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T h e o x i d a t i o n rate of a c u p r o u s s u l f i d e p e l l e t s u s p e n d e d in a s t r e a m of air w a s f o l l o w e d b y
m e a s u r i n g the e v o l u t i o n of S O 2 titrimetrically. T h i n t h e r m o c o u p l e s e m b e d d e d in the c e n t e r
of the s a m p l e r e c o r d e d the v a r i a t i o n of t e m p e r a t u r e d u r i n g o x i d a t i o n . T h e r e a c t i o n w a s
f o u n d to b e t o p o c h e m i c a l a n d the s a m p l e t e m p e r a t u r e w a s f o u n d to b e h i g h e r than its s u r -
r o u n d i n g s initially for a b o u t half a n h o u r . A f t e r this initial p e r i o d , the s a m p l e t e m p e r a t u r e
d e c r e a s e d to that of the s u r r o u n d i n g s a n d r e m a i n e d c o n s t a n t d u r i n g the rest of the p e r i o d
of o v e r 5 hr. T h e a p p a r e n t a c t i v a t i o n e n e r g y f r o m t h e e x p e r i m e n t a l d a t a w a s f o u n d to b e
d i f f e r e n t for t h e initial ( n o n i s o t h e r m a l ) a n d s u b s e q u e n t ( i s o t h e r m a l ) p e r i o d s . R a t e c o n t r o l -
ling m e c h a n i s m s for t h e s e t w o i n t e r v a l s h a v e b e e n p r o p o s e d b a s e d o n i n t e r f a c e c h e m i c a l
r e a c t i o n , m a s s t r a n s f e r r e s i s t a n c e , a n d heat t r a n s f e r c o n c e p t s , F a i r a g r e e m e n t is f o u n d
b e t w e e n the t h e o r e t i c a l r a t e s b a s e d o n t r a n s p o r t m e c h a n i s m s a n d t h o s e o b t a i n e d e x p e r i -
m e n t a l l y .

SEVERAL investigators, I-5 have studied the oxidation
of copper sulfides and it has been generally agreed
that in the temperature range 750° to 950°C, the oxida-
tion of cuprous sulfide can be represented as

1Cu2S + i~-O2 = Cu~O +SOz [i]

AF~50o c = --64,850 cal

followed by
1

C u 2 0 + 7 0 2 = 2 C u O [2]

AF~50o C = --6090 c a l

T h e C u - S - O p h a s e s t a b i l i t y d i a g r a m v a l i d in t h e t e m -
p e r a t u r e r a n g e 477 ° to 677°C h a s b e e n g i v e n by I n g r a -
h a m 6 F i g . 1 i s a C u - S - O p h a s e s t a b i l i t y d i a g r a m
d r a w n , u s i n g s i m i l a r d a t a , a t 8 5 0 ° C , t h e t e m p e r a t u r e
o f i n t e r e s t in t h e p r e s e n t w o r k . F r o m t h e d i a g r a m i t
i s q u i t e e v i d e n t t h a t C u 2 0 m u s t i n i t i a l l y f o r m a s a n
i n t e r m e d i a t e p r o d u c t d u r i n g t h e c o n v e r s i o n of Cu2S to
C u O . A t h i g h e r p a r t i a l p r e s s u r e s o f o x y g e n p r e s e n t in
a i r , C u 2 0 i s then c o n v e r t e d into C u O . T h i s p a t t e r n of
b e h a v i o r d u r i n g r o a s t i n g h a s a l so b e e n o b s e r v e d by
b o t h P e r e t t i 1 a n d H e n d e r s o n . 2 H o w e v e r , t h e r e s e e m s
to be s o m e u n c e r t a i n t y r e g a r d i n g t h e r a t e - d e t e r m i n i n g
s t e p i n v o l v e d in t h e o x i d a t i o n . F o r i n s t a n c e , a c c o r d i n g
to P e r e t t i , 1 a d i f f u s i v e s t e p i n v o l v i n g t h e d i f f u s i o n o f
t h e r e a c t i n g gas i s r a t e c o n t r o l l i n g , w h e r e a s H e n d e r -
s o n 2 m a i n t a i n s c h e m i c a l r e a c t i o n a t t h e i n t e r f a c e , v i z . ,
f o r m a t i o n o f C u 2 0 , to be t h e r a t e - c o n t r o l l i n g p r o c e s s .
M c C a b e a n d M o r g a n , 3 w h o c a r r i e d o u t t h e o x i d a t i o n in
a n a t m o s p h e r e o f o x y g e n , a r e in f a v o r o f a m e c h a n i s m
i n v o l v i n g t r a n s p o r t of g a s e s t h r o u g h t h e p o r o u s o x i d e
l a y e r . In a l l t h e s e i n v e s t i g a t i o n s t h e t e m p e r a t u r e of
t h e s y s t e m s t u d i e d was t a k e n to be that of t h e r e a c t i o n
c h a m b e r a n d l i t t l e a t t e n t i o n was p a i d t o t h e p o s s i b l e
t e m p e r a t u r e d i f f e r e n c e b e t w e e n the s a m p l e a n d i t s
s u r r o u n d i n g s .

R e c e n t i n v e s t i g a t i o n s v'8 h a v e s t r e s s e d t h e i m p o r -
t a n c e o f t h e e f f e c t o f h e a t t r a n s f e r o n t h e r e a c t i o n
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k i n e t i c s in t h o s e c a s e s w h e r e m a r k e d t e m p e r a t u r e
d i f f e r e n c e b e t w e e n t h e s a m p l e a n d i t s s u r r o u n d i n g s
w a s n o t i c e d .

R e a c t i o n [1] i s h i g h l y e x o t h e r m i c a n d h i g h t e m p e r -
a t u r e d i f f e r e n c e s a r e l i k e l y to be s e t up b e t w e e n t h e
r e a c t i o n f r o n t a n d i t s s u r r o u n d i n g s d u r i n g r o a s t i n g .
T h e p r e s e n t w o r k w a s i n i t i a t e d w i t h a v i e w to s t u d y i n g
t h e p o s s i b l e e f f e c t o f t h i s h e a t g e n e r a t i o n o n t h e r e a c -
t i o n m e c h a n i s m . F o r t h i s , p r o v i s i o n was m a d e f o r t h e
c o n t i n u o u s m e a s u r e m e n t o f t h e t e m p e r a t u r e o f t h e a c -
t u a l r e a c t i n g c o m p a c t d u r i n g t h e c o u r s e o f o x i d a t i o n .
C o m m e r c i a l r o a s t i n g o f c u p r o u s s u l f i d e i s c a r r i e d
o u t in a i r in t h e t e m p e r a t u r e r a n g e u s e d in t h e p r e s e n t
w o r k a n d a s s u c h t h e d a t a o b t a i n e d a r e o f i n t e r e s t in
c o m m e r c i a l r o a s t i n g o p e r a t i o n s .

It w o u l d a l so a p p e a r f r o m t h e p r e v i o u s w o r k o f
R a z o u k e t a l . ,4 that r e a c t i o n [2] i s a s f a s t a s , i f n o t
f a s t e r t h a n , r e a c t i o n [1]. If r e a c t i o n [2] w e r e to be
s l o w , t h e s t o i c h i o m e t r y d e m a n d s a C u 2 0 b u i l d - u p
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Fig. 1--Cu-S-O p h a s e stability d i a g r a m a t 850°C.
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Fig. 2--Thermogram obtained d u r i n g the i n i t i a l p e r i o d of
r o a s t i n g of a Cu2S compact in a i r a t 850°C.

which should result in a g radua l continuous d e c r e a s e
in the weight of the sample throughout the c o u r s e of
oxidation. No such continuous weight loss was ob-
served. Preliminary thermogravimetric experiments
c a r r i e d out by the present authors also confirmed the
absence of a m a j o r Cu20 build-up. This can be seen
from Fig. 2 which is thermogram obtained by roasting
a 400 mg compact of Cu2S u s i n g a recording thermo-
balance at 850°C. After an initial s m a l l loss in weight
corresponding to the formation of a thin l a y e r of Cu20,
t h e r e was no further loss in weight, thus confirming
the absence of a m a j o r Cu20 build-up.

In o r d e r to determine the sample temperature, t h e r -
mocouple junctions made of thin w i r e s , were embedded
in the samples roasted and an automatic recording
thermoelectric pyrometer was used to r e g i s t e r con-
tinuously the temperatures of the furnace, the sample,
and its surroundings.

The progress of the oxidation reaction was followed
titrimetrically, 5 by estimating the SO2 liberated during
the process. From the geometry of the pellet and the
stoichiometry of reaction [1] the following relationship
can be obtained for the rate of the reaction in t e r m s
of S02 evolved

r * = [ V ~ - ~ ]v 3 ~ :

Where r * represents the dimensionless radius of the
reaction front and l~ and V~ are the volumes of iodine
consumed at time t and at the completion of roasting
respectively. In the titrimetric procedure adopted,
quantities of SO2 of the o r d e r of 1.6 × 10-4 g could be
detected. The results obtained have been analyzed t o
suggest possible rate-controlling mechanisms.

MATERIALS

Cuprous sulfide supplied by M/s. Albright and
Wilson (Mfg) Ltd., London, England, was used in the
present work. The finely powdered m a t e r i a l was d r i e d
in an atmosphere of oxygen-free a rgon at ll0°C before
use. The pellets were right cylindrical in fo rm, with
a unit height-to-diameter ratio and were made by
pressing about 7.0 g of the sulfide in a s t e e l die about
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Fig. 3--Experimental assembly.

1.22 cm diam at a p r e s s u r e of 40 tsi. No binder was
used. The pressed pellets had a density equivalent to
about 90 pct of the theoretical value. Previous work-
ers also used pellets of s i m i l a r density.

EXPERIMENTAL

The apparatus used is shown in Fig. 3. The s a m p l e
was suspended inside the even temperature zone of
the furnace, F , by two thin P t - P t , 13 pct Rh thermo-
couple w i r e s (TCz) whose junction was embedded in
the sample and s e r v e d to m e a s u r e the reacting com-
pact temperature during the c o u r s e of the experiment.
Thermocouples TC2 and TC3 s e r v e d to m e a s u r e the
temperature of the gas bulk surrounding the reacting
compact and that of the furnace, respectively. T h e s e
t h r e e thermocouples, TC1, TC2, and TC3 were con-
nected t o a 3-channel recording thermoelectric pyrom
eter which r e c o r d e d continuously the respective tem-
peratures. Thermocouple TC4 was connected to the
electronic temperature controller which controlled the
operating temperature within +4°C.

The gases entered the reaction c h a m b e r at the top
through the inlet C and SO2 in the product gases leaving
the outlet E was estimated titrimetrically using a de-
c i n o r m a l iodine solution, a f t e r absorption in distilled
w a t e r .

The sample was brought to the experimental t e m p e r -
a t u r e under purified a rgon which was then replaced by
a s t r e a m of dry air.

All oxidation experiments were c a r r i e d out in air at
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Fig. 4--Plot showing the progress of oxidation of the Cu2S
pellet in terms of the iodine solution consumed.
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Fig. 5--The r ise in temperature of the s a m p l e d a r i n g r o a s t i n g
due to exothermie heat generated, a t -various temperatures of
roasting.

a flow r a t e of 500 m l p e r m i n a n d , at th i s flow r a t e ,
the r e a c t i o n r a t e w a s f o u n d to b e i n d e p e n d e n t of the
g a s flow r a t e , thus e n s u r i n g t h e a b s e n c e of g a s s t a r -
v a t i o n .

R E S U L T S

T h e r e s u l t s a r e s h o w n in g r a p h i c a l f o r m in F i g . 4 ,
w h e r e the p r o g r e s s of the o x i d a t i o n r e a c t i o n , a t the
t e m p e r a t u r e s m e n t i o n e d , i s r e p r e s e n t e d in t e r m s of
the v o l u m e of the d e c i n o r m a l i o d i n e r e a c t e d wi th the
l i b e r a t e d s u l f u r d i o x i d e .

It w a s a l s o o b s e r v e d that d u r i n g the i n i t i a l p e r i o d
t h e s a m p l e t e m p e r a t u r e w a s m u c h h i g h e r than i t s s u r -
r o u n d i n g s . This i s s h o w n in F i g . 5 . H o w e v e r , a t a l l
t e m p e r a t u r e s t h e s a m p l e t e m p e r a t u r e l e v e l l e d off to
the t e m p e r a t u r e of i t s s u r r o u n d i n g s a f t e r a b o u t 20 to
30 m i n and r e m a i n e d c o n s t a n t d u r i n g the s u b s e q u e n t
o x i d a t i o n p e r i o d l a s t i n g a b o u t 5 h r . At the h i g h e r t e m -
p e r a t u r e s , a b o u t 60 pet of the r o a s t i n g w a s o v e r in
a b o u t 6 h r w h e r e a s , at 7 5 0 ° C , a s l i t t l e a s 15 pct o x i d a -
t ion took p l a c e d u r i n g the p e r i o d .

S e c t i o n i n g of the p a r t i a l l y r o a s t e d s p e c i m e n s c o n -
f i r m e d t h a t , in the t e m p e r a t u r e r a n g e of i n t e r e s t , the
r e a c t i o n w a s a l w a y s t o p o e h e m i c a l . A p h o t o m i c r o g r a p h
of a p a r t i a l l y r o a s t e d p e l l e t of Cu2S a f t e r s e c t i o n i n g i s
s h o w n in F i g . 6 . It c a n be s e e n that the c e n t r a l c o r e of
u n r e a c t e d Cu2S is c o v e r e d b y a th in l a y e r of Cu20 fo l -
l o w e d by a t h i c k l a y e r of CuO. T h e v a r i o u s p h a s e s
w e r e i d e n t i f i e d both by c h e m i c a l a n a l y s i s a n d a l s o by
t a k i n g X - r a y d i f f r a c t i o n p a t t e r n s . T h e X - r a y p a t t e r n s
t a k e n with f i l t e r e d c o p p e r r a d i a t i o n s h o w e d the p r e s -
e n c e of CuO a s t h e m a j o r c o n s t i t u e n t a n d Cu2S a s t h e
s e c o n d m a j o r c o n s t i t u e n t wi th s m a l l q u a n t i t i e s of Cu20
p r e s e n t .

DISC USSION

T h e p o s s i b l e r a t e c o n t r o l l i n g s t e p s in the o x i d a t i o n
of Cu2S p e l l e t s in a s t r e a m of d r y a i r m a y b e g r o u p e d
a s f o l l o w s : -

i ) d i f f u s i o n of the r e a c t a n t a n d the p r o d u c t g a s e s
t h r o u g h t h e g a s f i lm s u r r o u n d i n g the s a m p l e ,

i i ) d i f f u s i o n of t h e s e g a s e s t h r o u g h the p o r o u s o x i d e
l a y e r ( a l s o i n t r a p a r t i c l e d i f f u s i o n , i f a n y ) , a n d

Fig. 6--Section of a partially roasted Cu2S sample.
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i i i ) c h e m i c a l r e a c t i o n a t a n i n t e r f a c e a s g i v e n by
E q . [1]. E q . [2] i s not c o n s i d e r e d f o r t h e r e a s o n a l -
r e a d y g i v e n e a r l i e r . T h i s i s i n i t i a t e d a t t h e s u r f a c e of
t h e s a m p l e a t z e r o t i m e , a n d t h e r e a c t i n g i n t e r f a c e
r e c e d e s t o w a r d s t h e c e n t e r o f t h e s a m p l e w i t h t i m e a s
t h e o x i d a t i o n p r o g r e s s e s .

It w o u l d a p p e a r t h a t , in t h e i n i t i a l p e r i o d w h e n t h e
p r o d u c t l a y e r i s not s u f f i c i e n t l y t h i c k , t h e r e a c t i o n at
t h e i n t e r f a c e i s l i k e l y to be t h e r a t e - c o n t r o l l i n g s t e p ,
to be f o l l o w e d by t h e d i f f u s i o n - c o n t r o l l e d p r o c e s s a s
t h e l a y e r i s b u i l t u p .

In a d d i t i o n , i f t h e t e m p e r a t u r e o f t h e s a m p l e i s sub-
s t a n t i a l l y d i f f e r e n t f r o m i t s s u r r o u n d i n g s , h e a t t r a n s -
f e r e f f e c t s h a v e to be t a k e n into c o n s i d e r a t i o n w h i l e
d e c i d i n g t h e r a t e - c o n t r o l l i n g s t e p .

In t h e t r e a t m e n t w h i c h f o l l o w s , t h e e x p e r i m e n t a l r e -
s u l t s h a v e b e e n a n a l y z e d s e p a r a t e l y f o r t h e i n i t i a l
( n o n i s o t h e r m a l ) a n d the s u b s e q u e n t ( i s o t h e r m a l ) i n -
t e r v a l s .

C H E M I C A L R E A C T I O N A S T H E R A T E -
C O N T R O L L I N G F A C T O R I N T H E I N I T I A L P E R I O D

A s c h e m a t i c d i a g r a m r e p r e s e a t i n g t h e t o p o c h e m ~ c a I
o x i d a t i o n of t h e C u t s c o m p a c t ( r i g h t c y l i n d r i c a l w i t h
h e i g h t e q u a l to d i a m e t e r ) in a i r a c c o r d i n g to E q . [1]
i s s h o w n in F i g . 7 . T h e r e a c t i o n a s r e p r e s e n t e d by
E q . [1] o c c u r s a t t h e i n t e r f a c e s e p a r a t i n g t h e s o l i d
C u e S a n d t h e p r o d u c t C u 2 0 p h a s e s . T h i s i n t e r f a c e
m o v e s i n w a r d s f r o m t h e s u r f a c e o f t h e c o m p a c t a s t h e
r e a c t i o n p r o c e e d s . T a k i n g into a c c o u n t t h e c o n s e r v a -
tion of t h e o r i g i n a l s o l i d s p e c i e s , the r a t e o f c h a n g e
o f i t s r a d i u s c a n be e x p r e s s e d in t e r m s o f t h e m o l a r
r e a c t i o n r a t e by t h e f o l l o w i n g e q u a t i o n *

*All nomenclature is defined at the endof the paper.

6 2 d r
h = - a r P a l / - [3]

F o r t h e o x i d a t i o n r e a c t i o n u n d e r c o n s i d e r a t i o n t h e
f o r w a r d r e a c t i o n r a t e i s p r o p o r t i o n a l to t h e r a t e o f
a b s o r p t i o n o f t h e r e a c t a n t gas a n d t h e b a c k w a r d r e a c -
tion r a t e i s p r o p o r t i o n a l to t h e r a t e o f r e a b s o r p t i o n o f
t h e p r o d u c t g a s . E x p r e s s i n g m a t h e m a t i c a l l y ,

n f = Ks/RGG[PCh]G [4]

a n d

n b = g b / R 0G [pO2]G [5]

T h e n e t r e a c t i o n r a t e n = (nf - n b)

1
- RoG {sgls'° ]G-Kblbso ]G} [0]

A t equ i l i b r ium

g f [ P o l l e n = K b b~SO2le q {7 ]

Bu t

L~so2]eq/[Poz] e q = K e q = K f [8]Kb

T h u s t h e n e t r e a c t i o n r a t e c a n be w r i t t e n a s

n = - b so ]U&q} {9]

T h i s K f i s t h e s a m e a s k c , t h e c h e m i c a l r a t e c o n s t a n t .
R e a c t i o n r a t e o v e r t h e a r e a of t h e r e a c t i o n s u r f a c e
wi l l t h e n be

h = 6 r r r a R - - ~ G{~PO2]G -- [. l )s02]GIKeq} [10]

C o m b i n i n g E q s . [3] a n d [10] t h e r e s u l t i n g d i f f e r e n t i a l
e q u a t i o n c a n b e s o l v e d to g e t t h e r a t e o f a d v a n c e o f t h e
r e a c t i o n f r o n t p e r u n i t s u r f a c e a r e a . R e m e m b e r i n g
that [PSOa]G/Keq << [PO2]G s i n c e Keq i s v e r y l a r g e , we
g e t

K c
t o p ( 1 - r * ) = ~ ~ ] G t [11]

a n d h e n c e a plot of t h e e x p r e s s i o n on t h e l e f t - h a n d
side o f E q . [11] w i t h t i m e t s h o u l d r e s u l t in a s t r a i g h t
l i n e . F i g . 8 i s a plot o f s u c h a r e l a t i o n o b t a i n e d a t
8 5 0 ° C . T w o distinct r e g i o n s a r e s e e n : a n a p p r o x i m a t e
s t r a i g h t l i n e d u r i n g t h e n o n i s o t h e r m a l i n i t i a l p e r i o d ,
f o l l o w e d by a p a r a b o l i c c u r v e p e r t a i n i n g to t h e i s o t h e r -
m a l i n t e r v a l . A p a r t i c l e t e m p e r a t u r e v s t i m e p l o t ,
c o r r e s p o n d i n g to t h e e x p e r i m e n t a l t e m p e r a t u r e o f
8 5 0 ° C is a l so s h o w n in t h e s a m e F i g . 8 .

A p p a r e n t a c t i v a t i o n e n e r g i e s f o r t h e o x i d a t i o n p r o c -
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Fig. &-Experimental plot of r 0p (1 - r*) a g a i n s t t ime f o r a
c u p r o u s su l f ide p e l l e t r e a c t i n g in a i r at 850°C. The variation
of the s a m p l e t e m p e r a t u r e with t ime i s a l so i n d i c a t e d
(x-x-x-x).
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Fig. 9--The A r r h e n i u s plot for calculating the apparent a c -
tivation e n e r g i e s .

e s s c a n be c a l c u l a t e d f r o m t h e p r o g r e s s of o x i d a t i o n
o b s e r v e d a t t h e d i f f e r e n t e x p e r i m e n t a l t e m p e r a t u r e s .
F i g . 9 i s t h e A r r h e n i u s plot c o r r e s p o n d i n g to t h e i n i t i a l
n o n i s o t h e r m a l a n d t h e s u b s e q u e n t i s o t h e r m a l p e r i o d s .
T h e a c t i v a t i o n e n e r g i e s w h i c h c a n be c a l c u l a t e d w e r e
f o u n d to be o f t h e o r d e r o f 25.0 k c a l p e r g - m o l e a n d
6.0 k c a l p e r g - m o l e , f o r t h e i n i t i a l a n d s u b s e q u e n t
p e r i o d s r e s p e c t i v e l y .

T h e h i g h a c t i v a t i o n e n e r g y a n d a n a p p r o x i m a t e l i n e a r
n a t u r e o f t h e plot in F i g . 8 d u r i n g t h e i n i t i a l p e r i o d i s
s u g g e s t i v e of a c h e m i c a l c o n t r o l m e c h a n i s m in t h i s i n -
t e r v a l . H o w e v e r , t h e s e c h a r a c t e r i s t i c s a r e a l so t r u e
of p r o c e s s e s c o n t r o l l e d by heat a n d m a s s t r a n s f e r . 7
T h e r e f o r e , d u r i n g t h e i n i t i a l p e r i o d t h e m e c h a n i s m of
o x i d a t i o n c o u l d i n v o l v e the heat a n d m a s s t r a n s f e r
t h r o u g h t h e p o r o u s p r o d u c t a n d b o u n d a r y l a y e r s a n d / o r
c h e m i c a l r e a c t i o n a t t h e i n t e r f a c e .

S i n c e the p a r t i c l e t e m p e r a t u r e was f o u n d to be s i g n i f -
i c a n t l y h i g h e r t h a n t h e s u r r o u n d i n g s a n d a h i g h a c t i v a -
t i o n e n e r g y h a s a l so b e e n o b t a i n e d , the r a t e of a d v a n c e
o f ~he r e a c t i o n f r o n t s h o u l d v a r y r a p i d l y w i t h t i m e
d u r i n g t h i s p e r i o d i f i t w e r e to be a n e x c l u s i v e l y c h e m -
i c a l l y c o n t r o l l e d p r o c e s s . H o w e v e r , it i s s e e n f r o m
F i g . 8 that the r e a c t i o n f r o n t v e l o c i t y i s not s u b s t a n -
t i a l l y d e v i a t i n g f r o m l i n e a r i t y .

F u r t h e r , w i t h the r e l e a s e o f t h e e x o t h e r m i c h e a t a t
the r e a c t i o n f r o n t r e s u l t i n g in h i g h e r t e m p e r a t u r e s ,
t h e r e a c t i o n r a t e s h o u l d c o n t i n u o u s l y i n c r e a s e f o r a
c h e m i c a l l y c o n t r o l l e d p r o c e s s . I n s t e a d , a t e n d e n c y f o r
t h e r e a c t ) 0 n r a t e to d e c r e a s e i s o b s e r v e d a f t e r a f e w
m i n u t e s f r o m t h e s t a r t of the r e a c t i o n . It c a n be c o n -
c l u d e d t h e r e f o r e t h a t c h e m i c a l r e a c t i o n i s not r a t e
c o n t r o l l i n g but that the r e a c t i o n i s l i k e l y to be c o n -
t r o l l e d by a t r a n s p o r t m e c h a n i s m . E v e n w h e n t h e d i f -
f u s i v e s t e p s a r e l i k e l y to be r a t e c o n t r o l l i n g t h e d i f -
f u s i v i t i e s a r e no d o u b t i n c r e a s e d by the h i g h e r s a m p l e
t e m p e r a t u r e g e n e r a t e d by t h e e x o t h e r m i c h e a t , h o w -
e v e r , t h e h i g h e r d i f f u s i v i t i e s do not c a u s e h i g h e r r e a c -
tion r a t e b e c a u s e o f t h e i n c r e a s e in t h e d i f f u s i o n a l

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

T h e e x p e r i m e n t a l d a t a o b t a i n e d a r e t h e r e f o r e a n a l -
y z e d o n the b a s i s of m a s s a n d heat t r a n s f e r c o n c e p t s .
F o r t h i s , a g a i n , t h e r e s u l t s o b t a i n e d at 8 5 0 ° C a r e u s e d
b e c a u s e the m a x i m u m t e m p e r a t u r e d i f f e r e n c e b e t w e e n
the c o m p a c t a n d its s u r r o u n d i n g s w a s n o t e d at this
t e m p e r a t u r e .

E F F E C T O F D I F F U S I O N A N D MASS T R A N S F E R

E v e n t h o u g h a m o v i n g i n t e r f a c e i s i n v o l v e d in t h e
p r e s e n t t o p o c h e m i c a l o x i d a t i o n p r o c e s s , t h e a n a l y s i s
a s s u m e s a q u a s i - s t e a d y s t a t e p r o c e s s . T h i s a s s u m p -
t i o n i s j u s t i f i e d in v i e w of t h e f a c t that o n l y a n i n f i n i -
t e s i m a l l y s m a l l f r a c t i o n o f t h e t o t a l f l ux d i f f u s i n g i s
l i k e l y to be a c c u m u l a t i n g , i f a t a l l , w i t h i n the p o r e s
o f t h e p r o d u c t m a s s .

A s s u m i n g c h e m i c a l equ i l i b r ium a t t h e r e a c t i o n f r o n t ,
a r a t e e q u a t i o n f o r t h e n o n i s o t h e r m a l p e r i o d c a n be
w r i t t e n in t h e f o r m g i v e n b e l o w . T h e m a s s t r a n s f e r of
b o t h p r o d u c t a n d r e a c t a n t g a s e s a r e t a k e n into a c c o u n t
a n d t h e p r o c e d u r e a d o p t e d i s s i m i l a r to that u s e d by
H i l l s 7

: [D°2]G -- [Pso2]G/Keq [12]

R OG [ ~ M ] I I + 3
g e q 2 [ ~ M ] I

w h e r e [~M] I a n d [~M]II r e p r e s e n t t h e m a s s t r a n s f e r
r e s i s t a n c e s due t o b o t h p o r o u s p r o d u c t l a y e r a n d
b o u n d a r y l a y e r r e l e v a n t to t h e r e a c t a n t a n d p r o d u c t
g a s e s , r e s p e c t i v e l y .

S i n c e t h e K e q in t h e p r e s e n t c a s e i s v e r y l a r g e a n d
o f t h e o r d e r o f 1012 (at 8 5 0 ° C ) a n d [~2M]I a n d [~2M]II a r e
b o t h s m a l l a n d o f e q u a l o r d e r , E q . [12] c a n be a p p r o x -
i m a t e d to

= [PO~]G [13]
3

k 0G • ~ [aM]~

E x p a n d i n g [ ~ M ] I a n d r e w r i t i n g E q . [13] g i v e s *

*Though Deft varies with temperature, it is assumed that the ratio 0/Deft varies
little and that errors arising from this assumption are therefore negligible.

ROG { ( ! . _ 1 ) + [Deff_]i/ [14]

4 ~[Deff ]iro atro J

T h e e x p e r i m e n t a l r a t e c a n n o w be c o m p a r e d w i t h t h e
t h e o r e t i c a l r a t e o b t a i n a b l e f r o m E q . [ 1 4 ] .

T h e i n i t i a l e x p e r i m e n t a l r a t e c o u l d be d e t e r m i n e d
f r o m F i g . 4 a n d t h e t h e o r e t i c a l v a l u e f r o m E q . [14]
a b o v e , p r o v i d e d e f f e c t i v e d i f f u s i v i t y , [Deff ]I a n d m a s s
t r a n s f e r c o e f f i c i e n t [c~ ]I a r e k n o w n .

T h e m a s s t r a n s f e r c o e f f i c i e n t c a n be c a l c u l a t e d f r o m
t h e e q u a t i o n s s u g g e s t e d by R o w e , C l a x t o n , a n d L e w i s9
a n d R a n z a n d M a r s h a l l ,1° t h e r e s u l t s b e i n g e x p r e s s e d
in t e r m s of d i m e n s i o n l e s s c o r r e l a t i o n s o f t h e f o r m

ot = ~ ] ~ [2 + f ( R e , S c ) ] [15]

S i m i l a r l y t h e d i f f u s i o n c o e f f i c i e n t in t h e gas p h a s e ,
[/9](; c a n be e s t i m a t e d f r o m e m p i r i c a l e q u a t i o n s s u c h
a s t h o s e of G i l l i l a n d a n d H i r s h f e l d e r a n d c o w o r k e r s .~1
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Table I. Determination of the Mass Transfer and Effective Diffusion Coefficients

Diameter o f t h e reac t ion t u b e
Air f l o w rate t h r o u g h t h e reac t ion t u b e
Diameter o f t h e reac t ing c o m p a c t (cO
S h e r w o o d n u m b e r ( S h )
Di f fu s iv i t y o f t h e reactant gas i n t h e b u l k gas p h a s e

[DG]I, 850°C ( f r o m GiUf l and )n
Mass transfer coef f ic ien t t o t h e surface o f t h e

reac t ing c o m p a c t [a] I, 850°C
P o r o s i t y o f t h e p o r o u s o x i d e layer
T o r t u o s i t y f a c t o r
E f f e c t i v e d i f f u s i v i t y o f t h e reactant g a s i n t h e p o r o u s

o x i d e layer [Deft] I

4 c m
5 0 0 m l per m i n
1 . 2 2 3 cm
2 . 6 4

0 . 8 3 cm 2 per sec

2 . 4 0 c m per sec
0.25
3 . 0

0 . 0 1 7 cm 2 per sec

Table II. Comparison Between the Experimental and the Theoretical
Reaction Rates, at the Experimental Temperature 850°C

Reac t ion Rate i n g Mole per sec

T i m e i n M i n u t e s Theore t i ca l E x p e r i m e n t a l

3 1.07 X 10"s 1 . 2 0 X 1 0-s
8 5 . 0 0 X 10-6 8 . 0 X 1 0 -6

12 3 . 7 6 X 10-6 5 . 0 X 1 0-6
18 3 . 2 2 X 1 0-6 3.3 X 1 0-6

T o o r 12 h a s s h o w n that t h e s e e q u a t i o n s a r e a l so r e l e -
vant to the type o f g a s e o u s d i f f u s i o n e n c o u n t e r e d u n d e r
t h e p r e s e n t e x p e r i m e n t a l c o n d i t i o n s .

T h e e f f e c t i v e d i f f u s i v i t y , D e ft i s then o b t a i n e d f r o m
t h i s [ D ~ , u s i n g t h e r e l a t i o n d e s c r i b e d by W a k a o a n d
S m i t h .

[ D ] a r 2
D e f t - T [16]

T h i s e q u a t i o n i s u s e d in v i e w o f t h e b i d i s p e r s e s t r u c -
t u r e '4 of p o r e s in t h e p r o d u c t l a y e r o f t h e r e a c t i n g
c o m p a c t a s r e v e a l e d by t h e m i c r o s c o p i c e x a m i n a t i o n .

W h i l e t h e p o r o s i t y f a c t o r , V, c a n be e s t i m a t e d w i t h
r e a s o n a b l e a c c u r a c y , t h e r e i s s o m e u n c e r t a i n t y r e -
g a r d i n g t h e c o r r e c t v a l u e o f t h e t o r t u o s i t y f a c t o r , 7 ,
w h i c h i s a n e m p i r i c a l c o r r e l a t i o n f a c t o r to a l l o w f o r
b o t h t o r t u o s i t y a n d v a r y i n g p o r e c r o s s s e c t i o n .

I n v i e w of t h e h i g h p r e s s u r e s u s e d in c o m p a c t i n g a n d
t h e l o w p o r o s i t y o b s e r v e d , a t o r t u o s i t y f a c t o r of 3 a p -
p e a r s to be r e a s o n a b l e a n d h a s b e e n u s e d in t h e p r e s -
ent c a l c u l a t i o n s . T h e v a l u e s of [ a ] i a n d [Deff] I c a l c u -
l a t e d f r o m E q s . [15] a n d [16] a r e p r e s e n t e d in T a b l e I .
U s i n g t h e s e v a l u e s in E q . [ 1 4 ] , t h e t h e o r e t i c a l r e a c t i o n
r a t e a t v a r i o u s i n i t i a l tim e i n t e r v a l s c a n be c a l c u l a t e d
o n t h e b a s i s o f t h e m a s s t r a n s f e r r e s i s t a n c e c o n c e p t .

In T a b l e I I t h e t h e o r e t i c a l r a t e s a r e c o m p a r e d w i t h
t h o s e o b t a i n e d e x p e r i m e n t a l l y f o r t h e c o r r e s p o n d i n g
t i m e i n t e r v a l s . It i s s e e n f r o m T a b l e II t h a t t h e t h e -
o r e t i c a l r a t e s a r e in s a t i s f a c t o r y a g r e e m e n t w i t h t h e
e x p e r i m e n t a l r a t e s a n d that t h e l a t t e r v a l u e s a r e n e v e r
l o w e r than t h e i r c o r r e s p o n d i n g t h e o r e t i c a l e s t i m a t e s .

F r o m t h i s i t c a n be c o n c l u d e d that t h e c h e m i c a l r e -
a c t i o n a t t h e i n t e r f a c e c a n n o t p l a y a n y s i g n i f i c a n t r o l e
in d e t e r m i n i n g t h e r a t e of the r e a c t i o n .

E f f e c t o f H e a t T r a n s f e r

I n v i e w o f t h e h i g h t e m p e r a t u r e r i s e in the r e a c t i n g
c o m p a c t d u r i n g t h e i n i t i a l p e r i o d of o x i d a t i o n , h e a t
t r a n s f e r p h e n o m e n o n m a y a l so be i m p o r t a n t in t h e
r a t e c o n t r o l l i n g m e c h a n i s m . C o n s e q u e n t l y the e x p e r -

2 4 6 8 - V O L U M E 2 , S E P T E M B E R 1 9 7 1

Table III. Comparison of the Experimental and Theoretical Reaction Rates

Reac t ion rates i n g - m o l e per sec

Theore t i ca l

Based o n E q . [ 1 4 ]
T i m e (Di f fus ion a n d Mass Based o n Eq. [ 1 9 ]
M i n u t e s Transfer C o n t r o l l e d ) ( H e a t Transfer C o n t r o l l e d ) E x p e r i m e n t a l

3 1 . 0 7 X 1 0"s 1 . 0 6 8 X 1 0 -s 1.20 X 10-5
8 5 . 0 0 X 1 0-6 3 . 8 7 2 X 1 0-s 8 . 0 0 X 10-6

1 2 3 . 7 6 X 1 0-6 5 . 2 5 3 X 10- s 5 . 0 0 X 10-6
1 8 3 . 2 2 X 1 0-6 1 . 2 2 1 X 1 0-s 3 . 3 0 X 10-6

i m e n t a l d a t a h a s to be c o r r e l a t e d w i t h a n e q u a t i o n
b a s e d o n t h e h e a t t r a n s f e r p r o c e s s .

H e a t i s g e n e r a t e d a t t h e r e a c t i o n f r o n t a s a r e s u l t
o f t h e e x o t h e r m i c n a t u r e o f t h e o x i d a t i o n p r o c e s s

: h H [ 1 7 ]

C o n s i d e r i n g t h e h e a t t r a n s f e r by c o n d u c t i o n , c o n v e c -
t i o n a n d r a d i a t i o n t h r o u g h t h e p o r o u s p r o d u c t l a y e r
a n d the o u t e r b o u n d a r y l a y e r on q u a s i - s t e a d y s t a t e
t e r m s , a s i m p l i f i e d e q u a t i o n c a n b e w r i t t e n f o r

: ( o R - oO

6 , t o k /-~-~r0

C o m b i n i n g E q s . [17] a n d [18]

h = (O/~ - o G) [19]
H [ ( ~ g , - 1 ) + k ]

6 ~rk r e

T h e t e m p e r a t u r e i n d i c a t e d by t h e t h e r m o c o u p l e e m -
b e d d e d a t t h e c e n t e r o f t h e s a m p l e i s a s s u m e d to be
t h e r e a c t i o n i n t e r f a c e t e m p e r a t u r e a n d t h e r e a c t i o n
r a t e , h , c a n be c a l c u l a t e d f r o m E q . [19] i f t h e v a l u e s
o f K , t h e t h e r m a l c o n d u c t i v i t y o f t h e p r o d u c t s o l i d ,
a n d h, t h e t o t a l h e a t t r a n s f e r c o e f f i c i e n t (h

= hconvection + h r a d i a t i o n ) , a r e k n o w n , hconvection c a n
be c a l c u l a t e d f r o m t h e R a n z a n d M a r s h a l l c o r r e l a t i o n
o f t h e t y p e .

hconv" d
- 2 + 0 . 6 ( R e ) l / 2 ( P r ) 1/3 [20]

kG

A f a i r l y a c c u r a t e v a l u e f o r t h e r a d i a t i o n h e a t t r a n s f e r
c o e f f i c i e n t , h r a d i a t i on , c a n be o b t a i n e d by a p p r o x i m a t -
i n g t h e f u r n a c e to a n e n c l o s u r e w h o s e s u r f a c e a r e a i s
v e r y m u c h g r e a t e r t h a n that of t h e s a m p l e , a n d it c a n
be s h o w n15 that

h r a d = a~(0~V + 0 ~ ) ( 0 w + 0S) [21]

S u b s t i t u t i n g t h e r e l e v a n t v a l u e s in E q . [ 1 9 ] , t h e r a t e o f
t h e r e a c t i o n , h , c a n be o b t a i n e d a t v a r i o u s t i m e i n -
t e r v a l s .

In T a b l e III a r e p r e s e n t e d t h e r e a c t i o n r a t e s t h e -
o r e t i c a l l y o b t a i n e d f r o m E q . [19] a l o n g w i t h t h e c o r r e -
s p o n d i n g v a l u e s o b t a i n e d e x p e r i m e n t a l l y . T h e t h e o r -
e t i c a l r a t e s b a s e d o n t h e d i f f u s i o n a n d m a s s t r a n s f e r
r a t e E q . [14] a r e a l so i n c l u d e d h e r e f o r t h e s a k e of
c o m p l e t e n e s s . It i s s e e n f r o m T a b l e III that t h e r e a c -
t i o n i s c o n t r o l l e d by h e a t a n d m a s s t r a n s f e r a t the
b e g i n n i n g o f the o x i d a t i o n p r o c e s s a n d t h e r e a f t e r t h e
h e a t t r a n s f e r e f f e c t b e c o m e s l e s s i m p o r t a n t due t o t h e
e v e r - i n c r e a s i n g o x i d e l a y e r f o r m a t i o n a n d a s a r e s u l t
t h e d i f f u s i v e s t e p s b e c o m e s o l e l y r e s p o n s i b l e f o r t h e
r a t e c o n t r o l l i n g m e c h a n i s m .
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T h i s c o n c l u s i o n i s c o r r o b o r a t e d by t h e a n a l y s i s of
t h e e x p e r i m e n t a l r e s u l t s p e r t a i n i n g to t h e i s o t h e r m a l
o x i d a t i o n p e r i o d s h o w n in t h e n e x t s e c t i o n .

M e c h a n i s m D u r i n g t h e I s o t h e r m a l P e r i o d

T h e n o n l i n e a r i t y o f t h e plot in t h e i s o t h e r m a l r e g i o n
s h o w n in F i g . 8 , t o g e t h e r w i t h t h e s m a l l v a l u e o f t h e
a p p a r e n t a c t i v a t i o n e n e r g y , c a n be t a k e n a s p o s i t i v e
i n d i c a t i o n s f o r t h e t r a n s p o r t c o n t r o l l e d m e c h a n i s m
d u r i n g t h i s p e r i o d . E q . [13] i s s t i l l v a l i d in t h i s p e r i o d
w h e r e [~2M] I s t a n d s f o r t h e t o t a l m a s s t r a n s f e r r e s i s t -
a n c e o f f e r e d to t h e d i f f u s i o n of t h e r e a c t a n t gas f r o m
t h e bulk to the r e a c t i o n f r o n t . T h i s r e s i s t a n c e [~M]I
c a n h o w e v e r be s p l i t into t h r e e c o m p o n e n t s a t t h e b e -
g i n n i n g o f t h e i s o t h e r m a l p e r i o d , a s

i ) t h e r e s i s t a n c e o f f e r e d by the o u t e r b o u n d a r y
l a y e r ,

1

6Ttr~ [ot]i

ii) a c o n s t a n t r e s i s t a n c e o f f e r e d by t h e p r o d u c t
l a y e r of t h i c k n e s s ( t o - t o ' ) a l r e a d y f o r m e d d u r i n g t h e
i n i t i a l n o n i s o t h e r m a l p e r i o d ,

ro - rd

6 n r o r ' [Deff]I

i i i ) t h e r e s i s t a n c e o f f e r e d by t h e p r o d u c t l a y e r of
t h i c k n e s s (rd - r) a t t i m e t , f r o m t h e b e g i n n i n g o f t h e
i s o t h e r m a l p e r i o d ,

(r~ - ro)
6 n rd r [De f f ] i

S u b s t i t u t i n g t h e sum o f t h e a b o v e t h r e e r e s i s t a n c e e x -
p r e s s i o n s in p l a c e o f [~2M] I in E q . [13] a n d r e a r r a n g i n g
we g e t ,

~ o 2 ] G R O G
: 4 E e fliro' 1)

+ R O G 12 + t o - rd [22]
4 ~ r o otI 4 lr f o r d [D eff]I

A c c o r d i n g to E q . [22] a plot of [ p o 2 ] G / h a g a i n s t
( l / r * ' - 1) s h o u l d be s t r a i g h t l i n e w h o s e s l o p e s h o u l d
g i v e the v a l u e of t h e e f f e c t i v e d i f f u s i v i t y , [Deft] a n d
t h e i n t e r c e p t , t h e v a l u e o f the m a s s t r a n s f e r c o e f f i -
c i e n t [ a ] I "

F i g . 10 i s s u c h a plot o f t h e v a l u e s o b t a i n e d f r o m t h e
r e s u l t s a t 8 5 0 ° C . T h e v a l u e s o f h w e r e c a l c u l a t e d f r o m
e x p e r i m e n t a l d a t a by n u m e r i c a l m e t h o d s o f a n a l y s i s .16
T h e l i n e r a r i t y o f t h e plot o b t a i n e d j u s t i f i e s a n d c o n -
f i r m s t h e p r e s e n t a p p r o a c h b a s e d on t r a n s p o r t c o n t r o l
a n d s h o w s that t h e c h e m i c a l s t e p a t t h e r e a c t i o n i n t e r -
f a c e c a n n o t p l a y a n y s i g n i f i c a n t r o l e in d e t e r m i n i n g
t h e r e a c t i o n r a t e .

T h e e x p e r i m e n t a l v a l u e s of m a s s t r a n s f e r c o e f f i -
c i e n t [ a ] I , a n d e f f e c t i v e d i f f u s i v i t y [Deft] I , o b t a i n e d
f r o m F i g . 10 a r e g i v e n in T a b l e I V a l o n g w i t h t h e i r
t h e o r e t i c a l c o u n t e r p a r t s e s t i m a t e d f r o m E q s . [15] a n d
[16] m e n t i o n e d e a r l i e r . It wi l l be s e e n f r o m T a b l e I V
that t h e r e i s f a i r a g r e e m e n t b e t w e e n t h e t h e r o e t i c a l
a n d e x p e r i m e n t a l v a l u e s of [or ]I, but t h e t h e o r e t i c a l
[Deff]i is h i g h e r t h a n the e x p e r i m e n t a l v a l u e b y a f a c t o r
o f 2 .

T h i s d i s p a r i t y in t h e v a l u e s o f [Deff]I m a y be due
p a r t l y to t h e u n c e r t a i n t y i n v o l v e d in t h e v a l u e of t o r -
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Fig. 10--Experimental plot of [Po2]G/h a g a i n s t [ ( l / r * ' ) - 1]
for the c u p r o u s su l f ide p e l l e t r e a c t i n g in a i r a t 850°C.

Table IV. Comparison Between Experimental and Theoretical Values
for the Transport Properties Calculated at 850°C

T r a n s p o r t Parameter E x p e r i m e n t a l Theore t i ca l

[ D e f f ] l (cm 2 sec" 1 ) 0 . 0 0 8 2 4 0 . 0 1 7 3

[a]I (cm sec-l ) 1.82 2 . 4 0

t u o s i t y f a c t o r u s e d a n d p a r t l y to the a p p r o x i m a t e n a -
t u r e of the a s s u m p t i o n s m a d e in t h e r e l e v a n t c a l c u l a -
t i o n s . H o w e v e r , it m a y be o f i n t e r e s t to m e n t i o n that
s u c h d e v i a t i o n s a r e not u n c o m m o n in i n v e s t i g a t i o n s o f
t h i s t y p e . 17

S U M M A R Y

i) T h e r e w a s a p p r e c i a b l e d i f f e r e n c e in t e m p e r a t u r e
b e t w e e n the s a m p l e a n d its s u r r o u n d i n g s w h e n the
C u 2 S p e l l e t s w e r e r o a s t e d in air d u r i n g the initial p e -
riod of a b o u t half a n h o u r , but the t e m p e r a t u r e d i f f e r -
e n c e l e v e l e d off a n d r e m a i n e d c o n s t a n t d u r i n g the rest
of the p e r i o d o f r o a s t i n g l a s t i n g a b o u t 5 hr.

2) T h e e f f e c t of heat t r a n s f e r o n the o v e r a l l rate
w a s significant at the b e g i n n i n g of the o x i d a t i o n p r o c -
e s s w h e n the p r o d u c t l a y e r t h i c k n e s s w a s s m a l l .

3) W h e n the r e a c t i o n w a s c o n t r o l l e d b y heat a n d
m a s s t r a n s f e r , the e f f e c t of heat t r a n s f e r w a s m o r e
significant in the b o u n d a r y l a y e r than in the p r o d u c t
m a s s , w h i l e the e f f e c t of m a s s t r a n s f e r w a s m o r e p r o -
n o u n c e d in the p r o d u c t m a s s t h a n in the b o u n d a r y
l a y e r , a s c a n b e s e e n o n s u b s t i t u t i o n of r e l e v a n t d a t a
in E q s . [19] a n d [ 1 4 ] , r e s p e c t i v e l y .

4) T h r o u g h o u t the o x i d a t i o n p r o c e s s d i f f u s i v e s t e p s
w e r e f o u n d to b e rate c o n t r o l l i n g .

d

D

D eff

h

N O M E N C L A T U R E

d i a m e t e r ( e q u a l to h e i g h t ) of the c y l i n -
d r i c a l c o m p a c t , c m

d i f f u s i o n coefficient, s q c m p e r s e c

e f f e c t i v e d i f f u s i o n coefficient in the
p r o d u c t l a y e r , s q c m p e r s e c

heat t r a n s f e r coefficient, c a l p e r s q c m
p e r sec, ° K
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wl o, w i t , 7rloo

h

n

rtb

nf
P

q

ro

r4

R

R '

t

va

h e a t of r e a c t i o n , c a l p e r g - m o l e Nu

t h e r m a l c o n d u c t i v i t y o f p r o d u c t s o l i d , P r
c a l p e r c m p e r s e c , °K

S c
r a t e c o n s t a n t f o r the b a c k w a r d r e a c -

Sh
t i o n , c m p e r s e c

R e
c h e m i c a l r a t e c o n s t a n t , c m p e r s e c

~ * , r *t
rate c o n s t a n t for the f o r w a r d r e a c t i o n ,
c m p e r s e c

7t h e r m a l c o n d u c t i v i t y of g a s , cal p e r
c m , p e r s e c , °K E

i n i t i a l , i n t e r i m , and f i n a l m a s s , r e s p e c - T
t i v e l y , o f r e a c t i n g c o m p a c t , g

r a t e o f r e a c t i o n , g - m o l e p e r s e c

r a t e of r e a c t i o n , g - m o l e p e r sq c m p e r G
s e c

b a c k w a r d r e a c t i o n r a t e R

f o r w a r d r e a c t i o n r a t e I

p a r t i a l p r e s s u r e , a t m II

heat t r a n s f e r r a t e , c a l p e r s e c 0

i n i t i a l r a d i u s o f r e a c t i n g c o m p a c t S
( e q u a l to ha l f the i n i t i a l h e i g h t ) , c m W

r a d i u s o f r e a c t i o n f r o n t at the b e g i n n i n g
o f the i s o t h e r m a l p e r i o d , c m

r a d i u s o f r e a c t i o n f r o n t , c m

g a s c o n s t a n t in m e c h a n i c a l u n i t s , cu c m
a t m p e r g - m o l e , °K

g a s c o n s t a n t in heat u n i t s , c a l p e r g -
m o l e , °K

t i m e , sec ( u n l e s s o t h e r w i s e s t a t e d )

l i n e a r v e l o c i t y o f g a s p a s t a r e a c t i n g
c o m p a c t , c m p e r s e e

G r e e k S y m b o l s

m a s s t r a n s f e r c o e f f i c i e n t , c m p e r s e c

b o u n d a r y l a y e r t h i c k n e s s , c m

t e m p e r a t u r e , °K

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

k i n e m a t i c v i s c o s i t y of g a s , sq c m p e r
s e e

m o l a r d e n s i t y o f c o m p a c t , g - m o l e p e r
c u c m

S t e f a n - B o l t z m a n c o n s t a n t , c a l p e r sq
c m p e r s e c , °K4

m a s s t r a n s f e r r e s i s t a n c e , s e a p e r cu a m

Keq

m*

D i m e n s i o n l e s s V a r i a b l e s

e q u i l i b r i u m c o n s t a n t

d i m e n s i o n l e s s m a s s of r e a c t i n g c o m -
p a c t , (m t - m ~ ) / ( m o - rn~)

N u s s e l t n u m b e r , hcl / k G

P r a n d t l n u m b e r , uCb/ k G

S c h m i d t n u m b e r , v/D

S h e r w o o d n u m b e r , a d / D G

R e y n o l d s n u m b e r , V G d / u

d i m e n s i o n l e s s r a d i u s o f r e a c t i o n f r o n t ,
r * = r / r o , r * ' : r / rd

p o r o s i t y f a c t o r in the p o r o u s s o l i d

e m i s s i v i t y

t o r t u o s i t y f a c t o r in the p o r o u s s o l i d

S u f f i x e s

v a l u e in g a s f l o w i n g t h r o u g h the r e a c -
t ion tube

v a l u e a t r e a c t i o n f r o n t

v a l u e f o r r e a c t a n t g a s

v a l u e f o r p r o d u c t g a s

v a l u e at b e g i n n i n g o f r e a c t i o n

v a l u e at the s u r f a c e

v a l u e a t the r e a c t o r wall
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