 46 . 7 nd nd 
7. 5 45. 6 4. 3 24. 6 

15 44. 0 1 0 . 3 29- 4 
30 40. 7 21. 7 31. 0 
45 35. 6 36. 9 35. 1 
60 29- 0 53. 4 38. 1 
80 20. 7 70. 2 37. 6 

100 14. 6 80: 5 34. 5 
120 1 0 . 0 87'. 3 31. 2 
150 3. 80 95. 5 27. 3 
180 0. 090 99. 9 23. 8 
210 0. 052 99- 9 20. 4 
240 . 0 . 0 4 1 99. 9 17. 8 
270 0 . 0 5 0 99. 9 15. 9 

(a) nd - not d e t e r m i n e d . 



B - 2 0 

.. F I G U R E B - l 0 : CHLORINATION T E S T 10 
v M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 

C h a r g e : 1000 g. ... ( L / D - 1, D - 3 i n . ) 
G a s c o m p o s i t i o n : c h l o r i n e (100%) 
Gas flows 0 . 0 3 4 3 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

1N30 83d N O I l D V S a dO 33893a 
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B - 21 

T A B L E B - l l : CHLORINATION T E S T 11 , 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I lmen i t e " +72 m e s h 
C h a r g e : 1000 g ( L / D - 1, D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (pure ) 
Gas f low: 0. 0344. g (in, )"2 ( s e c ) " 1 • 
T e m p e r a t u r e ? 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % • % % 

0 49. 4 nd<a> nd 
8. 5 47. 7 6. 6 35. 1 

15 46. 4 1 1 . 3 34. 0 
30 4 3 . 2 22. 1 33. 3 
45 39-4 33. 3 33. 4 
60 3 4 . 5 46. 0 34. 6 
80 29- 3 57. 5 3 2 . 5 

100 23. 6 68. 3 3 0 . 8 
120 21. 4 72. 1 27. 1 
150 1 5 . 4 81. 3 . 24. 5 
180 1. 58 98. 3 24. 7 
210 0. 032 99 -9 21. 5 
240 0. 014 100. 0 18. 8 
270 0. 013 100. 0 16. 7 

(a) nd - not d e t e r m i n e d . 



B - 22 

F I G U R E B - l l : CHLORINATION T E S T 11 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e " 5 ^ + 7 2 ' m e s h 
C h a r g e : 1000 g ( L / D = l , D . 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (pure ) 
G a s f low: 0. 0344 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e s 1100®C : 
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B - 23 

T A B L E B - 1 2 : CHLORINATION T E S T 12 1 5 / 
M a t e r i a l s O x i d i s e d S t r a d b r o k e I s l a n d I lmen i t e , " +200 m e s h 
C h a r g e : 1000 g. ( L / D = l , D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0342 g (in. )~2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % I % 

0. 47. 8 nd<a> S nd 
7. 5 47. 2 2. 4 14. 0 

15 45. 6 8. 5 24. 9 
25 42. 6 19. 0 33. 4 
40 36. 6 37. 0 36. 1 
60 31. 7 49. 3 36. 1 
80 25. 2 63. 2 34. 7 

(a) nd - not d e t e r m i n e d . 



B - 2 4 

F I G U R E B - 2 7 : CHLORINATION T E S T 27 
M a t e r i a l s O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e , " ^+200 m e s h 
C h a r g e : 1000 g . ( L / D - l , D - 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas flows 0. 0342 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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B - 25 

T A B L E B - 1 3: CHLORINATION T E S T 1 3 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l and I l m e n i t e 

- 1 5 0 / + 2 0 0 - m e s h 
C h a r g e : 1000 g ( L / D = 1, D - 3 i n . ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0383 g (in. )~2 ( s e c ) " 1 

T e m p e r a t u r e i 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 47. 8 nd<a> . nd 
7 . 5 46. 5 5. 1 26. 6 

15 44. 6 12. 1 31. 6 
30 40. 4 26. 0 33. 9 
45 34. 8 41. 7 36. 3 
60 3 0 . 9 51. 2 33. 4 
80 23. 7 66. 1 32. 3 



B - 2 6 

F I G U R E B - 1 3 : CHLORINATION T E S T 13 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l and . I l m e n i t e 

- 1 5 0 / + 2 0 0 - m e s h 
C h a r g e : 1000 g ( L / D = l , D = 3 i n . ) 

..Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0383 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e ; 1'100°C 
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B - 2 7 

T A B L E B - 1 4 : CHLORINATION T E S T 14 
^ M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g: ( L / D = 1 , D = 3 in. ) 
Gas compos i t i ons C h l o r i n e (100%) 
Gas f low. 0. 0^41 g (in. )"2 s e c ) " 1 

T e m p e r a t u r e : 1100®C 

S c r e e n F r a c t i o n U n s i z e d 

Head s a m p l e : - 5 2 / + 7 2 + 100 + 150 + 200 Head s a m p l e : - 5 2 / + 7 2 + 200 

S c r e e n a n a l y s i s % 7. 9 23. 3 40. 1 28. 6 
F e 2 0 3 % 48. 4 . 47. 7 45. 5 47. 1 46. 6 

C h l o r i n a t i o n t i m e - m i n . 1 G r a d e - F e 2 0 3 % 
20 43. 4 43 . 7 41. 3 41. 6 42 . 1 
40 3 5 . 6 37. 5 33. 9 34. 3 . 35. 0 
60 27. 5 27. 4 25. 1 25. 6 25. 9 
90 18. 0 1 9 . 7 16. 2 14. 1 16. 5 

120 . 1 1 . 4 1 1 . 3 7. 3 5. 8 8. 1 
180 1 . 3 9 . . 0. 63 0. 21 0. 24 0. 41 

C h l o r i n a t i o n t i m e - m i n . D e g r e e of R e a c t i o n % 

20 18. 25 14. 9 15. 7 20. 0 16. 7 
40 41. 0 34. 2 38. 6 41. 4 38. 3 
60 59. 6 . 58. 6 59. 9 61. 3 59. 9 
90 76. 6 73. 1 76. 8 81. 6 77. 4 

1/20 . 8 6 . 3 86. 0 90. 6 93. 1 89. 9 
180 98. 5 99. 3 99. 7 9 9 . 7 99. 5 

C h l o r i n a t i o n t i m e - m i n . C h l o r i n e u s e d % 
20 2. 5 5. 9 10. 2 9 . 6 27. 7 
40 2. 8 6. 8 1 2 . 5 9. 9 31. 8 
60 2 . 7 . 7. 7 6 . 4 5. 7 33. 2 
90 2. 3 6 . 4 1 1 . 1 9. 8 28. 6 

120 2. 0 5 . 7 9 . 8 7. 4 24. 9 
180 1 . 5 4. 4 7. 2 5. 3 

< 

18. 4 



B - 2 8 

F I G U R E B - 1 4 : CHLORINATION T E S T 14 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g. ( L / D « 1, D - 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s flow: 0. 0441 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e ; 1100°C 
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B - 2 9 

T A B L E B - 1 5 : CHLORINATION T E S T 15 
M a t e r i a l : Ox id i s ed S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = l , D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0434 g (in. )~2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 46. 8 nd<a> nd 
7. 5 4 4 . 9 7 . 4 33. 4 

15 43. 4 12. 8 28. 9 
30 38. 8 27. 9 31. 5 
45 33. 1 43, 7 32. 9 
60 27. 5 56. 9 32. 1 
80 23. 2 65. 6 29. 6 

100 1 3 . 2 82. 7 28. 0 
120 8 . 4 89. 5 25. 3 
150 3 . 6 95, 7 21. 6 
180 0 . 0 2 99. 9 18. 8 
210 0 . 0 2 99. 9 16. 1 
240 0. 02 99. 9 14. 1 

(a) nd - not d e t e r m i n e d . 



B - 30 

F I G U R E B - 1 8 : CHLORINATION T E S T 18 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g: ( L / D = l , D - 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100 %) 
Gas f low: 0. 0434 g ( in. ) ' 2 ( s ec ) " 1 

T e m p e r a t u r e : 1100®C 
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B - 31 

T A B L E B - l 6 : CHLORINATION T E S T 16 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e s 1000 g ( L / D » 1, D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0437 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min % % % 

0 46. 4 nd<a> nd 
7 . 5 45. 0 5. 49 24. 5 

15 42. 7 13. 9 31. 0 
30 ' 37. 9 29. 5 32. 9 
45 32. 7 43. 9 32. 6 
60 27. 1 57. 1 31. 8 
80 19- 6 71. 8 30. 0 

1.00 14. 0 81. 2 27. 2 
120 • 10. 5 87. 2 24. 3 
150 . 5. 6 93. 1 20. 8 
180 0 . 2 8 99. 68 18. 5 
210 . 0 . 0 1 7 99. 98 15. 9 
240 0 . 0 1 6 9 9 . 9 8 13. 9 

(a) nd - not d e t e r m i n e d . 



B - 32 

F I G U R E B - 1 6 : CHLORINATION T E S T 16 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g: ( L / D = 1, D = 3 in . ) 
G a s c o m p o s i t i o n : C h l o r i n e (100%) 
T e m p e r a t u r e : 1100°C 
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i* 
B - 33 

T A B L E B - m CHLORINATION T E S T 17 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i l e r e s i d u e ex ox id i s ed S t r a d b r o k e I s . 
i l m e n i t e , m i x t u r e 7 5 / 2 5 by v o l u m e 

C h a r g e : 777 g ox id i s ed i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
133 g r u t i l e (bulk d e n s i t y 1 .38 g / m l ) 
910 g m i x t u r e ( L / D = 1 , D = 3 i n . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0442 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 39- 8 nd<a> nd • 
7. 5 37. 8 8. 1 27. 9 

15 35. 1 18. 2 31. 3 
30 27. 5 42. 6 36. 6 
45 19- 9 62. 4 34. 9 
60 1 3 . 8 75. 8 32. 6 
90 "" 5. 55 91. 1 26. 1 

120 0. 15 99. 8 21. 5 
150 0. 039 99. 94 17. 2 

(a) nd - n o t ; d e t e r m i n e d . 

x 



B - 34 

F I G U R E B - 1 7 : ... CHLORINATION T E S T 17 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d . I l m e n i t e and 

R u t i i e rResidue ex O x i d i s e d S t r a d b r o k e 
I s l a n d I l m e n i t e , m i x t u r e ,75/25 by v o l u m e 

. C h a r g e : 777 g o x i d i s e d - i l m e n i t e (bulk d e n s i t y 2. 70. g / m l ) 
133 g r u t i i e (bulk d e n s i t y 1 3. 8 g / m l ) 
910 g m i x t u r e . . ( L / p = 1, D - 3 i n . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0442 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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B - 35 

T A B L E B - l 8 : CHLORINATION T E S T 18 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

R u t i l e R e s i d u e ex O x i d i s e d S t r a d b r o k e 
I s l a n d I l m e n i t e . 
M i x t u r e 5 0 / 5 0 by v o l u m e . 

C h a r g e : 500 g i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
255 g. . r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
755 g m i x t u r e ( L / D - 1, D - 3 in . ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0435 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e O Fe2o3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % % 

0 0. 62 31, 3 nd<a> nd 
7. 5 - 28. 5 12. 5 28. 5 

15 - 24. 7 28. 0 3 1 . 9 
30 - 15. 2 60. 6 34. 5 
45 - 10. 4 74. 5 28. 3 
60 - 5 . 7 5 86. 6 24. 7 
80 - 0. 66 98. 5 21. 0 

100 - 0. 38 99. 1 16. 9 
120 - 0. 12 99. 7 14. 2 
150 - 0. 005 100. 0. 1 1 . 4 
180 . - 0. 005 - -

* L e s s t h a n . 
(a) nd - not d e t e r m i n e d . 
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F I G U R E B - 1 8 : CHLORINATION T E S T 18 
M a t e r i a l : O x i d i s e d S t r a d b r o k e Is l and . I l m e n i t e and 

R u t i i e R e s i d u e ex O x i d i s e d S t r a d b r o k e 
I s l a n d I l m e n i t e 
M i x t u r e 5 0 / 5 0 by v o l u m e . 

C h a r g e : 500 g i l m e n i t e (bulk d e n s i t y 2 . 7 0 g / m l ) 
255 g:. r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
755 g m i x t u r e ( L / D = 1 , D = 3 in . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0435 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

O to 
±N3D U3d : N O I l D V 3 a 

§ m 0 
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TABLE B - l 9 : CHLORINATION TEST 19 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d R m e n i t e and 

R u t i l e R e s i d u e ex O x i d i s e d S t r a d b r o k e I s . 
I l m e n i t e , m i x t u r e 2 5 / 7 5 by v o l u m e 

C h a r g e : 250 g: i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
382 g r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
632 g m i x t u r e ( L / D - 1, D - 3 i n . ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0435 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . • % % % 

0 : 18. 0 ndx ' nd 
7. 5 13. 4 2 9 . 5 32. 3 

15 10. 4 47. 1 2 5 . 8 
30 • 4. 4 79. 0 21. 7 
45 0 . 5 1 97. 7 17. 9 
60 
i 

i 0 . 0 1 8 99. 9 13. 7 
80 0. 012 99. 9 10. 3 

100 0 . 0 0 5 100. 0 8. 2 
120 0 . 0 0 6 - -

(a) nd - not d e t e r m i n e d . 
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F I G U R E B - 1 9 : . CHLORINATION T E S T 19 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

R u t i i e R e s i d u e ex O x i d i s e d S t r a d b r o k e I s . 
I l m e n i t e , m i x t u r e 2 5 / 7 5 by v o l u m e . 

C h a r g e : 250 g. i l m e n i t e (bulk d e n s i t y 2. 7 0 g / m l ) 
382 g. r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
632 g . m i x t u r e ( L / D = 1, D = 3 i n . ) ' 

Gas c o m p o s i t i o n : . C h l o r i n e (100%) 
G a s f low: 0. 0435 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

$ 
1N33 a 3d :NOI13V3a 

o 
in 1N30 a 3 d 
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T A B L E B - 2 0 : CHLORINATION T E S T 20 
• M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

R u t i i e R e s i d u e ex O x i d i s e d S t r a d b r o k e 
I s . I l m e n i t e , m i x t u r e - 12. 5 / 8 7 . 5 by v o l u m e 

C h a r g e : 125 g i l m e n i t e (bulk d e n s i t y 2 . 7 0 g / m l ) 
447 g r u t i i e (bulk d e n s i t y 1. 38 g / m l ) 
572 g: m i x t u r e ( L / D = l , D = 3 in . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0433 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : l iO0°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 1 2 . 5 nd<a> nd 
6 10. 3. 19. 6 17. 0 

10 8. 35 36. 2 18. 8 
16 7. 05 46. 9 15. 2 
20 6. 05 54. 9 14. 3 
25 4. 60 66. 2 13. 8 
30 3. 10 77. 6 13. 4 
35 2. 00 85. 7 1 2 , 7 
40 0. 84 94. 1 12. 2 
45 0. 27 98. 1 1 1 . 3 
50 0. 064 99. 55 10. 3 
60 0. 026 99. 82 8. 64 
70 0. 029 99. 80 7 . 4 1 

100 0 . 0 1 6 99. 89 5. 19 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B - 2 0 : CHLORINATION T E S T 20 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

R u t i l e R e s i d u e ex O x i d i s e d S t r a d b r o k e I s . 
I l m e n i t e , m i x t u r e 12. 5 / 8 7 . 5 by v o l u m e . 

C h a r g e : 125 g. i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
447 g r u t i l e (bulk d e n s i t y 1. 38 g / m l ) 
572 g m i x t u r e ( L / D = 1 , D = 3 i n . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: • 0. 0433 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

I N 3 0 H3d :NOISa3ANOO SN IdO lHD SAIXVIDtNOO 
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FIGURE B - 2 7 : CHLORINATION T E S T 27 
C h l o r i n a t i o n with p a r t i a l l y r e a c t e d gas in t h e two s t a g e 
r e a c t o r . 

, M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
. Cha rges 1000 g ( L / D = 1, D = 3 in . ) 

G a s compos i t i ons C h l o r i n e at 5. 15% u t i l i z a t i o n 
G a s f low: 0 . 0 4 4 6 g ( i n . ) " 2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

.. L o w e r S tage 

F e d at 1. 55 g / m i n of ox id i s ed i l m e n i t e at 47. 3% F e 2 0 3 
P r o d u c e d 0. 693 g / m i n of c h l o r i n a t e d i l m e n i t e at 0 .419% F e 2 0 3 
D e g r e e of r e a c t i o n i n . l o w e r s t a g e = 99. 53% 

C h l o r i n e u t i l i z a t i o n = 5 . 1 5 % 
i = 0. 00886 

U p p e r s t a g e 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d T o t a l C h l o r i n e u s e d 
Min . % % c u m . % % 

0 47 . 3 nd<a> nd nd 
7 . 5 46. 2 4. 32 19. 2 24. 4 

15 44. 3 1 1 . 4 25. 4 30. 5 
30 38. 6 30. 0 33. 3 38. 5 
45 33. 1 44. 9 33. 3 38. 4 
60 27. 3 58. 2 32. 4 37. 5 
90 1 5 . 3 7 9 . 9 • 29. 6 34. 8 

120 8. 15 9,0. 1 25. 1 30. 2 
150 3. 85 95. 5 21. 3 26. 4 
180 0. 24 99- 7 18. 5 23. 7 
210 0. 063 99. 93 1 5 . 9 21. 0 
240 0. 043 99,. 95 1 3 . 9 19. 0 
270 0. 059 

99,. 95 
-
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F I G U R E ' B - 2 1 : CHLORINATION T E S T 21 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in t h e 
t w o s t a g e r e a c t o r . 

• M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D . 1, D = 3 i n , ) 
Gas c o m p o s i t i o n : C h l o r i n e at 5. 15% u t i l i z a t i o n 
G a s f low: 0. 0446 g (in. )"2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 

8 ? 8 
1N3D «3d : N O H O V 3 a dO 3 3 8 9 3 a 
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FIGURE B - 2 7 : CHLORINATION T E S T 27 
C h l o r i n a t i o n wi th p a r t l y r e a c t e d gas in a two s t a g e 
r e a c t o r . 
M a t e r i a l ; O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e ; 1000 g (L/ 'D D - 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e at 11 .0% u t i l i z a t i o n 
Gas f low: 0. 0441. g ( in. ) ' 2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 

. . L o w e r S tage 

F e d at 3 . 3 g / m i n of ox id i s ed i l m e n i t e at - ,48. 07% F e 2 0 3 

P r o d u c e d 1. 63 g / m i n of c h l o r i n a t e d i l m e n i t e at an a v e r a g e 2. 35% F e 2 0 3 

D e g r e e of r e a c t i o n in l o w e r s t a g e a v e r a g e s 97 .40% 

C h l o r i n e u t i l i z a t i o n a 11.0% 
i = 0 . 0 4 8 9 ; 

U p p e r S tage 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d T o t a l C h l o r i n e u s e d 
Min . % % c u m % % 

0 48. 07 nd<a> nd nd 
7. 5 47. 78 1 . 1 6 5. 30 , 1 6 . 3 

15 4 4 . 4 4 1 3 . 6 31. 1 42. 1 
30 38. 87 3 1 . 3 35. 8 4 6 . 8 
45 34. 40 43. 35 3 3 . 0 4 4 . 0 
60 2 7 . 9 1 58. 2 33. 2 44. 2 
90 18. 11 76. 1 2 9 . 0 4 0 . 0 

120 1 1 , 0 8 86. 5 24. 7 35. 7 
150 6. 36 92. 7 2 1 . 2 3 2 . 2 
180 3. 13 9 6 . 5 18. 4 29- 4 
210 0. 92 99. 0 16. 2 27. 2 
240 . 0. 20 99, 8 14. 3 25. 3 
270 0. 16 9 9 . 8 1 2 . 7 23. 7 
300 0. 16 9 9 . 8 1 1 . 4 22. 4 

No te : f r o m 3% h o u r s o n w a r d , t h e r e was a, l a r g e a m o u n t F e 2 0 3 a r o u n d the 
top. of the f u r n a c e , and tha t t he l a s t s a m p l e s a r e h igh i s p o s s i b l y due 
t o , k n o c k i n g oxide in to the f u r n a c e . . 
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F I G U R E B - 2 7 : CHLORINATION T E S T 27 
C h l o r i n a t i o n with p a r t l y r e a c t e d gas in a two s t a g e 
r e a c t o r . 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D - 1, D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e at 11 .0% u t i l i z a t i o n 
Gas f low: 0. 0441 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

O o o 
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T A B L E B - 2 3 : CHLORINATION T E S T 23 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in . two s t a g e 
r e a c t o r . 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D 1, • D - 3 in-. ) 
Gas c o m p o s i t i o n : C h l o r i n e at 15 .8% u t i l i z a t i o n 
Gas f low: 0. 0443 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e s 1100°C 

. L o w e r S tage 

Feid at 4 . 9 g / m i n . o f ox id i s ed i l m e n i t e at - 47 ,7% F e 2 0 3 
P r o d u c e d . 2. 45 g / m i n of c h l o r i n a t e d i l m e n i t e at an a v e r a g e r a t e 2 . 4 5 F e 2 0 3 
D e g r e e of r e a c t i o n in l o w e r s t a g e -= 95.(3% 
C h l o r i n e u t i l i z a t i o n 15.|8% 

i - oy 0870 

U p p e r S tage 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d T o t a l C h l o r i n e u s e d 
Min . % ' % c u m % % 

0 47 . 7 nd<a> nd nd 
7. 5 46 . 6 4. 3 19. 4 35. 2 

15 45. 1 9. 9 22. 4 38. 2 
30 4 2 . 0 20. 6 23. 3 39. 1 
45 37. 0 35. 6 26. 8 42. 6 
60 32. 4 47. 4 26. 8 42. 6 
80 2 7 . 2 59. 0 25. 0 40. 8 

100 22. 4 68. 4 23. 2 39. 0 
120 18. 6 74. 9 21. 2 37. 0 
150 14. 2 81. 9 18. 5 34. 3 
180 10. 0 87. 8 16. 5 32. 3 
210 8. 2 90. 2 14. 7 30. 4 
240 7. 0 91- 7 12. 9 28. 7 
270 5. 25 93. 9 1 1 . 8 27. 6 
300 4 . 0 . 9 5 . 4 10. 8 26. 6 
330 2. 9 9 6 . 7 9. 9 25. 7 
360 1 . 6 98. 2 9- 2 25. 0 
390 . 0 . 9 99. 0 8. 6 24. 4 
405 0. 42 99. 5 8. 3 24. 1 
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F I G U R E B - 2 3 : CHLORINATION T E S T 23 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in a two s t a g e 

r e a c t o r . 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D = 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e a t 15 .8% u t i l i z a t i o n 
G a s f low: 0. 0443 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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T A B L E B - 2 4 : CHLORINATION T E S T 24 
C h l o r i n a t i o n with p a r t i a l l y r e a c t e d gas in a two s t a g e 
r e a c t o r 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D - 1, D - 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e a t 20 .7% u t i l i z a t i o n 
Gas f low: 0. 0442 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

L o w e r S tage 

F e d a t 7. 0 g / m i n of o x i d i s e d i l m e n i t e at 46. 3% F e 2 0 3 

P r o d u c e d ( a v e r a g e r a t e 3. 80 g / m i n ) c h l o r i n a t e d i l m e n i t e , at a n 
a v e r a g e of 8. 27% F e 2 0 3 

D e g r e e of r e a c t i o n in l o w e r s t a g e = 89- 55 % 
C h l o r i n e u t i l i z a t i o n - 2 0 . 6 7 % 

i = 0 . 1 7 8 6 

U p p e r S tage 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d T o t a l C h l o r i n e u s e d 
Min . % % c u m % % 

0 45. 7 nd<a> nd nd 
.7. 5 45. 6 0. 402 1. 74 22. 4 
15 45. 1 2. 39 5. 19 25. 9 
30 42. 0 14. 0 15. 2 35. 9 
60 36. 1 32. 9 1 7 . 8 38. 5 
90 ; 3 0 . 2 48. 6 17. 6 38. 3 

120 2 4 . 7 61. 0 16. 5 37. 2 
150 2 2 . 3 65. 9 14. 3 35. 0 
180 1 9 . 4 7 1 . 4 12. 9 33. 6 
210 17. 5 74. 8 1 1 . 6 32. 3 
240 16. 1 77. 2 10. 5 31. 2 
270 1 5 . 9 77. 5 9. 34 30. 0 
300 14. 4 80. 0 8. 65 29- 4 
360 • 14. 2 80. 3 7. 26 28. 0 
420 1 1 . 9 84. 0 6. 51 27. 2 
480 1 1 . 2 85. 0 5. 76 26. 5 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B - 2 4 : CHLORINATION T E S T 24 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in a two s t a g e 
r e a c t o r 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1 , D = 3 in. ) 
G a s c o m p o s i t i o n : C h l o r i n e at 20 .7% u t i l i z a t i o n 
G a s f low: 0 . 0 4 4 2 g ( i n . ) ' 2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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T A B L E B - 2 5 : CHLORINATION T E S T 25 
• M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i l e r e s i d u e ex o x i d i s e d S t r a d b r o k e I s . 
i l m e n i t e m i x t u r e 5 0 / 5 0 by v o l u m e 

C h a r g e . 1037 g ox id i s ed i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
530 g r u t i l e (bulk d e n s i t y 1. 38 g / m l ) 

1567 g . m i x t u r e ( L / D = 2, D - 3 in. ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0440 g (in. ) ' 2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 32. 1 nd<a> nd 
7. 5 30. 2 8. 5 40. 6 

15 28. 6 15. 3 3 6 . 7 
30 25. 3 28. 4 25. 1 
45 2 1 . 8 41. 0 32. 7 
60 15. 7v 60. 6 36. 3 
90 8. 05 81. 5 32. 5 

120 • 3. 35 92. 7 27. 8 
150 0. 22 99. 5 23. 8 
180 0. 044 99. 90 19. 9 
210 0. 031 99. 94 17. 1 

(a) nd - not d e t e r m i n e d . 
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F I G U R E B - 2 7 : CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i i e r e s i d u e ex o x i d i s e d S t r a d b r o k e I s . 
i l m e n i t e m i x t u r e 5 0 / 5 0 by v o l u m e . 

C h a r g e : 1037 g o x i d i s e d i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
530 g r u t i i e (bulk d e n s i t y 1. 38 g / m l ) 

1567 g m i x t u r e ( L / D = 2, D = 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low! 0. 0440 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 
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T A B L E B - 2 6 : CHLORINATION T E S T 26 
M a t e r i a l s O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 2000 g ) L / D = 2 , D = 3 i n . ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0450 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % I . % 

0 45. 5 nd<a> 1 nd 
7. 5 45. 3 0. 8 6. 8 

15 45 . 0 2. 0 8. 4 
30 41. 5 15. 0 31. 8 
45 38. 2 26. 0 36. 8 
60 33. 6 39- 4 41. 8 
90 25. 6 57. 8 40. 8 

123 1 6 . 9 75. 6 39. 2 
150 , 10. 9 85. 3 36. 2 
180 4. 85 93. 9 33. 2 
210 1. 95 97. 6 29. 6 
240 0. 24 99. 7 26. 4 
270 0. 16 99. 8 23. 6 

(a) nd - not d e t e r m i n e d . 



B - 5 2 

F I G U R E B - 2 6 : CHLORINATION T E S T 26 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 2000 g ( L / D = 2, D = 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0450 g (in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

o $ O o o 
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B - 5 3 

T A B L E B - 2 7 : CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D = 3 in. ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0508 g (in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

T i m e F e 2 0 3 R e a c t i o n C h l o r i n e u s e d 
Min . % % % 

0 45. 9 nd<a> nd 
7. 5 45. 5 1 . 6 6. 06 

15 43. 1 10. 7 20. 3 
30 36. 3 32. 8 31. 1 
45 30. 0 49. 5 31. 3 
60 23. 5 63. 8 30. 2 
90 15. 0 79- 2 25. 0 

120 6 . 9 91. 3 2 1 . 6 
151 0. 38 99. 6 18. 7 
180 ' 0 . 0 2 9 99. 98 15. 8 
210 0. 021 99. 99 13. 5 

(a) nd - not d e t e r m i n e d . 



B - 5 4 

F I G U R E B - 2 7 : CHLORINATION T E S T 27 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D - 3 . i n . ) 
Gas compos i t i ons C h l o r i n e (100%) 
G a s f low: 0. 0508 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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A P P E N D I X C 

F I G U R E C - l : CHLORINATION T E S T 15 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d - I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D = 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0434 g (in. )"2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 

1 N 3 0 83 d : N O I l D V a a dO 
o o o o 
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1 N 30 d 3d : N01SM3ANOO 3NIMOHHO SAUViniNnO 



C - 2 

F I G U R E C - 2 : CHLORINATION T E S T 16 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = l , D = 3 in. ) 
Gas c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0437 g ( i n . ) " 2 ( s e c ) ' 1 

T e m p e r a t u r e : 1100°C 
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• r C - 3 

F I G U R E C - 3 : CHLORINATION T E S T 17 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i l e r e s i d u e ex o x i d i s e d S t r a d b r o k e I s . 
i l m e n i t e , m i x t u r e 7 5 / 2 5 by v o l u m e . 

C h a r g e : 777 g ox id i s ed i l m e n i t e (bulk d e n s i t y 2 . 7 0 g / m l ) 
133 g r u t i l e (bulk d e n s i t y 13. 8 g / m l ) 
910 g m i x t u r e ( L / D - 1, D = 3 in. ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0442 g (in, )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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C - 4 

F I G U R E C - 4 : CHLORINATION T E S T 18. 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i i e r e s i d u e ex o x i d i s e d S t r a d b r o k e I s . 
i l m e n i t e . 
M i x t u r e - 5 0 / 5 0 by v o l u m e 

C h a r g e : 500 g i l m e n i t e (bulk d e n s i t y 2. 70 g /ml) 
255 g r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
755 g . m i x t u r e ( L / D = 1, D = 3 i n . ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
G a s f low: 0. 0435 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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C - 5 

F I G U R E C - 5 : CHLORINATION T E S T 19 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i l e r e s i d u e ex o x i d i s e d S t r a d b r o k e I s . 
i l m e n i t e . 
M i x t u r e 2 5 / 7 5 by v o l u m e . 

C h a r g e : 250 g i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
382 g r e s i d u e (bulk d e n s i t y 1. 38 g / m l ) 
632 g m i x t u r e ( L / D = 1, D - 3 i n . ) 

G a s c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0435 g (in, )~2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

O in O O O 0 0 m cm _ w 

1N3D M3d : NOISU3ANOD 3NiaO"IHD SA I lV i rmnD 



C - 6 

F I G U R E C - 6 : CHLORINATION T E S T 20 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e and 

r u t i l e r e s i d u e ex o x i d i s e d S t r a d b r o k e Is', 
i l m e n i t e . 
M i x t u r e 12. 5 / 8 7 . 5 by v o l u m e 

C h a r g e : 125 g i l m e n i t e (bulk d e n s i t y 2. 70 g / m l ) 
447 g r u t i l e (bulk d e n s i t y 1. 38 g / m l ) 
572 g m i x t u r e ( L / D = 1 , D - 3 i n . ) 

Gas c o m p o s i t i o n : C h l o r i n e (100%) 
Gas f low: 0. 0433 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 

,Q„. •£> CM <D "«fr O 
JLN3D « d -.NOISM3ANOD 3NI801HD 3AllVTf1KSnO 



C - 7 

F I G U R E C - 7 : R E L A T I O N B E T W E E N "k" AND " i" 
Ob ta ined by c o r r e l a t i n g t h e r e s u l t s f o r 

C h l o r i n a t i o n T e s t s 15 t o 20 on the b a s i s 
t ha t " P " a 0. 5 

i 



-b C - 8 

F I G U R E C - 8 ! D E P E N D E N C E O F B,k" ON " i " 
k - 0. 0329 + 0. 0456 i + 0. 0203 i2 

T h i s e x p r e s s i o n was ob t a ined by c o r r e l a t i n g t h e 
r e s u l t s of C h l o r i n a t i o n T e s t s 15, .18, and 19 
on b a s i s t ha t " P " = 0 . 5 



>tj C - 9 

F I G U R E C-9 : . VARIATION O F CHLORINE CONVERSION WITH 
T I M E FOR VARIOUS AMOUNTS O F OXIDISED 
I L M E N I T E IN T H E INITIAL CHARGE 

24 36 48 

T IME - M INUTES 

I N I T I A L CHARGE CONTAINS 

(1) 35 2 g O X I D I S E D , I L M E N I T E 
( 2 ) 25 9 i i i i 

( 3 J 20 9 i i n 

MJ 23 9 i i i i 



C - 1 0 

F I G U R E C - 1 3 : CHLORINATION T E S T 24 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in t h e 
two s t a g e r e a c t o r . 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e s 1000 g ( L / D • 1, D - 3 in . ) 
Gas c o m p o s i t i o n s C h l o r i n e at 5. 15% u t i l i z a t i o n 
Gas. f low: 0. 0446 g (in, )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100°C 
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C ^ l l 

F I G U R E C - l l : CHLORINATION T E S T 22 
C h l o r i n a t i o n wi th p a r t l y r e a c t e d gas. in a two 
s t a g e r e a c t o r . 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D = 3 in. ) 
Gas c o m p o s i t i o n : C h l o r i n e at 11. 0% u t i l i z a t i o n 
Gas f low: 0 . 0 4 4 1 g ( in. )"2 ( s e c ) " 1 

T e m p e r a t u r e : 1100®C 

1N30 83d ; NOI13V38 dO 33d93Q 

O in 
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C - 1 2 

F I G U R E C - 1 2 : CHLORINATION T E S T 23 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas . in a 

. two s t a g e r e a c t o r 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1, D = 3 i n . ) 
Gas compos i t ion? C h l o r i n e - a t 15 .8% u t i l i z a t i o n 
G a s flows 0. 0443 g . ( in . )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

I N 3D 83d .' NOIJLDV38 
O O O O 
IN F co CM 
1N3D 83d :NOIS83ANOD 3NI80HHD 

338030 
O O 

3AIXVH nWflD 



C - 1 3 

F I G U R E C - 1 3 : CHLORINATION T E S T 24 
C h l o r i n a t i o n wi th p a r t i a l l y r e a c t e d gas in a 
two s t a g e r e a c t o r 
M a t e r i a l : O x i d i s e d S t r a d b r o k e I s l a n d I l m e n i t e 
C h a r g e : 1000 g ( L / D = 1 , D = 3 i n . ) 
G a s c o m p o s i t i o n : C h l o r i n e at 20 .7% u t i l i z a t i o n 
G a s f low: 0. 0442 g ( in. )"2 ( s ec ) " 1 

T e m p e r a t u r e : 1100°C 

1N3D 83d . 'NOH3V38 dO 338930 
O in § S S 2 o 

1N30 83d :NOIS83ANOO 3NI801HD SA I l V l fmnD 
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C - 1 4 

F I G U R E C - 1 4 : R E L A T I O N B E T W E E N "k" AND " c" 
Ob ta ined by c o r r e l a t i n g the r e s u l t s f o r 
C h l o r i n a t i o n T e s t s 15 and 16 and 21 t o 24 
on the b a s i s tha t P = l/z 

X 



C - 1 5 

F I G U R E C - 1 5 : R E L A T I O N B E T W E E N "k" ON " i" AND mc" 
Ob ta ined by c o r r e l a t i n g the r e s u l t s f o r C h l o r i n a t i o n 
T e s t s 15 t o 24 on the b a s i s tha t "P" - 0. 5 



A P P E N D I X D 

F I G U R E D - l : SINGLE STAGE CONTINUOUS FLUIDISED 
B E D R E A C T O R 

OXIDISED 
I LMENITE CHLORINATION 

GASES 

I t I 

CHLORINATED 
PRODUCT 

CHLORINE 



D - 2 

F I G U R E D - 2 : TWO STAGE CONTINUOUS FLUIDISED BED R E A C T O R 
H o r i z o n t a l A r r a n g e m e n t 

OXIDISED 
I LMENITE 

CHLORINATION 
G A S E S 

STAGE I 
CHLORINATED 

PRODUCT 

CHLORINE 



P - 3 

F I G U R E D - 3 : TWO STAGE CONTINUOUS FLUIDISED B E D R E A C T O R 
V e r t i c a l A r r a n g e m e n t 

OXIDISED 
ILMENITE 

CHLORINATION 
GASES 

CHLORINATED 
PRODUCT 

STAGE I 

STAGE 2 

CHLORINE 



D - 4 

F I G U R E D - 4 : T H R E E STAGE CONTINUOUS FLUIDISED B E D , \ 
R E A C T O R 

. V e r t i c a l A r r a n g e m e n t 



* 

I 

D - 5 

F I G U R E D - 5 : T H R E E STAGE CONTINUOUS F E E D FLUIDISED 
B E D R E A C T O R 
V e r t i c a l and H o r i z o n t a l a r r a n g e m e n t . 

• 
) 
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