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ACTIVITIES OF SnS Iil TIN - IRON MATTES.

By

Juan E. J o f f r e ,

A B S T R A C T

The vapor p r e s su r e  of  SnS a()Ove pure S n S ( c , l ) ,  and above t i n  
i ron mat tes  was determined by means of the t r a n s n o r t a t i o n  method.
I t  was confirmed t h a t  - a na r t  from the o t he r  well  known f a c t o r s ,  such as a 

uniform tempera ture  in the r e a c t i o n  zone,  and a uniform f l owr a t e  - the i n ­
f l uence  of the geometry of  the  r e a c t i o n  chamber i s  very impor tant  f o r  accu­
r a t e  de t e rmina t ions  us inn t h i s  method.
The c a r r i e r  nas u t i l i z e d  f o r  t hese  de te rmina t ions  on t i n  and i ron s u l f i d e s ,  
should be able to cont rol  the s u l f u r  p o t e n t i a l  to  n revent  e r r o r s  due to 
decomposi t ion and/or  s en r en a t i on .

The r e s u l t s  obta ined f o r  SnS vapor above nure SnS(c , l )  anree 
very well  with the most r e l i a b l e  da ta  in the l i t e r a t u r e .  There are no a v a i l ­
able  data on the t i n - i r o n  ma t t e s .
I t  was found t h a t  the SnS-FeS l i q u i d  s o l u t i o n  behaves almost  r e g u l a r l y ,  and 
can be r ep r e sen t ed  by:
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and,

Thermodynamic r e l a t i o n s  were der ived from t h i s  r e n u l a r  s o l u t i o n  model and 
a p r a c t i c a l  a p p l i c a t i o n  to an SnS - f umi m opera t i on  i s  p re sen ted .
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I .  I N T R O D U C T I O N .

Tin ores are i n v a r i a b l y  a s s o c i a t e d  wi th i ron mi ne ra l s .  Con­
c e n t r a t i o n  processes  in general  never  lead to  a c lean s e p a r a t i o n  of  SnO^ 
( C a s s i t e r i t e ,  the most commercial t i n  ore)  from the i ron  minera l s  (FegOg

Fe^O^, FeSg, CuFeSgpetc. ) .  Removal of  i ron from concen t r a t e s  p r i o r  to smel­
t i n g  by magnet ic s ep a r a t i on  i s  not  p os s i b l e  in a l l  cases because c a s s i t e r i te  
i s  o f t en  f i r ml y  a t t ached  t o ,  or coated with i ron  oxides .
Leaching the concen t r a t e s  with HCl d i s so lves  i ron oxides and amounts of  As, 
Sb,  B i , Rb, Cu are a l so  removed by t h i s  process.  But when the concen t r a t e s  
conta in  much s u l f u r  and a r s en i c  as s u l f i d e s  and a r s e n i d e s ,  the  e f f e c t i v e n e s s  
of  l eaching i s  reduced.

During smel t ing  s u l f u r  may form FeS - CUgS - SnS mattes'  which render  d i f f i ­
c u l t  the recovery of t i n .  Fur thermore,  s u l f u r  i nc r ease s  the loss  of t i n  by 
v o l a t i l i z a t i o n  as SnS. Every 1%S may cause v o l a t i l i z a t i o n  of 3.72%Sn. 
Th e re fo r e ,  to prevent  the nega t ive  ac t i on  of s u l f u r  and a r s e n i c  dur ing smel­
t i n g ,  the  concen t r a t e s  should be r oa s t ed .

Tin Smel t ing P r a c t i c e

Figure 1 gives a general  f l owshee t  of  the t i n  smel t ing  pro­
ces s ,  Tin concen t r a t e s  - which may have been r oas t ed  and /or  leached - are 
mixed with coke ( o r  coal )  and l imestone and fed to a r educ t ion  furnace  ( b l a s t ,  
r e v e r b e r a t o r y , or  r o t a r y ) .
B a s i c a l l y ,  t i n  smel t ing  i s  p r a c t i ce d  in two s t ag es :

a) Smel t ing of concen t r a t e s  t o  produce crude t i n  (high grade t i n )  and a t i n -
r i ch  s l ag  \/hich may contain  from 10 to 25 % Sn.

b) Smel t ing of  the t i n - r i c h  s l ag  under s t r o n ge r  reducing condi t i ons  to p ro ­

duce a t i n - i r o n  a l l o y  or  "hardhead" which con ta i ns  about  BOMSn and 20%Fe
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( m i s c i b i l i t y  gap composi t ion)  and a f i n a l  si an to d i s ca rd .
This second si  an i s  f r e q u e n t l y  not  low enounh in t i n  to d i s ca rd  and may be
t r e a t e d  again before  being s en t  to waste .
The crude t i n  from the f i r s t  s t ane  i s  dressed to produce pure metal and an

i r on - b ea r i ng  dross .  Iron drosses  and hardheads from the second s t ane  are r e ­
cycled to  the concen t r a t e  smel t ing s t ane  where t h e i r  i ron con t en t  ac t s  to 

reduce t i n .  All fumes ( recovered as SnOg) are a l so  recycled  to the f i r s t  s t a ­
ge.

D i s t r i b u t i o n  of Tin and Iron Between Metal and Slag

The f r e e  ener g i es  of  format ion of the lower oxides of i ron 
and t i n  are  very s i m i l a r :

FG(1) + ‘'̂ °2 (n) " FeO(T)

AGp = -  55,620 + 10.83T , f o r  T = 1808 to  2000°K^^^

^ " ( 1) + %02(o) = SnO(i)

AGp = - 69,336 + 2 5 . 7T , f o r  T = 1143 t o  18730K^^'

The re fo r e ,  a complete reduc t ion  of  t i n  as f a i r l y  pure metal  from the si  an is  
imposs ible  because reduc t ion of  i ron  occurs a t  the same t ime,  so t h a t  an iron- 
t i n  a l l o y  r e s u l t s .
The e qu i l i b r i u m d i s t r i b u t i o n  of t i n  and i ron between metal  and si  an phases 
may be expressed by the fol l owing r ea c t i o n :

^^(metal )  ^*^^(slag) ~ ^^(metal )  ^ ^^^( s l an)  *

f o r  which the e qu i l i b r i um cons t an t  K is  given by:
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and,

K = *Sn ®FeO

*Fe IlETAL ®SnO SLAG

k  = wt%Sn wt%Fe

wt%Fe METAL wt%Sn SLAG
( r e f ,  3)

where k i s  the d i s t r i b u t i o n  c o e f f i c i e n t .

P r a c t i c a l  exper i ence  (Refs ,  2 , 3 , 4 )  i n d i c a t e s  t h a t  k va r i e s  from about  50 f o r  

a hardhead of  about  m i s c i b i l i t y  nap composi t ion to about  300 f o r  crude t i n .

To summarize;  complete removal of t i n  metal from the waste s l ag , a nd  the pro­

duc t ion of a metal  wi th a low conten t  of i ron c o n s t i t u t e  a most d i f f i c u l t  

problem in t i n  meta l l u rgy .

Tin i s  l o s t  in s l an  not  only by incomplete  reduct ion  from i t ,  but  t he r e  are 

a l so  mechanical  and physica l  l o s se s .

Mechanical  l o s se s  are caused by incomplete s e t t l i n n  of  t i n  d ro p l e t s  from s lan 

t o  molten m e t a l .

Physical  l os ses  can be caused by d i s p e r s io n  and format ion of  very f i ne  suspen­

s ions  of t i n  in the s l a g ,  Accordinn to Murach^^),  t i n  s o l u b i l i t y  in s l ans  is

not  admi t ted as a t rue  f a c t  as y e t .

The l os ses  of t i n  in s l an  are i n f l uenced  by the chemical composi t ion of s l an  

s ince  i t  determines  the degree of r educ t ion  of SnO to me t a l ,  the s p e c i f i c

g r a v i t y ,  v i s c o s i t y ,  mel t ing  p o i n t ,  and su r f ace  p r o p e r t i e s  of s l a n s .
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Recovery of Tin from Slans

Tin content s  in s l ans  from f i r s t - s t a n e  smel t inn  vary from

3.5 to  25%Sn, This wide ranne depends on the methods and temperatures  of smel- 

t i n q ,  composi t ion of concen t r a t e s  and s l a n s ,  and on many o t he r  f a c t o r s .  This 

primary s l an  i s  r e - smel t ed  to produce a hardhead and a f i n a l  s l a n ,  as was men­

t ioned  above,

Consider inn the hiqh p r i ce  of t i n  (around $ 1 , 7 0 / f i n e  pound in the l a s t  f i ve  

y e a r s ) ,  a loss  of  3%Sn in s l an  i s  a cons ide rab l e  loss  and the f i n a l  t i n  con­

c e n t r a t i o n  in waste s l ans  i s  in many cases n r e a t e r  than in the ore from which 

i t  was e x t r a c t e d .  The re fo re ,  any e f f o r t  towards the  reduc t ion  of  t i n  losses  

in s l ags  i s  ext remely impor tant  f o r  t in -p roduc i nn  c o u n t r i e s .

Tin can be recovered from s l ans  by:

a) r esmel t inn  the s l an  to  produce hardhead and a s l an  lower in t i n ,

b) mineral  dress  inn methods,

c) hydrometa l lu rg i ca l  methods,  and

d) v o l a t i l i z a t i o n  p rocesses .

The f i r s t  t h r ee  methods a re exp la i ned  in d e t a i l  by Mur a ch^^ \  l i r i g h t ^ ^ \  Bel- 

yayev^^) ,  and o t h e r s .  They a l l  have some drawbacks or l i m i t a t i o n s  as f a r  as 

e f f i c i e n c y  and cos t  are  concerned.  The f o u r t h ,  recovery of  t i n  from s l ans  by 

v o l a t i l i z a t i o n ,  i s  assuming i n c r e as i nn  importance and i s  based on the v o l a t i ­

l i t y  of  SnO and SnS,
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Purpose of t h i s  Inves t i  na t ion

Formation of SnS from stannous oxide contained in s l aps  can 

be e f f e c t e d  by exchange r e ac t i o n s  v/ith s u l f i d e s  of the o t he r  m e ta l s ,  usua l l y  

p y r i t e s .  The r e ac t i o n  p r e s e n t i m  the f i n a l  r e s u l t  i s  niven belo\/ :

^"' ’ ( s l a q )  ^ v o l a t i l e )  ' '®°(slan)

Along v/ith the t i n  s u l f i d e  format ion from SnO in the s l a n ,  an i r o n - t i n  mat te 

i s  formed,  p r i n c i p a l l y  when the FeS i s  in excess (as i s  u s ua l l y  the c as e ) .

SnS s o l u t i o n  in t h i s  mat te i s  accompanied by a decrease  in i t s  a c t i v i t y ,  and 

t he r e  i s  a drop in vapor p r e s su r e  of s tannous s u l f i d e  which would reduce i t s  

v o l a t i l i t y .

To what e x t e n t  i s  t h i s  v o l a t i l i t y  reduced?

What would be the a c t i v i t y  of t i n  s u l f i d e  in t h i s  l i g u i d  mat te?

There i s  not  a s p e c i f i c  answer t o  t hese  ques t i ons  so f a r  and only e s t i mates

can be made based on c e r t a i n  p r o p e r t i e s  of the system.

The phase dianram of the SnS-FeS system is  known^^\  but  no informat ion  e x i s t s

about  the thermodynamic p r o p e r t i e s  of  SnS in t i n - i r o n  ma t t e s .

The r e f o r e ,  the purpose of t h i s  i n v e s t i  na t i on  \/as to obta in  the answers to the 

above ques t i ons  under the s imp l e s t  assumptions and cond i t i ons  p o s s i b l e ,  as a 

p re l i mi na ry  s t ep  toward more s o p h i s t i c a t e d  s t ud i e s  f o r  a b e t t e r  unders tandinn 

of  the  thermodynamics of t i n  fuminn from s l ans  and mat t es .



T-1501

I I .  L I T E R A T U R E  S U R V E Y

Tin - S u l f u r  Svstem

The S n - S  system was s t ud i ed  by Albers and c o l l a b o r a t o r s (9)

and by G,

Th e i r  r e s u l t s  are summarized in t a b l e  I ,

Table I

Phase Rela t ions  in the S n - S  System

PHASE SYMMETRY CHARACTERISTICS

SnS

/gSnSg

<%SnS_

Orthorhombi c

Hexaqonal 

Cubi c 

?

Occurs in na tu re  as f l e r z e n b e r q u i t e ( P o t o s i , 

B o l i v i a ) .  Nearly s t o i c h i o m e t r i c  phase,  ‘l e l t s  

a t  8700C.

f lel t s  a t  7580C to l i q u i d  SngS. and ocSnSg. 

Pos s ib l e  e x i s t e nc e  of  a hinh t emperature  

polymorph.

On hea t i nq  i n v e r t s  to AiSnSp a t  602OC. 

f l e l t s  a t  about  SGO^C.

Reported by Albers (?)
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Since s tannous s u l f i d e  (SnS) i s  the compound of i n t e r e s t  to  t h i s  i n v e s t i g a t i o n ,
a l i t e r a t u r e  survey \/as conducted on the thermodynamic n r o p c r t i e s  of t h i s
s p e c i e s .  Table II  nives the heat  and s t andard  en t r o p i e s  f o r  the Sn-S spec ies
as qi ven by Ke11ey ̂   ̂  ̂ ^ .

f 15)Hsiao and Schlechten^ s t ud i ed  the v o l a t i l i t y  of SnS in a vacuum furnace .
The i r  r e s u l t  i s  qiven in the fol lov/ inq equat ion:

Log , (mm Hg) = -8380/T +6.728

Temperature ranqe:  503° - 704OC (could he extended up to 870°C)
Pres sure  ranqe ,  log p^  ̂ , (mm Ho): -4,00 to  1,91 .

A. W. R i c h a r d s s t u d i e d  the hea t  and f r ee  enemy of  format ion and v a po r i ­
z a t i on  of  s tannous s u l f i d e  us inq the ent ra inment  method. Based on t h i s  s tudy , 
he made a new e s t i mate  of the ent ropy of  SnS. His data  are  summarized as fo-  

11ows:
SnS(c) = SnS(^,

Log Pg^g , atm = -10,470/T + 7.088 (± 0.02)

gO
^^98(SnS,^t )  = 19.4 ± 1  e . u .

compared to  18.2 +1.5 e . u .  (Ki reev^^^^) .

AHf298(SnS^^j) ^ "24.34 ± 1.1 Kcal /mole.  

compared to  - 24.7 Kcal/mole (Sudo/^^^) .

St ,  C l a i r ,  Sh i b l e r , an d  Solet^^^^ obta ined the vapor p res sure  of  SnS by means 
of  the  t r a n s p i r a t i o n  method,  and c a l c u l a t e d  the hea t  and f r e e  energy of  vapo­
r i z a t i o n  above and below the mel t ino  po in t :
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For SnS, \ = SnS, \
(c)  (n)

AC = -1 ,0 6  -  3 .6 .1 D ‘ ^T ,

A h” u| , , = 51,355 -  1.06T -  1 . 8 ‘ IO‘ V  ( c a l /m o le )  .

AG°ubi = 51,355 + 2.44T Loq 7 + I . S - I O ' V  -  46.027 ( c a l / m o l o ) ,  

Loq , atm = - — -  ,533Loq 7 -  3 . 9 3 .1 0 ' ' ’7 + 10.059 .

For

T

SnS( , )  = SnS(^)

AC = - 9.02 ,

AH°g = 50,590 - 9.027 , (ca l /mole)  ,

AG°g = 50,590 + 20.777 Loq 7 - 99.41 (ca l /mole)  

Loq , atm = - -1 1 :2^  - 4.54 Loq 7 + 21.729

The vapor p res su re  of SnS in e qu i l i b r i um with molten SnS i s ,  according to 
Klushin and Chernykh^^^) (qyoted by G, J .  danz^^l^i ,  expressed as fo l l ows :

Log Pg^g , (mm l!n) = - 2222. + 9,551

The e x i s t enc e  of  o t he r  gaseous spec ies  than SnS was uncer t a in  u n t i l  P., Colin 
( 22)and J . Drowart^ ' made a thermodynamic s tudy of  SnS in 1964 usinq a mass 

s pec t rome te r .
They found t h a t  the major components of  the  t i n - s u l f u r  vapor are gaseous SnS 
and SngSg , the l a t t e r  in a very low p r opor t i on .  Pos s ib l e  t r i m er  Sn^S.  and 
t e t r a me r  Sn^S^ molecules ,  whose i n t e n s i t y  r e l a t i v e  to SnS was equal  t o ,  or 
s ma l l e r  than 5*10 ^  ̂ could not  be de tec t e d .  The i r  summarized da ta  are qiven 

as fo l l ows:
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Molecule Temp. Ranqe H D? = Dissoc.  onerqies
S Ui) I « 2qg M

°K Kcal/mole

SnS 815 - 1005 52.6 ± 1.6 110.1 ± 3 Kcal /  mole
SngSg 815 - 1005 56.5 ± 5

Thus,  the thermodynamic data niven hv Richards^^^^,  S t ,  C l a i r  e t _ a n d  
Klushin and Chernik l /^^)  not  r e f e r r e d  to the p a r t i a l  p r e s su res  of SnS,^^ 

but  to the t o t a l  vanor pres sure  of  t i n  as a s u l f i d e ;  i . e .

^T(sns)  ” ^9n(n) ^SnS(n)  ̂ PgPgSg (°)

I t  can be assumed, wi thout  i n t r oduc ing  a s i n n i f i c a n t  e r r o r ,  t ’na t :

^ ”y s n s )  •

as wi11 be shown l a t e r .

Theore t i ca l  thermodynamic c o n s i d e r a t i o n s ,  based most ly on Colin and Drowart ' s
i n v e s t i g a t i o n s ^ 2 2 )   ̂ qiven by H. H. Kellong^^^) 1966,

The s t anda rd  f r e e  energ i es  f o r  v apo r i za t i on  and r e l a t e d  e q u i l i b r i a  f o r  the 
S n - S  system,  are  qiven in t a b l e  I I I .  These equat ions  were c a l c u l a t e d  by a 
l e a s t - s q u a r e s  f i t  to the data t ab u l a t ed  in Kel logg ' s  paper .

The presence of SnS. in SnS samples i s  not  harmful to SnS because SnS^ de­
composes a t  low temperatures  to SnS and a comnlex mixture  of  polyatomic s u l ­
f u r  molecules .  I f ,  in t u r n ,  samples contain a l s o  SnCL, t hese  are s imul taneous ­
ly reduced to SnS as shov/n by e f f u s ion  of  S0« molecules .  These processes  were

( 2 2 )observed in the mass spec t romete r  a t  about  50D^K by Colin and Drowart .
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Table I I I

S n - S  System. Standard Free Energy f o r  Vapor izat ion and
Related Equi1i b r i a^ ^ ^ )

R E A C T I 0 Î1
AG^ = A . T + B (ca l /mole)

A B Temp. Ranne, °K ± x ( c a l )

Sn( l )  = Sn(g) -23.83 +70,190 505 - 1500 6.05

Sn( l )  + = SnS(c) +24.7927 -43,704 493 - 1143 32.41

Sn( l )  + = SnS(l) +14.6092 -32,042 1143 - 1500 22.43

SnS(c) = SnS(g) -35.357 +50,671 493 - 1143 10.396

SnS(l )  = SnS(g) -26.1126 +40,102 1143 - 1500 6.117

2SnS(g) = Sn^S^j^j +37.96 -46,888 1100 - 1500 34.33

Iron - S u l f u r  Svstem

Rosenqvis t (24)  s tud i ed  the i ron - s u l f u r  system based on 
da ta  surveyed by Hansen^^^) and the work on thermal a na l ys i s  by densen^^^) 

The f r e e  energy of  format ion of FeS i s  given below:

^ FS(c) ^2 (q) " ^

AGp = - 71,500 + 25.25 T ( c a l )  (500 - 988°C).

(27)
Which agrees  very \ /el l  with da ta  obta ined  by Sudo^ .*

AG° = - 71,250 + 24.62 T ( c a l )  ,
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and by Alcock and Richardson^^^^:

AGp = - 71,820 + 25.12 T ( ca l )  .

More accura t e  e xn re s s i on s ,  which take i n t o  cons i de r a t i on  the s p e c i f i c  h e a t s ,  
the l a t e n t  heat s  of the phases ,  and the maqnet ic t r ans fo rma t i ons  of i ron and 
i ron s u l f i d e  are  niven by Kubaschewski, Evans,  and Alcock^^^ , These are r e ­
produced in t a b l e  IV.

Table IV

Free Enemies  of Formation of Iron S u l f id e  Species^^^

R E A C T I O N
AGp = A • T + B ( ca l /mole)

A B Temp. Ranqe,

2FeS(c)oc = 2Fe(c)  + -31.18 +74,320 298 - 412

2FeS(c)
=  + ^2 (q) -25.12 +71,820 412 -  1179

2FeS{c)
/3

= 2Fg( c) + -25 .48 +72,140 1179 - 1261

= 2FeS(c) + -90.0 +86,700 600 - 1100

fis)Hsiao and Schlechten^ ' give the f o l l o w i m  approximate express ion  f o r  the FeS 
vapor p re s su re :
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Loq , (nm Hn) = - 10,850/T + 4.162

Temperature ranne:  804 - lOOG^C.

Pressure  ranne,  Loq Pp^g , (mm Ho) = -5 .84  to -4.26

Ppes » (mm Hq) = 1.44»10"^ to 5 .49 ' 10"^

which shows the ext remely low nres sure  of t h i s  s u l f i d e .  To co r robora t e  t in ' s ,  
Rosenqvis t^^^)  s t a t e s  t h a t  the vapor p re s su re  of FeS i s  too low to be measu­
red d i r e c t l y .  Advantaqe of t h i s  f a c t  i s  taken to study the vapor i za t i on  of
SnS in Fe-Sn ma t t e s .

I ron - Tin - Su l f u r  Svstem

The t e rn a ry  system was i n v e s t i nated by Ourach and Likhniz-
f29)kaya'  ' in 1938, Accordinn to these  a u t ho r s ,  the i r o n - t i n  mat te  conta ins  less  

s u l f u r  than could be exnected in s o l u t i o ns  of FeS and SnS, The r e f o r e ,  they be­
l i eved  t h a t  t i n  in mat tes  i s  n re s en t  a l so  as d i s so l ved  meta l .  Thev showed a 
m i s c i b i l i t y  nap between 0%Fe and 50%Fe which,  accordinn to the now well  e s t a ­
b l i s he d  l i m i t s  of the m i s c i b i l i t y  nap reqion in the i r o n - t i n  system,  i s  wronq. 
The c o r r e c t  l i m i t s  of  t h a t  m i s c i b i l i t y  qap are 29%Fe and 50%Sn^‘̂ .

f1oh^^^^ i n v e s t i qated the phase r e l a t i o n s  in t h i s  system a t  GOOOC by the r i n i d  
s i l i c a  tube method and found t h a t  the s t a b l e  phases a t  t h i s  t emperature  are:  
p y r r h o t i t e  (Fe^_^S) and n y r i t e  (FeS^) on the Fe-S j o i n ;  h e r zen b e rq u i t e (S nS ) , 
Sn^Sg, and SnSg on the Sn-S j o i n ;  and -Fe s o l i d  s o l u t i o n  with up to 6at%SnS, 
hexaqonal FeSn and l i q u i d  on the Fe-Sn j o i n ,  flo t e r na r y  compounds e x i s t  a t  
GOQOC.
Sol id  s o l u t i o n s  between phases such as FeS. and SnS, SnS. ,  S n . S . ,  and FeS 
are r e s t r i c t e d  to l e s s  than 1%, whereas the mutual s o l u b i l i t i e s  between SnS 
and FeS exceed 1%. Tlie s o l u b i l i t y  of s u l f u r  in e i t h e r  Fe or  FeSn as well as

t h a t  of  the metals  in l i q u i d  s u l f u r  was repor ted  too small to be d e t e c t e d ^ . 
There i s  no o t he r  account  on t h i s  svstem in the l i t e r a t u r e .
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Iron S u l f i d e  - Tin Su l f i de  Svstem

The l i t e r a t u r e  nives only one r e fe re nce  on t h i s  system.
The phase dianram was s tud i ed  bv llaan^^^ in Germany (1913) .  The nraph obta ined

{31 )by Haan i s  niven in Phase Dianrams f o r  Ceramists^ (1964) and the r e  are no 
o t h e r  data  a v a i l a b l e .

Tha fo l l owinq data can be obta ined from the phase dianram;

SnS mel t inq  p o i n t  a t  87Q0C,
FeS mel t inq  po i n t  a t  I I 88OC .
Eu t e c t i c  t emperature  a t  785®C 
a t  15%FeS (85 wt%SnS),
No s o l i d  s o l u b i l i t y  has been d e t ec t e d .

L a t e r ,  J . P .  Counhlin^^^^ determined the mel t inq po i n t  of FeS as 11950C. This 
va lue  i s  qiven by Kubaschewski et ,  ^^ * and wi l l  be taken f o r  c a l c u l a t i o n s  
in t h i s  work s i nce  i t  i s  be l i eved  to be the most r e l i a b l e .

( 33)Davey and Flossbach^ ' made an e s t i ma t i on  of the vapor p r e s su r e  of  SnS over
(23)t i n - i r o n  mat tes  based on t h i s  phase dianram and on data  niven by Kelloqn^ . 

They nive the fo l lowinn express ion  f o r  the  vapor p res su res  of SnS over  Sn-Fe 
mat tes  ;

Loq Pj  5 = -8650/T + 5.62 + Loq Ng ^  + 230.0 . Up ^ /T 

f o r  a t empera ture  ranqe of  1000 -  1500OK.
The value 230.0 corresponds to a cons t an t  (B) when assuminq r e q u l a r  s o l u t i o n  
behav ior  of  the l i q u i d  phase:

and to  an e u t e c t i c  composi t ion of 18wt%FeS,

The fo l l owi nq  chap te r  wi l l  p r e sen t  some c a l c u l a t i o n s  based on Davey's e s t i m a ­
t e s .
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Hvdronon - Su l f ur  Svstem

Thermodynamic data  on t h i s  system were requ i red  to c a l c u ­
l a t e  t!ie HgS/H. r a t i o s  f o r  the mixtures  of these  two eases  a c t i nn  as a c a r r i e r  
nas in the t r a n s p i r a t i o n  method,  and in t h i s  manner mainta in a c o n t r o l l e d  
s u l f u r  p o t e n t i a l  so as to prevent  any decomposi t ion of  the s u l f i d e  mixtures  
dur inn the process .
Kubaschewski e t  a l [^^  l i s t  the fol lowinn data f o r  the format ion of  H.S nas;

^"2{q) '^2(n)----------

AGp = -40,210 + 7.27T Loq T - 1.21T (+ 700 ca l )

f o r  T = 298 to 175Q0K
or:

AGp = -43,160 + 23.61T (± 1000 cal )
f o r  T = 293 to ISOO^K .

E l l i o t t  and Oleiser^^^^ nive f o r  the same equat ion a t a b l e  of va l ues ,  from 
which a l e a s t - s q u a r e s  f i t  c a l c u l a t i o n  nives :

AGp = -43,006 +23.407T (± 21.2 ca l )

f o r  T = 900 to 1600OK.

Haner^^^) made a ca r e fu l  survey of  the l i t e r a t u r e  on the hydronen- su l fu r  s y s ­
tem and c a l c u l a t e d  equat ions  of  AG^ of ILS, \ , MS, \ , and S, \ spec ies  a tF 2 (n) (n) (n) / . . t
hiqh t emperatures  based on values  of  AGp niven in the dAilAF t a b l e s ' ' ' and
gives  the equat ions  f o r  AG^ of  S^, \ and S. ,  \ from Richardson and Jef fes^^^^F 6 (n) 8 (n)
These e q ua t i o n s ,  alonq \ / i th above niven data are l i s t e d  in Table V.
The r e f e r en ce  s t a t e s  f o r  s u l f u r  and hvdronen are the ideal  S . ,  \ and ideal2 (q)
^^2(q) r e s p e c t i v e l y  in a l l  the equat ions  qiven in Table V.

I t  can be seen t h a t  f o r  the format ion of ILS, x , the anreement in a l l  cases
f 1 )i s  qood. The values qiven by Kubaschewski fJL' were taken f o r  c a l c u l a t i o n s  

in t h i s  work s ince  thev a re  based on most r ecen t  da t a .
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Table V

Thermodynamic e r n n e r t i e s  of llydronen Su l f i de  and 
Su l f u r  Oases

SPECIES AGp , c a l o r i e s Temp. Ranqe, °K SOURCE
REFERENCE.

" 2^ ( 0 ) -20,105

(;

+ 3.635T LoqT - .605T 
t 350 cal )

298 - 1750 1 , 12

-21,580 + 11.805T (+ 500 ca l ) 298 - 1800 1 , 36
-21,580 + 11.80 T (+ 500 cal ) 298 - 1723 14. 37
-21,570 + 11.79 T (± 200 ca l ) 900 - 1700 34, 35

"S(9)
+20,070 - 3.70T (+ 300 ca l ) 900 - 1700 34, 35

S(n)
+51,170 - 14.44T (± 1000 cal ) 900 - 1700 34, 35

^6 (q) -66,450 + 73.74T (+ 3000 ca l ) 298 - 1300 34, 35

-99,200 + H3.16T(+ 4000 ca l ) 298 - 1300 34, 35
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I I I .  T H E  F U f1 I M 0 O F  T I M  F R O M

S L A G S  A N D  M A T T E S

Apart  from t i n ,  s l ans  from t i n  smol t inq contain cons ide rab l e
q u a n t i t i e s  of , Zn, Cu; as well  as r a r e  metals  which a re  va luable  to the
economy of the t i n - p roduc i nq  c ou n t r i e s .
As s t a t e d  above (Ch. I ) ,  and as p r a c t i c a l  exper i ence  has shown, amonn a l l  the

e x i s t i n q  processes  to r ecover  t i n  from second-s taoe  s l a n s ,  the  most e f f e c t i v e  
and economical ly advantaneous is  the s l aq  fuminn process .

Descr ip t ion  o-̂  the Process

The essence of  the  process  c o n s i s t s  in the conversion of SnO 
in s l aqs  i n t o  the more v o l a t i l e  compound SnS, which i s  then recovered as a 
dus t  in the form of  SnCU.
Studies  on the v o l a t i l i t y  of  SnS are not  s c a r c e ;  some of them ( the  impor tan t  
ones) were a l r eady  c i t e d  in Chapter  I I .
Some of  the works a t  a p i l o t  p l an t  or  a t  i n d u s t r i a l  l evel  niven in the l i t e ­
r a t u r e  are mentioned below;
A development of a process of t i n  fuminn a pp l i c ab l e  to the enrichment  of low- 
qrade Bol ivian and German t i n  concen t r a t e s  by Lanne and Ba r the l ^^^ ) .  
Belyayev^^) ,  Murach^^^, Kolodin^^^^ desc r ibe  the fuminn process in d e t a i l .  
Wriqht^^) a l s o  quotes t hese  authors  in his  book.
l i r iqh t  himsel^ conducted a o i l o t - n l a n t  i nv e s t i  n a t i o n ,  usinn a modi f i ca t i on  of 
the Kolodin- tvne f u r nac e ,  b u i l t  bv the I n s t i t u t e  of Mininn and Metal 1u rn i ca l  

Inves t i  na t ions  a t  Oruro,  Bo l i v i a .  There i s  no publ i shed account  of t h i s .
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Formation of SnS ^rom stannous oxide in si  an can be e f f e c t e d  by exchan- 
qe r e ac t i ons  v/ith s u l f i d e s  of o the r  meta l s :

SnO + MS SnS + MO

where MS could he Al^S^, CaS, ZnS, or  feS,  the most e f f e c t i v e  and most ex­
pensive beinq Al^Sg.
Since n y r i t e ,  FeS. ,  t ransforms  e a s i l y  to FeS a t  t emperatures  above GOO^C, and 
as i t  i s  the c heapes t ,  i t  i s  most commonly used f o r  t i n  s u l f i d i z a t i o n .

Sian from second-s tane  t i n  smel t inn i s  mel t ed ,  or keot  in the molten s t a t e ,  
in a r eve rber a to r ' /  or  r o t a r v  fu r nace ,  and wlien in the molten s t a t e  i t  i s  ca ­
r r i e d  in s t e e l  l a d l e s  (ba tches  of G - 8 tons)  and poured i n t o  the fuminn
furnace  where i t  i s  blown by a mixture of  coal d u s t ,  or o i l ,  a i r ,  and p y r i t e .
The p y r i t e  mixes with the s l aq  and decomposes with format ion of  f e r r ous  s u l ­
f i de  which e x t r a c t s  the t i n  from i t s  s i l i c a t e s  in the si  an:

ZFeSg = =  2FeS + S.

Zinc oxide in s l aq  r e a c t s  'with CO accordinq to:

' -(coal or  o i l )  ^  2̂ " "

ZnO + CO Zn + CO.

This reduced Zn vapor izes  and i s  t rapped as ZnO in the e l e c t r o s t a t i c  p r e c i ­
p i t a t o r s  when the exhaus t  furnace  gases are c leaned.
Lead i s  removed from s l an  as PbO, PbS, and Pb vapor .
Rare elements  t h a t  form v o l a t i l e  spec ies  are a l so  removed as vapors from the 
s l ag  and t rapped as dus t .
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The furnace used in t i n  fuminn is b a s i c a l l y  the same as fo r  
the z inc  fuminq process .  I t  i s  a wa te r - j ack e t ed  r e c t a n n u l a r  s h a f t - f u r n a c e ,  as 
shown in Fiq.  2,  'with 12 c on ve r t e r - t y pe  tuyeres  (G on each s i ior t  s ide  of the 
furnace)  throunli wliich the c o a l ,  or  o i l  and p y r i t e s  are blown i n t o  the f u r n a ­
ce by compressed a i r .  The hear th  of the furnace is  a c a s t  i ron  p l a t e  with 12 
wa ter -coo l ed  s t e e l  pines c a s t  i n t o  i t .  I t  is i n s t a l l e d  on G c a s t - i r o n  suppor t s .  
Blowinq beqins a t  the t ime the s l aq  i s  beinq poured i n t o  the furnace  and con­
t i nues  f o r  about  2 to 3 hours .

The p r ocess ,  accordinn to Belyayev^^^,  can be divided i n t o  t h ree  pe r iods :

a) ! leat inq-up of  the s l a n .
b) Reduction and s u l f i d i z a t i o n .
c) Reheat inq o-̂  the s l an  before  t appinq.

Slan temperatures  are from 1150 to 1300^0,
The ope ra t i on  c o n d i t i o n s ,  as summarized by l l r inht ( 6 ) are :

Furnace charne 
Durat ion of  cycle 
Coal consumption 
(When o i l  i s  not  used) 
P y r i t e  consumption 
Air  supply

approx.  8.5 ton.
2 - 3  hours .

18wt% of s l a n  t r e a t e d

4,lwt% of s l aq ,
67% of t h e o r e t i c a l  f o r  
complete combust ion.

Typical  charne and product  composi t ions are niven in Table VI.
P r i v a t e  c o m m u n i c a t i o n ^ n i v e s  the fol lowinn r ecen t  data  from a Russian and 
a Bol iv ian  p l a n t  r e s n e c t i v e l v :

Russian p l a n t ;  

Bol iv ian n i an t :

charne 
waste s l an  
charne 
waste s l an

avne.  l%Sn 
0.1  - 0.09%Sn. 

avne. G%Sn 
0,5%Sn.
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FIG. 2.  SHAFT FURNACE FOR SLAG FUMING.
1.  COOLING PLATES 3. TUYERES
2. HEARTH 4. FLUE.

(Ref.  7)
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Table VI.

Chemical Composit ion of  Slans Treated a t  the Podols '  
( 6 )Smel ter  in Russia

% ELEMENT IN CHARGE DUST PRODUCT (%) WASTE SLAG {%) RECOVERY (%)

Sn 1.5 - 1.8 15 - 18 < 0.2 90 -95
Pb 0 .8  - 1.0 10 -  12 < 0.1 90 -95
Zn 3.5 - 4.5 27 - 32 < 2 . 5 60 -65

Cu 0 .8  - 1.0 - - -

S 1.5 - 2.0 4 - 6 - -

Fe 20.0 - 25.0 - - -
As - 1.5 - 2.0 - -

Matte Formation

The use of excess  n y r i t e  or s u l f u r  blown i n t o  the  molten 
s l a q  reduces the recovery of  t i n  as the v o l a t i l e  Sn s u l f i d e ,  because of the 
format ion of  an i r o n - t i n  mat te  due to undecomposed f e r r ous  s u l f i d e .  This ma­
t t e  c o n s i s t s  not  only of  FeS and SnS but  a l so  of  the s u l f i d e s  of the o t he r  
metals  p r e se n t  in s l an  (Pb,  Cu, Zn, e t c . ) .
Mat t e ,  beinn he av i e r  than s l a n ,  c o l l e c t s  under the l a t t e r  in the hear th  of 
the  fuminq furnace  and i s  n e r i o d i c a l l y  tapped as i t  accumulates .
I t  i s  e v e n t u a l l y  t r e a t e d  anain to v o l a t i l i z e  the SnS, e i t h e r  s e p a r a t e l y ,  or 
mixed wi th new batches  of  s l a n .
I t  i s  of  q r e a t  i n t e r e s t  to the t i n  m e t a l l u r n i s t  to  know the e x t e n t  to  which 
SnS v o l a t i l i t y  i s  hamnered by the  s o l u t i o n  of s tannous s u l f i d e  in t h i s  ma t t e ,  
so as to determine the optimum condi t i ons  f o r  t h i s  p rocess .
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I t  i s  adv i sab l e  a t  t h i s  po in t  to analyse  in more d e t a i l  the data a v a i l ab l e  

on the t i n  - s u l f u r  svstem.

Thermodvnamic Evaluat ions

Fioures 3 and 4 were obta ined by c a l c u l a t i o n s  from data 
qiven in Table IV, Chapter  I I .  Complété c a l c u l a t i o n s  are niven in Appendix I .  
The s t a b i l i t y  r e n i on s ,  deoendinn on the p a r t i a l  p r e s su re  of  S^,  are  i nd i ca t ed  
a t  the top of the two f i n u r e s .  I t  can be seen t h a t ,  as the t emnerature  i n c r e a ­

s e s ,  the p a r t i a l  p re s sures  of Sn^Sp naseous snec ies  a l so  i nc re as e  in impor­
tance  as do those of SnS/^\ , but  the  percentane  of SnpSp/^x r e l a t i v e  to t h a t  
of SnS^^j dec reases .

The e f f e c t i v e  t o t a l  n r e s su re  of Sn - S naseous spec i e s  i s  p l o t t e d  a n a in s t
s u l f u r  p res su re  in Fin,  5,  and a na in s t  1/T in Fin,  6 , The p a r t i a l  p ressures
of  SnS^^j and Sn^Sp^^j versus 1/T are a l so  niven in Fin,  6 , to show the im­
por t ance  of  Pĝ ĝ over the t o t a l  p r e s su re  and the very small  c on t r i b u t i o n s  of 
SnpSpÇq) and of  Sn^^^ to the e f f e c t i v e  t o t a l ,  p r e s s u r e ,  niven as:

'T(SnS) ^ ^ '

The re fo re ,  Pg^ and pg^ g can be nen lec t ed  wi thout  i n t r oduc i nn  any s i n n i f i -  

cant  e r r o r  to the thermodynamic p r o p e r t i e s  of:

The s t a b i l i t y  zones of i n t e r e s t  to t h i s  i nves t i  na t i on  are ttie zones to the
r i q h t  of the 5n( l )  - SnS(c , l )  l i n e ,  t h a t  i s ;  the zones a t  which the vapor

p res su res  of  SnS/  ̂ and $^2^2 ( 0 ) independent  of s u l f u r  nas p re s su re s  s ince
no decomnosi t ion of  SnS, ,x i s  d e s i r ed ,( 0 , 1 )
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The percentage  of over  the e f f e c t i v e  t o t a l  p r e s su re  rannes between
^"2^2(n)

2,4 to  4% ( in  the f l a t  zones) a t  t emperatures  between 1500 to IOOQOk in t h a t
order .  In a l l  cases p~  ̂ i s  l e s s  than 1% of  the  t o t a l  p r e s su re  when i t

^^2^2(n)
i s  dependent  on the s u l f u r  p r es su re  ( F ins ,  3 , 4 ,  and 5) ,
Ca l cu l a t i ons  are  given in Appendix I ,

The re fo r e ,  f o r  the p r e sen t  work,  the t o t a l  vapor p res su re  of SnS spec i e s  wi l l  
be cons idered as being the vapor p r e s su r e  of  SnS^^^ only ,  neg l ec t i ng  the o t he r  
gaseous s pe c i e s .

Crude e s t i ma t i ons  based on the thermodynamic p r o p e r t i e s  of 
FeS and SnS, and on the  FeS-SnS phase diagram are  presented  below.
The p res su re  of  SnS vapor over the mat te i s  p ropor t i ona l  to i t s  a c t i v i t y  t h e r e ­
i n ,  say:

= c
'^"^lATTE ' '̂'^flATTE 

where c = c ons t a n t  a t  each t emperature  = .

( 2 )

Refer r ing  again to the s u l f i d i z i n g  r e a c t i o n  of SnS from s l a g s ,  and applying 
i t  to  the  mat te  format ion:

S"0(SLAG) '"°^(!1ATTE) ~ ^"^{MATTE) * '"°°{SLAG) ( 1 )

f o r  which:

K =

S u b s t i t u t i n g  (2) i n t o  (3) :

®SnS *FeO (3)

®FeS MATTE *SnO SLAG

'SnSMATTE
‘SnS, 1ATTE FeSMATTE

'SnO

TeOJ  SLAG
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Therefore :

a.
PsnS ~ ^ * ^FeS^"^MATTE ^  Î1ATTE

‘SnO

®FeO SLAG

Hence, the vapor p res su re  of  nure SnS i s  h i g he r ,  the h ighe r  the a c t i v i t y  of  
SnO in the s l a g ,  and the lower the FeO content  t h e r e i n .
Now the  vapor p res su re  of  pure SnS can be c a l c u l a t e d  from data  given in Table 
I I I  (Ch, I I ) ,  and the a c t i v i t y  of  SnS in i r o n - t i n  mat tes  can be obta ined  from 
the  phase diagram given by Haan^^) and the en tha lpy  of  fus ion  of  FeS^^^, Thus,  

the  p a r t i a l  pr e s sure  of  SnS vapor over  Sn-Fe mat tes  i s  e s t i mated  to be r e p r e ­
sen ted  by the fol lowing equa t i ons :

Log PsnS = - —  + f'sns + ' "leS (4)

AG° 2
PsnS  ̂ ~ pj  ̂ ^̂SnS • ''VeS *

Where and AG° are the f r e e  energy of v a po r i z a t i on  and subl imat ion  r e s -  
V s '

p e c t i v e l y .  The i r  express ions  are given in Table I I I  ( C h . I I ) ,
The complete d e r i v a t io n  of these  two equat ions  i s  given in Appendix I I ,  along 

wi th the c a l c u l a t i o n  of  the phase diagram knowing the  temneratures  of f u s i on ,  
the  e u t e c t i c  t emperature  and composi t ion,  and the en tha l py  of  fus ion  of  FeS 
assuming a r e g u la r  s o l u t i o n  behavior  of the l i q u i d  phase and t h a t  t he re  i s  no 
s o l i d  s o l u b i l i t y  in the system.  The agreement of  these  r e s u l t s  with the d i a ­
gram in the l i t e r a t u r e  appears  to be good. Figure 7 shows the  phase diagram 
as obta ined  by Haan^^^, and as c a l c u l a t e d  assuming the r e g u l a r  s o l u t i o n  model 

f o r  the  l i q u i d  phase.
Figure 8 shows the v a r i a t i o n  of the p a r t i a l  p r e s su re  of SnS as a func t ion  of 
SnS con t en t  in the mat tes  f o r  d i f f e r e n t  t emperatures  as c a l c u l a t e d  from equa­
t i on s  ( 4 ) ,  and (5 ) ,
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The accuracy o f  these  e s t im a te s  i s  dependent upon the accuracy to  which the 

phase dianram was determined in 1913,  and the v a l i d i t y  o f  the renular s o lu t io n  

assumption fo r  the  l i q u i d  phase.  Therefore ,  the determination  o f  the vapor 

pressures  o f  SnS over Fe-Sn mattes in the laboratory  i s  not only  j u s t i f i e d  but  

necessary  fo r  a b e t t e r  contro l  o f  the t in  fuminq p r o c e s s .
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IV. E X P E R I M E N T A L  A P P A R A T U S

A N D  P R O C E D U R E

Choice of Method

The t r a n s p o r t a t i o n  ( t r a n s p i r a t i o n )  method was s e l e c t e d  be­
cause i t  r equ i r e s  a r e l a t i v e l y  s imple desiqn of  appara tus  and because i t  has 
proved to be success fu l  in measurinq vapor pres sures  of  a number of  e l ement s ,
t h e i r  h a l i d e s ,  ox i de s ,  and s u l f i d e s ,  over  a wide ranne of  vapor p res sures  

-4(between 10" to lO"" mm Hn). I t  has a l so  been e x t e ns i ve l y  used to determine 
the p a r t i a l  p r e s su res  of v o l a t i l e  components of an a l l o y  over  the l i q u i d ,  or 
s o l i d  a l l o y .

The l i t e r a t u r e  qives  numerous accounts  of  i n v es t i  na t i ons  us inq t h i s  method. 
There are very many, and only the c l a s s i c a l  and most impor tan t  to t h i s  s tudy 
are  l i s t e d  he re .

I t  i s  a dynamic method,by which a measured volume of  an i n e r t  nas over  the 
s o l i d  or  l i q u i d  mat te  becomes s a t u r a t e d  with t i n  s u l f i d e  vapors .  This c a r r i e r  
gas i s  passed a t  a c ons t a n t  v e l o c i t y  over  the subs tance  in the s a t u r a t i o n  cham­
b e r ,  a t  a c ons t a n t  t empera t ure ,  and c a r r i e s  away the v o l a t i l e  components.
The vapor p re s su re  i s  then determined from the loss  in weinht  of  the sample
per  u n i t  volume of  c a r r i e r  nas.

The impor tant  condi t i ons  of  the t r a n s p o r t a t i o n  method are:
( i )  A uniform temperature  zone in the f u r nac e ,  and

( i i )  the geometry of  the r eac t i on  or  s a t u r a t i o n  chamber.

These and o t h e r  f e a t u r e s  are d i s cus s ed  in d e t a i l  in Chapter  VI.
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Apparatus

The t r a n s p o r t a t i o n  method to determine the vapor p res su res  
of  t i n  s u l f i d e  r equ i r ed  an apparatus  s u i t a b l e  to:
a) determine the loss  in weinht  of a sample in c on t ac t  with a movinn qas pha­

se a t  c ons t a n t  f l o w r a t e ,  a t  a uni form,  e l eva t ed  t empera t u re ,  and
b) change f lowr a t e s  and t emperatures  f o r  d i f f e r e n t  s e t s  of  exper iment s .

The apparatus  u t i l i z e d  f o r  t h i s  purpose i s  shown schema t i ca l l y  in Fig.  9 ,  

and a photograph i s  given in Fig.  10, I t  cons i s t ed  of  two nas p u r i f i c a t i o n  
sys tems ,  a gas mixing system,  a s a t u r a t i o n ,  and a condensat ion system.

Ni t ronen was used a t  a high f lowr a t e  to  purge the  furnace  F3 and the gas t r a i n s .
I t  was a l so  used as a c a r r i e r  nas f o r  measurements of SnS vapor p res su res  
over pure SnS(c) to  prove the r e l i a b i l i t y  of the appar a tus .  Surface ox ida t ion  
took place  in the f i r s t  exper iment s .  Therefore  n i t r onen  was passed over  pure 
copper tu rn i ngs  a t  500^0 ( furnace  FI) and then through two drying chambers 
con ta i n ing  s i l i c a  gel and anhydrone (Mg(C10^)2) r e s p e c t i v e l y  (DI,  D2) to  r e ­
move the water  vapor.  This procedure proved to be s u f f i c i e n t  to p revent  o x i ­
da t ion  a t  the t emperatures  mentioned.
Ni t rogen could be f l ushed from the oppos i t e  s ide  of  the  r e ac t i o n  tube in f u r ­
nace F3 by means of two s topcocks (T2 and S4 in Fig.  9) so as to make sure 
t h a t  a i r  was evacuated as completely as p o s s i b l e .
The second gas p u r i f i c a t i o n  system was used f o r  the hydronen.  This gas was 
a l so  passed over copper t u rn i ngs  a t  500^0 in furnace  F2 to remove oxygen i f  
p r e s e n t .  From t h e r e ,  i t  passed through a condui t  con ta i n ing  s i l i c a  gel to 
remove mois ture  i f  s t i l l  p r e s en t .  Since llg gas had to be mixed 'with HgS gas 
to a c t  as the c a r r i e r  gas a t  d i f f e r e n t  H2S/H2 r a t i o s ,  and in o rde r  to p r e ­
vent  p os s i b l e  s eg r ega t ion  due to d i f f e r e n c es  in temperature  and molecular  

weights  dur ing the mixing o p e r a t i o n ,  hydrogen was passed through a pyrex 
g l a ss  s p i r a l  (SF) a f t e r  l eaving the p u r i f i c a t i o n  furnace  F2 and the drying 

tube .  This al lowed the hydrogen to cool do\/n to room temperature  before  en­
t e r i n g  flo'wmeter F;12.
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Hydroqen s u l f i d e  qas was passed throuqh a condui t  con ta in ing  magnesium p e r ­

c h l o ra t e  (.‘IgCClO^)^) before  e n t e r i n g  f lowmeter  Ffll to  remove mois ture  ( i f  
p r e s e n t ) .

From t h e i r  r e s p e c t i v e  f lowmeters ,  f^2^(g) H^fg) en t e r ed  i n t o  the mixinn 
chamber M which cons i s t ed  of a 10- in .  pyrex tube f i l l e d  wi th g l a s s  beads.  
From the mixing chamber the nas mixture  was passed throunh two drying cham­

bers  con ta i n ing  anhydrone (MgfClO^jg) and connected in s e r i e s  to remove any 
mois ture  s t i l l  p r e s e n t ,  and f i n a l l y ,  through stopcock T1 i n t o  furnace  F3 
a t  d i f f e r e n t  f l owr a t e s  f o r  each s e t  of exper iment s .

Temperatures in furnaces  FI and F2 were measured by means of Chromel-Alumel 
thermocouples and c o n t r o l l e d  by a Leeds & flor thrup 8686-2 po t en t iome te r .

Most of the gas t r a i n s  cons i s t ed  of pyrex g l a ss  tubing and ground j o i n t s .
The p u r i f i c a t i o n  chambers in furnaces  FI and F2 were made of Vycor t ubes ,  
s ince  they wi ths t and  temperatures  of up to  lOOO^C.
Tyqon tubing (TY in F i g . 9) was used f o r  some small  connect ions  in the p u r i f i ­
c a t i on  systems and f o r  a l l  the exhaust  t r a i n s .
I t  was seen t h a t  no cons t an t -head  tanks were needed f o r  c o n t r o l l i n g  the cons­
t a n t  flow of  Hg and Il^S gases because the  gas tanks were provided wi th low 
p r e s su r e  r e g u l a t o r s  and with an a u x i l i a r y  needle  valve each.  Fur thermore,  
the  c a l i b r a t i o n  of  the two flowmeters was e f f e c t e d  t ak ing  the i n l e t  eases  to 
the  f lowmeter  c a l i b r a t o r  a f t e r  the gases passed throunh a l l  the d e s i c c a t o r s ,  
r i g h t  be fore  e n t e r i ng  the fu r nace ,  so as to e l i mi na t e  the s o - c a l l e d  "back 
pre s su re"  e f f e c t .
The power f o r  furnaces  FI and F2 was suppl i ed  by means of  type 116 and type
2PF236B powers t a t s  r e s p e c t i v e l y , ope r a t i ng  on 11V AC.

The s a t u r a t i o n  ( r e a c t i o n )  system,  shown s chema t i ca l l y  in Fin.  11,  cons i s t ed  

of a t h r ee -zone  g r a d i e n t  Lidbern/ l levi -Duty h o r i z o n t a l - t u b e  f u r nac e ,  model 
no. 54357. This i s  shown p i c t o r i a l l y  in Fig.  10a. All t h r ee  zones were con­
t r o l l e d  by the automat ic  con t ro l  system in the 59744 Lindberg/ l levi -Duty con­
t r o l  console  ope r a t i ng  on 220V AC. The furnace  was equipped \n‘ th a p l a t i n e l
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Fig.  10 PHOTOGRAPH OF THE EXPERIMENTAL APPARATUS.

Fig.  10a FURNACE USED FOR THE SnS VAPOR PRESSURE 

DETERMINATIONS.
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t h e m o c o u n l o , and ' /as capable of  nroducin i  a f l a t  zone of  ± 2®F over a 12 in .  
of  tube l e n i t h  a t  maximum onera t i nn  temnorature(2200^F) ,  but  a 4 - i n .  f l a t  zo­
ne in the  c en te r  o-'" the tube a t  exper imental  condi t ions  ( cons ide r ing  the tem­

p e r a t u r e  dron in the condensini  zone) ,  ^or ' /hic!i tlie maximum temperature  i r a d -  
i e n t  was ± 1.3'^C a t  700^C, and the minimum temperature  n r a d i en t  was ± .15*^C 
a t  lOOQOC.

A c o n t r o l l i n g  ^t-^t /10%Rh thermocouple was placed i n s i de  tul)e A in the c en t e r ,  
r i q h t  bes ide  r e ac t i o n  chamber R, and connected to a Leeds A î lor thrup 8686-2 
p o t en t i ome t e r .

Radial  t empera ture  q r a d i e n t  bet'./een samnle and meas u r i m thermocouple was de­
termined and found to f)e l e ss  than 2^C,

The suppor t  tube used was a 2-^  bv 2-^  by 42 i n .  Coors / ‘1ul1i t e  t ube ,  A. Ins ide  
t h i s  tube were placed the condensinn c!iaml)er C, and the s a t u r a t i o n  chamber R, 
i n s i d e  which the sample boat  B was placed.  The l e f t  s i de  o^ t!io suppor t  tulie 
was permanently'  s ea led  !>'/ means of  a rubber  s topper  Zl ,  and Si 1 icone-Seal  
super  plue f a b r i c a t e d  by the General E l e c t r i c  Comnanv,
The pvrex q l a s s  condenser  was i n s e r t e d  and removed as necessary  bv means o^ 

rubber  s t o p pe r  Z3. ’-'hen t h i s  was in p l ace ,  si  1 i cone - sea l  nlue was a l so used 
t h e r e .
T r a n s i t e  d i scs  wore used as r a d i a t i o n  s h i e l d s ,  D (-2- i n ,  t h i c k ) ,  i n s i de  tube A. 
Both ends o^ t h i s  tube were e x t e r n a l I v  r e ^ r i n e r a t e d  (’/) to  preven t  overheat ing 
of  the rubber  s topper s  Zl and Z2.
The n u l l i t é  r e ac t i o n  tube R, havinq a t o t a l  lenqth  of  7 i n ,  and a di ameter  

of  9/16 i n .  ( I , D , ) ,  had one end reduced to an i n s i de  diameter  of  1/32 in .  
( c a p i l l a r y )  as shown in Fin,  11, This reduced end,  in a 2 - i n ,  l e n n t h , was f i t ­

t ed t o  tiie condensinn system so as to allow the vapors to h i t  the condenser 
as soon as tliey l e f t  the r eac t i on  chamber.
The o r i q i n a l  i n t e r i o r  d iameter  of  tlie r eac t i on  cham[)or \/as 7 / 8 - i n . ,  and i t s  
t o t a l  lenqth  was 8 -^  i n .  This was used f o r  the measurements of the vapor p r e s ­

sure  0^ SnS over pure s o l i d  SnS, when nass inq n i t r onen  as the c a r r i e r  nas.  I t s  
dimensions were reduced af t e rwards  to improve the r e s u l t s  by decreas inq the 
dead volume i n s i de  the chamber. This 'will be d i scussed  l a t e r .



T-1501 40
CVJ

C\J

o

UJ • "Q LU2: o  
o <c (_) z  cco -  gI—

= )

O Lu X OX
LU

O
ro o
Lu O

C-
LU LU

LU C-

O

CH CÜ
o
CLCO QCO

Lu Lu
CO

to

r \

CD

Lu

Q

O

X
LUCM

CM

O

to
CD
c
CD 
CL 
CD I— to
> tocc

Cl
CL
c

I
LU 
LU CD DD to h- OL LU CO•* CM

oc •
LU 1—'

<oro  _u
z r  CD 
CD CU

h- CT<  rr
CD

g  g
to cu

CD DD



T-1501 41

The sample was placed in a 5 / 1 6 - i n ,  wide by 3 - 5 / 1 6 - i n ,  lonn by 3 / 1 6 - i n ,  deep 
Leco combustion boa t .  The r i ^ h t  end of  the r eac t i on  tube R \/as t i q h t l y  c losed 
with an Aremcolox no, 502-1300- '1achinable-Ceramic plun,  P, which was c on s t r u c ­
ted to f i t  e xa c t l y  with the i n s i de  wal l s  of  the m u l l i t e  r e a c t i o n  t ube ,  and a 
t h i n  hole ( c a p i l l a r y )  was opened in the plun to al low the c a r r i e r  nas i n t o  
the chamber.  This plun was connected to a 5 / 32 - i n ,  O.D, by 26- i n ,  lonn Coors/  
AD-998 Alumina tube (AL) which,  in t u r n ,  \/as connected to the n a s - t r a i n  s y s ­
tem by means of qround j o i n t s  and a s h o r t  l ennth of  tyqon t ub inq ,  TY,

Experimental

1, M a t e r i a l s ,  Samples,  and Matte ^ r e pa ra t i on

1.1 Gases , Pure n i t roqen  nas,  type E (approx,  99%) f o r  l a b o r a ­

to ry  use ,  and h i n h - p u r i t y  hydronen nas (99,99%H2) were supnl i ed  by the  Na t io ­
nal Cyl inder  Company, Both nases were passed throunh copper t u r n i nqs  a t  50QOC 
tempera ture  f o r  f u r t h e r  p u r i f i c a t i o n .  Moisture and /o r  oxynen in the hydronen 
qas was p r a c t i c a l l y  u n d e t ec t a b l e ,  whereas the n i t r onen  appeared to contain 

oxynen,  as the copper  t u rn i nns  absorbed t h i s  element  a t  cons i de rab l e  r a t e s ,  
Hydronen s u l f i d e  nas ,  C,^,  qrade ( P u r i t y :  99,6% min, )  was sunpl i ed  by the  
Matheson company. The main impur i ty  in t h i s  nas was( a p pa r en t l y ) m o i s tu re ,  
which was removed by use of  dryinn chambers contai  n i nn mannesi un p e r ch l o r a t e

(Mq(C10^)2),  I t  was planned to use s i l i c a  n e l , as recommended by the l i t e r a ­
t u r e  (41) but  i t  was found,  and confirmed by chemi s t s ,  t h a t  s i l i c a  nel ab­
sorbs  HgS as well  as H^O,

Dibutyl  P h t ha la t e  ( d e n s i t y  1,04 nm/cc) was used as manometer f l u i d  f o r  the 
f lowmeters and as the nas b l e e d e r ' s  f l u i d ,

1.2 Samples, Stannous s u l f i d e  (SnS),  99,P9% mi n , ,  was s uppl i ed  
by A,D, Mackay, Inc,  and by the  Research Orqanic / Inornan ic  Chemical Corp.
The compound was obta ined by vacuum d i s t i l l a t i o n  and did not  need f u r t h e r  

t r e a t men t .
Ferrous s u l f i d e  (FeS) ,  C,P, qrade ,  was suppl i ed  by the  Sarnent  Welch Company,



T-1501 42

This ma t e r i a l  was qround and s ub j ec te d  to maqnet ic s e p a r a t i o n  f o r  f u r t h e r  pu­
r i f i c a t i o n .

Samples f o r  the de t e rmina t ion  of  SnS vapor pres sures  over pure s o l i d  SnS were 
prepared d i r e c l t y  from the s tannous s u l f i d e  m a t e r i a l ,

1,3 Matte P r e p a r a t i o n , Mattes of the d i f f e r e n t  composi t ions 
s tud i ed  were prepared by weiqhinq the requi red  amounts of  SnS and FeS s ep a r a ­
t e l y ,  mixinq,  and then thorounhly nr indinq  them t on e t he r  before  p l ac inq  in
sample boats  ( the  same boats  used f o r  the exper iments  on t r a n s p i r a t i o n  t ech ­
n ique ) ,  These were weiqhed anain and the  mat tes  were mel ted a t  temperatures  
varyinq according to t h e i r  compos i t i on .Af t e r  beinq mel ted ,  the samples \/ere 
al lowed to a t t a i n  room t empera t u re ,  then they were weiqhed.  The weiqht  losses
were in a l l  cases a t t r i b u t e d  to the v a po r i z a t i on  of  SnS, and s i nce  the mel-
t i nq  ope ra t i ons  were performed in a c losed system under n e u t r a l  condi t ions  

( load inq  and unloadinq ope ra t i ons  are explained in p o i n t  5,  Operat inq Proce­
d u r e ) ,  t hese  l osses  were in a l l  cases very small  (from 0% to 0.8% of the 
sample weiqi i t ) .  The d i f f e r e nc e s  in weiqht  were made up by a dd i t i o n  of proper  
q u a n t i t i e s  of  pure SnS to the samples.  Then, the s o l i d i f i e d  mat tes  were qround 
and mixed p r o p e r l y ,  and s to re d  in a d e s i c c a t o r ,  ready to be used.

The fou r  mat tes  prepared were chemical ly  analyzed by the Ana ly t i ca l  l ab o r a ­
t o ry  of  the  Colorado School of Mines Research I n s t i t u t e ,  The c a l c u l a t e d  r e s u l t s  
are as fo l l ows :

Matte SI - 5.81%FeS , balance  SnS,
Matte S2 - 14,59228%Fes , " SnS,
Matte S3 - 18,1026%FeS , " SnS,
Matte S4 - 25,029%FeS , " SnS,

The ana lyses  showed lo'w values  in SnS, but  t h i s  i s  always the  case due to the 
d i f f i c u l t y  encountered in the chemical de t e rmina t ion  of t i n .  This was proved 
by the  excess  s u l f u r  in a l l  four  cases a f t e r  c a l c u l a t i o n  f o r  FeS and SnS t a -  

kinq the Sn va lues .  Whereas when t ak inq  the s u l f u r  v a l ue s ,  c a l c u l a t i o n  f o r  FeS, 
and then f o r  SnS, the balance nave very reasonable  r e s u l t s  wi th in  the l i m i t s  
of  exper imental  e r r o r .  The a na l y s i s  r e p o r t  and the c a l c u l a t i o n s  are  niven in 
Appendix I I I ,
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Since the  analyses  of  mat tes  of known composi t ion were so impr ec i s e ,  ana l y ­
t i c a l  r e s u l t s  on mat tes  a f t e r  a run could not  be used to check on the f i n a l  
composi t i o n .

2. S u l f u r  P o t e n t i a l  Control

Mixtures of hydronen s u l f i d e  and hydronen were used as 
the c a r r i e r  nas in o rder  to cont ro l  the s u l f u r  p o t e n t i a l  in the  system so as 
to prevent  any decomposi t ion of the  s u l f i d e  samples a t  the t emperatures  s t u ­
d i ed .
The p os s i b l e  r e ac t i ons  cons idered wi th in  the temperature  ranqe of  700° to 
120QPC are  l i s t e d  below:

2,1 Stannous S u l f i d e ,  AG° express ions  from Ref, 23 (Kel lonq) ,

SnS(c) + ”2 ( q ) —  ^"(1)  ^ ¥ ( q )  ’

AG° = +22,124 -  12.988T (298° -  11430%)

SnS(T) + "2(q)  ^' ' (1)  ^ ^2^(q) '  W)

AG^ = +10,460 - 2.804T (11430 .  i soqOk)

S"S(q) + "2(q)  ^"(1)  ^ "2^(q)  '

AG° = -20,640 + 23.300T ( 208O - 15000%)

^"2^2(q) '  ' W)

AG° = -1 2 ,3 9 2  + 8.657T ( 2980 .  15000%) ,

All A g2 expre s s i ons  a re  in ca l /mole .
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2 ,2  Ferrous S u l f i d e . AG|j express ions  from Ref.  1 (Kubaschev/S' 

ki e t  a l . ) .  Free energ i es  are expressed in c a l o r i e s  per  mole.

FeS(c) + F^(c) "2S(q) ' OO)

AG° = +15,580 -  3.785T (298° -  412°K)

FeS(c)  + " 2 ( q ) = = ^ F G ( c )  + "2^ ( 0 ) . 0 1 )

AG° = +14,330 -  0.755T (412° -  11790%)

F:S(c)+"2(q)  ^  FS(c) ^ ¥ ( a )  < 0 2 )

A G °  = +14,490 -  0.935T (11790 -  12610%)

FsS(c)  + V ( q )  “  '"°^2(c)  ̂ "2(q) ' 0 3 )

A G ° = -1 1 ,7 7 0  + 33.195T (6000 .  H00O%) .

All  t hese  equat ions  ( but  8 and 9 ) can be expressed in a qene r a l i z ed  form 
as :

”®^( c , l )  ^ '*2(n) -  ”° ( c , l )  * " 2^ ( 0)

f o r  which the e qu i l i b r i u m co ns t an t  i s :

K .  . V ( n )

! leS(c , l )  % ( q )
1

s ince  pure metal  and pure s u l f i d e  are  cons idered .
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There fo re ,

A g°  = -  R T In V ( i )

'2{q)

45

and

= exp

'H
R T

2(q)

(14)

In case o f  equat ions  (8) and (P) ;

K = 1

’’Sn.-S,
"2^(n)

i " i ( q )  P i2(n)

V ( n )  .

' 2(9)

exn
- A g^

R T
(15)

where i = 1 f o r  ( 8 ) ,  and i = 2 f o r  (9 ) ,

The r e f o r e ,  to prevent  r e ac t i o ns  (6) throuqh (13) from proceedinq to the 
r i q h t ,  the exper imental  values  of  the P|j ^/p^^ r a t i o s  should be h iqhe r  t han ,

or  equal  t o  the c a l c u l a t ed  equ i l i b r i um r a t i o s ;  t h a t  i s :

" Y ( n )

'2(n) EXPTL.
Tl2(n) EnUIL,
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T-1501 47

Figure 12 shows a p l o t  of  p̂ j g /  p̂  ̂ vs .  t emperature  obta ined from the above

values  of AG° f o r  the most impor tant  r e a c t i o n s ,  which are a l so  i n d i c a t e d  in 
the f i n u r e .  The o the r  r e a c t i o ns  are not  i nd i c a t ed  because they l i e  below the 
FeS l i n e ,  and t h e r e f o r e  are  neg l ec t ed .

The r a t i o s  which f u l f i l  the requi red  condi t i on  f o r  d i f f e r e n t  t empera tures  ; i .  
e , , to  prevent  FeS as we l1 as SnS decomposi t ion,  a re  the h i g h e s t  of both e qu i ­
l i br ium l i n e s .
So then:

V ( . )

'2(q)
>

EXPTL.
Tl2(g) EnuiL. (SnS(c))

(16)

A complete d e r iv a t i o n  of the above e qu a t i on s ,  and the  p̂ | g /  p^ c a l c u l a t i o n s  

are given in Appendix IV.

3. Flowmeter Ca l i b r a t i on

The two f lowmeters used were c a l i b r a t e d  by measuring the 
v e l o c i t y  of  d isplacement  of a soap bubble in a c a l i b r a t e d  v o l ume t r i c - g l a s s  
tube .  They were c a l i b r a t e d  using both n i t rogen  and hydrogen.  Since a s t a b l e  
soap bubble could not  be formed during the d i r e c t  c a l i b r a t i o n  of  f lowmeter  
FMI using hydrogen s u l f i d e ,  t h i s  was t h e o r e t i c a l l y  c a l i b r a t e d  based on the 
ca r e fu l  c a l i b r a t i o n s  with n i t rogen  and hydrogen as fo l l ows :
Consider ing a laminar  flow of  gas in c y l i n d r i c a l  tubes ( c a p i 1a r i e s ) ,  the 
volume r a t e  of flow Q i s  the product  of the c r o s s - s e c t i o n a l  area and the 
average v e l o c i t y ;  thus :

^ Ï Ï A P  R 
8 y c  1

(Ref.  42) (17)



T-1501 48

where Q = f l o w r a t e ,  V/T ( iR/T)
AP = pres sure  drop,  fl/LT

R = D/2 = radius  of  c a p i l l a r y ,  L
y t ,  = v i s c o s i t y  of the f l u i d ,  M/LT

1 = length of c a p i l l a r y ,  L

Equat ion (17) ,  express ion  of the  Maqen-Roiseui l le  law, can a l so  be r e p r e se n ­
t ed  by:

Q = - 4 i r -  (1 8 )
A

where K i s  a cons t an t  denending on the dimensions of  each c a p i l l a r y  and on 
the  d e ns i t y  of  the f l u i d  in the manometers;  and h i s  the he ig h t  in the  mano­
meters  ( p r opor t i ona l  to the p re s su re  drop) .
Dibutyl  P h t ha l a t e  ( de ns i t y  = 1.04 gm/cc) was used as manometer f l u i d .
The values  of  and f o r  the two f lowmeters ,  FMI and Ff12 r e s p e c t i v e l y  we­

re determined by d i r e c t  c a l i b r a t i o n s  of  the flowmeters with f^2(g) ( "

0.0177 cp a t  250c) and with ^2 ( 0 ) " 0.008853 cp a t  25°C) , g iv ing a

double check f o r  the c o n s t a n t s ,  f o r  which the average values  are :

= 0.0058073 ( f o r  FMI)

Kg = 0.00205428 ( f o r  FM2) .

Flowmeter FMI was then a r b i t r a r i l y  chosen f o r  the  ^/^ \\ S ~ 0.0128 cp

a t  25°C) and t h e o r e t i c a l l y  c a l i b r a t e d  from equat ion ( 1 8 ) ,  f o r  which the f o ­
l lowing u n i t s  were chosen:

Q in ml / sec  (L^/T)
h in cm (L)

in c en t i p o i s e s  ( 1 cp = gm/cm sec «10 )
c ons t an t .

Once the f lowmeters were s a t i s f a c t o r i l y  c a l i b r a t e d ,  the IlgS /  mixtures  
were ad j us t ed  as fo l l ows:
Consider  1 mole of fLS, \ and 1 mole of  i L , x , and t h a t  the i d e a l - ga s  law i s2 (g; 2(g;
obeyed,  thus :
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Pu ç i s  p ropor t iona l  t o  V.. - , and
2 2 (q)

Pu i s  p r opor t i ona l  to  Vn
"2 "2(q)

Then:

PH3S

\  ^"2(q)

At the same t ime t ,  i t  fol lows t h a t :

% ( q )  / ^ H g S

(from ( 1 8) ) .

Let
------------  = C where C = cons t an t  = 1.955 ,

then

'’” 2^ h
= 1.955 (19)

where h^ and h^ are  expressed in cm.
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4, Temperature Control

Temperature in the r e ac t i o n  furnace  F3 was c o n t ro l l e d  by 
a p l a t i n e l  thermocouple placed above the suppor t ing tube in the furnace  and 
connected to the cont ro l  console .
Temperature in the s a t u r a t i o n  ( r ea c t i o n )  chamber was measured wi th a P t - P t /  
10%Rh thermocouple i n s u l a t e d  in a 7 / 6 4 - i n . 0 , D , ,  R .D.8 . ,  Alumina tube in the 
p o s i t i o n  sho\m in Fig.  11.
This thermocouple was c a l i b r a t e d  a g a i n s t  MBS Pt  27 by the Engelhard Company. 
The r e s u l t s  are given in Table VII.

Table VII

Pt-Pt/10%Rh T. C. vs .  MBS Pt27-Pt/10%Rh T. C.

TEMPERATURE MBS T. C. e . m . f .  vs .  Pt27 DIFFERENCE TOLERANCE 
OF oc mV {R/J 320F) mV y c  V y c V

1000 537.24 4.596 4.594 - 2 + 14 to  -12
1600 870.24 8.110 8.118 + 8 +21 to -18
2400 1314.24 13.325 13.333 + 8 +35 to -29

Temperatures  in the vapor p re s su re  measurements ranged from 75QOC to 93QOC, 
Hence,  from Table VII ,  the maximum d i f f e r e n c e  in t h i s  range was + 8ytV. 
T h e re fo re ,  because of the n e g l i g i b l e  d i f f e r e n c e ,  the t emperature  of  the con­
t r o l l i n g  thermocouple ( Pt-Pt/10%Rh) was determined d i r e c t l y  from the s t andard  
convers ion t ab l e s  f o r  thermocouples i s sued  by the Leeds & î lor thrup Company 

( t aken from the Nat ional  Bureau of  Standards  - MBS -  C i r c u l a r  561).

The d i f f e r e n c e  between the r e ac t i o n  chamber t emperature  and the furnace  con­
t r o l l i n g  temperature  can be observed in Fig,  13, The po in t s  in t h i s  f i gu re  

were determined from the  d i f f e r e n c e  between the t emperature  measured bv the
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Pt-Pt/10%Rh thermocouple element  placed in the middle and a t  af)out 10 mm 
from the c en te r  of  the sample and the t emperature  measured by the p l a t i n e l  
thermocouple element  placed a t  about  40 mm above the c en t e r  of  the sample.
The s t anda rd  e r r o r  of  e s t i ma t e  f o r  the t emperature  in the c o r r e c t i o n  taken 
from the s t r a i g h t  l i n e  in Fin.  13 was of ± 2.270C.

Temperature was measured severa l  t imes during the per iod of a t e s t  (15 to 40 
min) .  A cont ro l  of  + .81°C was obta ined as an averane dur inn t h i s  pe r iod .
The h i n h e s t  s t anda rd  dev ia t i on  in the emf readinn dur ing the course of  a t e s t  
was 1.91*10"^ and the lowest  was 7 .974*10 '^ .

5.  Operat ing Procedure

The exper imental  procedure f o r  the vapor p re s su re  de t e r mi ­
na t ions  on pure s tannous s u l f i d e  and on stannous s u l f i d e  in i r o n - t i n  mat tes  

was as fo l l ows :

5.1 C a r r i e r  gas:  Ni t ronen.  Pure SnS Samnles. Valves Tl ,  T2, 
and T3 (Fig ,  9) were opened to permi t  passage of  n i t r onen  nas from c y l i n d e r  0 

i n t o  furnace  F3 a t  r e l a t i v e l y  hinh f l owr a t e s  to  p revent  contaminat ion of  the 
system with a i r .  Meanwhile,  the combustion boat  con ta i n ing  the sample whose 
vapor p r e s su r e  was to  be determined was placed i n t o  the cold r e ac t i o n  cham­
b e r ,  o u t s id e  of  the suppor t ing  tube A, and the nlug P was placed in p o s i t i o n  
whi le  n i t r onen  passed throunh i t  i n t o  the chamber. The l a t e r  was then placed 
i n t o  the  cold end of  the suppor t ing  tube A, the rubber  s toppe r  Z2 f i t t e d  t i n h t -  
l y ,  and the  system sea l ed .
The r e a c t i o n  chamber was kept  in t h i s  p o s i t i o n  f o r  from 5 to  8 minu tes ,  de­
pending on how hinh the temperature  was.  Ni t rogen was s t i l l  pass ing from the 
oppos i t e  s ide  of the  f u r nac e ,  but  a t  a much lower f l o wr a t e .  Then the r e ac t i o n  
tube was s l i d  i n t o  the  furnace  throunh an "0" r ing  placed in the rubber  s t o p ­
pe r ,  to f i t  e x ac t ly  in the opening of the  condensin chamber i n s i de  the suppor ­
t i ng  tube as shown in Fin.  11.
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At t h i s  moment t.he n i t r ogen  flow was stopped and tlie c losed system al lowed to
a t t a i n  thermal equ i l i b r i um with the fu rnace .  'Ihen t h i s  equ i l i b r i um \/as reached,
valve Tl was onened and the n i t ronen  c a r r i e r  nas was al lowed to e n t e r  the r e ­
a c t i on  cham[)er a t  the de s i r ed  f l o wr a t e .  This was the s t a r t i n g  time f o r  the ex­
per iment .  !l(ien the exper iment  'was ended,  the n i t r onen  flow was turned o f f ,  the
r e a c t i o n  chamber was s l i d  back to the cold p a r t  o^ the f u r nac e ,  then removed 
from i t  and al lowed to cool do'wn.
Af te r  3 to 5 minutes the sample boa t  was removed from the r e a c t i o n  chamber 
and placed i n s ide  a d e s i c c a t o r  to reach room tempera ture .
When room temperature  was r eached,  the samnle boat  was weighed and the t o t a l  
weight  l o s t  during the exner iment  was determined.  A M e t t l e r  type 1115 a n a l v t i -  
cal  ba l ance ,  with an accuracy of ±0.0003 nm, was used f o r  weinliinn nurnoses .

5.2 C a r r i e r  nas:  mix tures .  Pure SnS samples and Matte Sam-

p l e s . The ope ra t ion  in t h i s  case was in general  the same as when us inn n i ­
t rogen as the c a r r i e r  nas.  The only d i f f e r e nc e  was t h a t  one end of  the t h r e e -
way stopcock Tl was connected to the suc t i on  of the fume hood fan ,  the second
end to the nas mixing system,  and the t h i r d  one,  as b e f o r e ,  to the r eac t i on
chamber.
Ni t rogen was f l ushed  from the oppos i t e  s i de  as b e f o re ,  but  the H2S/H2 mix­

tu r e s  passed from the r i q h t  s i de  dur ing the loadinq op e r a t i o n .
When the  r e ac t i o n  chamber was placed in the cold p a r t  of  the suppor t ing  tube ,  

and the system was s e a l e d ,  valve Tl was connected to the s uc t i on  0^ the fume 
hood f an ,  so as to nive a s l i n h t l y  nega t ive  p res sure  to the svstem whi le  n i ­

t ronen was s t i l l  f lowing from the oppos i t e  s ide .
Af t e r  5 to 8 minutes the r e a c t i o n  chamber \/as s l i d  to the c en t e r  of the f u r ­
nace ,  as be fo r e ,  and a l l  valves  were c losed un t i l  thermal  e qu i l i b r i um i n s i de  
the tube was reached.
Meanwhile,  the  proper  r a t i o  of the  t\/o gases was ad j us t ed  in the mixing system 
by means of f lowmeters FMI and FM2, and tlie nas b l eede r  FBI. ’./hen e qu i l i b r i um 
was a t t a i n e d  in the f u r nace ,  valve Tl was opened and valve 53 c losed to al low 
the mixture i n t o  the furnace  a t  a determined f l o wr a t e .  This was r e g i s t e r e d  
as the s t a r t i n g  t i n e .  The withdra\ /al  opera t ion  'was performed as expla ined  in 
po in t  5.1 of  t h i s  chap te r .
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The per iod between the end of the loading opera t ion  and the a t t a i nmen t  of 
thermal eq u i l i b r i u m,  which from no\/ on wi l l  be r e f e r r e d  to as the "hea t inn-up 
t ime" ,  and the  weinht  l o s t  during t h i s  t ime,  va r i ed  as the  temperature  i n ­
c r eased ,  and as the samples chanced from pure SnS to the var ious  composi t ions 

of  the  mat tes  s t u d i e d .  Heat inq-up t imes var ied from 17 to  30 minutes ,  and 
were determined f o r  each s e t  of samples and t empera t u res ,  us inn a ^t-r*t/10?oRh 
thermocouple,  in a blanck samnle.
"Heat inn-up" weight  l o s ses  were determined by running seve ra l  bland:  samples 
a t  the  t emperature  cons idered  u n t i l  thermal e qu i l i b r i um was reached.  At t h i s  
t ime,  the  sample was withdrawn,  al lowed to cool down and weighed to determine 
the "hea t ing-up"  l o s s .  An average of  the var ious  weight  l o s ses  f o r  each s e t  
was c a l c u l a t e d  . The ac tua l  weight  loss  was t h e r e f o r e :

A ' y  = A W ,  -

where A = Actual weight  loss f o r  each run,  (om)
The weiqht  l o s ses  were in a l l  cases  a t t r i b u t e d  
only to SnS as the only v o l a t i l e  s p e c i e s .

A W j  = Total  weiqht  l o s s ,  (gm)

AWjiup = "Heat ing-up" weight  l o s s ,  (gm) .

The loading and withdrawal  ope ra t i ons  were s y s t e m a t i c a l l y  performed in each 
case ,  as expla ined  above,  so as to avoid e r r o r s  due to mechanical  handl ing.  
Weight l o s ses  dur ing hea t inq-up  t imes were in a l l  cases  l e ss  than 1% of the 
t o t a l  weight  of  the sample.
Weight l o s se s  due to the  hea t i ng  of the  sample boats  themselves were complete­
ly e l i mi na t e d  by hea t ing  the empty boats  f o r  6 to 8 hours a t  t emperatures  
h igher  than 700^C. When cooled,  they were kept  i n s i de  a d e s i c c a t o r .
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V, E X P E R I M E N T A L  R E S U L T S

The exper imental  r e s u l t s  in t h i s  i n v e s t i g a t i o n  are divided 
i n t o  t' /o s e t s ,  according to the dimensions o^ the r eac t i on  chamber and the 
i n e r t  gas used to carrv'  the vanor  a'/a'^ from i t .
The f i r s t  s e t  of  exper iments  was made on pure s o l i d  s tannous s u l f i d e  samples 
in o rde r  to  prove the r e l i a b i l i t y  of  tiie apparatus  cons t r uc t ed  f o r  t h i s  i n v e s ­
t i g a t i o n ,  and to  compare the r e s u l t s  with the values  given in the l i t e r a t u r e .

As expla ined  above, the dimensions of  the r eac t i on  chamber were reduced a f t e r  

measuring the vanor  p re s su re  of  pure 5nS/^\  over  pure s o l i d  SnS, using n i t r o ­
gen as the c a r r i e r  gas.
The unmodif ied r eac t i on  tube ( 7 / 8 - i n .  I .D.  bv 8-hrin. long) wi11 be c a l l ed  fror 
now on: React ion chamber no, 1; and the modif ied tube ( 9 / 1 6 - i n .  I .D.  by 7 - i n ,  
long) :  React ion chamber no. 2.

The e qu i l i b r i u m value of  samnle weight  loss  per  l i t e r  o-̂  c a r r i e r  gas ’/as found 
by drawing the b e s t  h o r i z on t a l  l i n e  through the  exper imental  po in t s  in the 
f l a t  zone of  the wt,  l o s s / l i t e r  vs .  f l owr a t e  p l o t s .  That  i s ,  through the mean 
of  the be s t  po in t s  in t h i s  z e r o - s l one  zone.  These p l o t s  f o r  a l l  the e x p e r i ­
ments on pure SnS^^ and on the f o u r  mat tes  are sho /n in Fins .  14 through 20,
An e s t i ma t i on  ' /as made of  the random e r r o r s  in each s e r i e s  o-*̂ exper iments  bv 
c a l c u l a t i n g  the s t anda rd  dev ia t ion  from the mean p o i n t .
The lo\ /er s t anda rd  dev ia t i on  \/as found to  be eoual  to 0.22803 (corresponding 
to a mean of 100.365) ,  and the h ighe r  s t andard  dev ia t i on  ’./as eoual  to 4.92207 
(corresponding to a mean value of  i / t .  l o s s / l i t e r  equal  to 85.5201) .
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The r e l a t i o n :

Log = - A/T + B

was chosen to r e p r e s e n t  the vapor p res su re  of  SnS as a func t ion  of  temperature  
because the l a t e n t  hea t  of  evapora t ion  was assumed to be independent  of  tem­
p e ra tu r e  wit l i in the range s tu d i ed .  This express ion is  der ived from the Clau-
s ius -Clapeyron  equat ion (20) assuming t h a t  in the equ i l i b r ium:

^^(cond) ~ '^^(vapor) *

the vapor i s  a p e r f e c t  gas and the s p e c i f i c  volume of  the gas i s  l a rge  compa­
red to  the volume of the condensed phase,

vapor) ^  '^(cond.)*

The Claus ius-Claneyron equat ion may be r epresen ted  as:

dP A H

dT TAV
(Ref.  43) (20)

where dP/dT i s  the p res su re  change with t empera t ure ,  AH i s  the en tha lpy  

change of the  t r a n s i t i o n ,  and A V i s  the  change in volume def ined as:

" '^(vapor) “ '^(vapor)

neg lec t ed  c f . - - - » V ( v , p o r )

Since the p res su res  of  the vapors of  i n t e r e s t  here are low (which means t h a t  
l i t t l e  i n t e r a c t i o n  occurs between the nas molecules because they are s u f f i ­
c i e n t l y  f a r  a pa r t  from one another )  the p e r f e c t  nas law can be appl i ed  and 
the molar  volume of the vapor i s  given by;

' ' (vanor)  = ^  (21)

where p i s  the p a r t i a l  p r e s su re  of  the vapor .
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S u b s t i t u t i n g  (21) i n t o  (20) y i e l d s

dp p AH

dT R T

Separa t i ng  v a r i a b l e s ,

dp AH

R T2
dT

or

d( l n  p) A H ( 22 )

d ( l / T)  R

I n t e g r a t i n g  t h i s ,  keening AH c ons t a n t ;

In p = - AH /  RT + B

where B i s  the i n t e g r a t i o n  c ons t an t .
Hence,

Log p = - A/T + B

The two s e t s  of  r e s u l t s  are given in t a b l e s  IIX and IX r e s p e c t i v e l y .
The exper imental  data  f o r  a l l  these  r e s u l t s  are t a b u l a t ed  in Appendix V, A 
sample c a l c u l a t i o n  f o r  the vanor p re s su re  of  SnS, and the l e a s t - s g u a r e s  f i t ,  
and s t anda rd  dev i a t ion  r e s u l t s  are  a l so  given in Appendix V,
The s t anda rd  dev ia t i on  iii the Lon Pg^g c a l c u l a t i o n s  was found to l i e  between 
0,1326 and 0,4777,  The s t anda rd  e r r o r  of  e s t i mate  f o r  Lop Pg^g (atm) expre-  
s s i o n s l i e s  between 0.003462 and 0,0441,
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Table ITX

Vapor Pressure  of  Over Pure Sol id  SnS as a

Funct ion of  Temperature

React ion chamber; no, 1 C a r r i e r  oas:  W.

SAMPLE TEMPERATURE, OC PsnS • Loq pg^g (atm)

S"S(c) 751,52 0.001095 - 2.96058

II 801.40 0.003167 - 2.49935

II 848.00 0.009877 - 2.00537

Leas t - squa res  f i t  equat ion:

Loq p^^g = - 11,336. 5/  T + 8.0881 ( ± 0,044) (atm)

f o r  a t emnerature  ranne of ~975 to 1143^K where

Loq Pgj^g = -3.53908 to  -1.8301 (atm)
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Table IX

Vapor Pressure  of Over ^ure SnS^^ and Over

Sn - Fe Linuid Mattes as a Funct ion of  Tennera turc .

React ion chamber: no, 2 C a r r i e r  nas:  H^S/Hp Mixtures

SAMPLE TEMPERATURE, °C p° g , atm P°nS (atm)

S"S(c)
II

803,5 0.002745 

856.8 0.008334

- 2.56150

- 2.07915

Leas t - squares ; f i t  equat ion:

Lot p°n s = - 11 , 002 . 5 /  T + 7.65915 

Temperature ranqe;  ~975 -  1143°K

(atm)

SAMPLE TEMPERATURE, oc , atm PsnS (atm)

SnS( , )

II

II

884.6 0.013201 

900.0 0.01740 

925.5 0.02428

- 1.87943

- 1.75945

- 1.61470

Leas t - squares f i t  equat ion:

Loq = - 8876.3/  T + 5.79595

f o r  a t emperature  r a m e  of  1143 - 

L o t  = - 1.96934 to - 0.12158

(±0.0145) 

1500*^K where

(atm)

(atm)
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Table IX - Continued

SAMPLE TEMPERATURE, °C Psns . atm PsnS (atm)

SnS-5.810%FeS 866.0

870.0
891.6
916.6  

916.5

0.0091876

0,0096698
0.0137850
0.0205600
0.0192560

- 2.03680
- 2.01460
- 1.86059
- 1.68698
- 1.71543

*

Leas t - squa res  f i t  equat ion e x c l u d i m value cor respondinn to  * :

Loq Pg^g = - 8 6 8 6 .6 9 /  T + 5.58911 (atm)

Temperature ranqe:  -^llOO - ISOO^K

SAMPLE TEMPERATURE, oC PsnS • PsnS (atm)

SnS-14.592%FeS 823.6

851.3
903.0

0.0039924
0.0066790
0.0141485

- 2.39900

- 2.17347
-  1.84930

Leas t - squa res  f i t  equa t ion:

Log pgns = - 8845.89/  T + 5.67853 (atm)

Temperature r a m e :  ^1080 -  1500^K
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Table IX Continued

SAMPLE TEMPERATURE, oc Psns » atm Log PsnS (atm)

SnS-18.103%FeS 803.0 0.0026456 - 2.57727
854.4 0.0068805 - 2.16273

" -  " 901.0 0.0129400 - 1.88807

Leas t - squa res  f i t  equat ion:

Log Pg^g = -8964.39/  T + 5.7622 (atm)

Temperature ranqe:  ,^1070 - 1500OK

SAMPLE TEMPERATURE, 0[ Psns . atm Log PsnS (atm)

SnS-25.029%FeS 862.4 0.006370 - 2.19586
" - " 884.4 0.009342 - 2.02956

921.0 0.016205 - 1.79035

Leas t - squa res  f i t  equa t ion:

Log Pg^g = - 9340.54/  T + 6.03485 (atm)

Temperature ranne:  ~1130 .  150QOK
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VI, D I S C U S S I O f ]

1. The T r an sp or t a t i on  Method

There are many examples of the a p p l i c a t i o n  of  t h i s  method 
to  vapor p re s su re  measurements.  But c r i t i c a l  works,  by which the r e l i a b i l i t y  
of  the  appara tus  ( the  c ons t r uc t i on  of  \/hich va r i es  cons ide rab ly  as amonn d i f ­
f e r e n t  i n v e s t i na to r s )  can be e s t i m a te d ,  are r e l a t i v e l y  few.
Apparen t ly ,  II. von Uartenbern^^^)  (1913) was the f i r s t  one to use t h i s  method 
when he determined the s i l v e r  vapor p r e s su r e .
Other  i n v e s t i n a t o r s  usinp t h i s  method have c a l c u l a t e d  an apparent  vapor p r e s ­

sure  from s eve ra l  f l owr a t e s  of the  t r a n s p o r t i n n  nas ,  and then obta ined by 
e x t r a p o l a t i o n  the vapor n res su re  a t  zero f l owr a t e .  These i n v e s t i g a t o r s  have 
assumed t h a t  the c a r r i e r  n^s would become s a t u r a t e d  only when the nas i/as 
s t a t i o n a r y .  The e x t r a n o l a t e d  n re s su re  was assumed to be the equ i l i b r i um vanor

p r e s su r e .  A t y p i c a l  example o f  t h i s ,  \/hich i s  of  i n t e r e s t  to t h i s  i n v e s t i n a -  
t i o n ,  i s  the  ' 
cussed l a t e r .
t i o n ,  i s  the  work of  H.M. S t .  C l a i r  and c o l l a bo r a t o r s^ ^^ ^ .  This w i l l  be d i s -

A mathemat ical  a na l ys i s  of the t r a n s p o r t a t i o n  method by Lepore and Van Mazer 
has shown t h a t  e x t r a p o l a t i o n  t o  zero f l owra t e  i s  not  always r easonab le .  They 
showed t h a t  the annarent  vanor n re s su re  p l o t t e d  a n a in s t  the f l owr a t e  of the 
gas (F in .  21) can be r ep resen t ed  by curve 1 f o r  a subs tance  of high vapor 
p re s s u r e  and by curve 2 f o r  a sub,stance of  very low vanor n r e s su re .  Finure 21 
i s  only i l l u s t r a t i v e .  The a c t u a l ,  exper imental  ^Inures  are shown in Chapter  V 
(F i gs .  14 to  20) .
Accordinn to curve 2 (Fin.  21) - low vapor pre s sure  - the apparent  vapor p r e s ­
sure  i s  i n v e r s e l y  p r opor t i ona l  to the f l o w r a t e ,  a consequence of  the  f a c t  t h a t

(45)
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the r a t e  d i f f u s i o n  throunh the i n e r t  qas i s  q r e a t e r  than the r a t e  of eva­
po ra t i on .  They have pronosed f o r  such cases ( u ns a t u r a t i o n )  t h a t ,  when p l o t ­
t i n g  the weight  loss  per  u n i t  of t i n e  versus f l o w r a t e , the t r u e  vapor p r e s ­
sure  could be ob ta ined .  The curve of  such a p l o t  should pass throunh the o r i g ­

i n ,  because the r e  should be no weight  loss  ner  u n i t  t i n e  a t  zero f l o wr a t e ,
and the  s lope  o^ t h i s  curve would be equal to the t rue  vapor p re s su re .  These
authors  have assumed t h a t  the  e r r o r s  due to thermal d i f f u s i o n  and segrega­
t i o n  were dependent  only on t ime and were not  a f unc t i on  of  f l o w r a t e ;  t h u s ,  
they would be cons t an t .
However, Alcock and H o o p e r ^ s h o w e d  t h a t  i t  i s  not  always po ss i b le  to draw 

a s t r a i n h t  l i n e  pass ing throunh the o r i n i n  fo r  t h i s  curve.  The graph of 
weight  loss  per  u n i t  t ime i s  a s t r a i n h t  l i ne  which can be e x t r a p o l a t e d  through 
the  o r i g i n ,  only i f  the p l o t  of  weinht  loss  per  u n i t  volume a n a i n s t  f low­
r a t e  con ta ins  a f l a t  zone.
The vapor p re s su re  c a l c u l a t e d  from both curves i s  e x ac t l y  the same, which 
c l e a r l y  i n d i c a t e s  t h a t  the p l o t  of weinht  loss  per  u n i t  t ime versus  f l owra t e  
would in t h i s  case be unnecessary.

Consequent ly,  the t r a n s p o r t a t i o n  method should only be used in cases where 
the  apparen t  vapor p res su re  i s  independent  of  f l owr a t e .
Ref e r r ing  again to Fig.  21,  curve 1 shows two o t he r  r e g i on s ,  A and C, bes ides
the  f l a t  zone B.

Region A shows t h a t  a t  low f lowr a t e s  the apparent  vapor p r e s su r e s  are high.
This i s  the region in which the  s o - c a l l e d  "back d i f f u s i o n "  occurs  ( d i f f u s i o n  
of  the vapors backward through the unsa t u r a t ed  i n e r t  pas ) .  This can be c a l l ed  
the  " o ve r sa t u r a t i o n  zone".

According to  Alcock and Hooper^^^) ,  t h e re  can be two causes of  t hese  high 

weight  l o s se s :

a) A d i f f e r e n c e  in molecular  weight  between the c a r r i e r  gas and the vapor 
spec i e s  could cause them to  s en r ena t e  ( I t  should be added t h a t  a d i f f e r e n c e
in molecular  weight  between the  components of the c a r r i e r  qas - when a mixtu­
re of  gases i s  used - and hence among the components of c a r r i e r  qas and vapor
spec i e s  could cause the  same phenomenon).
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b) The e x i s t en c e  of  concen t r a t i on  grad i en t s  in the v i c i n i t y  of the  sample,  
p a r t i c u l a r l y  a t  the i n l e t  and o u t l e t  of the r e a c t i o n  chamber,  might  cause
the vapor molecules to d i f f u s e  from the r eac t i on  zone.

Another r eason ,  as McClincy^^^^ po i n t s  o u t ,  could be the ex i s t en c e  of  t h e r ­
mal g r a d i e n t s  on e i t h e r  s i de  of  the sample,  uhich may cause mass f l uxes  of 
one spec i e s  r e l a t i v e  to the o t he r  as a r e s u l t  of  thermal d i f f u s i o n .  But con­
s i d e r a b l e  thermal g rad i en t s  are not  l i k e l y  to occur ,  p a r t i c u l a r l y  i f  the  ap­
para tus  i s  well  designed and the temperature  can be c o n t r o l l e d  in t h i s  r eg ion .  
McClincy a l s o  gives i l l u s t r a t i v e  c a l c u l a t i o n s  on t h i s  ma t t e r  and shows t h a t ,  
in f a c t , t h e  abnormally high weight  l os se s  observed a t  low f lowr a t e s  cannot  
be a t t r i b u t e d  to thermal d i f f u s i o n .
Cause a) w i l l  be cons idered l a t e r ,  when d i s cus s i ng  the use of n i t r ogen  and
HgS/Hg mixtures  as c a r r i e r  gases .

Region B (curve 1, Fig,  21) i s  the region where the r a t e  of  evapora t i on  i s  
rap id  enough to  s a t u r a t e  the c a r r i e r  gas so t h a t  the apparent  vapor p r e s ­
sure  i s  independent  of the f l owra t e  of the  c a r r i e r  gas.  This region c o r r e s ­
ponds to the t r u e  vapor p re s su re  of the sample.

F i n a l l y ,  t he re  i s  a region C, where the f l owr a t e  of  c a r r i e r  gas i s  g r e a t e r  
than the r a t e  of  evapor a t i on .  The c a r r i e r  gas moves a t  too high a f l owr a t e  
to be able  to become s a t u r a t e d  with vapor from the sample.  Th e re fo r e ,  the 
weight  loss  per  l i t e r  decreases  as the v e l o c i t y  of  the c a r r i e r  gas i s  i n ­
c reas ed ,  This can be c a l l e d  the " unsa t u r a t ed  zone".

The design of the r e ac t i o n  chamber plays a very impor tan t  
ro l e  in achieving  a s e r i e s  of  values in .which the weight  loss  o f  sample per  
u n i t  volume i s  independent  of  f l o wr a t e .  The e x i s t enc e  of  a l a rge  "dead vo l ­
ume" in t h i s  chamber should be avoided,  and both the i n l e t  and o u t l e t  should 
be as small  as p os s i b l e  to  minimize e r r o r s  due to d i f f u s i o n .
The chamber should be cons t r uc t ed  in such a way as to provide maximum t u r ­
bulence in the gas phase,  to i n su re  s a t u r a t i o n  of  the gases before  l eaving  
i t .



T-1501 73

The r e a c t i o n  chamber desinned fo r  t h i s  study was d i f f e r e n t  from the one 

used by Alcock and H o o p e r ^ I t  was d i f f e r e n t  in shape ,  but  the main f e a ­
t u r e s  were the same; i . c ,  the shape of  the tube was chosen to provide turl)u- 
l e nce ,  and the Aremcolox Machinable-ceramic plun was cons t r uc t ed  so as to ni- 
ve as t i g h t  a sea l  as pos s i b l e  when i n s e r t e d  i n t o  the r e ac t i o n  chamber. A 
very small  hole was opened in t h i s  plug to al low the en t rance  of the c a r r i e r  
gas i n t o  the chamber pass ing over the sample s u r f ace  and not  below i t .
Before l eaving  the r e ac t i o n  t ube ,  the gases had to acgu i r e  more tu rbu l ence  
because the chamber \/as g radua l ly  reduced in the o u t l e t  d i r e c t i o n  (which 
gave i t  the shape of  a funnel )  and the o u t l e t  was a l so  a very narrow hole 
( c a p i l l a r y ) .  The shape of  the reduced end of  the r e a c t i o n  chamber conformed 

to the  ou t s i de  contours  of  the sample boa t ,  and when the i n t e r i o r  diameter  
was modi f i ed ,  the i n t e r i o r  wal l s  of the chamber were in ac tua l  c on t ac t  with 
the ou t s id e  wal l s  of the r e ac t i o n  boa t  when t h i s  was p os i t i oned .
Fur thermore,  the length of the  sample boa t  was seven t imes i t s  w i d t h . This 
i nsured  enough " con t ac t  t ime" of  the c a r r i e r  gas wi th the sample (which com­
p l e t e l y  f i l l e d  the sample boat )  by expossing a s u f f i c i e n t l y  g re a t  su r f ace  
area  of  sample to the c a r r i e r  gas.

I t  was hoped t h a t  t hese  precau t ions  would ensure  a ze r o - s l ope  zone in the 
wt .  loss  per  u n i t  volume vs.  f l owr a t e  p l o t s ,  from which the t rue  vanor p r e s ­
sure  of  SnS could be c a l c u l a t e d .  The r e s u l t s  have proved the mer i t  of  t h i s .  
The e x i s t en ce  of  r e l a t i v e l y  l a rge  regions  where the apparent  p re s sure  is  i n ­
dependent  of  f l owr a t e  in almost  a l l  the cases s tud i ed  confirmed t h a t  the de­
s ign  of  the  appara tus  was s a t i s f a c t o r y , in ensur ing t h a t  the  c a r r i e r  gas was 
s a t u r a t e d  wi th vapor .  This i s  shown in Figs .  14 to  20 in Chapter  V. I t  
can be seen in most of  t hese  curves ,  by comparison,  t h a t  the temperature  is  
not  the  prime f a c t o r  i n f l uen c in g  the shape of  the c u r v e ( e s n e c i a l l y  when the 
s lope  changes a t  h ighe r  f l o w r a t e s ) .  Rather ,  the abso lu t e  magnitude of  the 
vapor p res su re  i s  the main f a c t o r  causing u n s a t u r a t i on  to begin a t  lower 

f l o w r a t e s ,  the h ighe r  the t empera ture .
This occurs because ,  ’/hen the vanor p res sure  i s  h inh ,  the c a r r i e r  gas is 

fo r ced  to remove a o r e a t e r  concen t r a t i on  of  v o l a t i l e  spec i e s  than a t  lower 
p r e s s u r e s ,  f o r  the same t ime of con t ac t  in the r e ac t i o n  chamber.
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2. I n t e r p r e t a t i o n  of Resul t s

2.1 Vapor Pr es sur e  of  SnS Over nure r e s u l t s  of the

vapor p res su re  measurements on nure s o l i d  SnS using n i t r ogen  as the c a r r i e r  
gas and React ion chamber no. 1 (unreduced diameter )  are  shown n r a p h i c a l l y  in 

Figs ,  14 (wt l o s s / l i t e r  vs.  f l owr a t e )  and 22 (Log p vs,  1/T) .  The l a t t e r  shows 
a l s o  the values  obta ined by o the r  a u t ho r s .  R i c h a r d s u s e d  the "ent ra inment  
method",  which i s  the same as the t r a n s p i r a t i o n  t echn i gue ,  but  using the r e a c ­
t i o n  tube in a v e r t i c a l  p o s i t i o n .  These values are cons idered  to be lov/, a l ­
though they are guoted by Kubaschewski , Evans,  and A l c o c k ^ R i c h a r d s  used 
n i t r ogen  as the c a r r i e r  gas ,  and the  condensed s tannous s u l f i d e  was d i s s o l ­
ved out  in hydroch lor i c  a c i d ,  and t i n  was es t imated  i o d o m e t r i c a l l y . Th i s ,  
along with the p o s s i b i l i t y  of an impure SnS sample,  might  have been the reason 
f o r  the low values  ob t a ined .  The geometry of hi s  r e a c t i o n  apparatus  i s  not  
given.

S t .  C l a i r  and co l l abo r a t o r s^ ^^^  used the t r a n s p o r t a t i o n  method,  with helium 
as the c a r r i e r  nas ,  f o r  t h e i r  d e t e r mi na t i ons .  The i r  values  were accepted ,  
dur ing the decade of  1950-60,  as the ba s i s  f o r  development of  a fuming process 
by the  U. S. Bureau of  Mines. The agreement of the p r e sen t  r e s u l t s  (us ing 
n i t r ogen  as c a r r i e r  nas ,  and a l a r ne  r e ac t i o n  chamber) with S t . C l a i r  e t  a l . 
i s  f a i r l y  good,  but  t h i s  w i l l  be d i scussed  l a t e r .

( 2 2 )Colin and Drowart^ (1962) made a mass s pec t r ome t r i c  i n v e s t i g a t i o n  of  the 
vapor in e qu i l i b r i um with s o l i d  SnS in the temperature  ranne of  approximate­
ly 540 to  7270c.  The i r  r e s u l t s  f o r  SnS^^^ are very s c a t t e r e d  but  most poin t s
l i e  between the l i n es  obta ined bv S t .  C l a i r  e t  a l .  and bv Richards .

f’p n —
I t  i s  t o  be deplored t h a t  Colin and Orowart ' ^ ' f a i l e d  to nubl i sh  a data  t a ­
ble  f o r  the Pg^g v a l ues ,  which are very d i f f i c u l t  to read from the small 
f i g u r e  publ i shed (See Fig.  23) .  However, i t  i s  obvious t h a t  the b e s t - f i t  l i ne  
through a l l  t h e i r  exper imental  po in t s  l i e s  between the l i n e s  of  the o t he r  
authors  (Which are the l i n e s  f o r  t o t a l  SnS vapor p r e s s u r e ,  but  i t  was shown 
in Chapter  I I I  t h a t  the main spec ies  i s  SnS^^^ and the o th e r  gaseous spec ies
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CARRIER GAS: N. .
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FiC-1. Total and partial pressa res above SnS. Total pressures: 
(1) Hsiao and Schlcchtcn*; (2) Richard^; (3) St Clair, Shibler, 

Solet*; (4) Klushin and Chernykh.* Partial pressures; this 
m nk: (5) gaseous SnS; (6) gaseous S n ^

(*)

FIG. 23 COLIN AND DROUART'S (REF. 22) PLOT OF 

Log Psns VERSUS 1/T.

(*)  FIGURE AND REFERENCE NUMBERS CORRESPOND TO COLIN AND 

DROWART'S PAPER.
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can be n e g l ec t e d ) .
f ?3lHell. Kel logg ' ' ' '  c a l cu l a t e d  the  thermodynamic r e l a t i o n s  f o r  the vapor p r e s ­

sure  of SnS^^ and polymer iza t ion of SnS/ % based on Colin and Drowart ' s

work. The SnS vapor  pres sure  l i n e  obta ined l i e s  almost  mid-way between the 
l i n e s  of S t .  C l a i r  and Richards .

The f a i r l y  good agreement  of the values  obta ined in the 
p r e s e n t  work with those of St .  C l a i r  £ t  drew the a t t e n t i o n  of  the
au thor  to  the s i m i l a r i t i e s  and d i f f e r e n c e s  in exper imental  procedure and 
appar a tus .
1. Helium = 0.0195 cp a t  250C) was used by St .  C l a i r  and c o l l a b o r a t o r s

as a c a r r i e r  gas.  Nit rogen = 0.0177 cp a t  25°C) was used in t h i s  work.

Both g a se s ,  because they are i n e r t ,  did not  cont rol  the  s u l f u r  p o t e n t i a l  in 
the r e a c t i o n  chamber.
Since in both cases  contaminat ion with oxygen was preven ted ,  no sur face  o x i ­
da t ion  occur red a t  the exper imental  t emperatures  ( t h i s  i.'ould have y i e l ded
lower va lues  r a t ! i e r  tlian hig! ier) .  Therefore  the high values  are  a t t r i b u t e d  
t o  the los s  in weight  of  t ha  sample not  only by SnS v o l a t i l i z a t i o n  but  a l so  
by los s  of  s u l f u r ,  which would probablv have been combined wi th some remnants 
of  oxygen in the c a r r i e r  gas.  Or, as was ev i den t  in some cases  when examining 
the  condenser ,  s u l f u r  vapor would leave the chamber by d i f f u s i o n  wi thout  
ox id a t i o n .  One p o s s i b i l i t y  was the d i s s o c i a t i o n  r e a c t i o n :

SnS(c) = Sn(T) +

AG^ = + 43,704 - 24.793 T . (Ref.  23) (ca l /mole)

At 850°C, the  value f o r  AG” i s :

A G ^ i 230|/ = + 15,861.6 cal /mole  ,

and K = p i  = 8.18 • 10“^ .
^2
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The f r e e  enerny of  subl imat ion  of  SnS a t  t h a t  t emnerature  i s :

AG° = + 10,965 cal /mole  

K = p = 7.276 • 10 ' ^ .

The s u l f u r  p r e s s u r e ,

SnS

Pç = 7.00 • 10'7 
^2

accounts  only f o r  0.01% of the SnS vanor p r e s su r e .
This a na ly s i s  shows t h a t ,  a l thounh t h i s  decomposi t ion wi11 occur  under the 
cond i t i ons  of  the exner iment s ,  the i n c re as e  in the annarent  vapor p r e s su r e  
due to the d i s s o c i a t i o n  r e ac t i o n  i s  not  s i g n i f i c a n t .

I t  should a l so  be pointed out  t h a t  in the  p re s en t  i n v e s t i n a t i o n ,  when usinn 
n i t r onen  as c a r r i e r  nas a t  t emneratures  h inhe r  than 850OC, a t a r n i s h  of  brown- 
yel low oxide f i l m (SnOL) appeared on the sample s u r f a c e s ,  and t h i s  was a f u r ­
t h e r  reason f o r  decidinn to use H^S/H^ mixtures  i n s t e ad  of n i t r o n en .
The boats  which showed the su r f ace  ox ida t ion  \ / ere ,  of cou r s e ,  d i s ca r ded .
When t he re  was doubt about  whether  or not  a t h i n  oxide f i lm e x i s t e d  a f t e r  a 
run,  the sample was d i s so l ved  in concen t ra t ed  hydroch lo r i c  a c id .  I f  indeed 
oxide e x i s t e d ,  i t  would not  d i s so lv e  in HCl, and the t e s t  would be d i s ca r ded .

2,  The qeometry of the appara tuses  './as a l so  compared. Fin.  24 sho'./s the
f 19)appara tus  used by S t .  C l a i r  _ e t ^ .  ’ f o r  t h e i r  exner iment s .

A c ar e f u l  obser va t ion  of  t h i s ,  and the d e s c r i p t i o n  niven by the a u t h o r s ,  show 
t h a t  the  sample was placed i n s id e  tube 2,  a t  the c e n t e r  of the  furnace  but  no 
plugs or  s e a l s  \ /ere provided,  and the c a r r i e r  nas en t e r ed  the system throunh 
i n l e t  3 a t  low f lowr a t e s  (0,03 to 0 .3  I t / min)  and l e f t  the system through 

o u t l e t  9.
The "dead volume" e x i s t i m  around the sample \/as cons ide rab l e  and t h e r e f o r e  
s a t u r a t i o n  must have been d i f f i c u l t  to achieve .  The re fo r e ,  the vapors l e f t  
the sample boa t  by o th e r  means than s a t u r a t i o n .
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This d i f f u s i o n  throunh the c a r r i e r  nas was probably caused by c on cen t r a t i on  
g ra d i en t s  in the v i c i n i t y  of the sample.  The p o s s i b i l i t v  of the e x i s t enc e  of 
a thermal g r a d i e n t  in t h a t  renion cannot  be overlooked s i nce  the authors  did 
not  mention the e x i s t en ce  of a cons t an t  temnerature  renion in t h e i r  annara tus .

The f i r s t  r e ac t i o n  chamber used in the p resen t  i n v e s t i n a t i o n  al lowed f o r  a 
"dead volume" comnarable to S t . C l a i r  £ t  ^ ' s , apnar a tus ,  Althounh one minht 
expec t  t h a t  s a t u r a t i o n  would be d i f f i c u l t  to ach ieve ,  obvious ly s a t u r a t i o n  
was achieved downstream from the samnle boat  as evidenced by the ^ l a t  zone 
on the curves of weinht  loss  per  u n i t  volume vs.  f l o w r a t e .
The hinh values  obta ined must be a t t r i b u t e d  to the same causes as those of 
S t ,  C l a i r  and c o l l a b o r a t o r s ,  i , e ,  s en r ega t ion  or  back d i f f u s i o n  e r r o r s  (as 
well  as the use of an i n e r t  gas which did not  con t ro l  the s u l f u r  p r e s s u r e ) .

3, F i n a l l y ,  as a d i f f e r e n c e  r a t h e r  than as a s i m i l a r i t y ,  i t  can be s a i d  t h a t  
( 19 )S t .  C l a i r  £ t ^ , ^  ' c a l c u l a t ed  the vanor pressure  of SnS^ \ by e x t r a p o l a t i n g

the loss  of  weinht  ner  l i t e r  to zero f l owr a t e .  Th i s ,  as proved by Alcock and 
Hooper^^^) ,  and o t h e r s ,  wi 11 always y i e l d  a vapor p r e s su r e  which i s  hinh , 
unless  a ze r o - s l ope  zone e x i s t s .

For a l l  t hese  r ea sons ,  a l thounh the values  obta ined in the f i r s t  n a r t  of  t h i s  
i n v e s t i g a t i o n  were wi th in  the l i m i t s  of tlie a v a i l a b l e  data  in the l i t e r a t u r e ,  
a check on the SnS vapor n r e s su r e  measurements us inn a c a r r i e r  nas able to 
cont ro l  the  s u l f u r  atmosphere was d e s i r a b l e ,  before  s t a r t i n g  the measurements 
of  SnS vapor pre s sures  above the ma t t e s ,  A mixture of  Hydronen s u l f i d e  and 
hydrogen was chosen as the  c a r r i e r  nas .  Fur thermore,  as ment ioned,  the i ns i de  
d iameter  of  the r e ac t i o n  chamber was reduced to keep a minimum dead volume 
around the  sample.
F i r s t ,  vapor p res sure  measurements were made above pure l i q u i d  SnS, to give 
a l i n e  (Lon n vs.  1/T p l o t )  which must i n t e r s e c t  the vapor p re s su re  l i n e  f o r  
pure s o l i d  SnS a t  i t s  mel t inn p o i n t .  I f  so ,  t h i s  would have proved t h a t  the 
vapor p res su re  of  s o l i d  SnS had been c o r r e c t l y  determined and thus t h a t  the 
old exper imental  technique  was s a t i s f a c t o r y .
I t  would then not  have been necessa ry  to run f u r t h e r  exper iments  on pure s o l i d  

SnS.
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The r e s u l t s  of  these  exper iments  are shown n ra p h i c a l l y  in Figs .  16 and 25.

I t  can r e a d i l y  !)e seen from Fin.  25 t h a t  i t  was worth whi le  to make the mo­
d i f i c a t i o n s ,  and necessary  to run a f u r t h e r  s e r i e s  of  t e s t s  on the  pure s o l i d  
SnS.

Tes t s  were c a r r i e d  out  a t  about  800*^C and 860^0.
Figure 15 shows the weinht  loss  per  l i t e r  of c a r r i e r  gas versus  f l owra t e  p l o t ,  
and Fig,  25 shows a l so  the new l i n e  f o r  pure s o l i d  SnS. The l i n e  through the 
c rosses  shows the r e s u l t s  obta ined by Klushin and Chernikh^^^^ quoted by P. 
Wright^^) and danz^^^^.  The method used by these  authors  was not  s t a t e d .
The d i scon t inuous  l i n e  shows the r e s u l t s  of the p re sen t  work under the new 
cond i t i ons  and the dot t ed  l i n e  shows the r e s u l t s  of  t h i s  work under previous 
condi t i o n s .
The agreement of the d i scont inuous  l i n e  with the l i n e  c a l c u l a t e d  from Kel logo ' s  
data^^^)  ( f u l l  l i n e )  can be considered ext remely good,  p a r t i c u l a r l y  a t  h ighe r  
t e m p e r a t u r e s ,
This demonst rates  the impor tant  ro l e  played by the geometry of  the  r e ac t i o n  
chamber in the de t e rmina t ion  of  vapor p res su res  by means of  the t r a n s p o r t a t i o n  
method. A s u l f u r  p r e s s u r e - c o n t r o l l i n g  nas ,  in the case of  SnS and Sn-Fe ma t t e s ,  
p revent s  decomposi t ion or  s eg r ega t i on  a t  d i f f e r e n t  t empera t ures .
The e f f e c t  of  SnS decomposi t ion i s  ext remely low and the d i f f e r e n c e  between 
values  obta ined  by the old and the new method,  about  23% (18% a t  975°K and 
27% a t  1143°K), i s  due mainly to the e f f e c t  of the geometry on back d i f f u s i o n  
and s eg reg a t i o n  e r r o r s .  (The e f f e c t  of  the na tu re  of  the c a r r i e r  nas on s enre-  
ga t i on  e r r o r s  was not  determined but  i t  presumably accounts  f o r  some 2/23% 
of  t h a t  d i f f e r e n c e ) .

Some of  the  curves in Figs .  16 through 20 do not  show a s ys t e ma t i c  v a r i a t i o n  
(with the abso l u t e  magnitude of vapor p res sure )  of  the po i n t  a t  'which unsa t u ­

r a t i o n  beg ins .  This i s  a t t r i b u t e d  to  the d i f f e r e n t  composi t ions  of  the c a r r i e r  
mixtures  used.
At h ighe r  t e mp e r a t u r e s , h ighe r  r a t i o s  \ /ere used,  t h e r e f o r e  changing in
a sense the "na ture"  of  the c a r r i e r  gas - not  in i t s  a b i l i t y  to p revent
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FIG. 25 INFLUENCE OF THE GEOMETRY OF THE REACTION CHAMBER AND OF THE 
NATURE OF CARRIER GAS ON THE VAPOR PRESSURE MEASUREMENTS OF 
PURE SnS(c . l )  BY MEANS OF THE TRANSPORTATION METHOD.
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decomposi t ion,  but  probably in i t s  c a p a b i l i t y  of  s a t u r a t i o n ,  i nc re as ing  i t  
a t  h i ghe r  t e mp er a t u r es ,
Gr jotheim,  Hers t ad ,  and Tonuri^^^^ showed, f o r  i n s t a n c e ,  t h a t  the apparent  
p r e s su re  of  magnesium was independent  of  the gas na t u re  (Hydrogen and argon 
were used as c a r r i e r  gases)  but  t h a t  the f l a t  zone s t a r t e d  a t  lo'wer f l owra­
t es  f o r  arnon than f o r  hydrogen.  This same phenomenon occurs  when using d i f ­
f e r e n t  HgS/Hg mixtures  in the same s e t  of exper iment s ,  keeping the condi t i on

V ( n ) ~ ' " 2 y n ) ”
>

EXPTL. ”^2(9)

(16)

EQUIL.

The only reason f o r  doing t h i s  dur ing the exper iments  was so as always to 
ob ta in  a round even number (wi thout  decimal f r a c t i o n s )  f o r  h^ and h ^ , the 
manometer a l t i t u d e s  in f lowmeters FMI and FM2 r e s p e c t i v e l y ,  and in such way 
decrease  the  e r r o r  due to gas volume measurements.
The composi t ion of  the H^S/H^ mixtures  can vary as long as i t  f u l f i l s  the 

d e s i r ed  c on d i t i on s .

The agreement  bet\/een the vapor p res su re  of  SnS over pure
SnS, 1\ as obta ined in t h i s  i n v e s t i g a t i o n  and the  r e s u l t s  found bv Colin 

( 2 2 )( c , l )
and Drowart by means of a mass s pec t r ome t r i c  t echn i que ,  taken by Kellogg 
as the most r e l i a b l e  so f a r ,  gives an i n d i c a t i on  of  the r e l i a b i l i t y  of  the 
exper imental  apparatus  and method used.
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2,2 Vapor Pressures  of SnS Over Tin - Iron Ma t t e s , There a re  no a v a i l ­

ab le  data  with which the values  obta ined in t h i s  i n v e s t i g a t i o n  could be con- 
pared.The r e s u l t s  on the ^our n a t t e s  s t ud i ed  are t a b u l a t e d  in Chapter  V and 

are  g r a p h i c a l l y  r epresen t ed  in Fig,  26, T!ie apparent  p re s su re  vs ,  f l owr a t e  
p l o t s  are  given in Fins,  17 throunh 20 (Chapter  V),
I t  i s  n o t i c e ab l e  in these  p lo t s  t h a t  t he r e  i s  s c a t t e r i n g  of the  r e s u l t s  in 
the ze r o - s l one  zone a t  h igher  t empera t u res ,  e s p e c i a l l y  fg r  the mat tes  with 
a h ighe r  con t en t  of SnS, as compared with the hor i zon t a l  l i ne s  obta ined f o r  
the mat tes  with h inher  content s  of  FeS, and with the l i ne s  a t  lower tempera­
t u r e s ,  This i s  most probably due to the d i f f e r en ce  in magnitude of the vanor 
p r e s su r e  being measured,  'Ihen the vanor pres sure  i s  h igh ,  s a t u r a t i o n  becomes 
more d i f f i c u l t  a t  comparable f l o w r a t e s .
Figure 26 shows each one of  the  poin t s  as c a l cu l a t ed  from tlie h o r i z on t a l  l i ne s  
of  t he  r e s p e c t i v e  wt,  l o s s / 1 t  vs .  f l owr a t e  p l o t ,  A simple l e a s t - s q u a r e s  f i t  
f o r  each exper imental  group gave the l i n e s  as shown in the f i g u r e .
Refer r ing  again to Fig,  17, the wt,  l o s s / 1 t  vs,  f l owr a t e  p l o t  f o r  the SnS-5,81% 
FeS m a t t e ,  and observing the r e s u l t s  a t  916 , 5^C -  the exper imental  poin t s  are 
s c a t t e r e d ,  and the h or i z on t a l  l i n e  can only be surmised.  The mean po i n t  was 
c a l c u l a t e d ,  as f o r  a l l  the o the r  graphs ,  and through i t  the h o r i z on ta l  l i n e  
( d i scon t inuous  l i n e  in Fig.  17) was t r a c e d .  The vapor p res su re  c a l c u l a t e d  from 

t h i s  l i n e  i s  sho'wn (Sn-5,81%FeS mat te)  in Fin.  26 as the b r ok e n- l i ne  c i r c l e  

(O) .
Upon obse r va t i on  of a l l  the o t he r  r e s u l t s  and the oath fol lowed by the t h r ee  
o t he r  poin t s  in t h a t  p a r t i c u l a r  l i n e ,  t h a t  po in t  (C)) i s  undoubtedly high.
As was d i s cus sed  e a r l i e r  in t h i s  c ha p t e r ,  when s a t u r a t i o n  i s  d i f f i c u l t  to 
achieve and the ho r i zon t a l  l i n e  i s  not  wel l  de f i ne d ,  the lower values  are more 
l i k e l y  to be c o r r e c t .  Therefore  the  f u l l  l i n e  a t  916.5^6 in Fig.  17 ‘/as t r a ced  
through the  lower p o i n t s ,  and the vanor p res su re  so c a l c u l a t e d  i s  given in 

Fig,  26 below the  b r oken - l i ne  c i r c l e  f o r  t h a t  mat te .  I t  agrees  well  with the 
o t he r  po in t s  f o r  the SnS-5.81%FeS mat t e .

I t  can be seen t h a t  the f i v e  l i n es  in Fig.  26 are verv c lose  to p a r a l l e l .  The 
d e v i a t i on s  of t h e i r  s i  ones from t h a t  of t!ie l i n e  f o r  pure l i q u i d  SnS are  not  
s ys t e ma t i c  (observe the s lone  values  in t a b l e  IX, Chanter  V). The re fo re ,  they
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FIG, 26 VAPOR PRESSURE OF 5nS(n) ABOVE IRON -  TIN MATTES.
LINES CORRESPOND TO SIMPLE LEAST-SOUARES FITS FOR EACH GROUP 
OF EXPERIMENTAL POINTS.
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were a t t r i b u t e d  to random exper imental  e r r o r s .  The measurements made on pure 
SnS, r a t h e r  than those on the ma t t e s ,  are undoubted]v l e s s  l i a b l e  to e r r o r .  
The c t - f u n c t i o n :

R T Loq y
oc =

SnS R T
(Lm - Lon '  LoP

NFeS NFeS

was c a l c u l a t e d  f o r  a l l  the exper imental  point s  except  those c l e a r l y  not  in 
harmony with the r e s t  - en.  the SnS-14.59%FeS mat te a t  851 ,30C, or the SnS- 
5.81%FeS mat te  a t  916 . S^c, The r e s u l t s  are  niven in t a b l e  X,
Fiqure 27 shows a n l o t  of the cK-^unction vs.  t empera ture .  I t  can be seen t h a t ,  
wi th in  the exper imental  s c a t t e r ,  the (^- func t ion  i s  independent  o-'" t emnerature .  
The i mp l i ca t i ons  of  t h i s  wi l l  be d i scussed  l a t e r  in t h i s  chan t e r .

Table X

Alpha - Funct ion from Experimental  Measurements of  SnS 
Vapor Pr es su r e ,

MATTE
COMPOSITION

TEMPERATURE 
OK lO^/T

Lon Psns (atm) 
E x p t l ,

L”'’ ôsnS Oc

SnS-5,81%FeS 1139 8,780 2,0368 0,00398 2266,412
1143 8,750 - 2,0146 -0.00109 - 622,881

SnS-14,59%FeS 1096.6 9,120 - 2,3990 0.01102 1076,728
1176 8,503 - 1,8493 0.01421 1488.941

SnS-25.03%FeS 1135,3 8,808 - 2,19586 0.02324 910.664
1194 8,375 - 1.79035 0,04438 1828.955

1157,4 8,640 - 2,02956 0,04025 1607.906
SnS.18,10%FoS 1076 9,294 - 2,57727 0.01571 1023,635

1174 8,518 - 1,88807 0.01629 1158,099

MEAN oc = 1193,162
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Now, t ak inq  the mean value of  oe , the corresponcJinq value f o r  each exnerimen- 
t a l  po in t  was r e - c a l c u l a t e d  and the co r r e c t ed  equat ions  found f o r  each of  the 
four  mat tes  (See Appendix VI).
These c o r r e c t ed  e qu a t i on s ,  of the Log Pg^g = - A/T + B form, are shown in Ta­
ble  XI alono with the equat ion f o r  pure l i q u i d  SnS.
Finure 28 sho\/s the c or r ec t ed  l i ne s  and the i n t e r s e c t i o n s  of t h r ee  of  t hese  
l i n e s  with the l i n e  f o r  pure s o l i d  SnS. The four th  l i n e  (Sn-25.03%FeS) should 
not  i n t e r s e c t  i t ,  because i t  d e f i n i t e l y  l i e s  on the FeS-r ich s ide  of  the 
SnS - FeS phase diaqram.
These i n t e r s e c t i o n s  occur  where the SnS vanor p re s su re  over each l i q u i d  mat te 

i s  a t  t h a t  p a r t i c u l a r  po i n t  ( the  mel t inq poin t  of  tlie mat te in ques t i on)  equal  
to the SnS vapor nres sure  over nure s o l i d  SnS. Hence the a c t i v i t y  of SnS in 

the ma t t e ,  a t  the l i qu i de s  (on the SnS-r ich s ide  of  the dianram) ,  with r e spec t  
to pure s o l i d  SnS, i s  equal to  1.

Table XI

Expressions  f o r  the Vapor Pressure  of  SnS Over Pure Liquid 
SnS and Over Sn - Fe Mattes. .as Funct ion of Temperature.

CONDENSED
PHASE

Psns " - A/T + B , (atm) TEMPERATURE RANGE, 

OK
( l i q u i d ) A B

Pure SnS^^j 887G.3 5,796 1143 - 1500

SnS-5.81%FeS 8850.2 5.740 1070 - 1500
SnS-14.59%FeS 8846,4 5,670 1070 - 1500

SnS-18.10%FeS 8843,0 5,646 1070 - 1500
SnS-25.03%FcS 8841,7 5,599 1070 - 1500
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3, Thermodynamic Considera t ions

Some useful  n r o p e r t i e s  can be der ived from the r e s u l t s  on 
the vapor p re s sure  measurements on nure SnS^^ .jj and on the ma t t e s .

3.1 Pure SnS^^^^j . Consider  the  equ i l i b r ium:

SnS(c) "

f o r  which,
AG° = - R T Lor,

S u b s t i t u t i o n  the express ion der ived fo r  the p^^^ in t h i s  i n v e s t i  na t ion  (Table 
IX),  the f r ee  enerny of  sub l imat ion  can be r ep resen t ed  by:

A g° = - 35.041 T + 50,336 ( ca l )  .

This express ion  i s  in nood anreement wi th Kell one ' s  da ta (23) .

AG°  = - 35.357 T + 50,671 ( ca l )

wi th in  the temperature  ranne:  ~80QO - 1143^K.

The f r e e  enerqy of  vapo r i za t i on  f o r  the  equ i l i b r i um:

usinr,  the Lor, pg express ion  obta ined  e x n e r i n e n t a l l ' '  (Table IX) i s  as fo l  
1 ows :

AG° = -  2G.52 T + 40,610 ( ca l )

as compared witri Kel lonq ' s  data (23) .

AG°  = - 26,113 T + 40,102 ( ca l )
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f o r  t emperatures  between 11430 and 150QOK,

The l a t e n t  hea t  of fus ion of s tannous s u l f i d e  can [)e es t i mated  from the s looes  
of the Lon p^^^ vs,  1/T p lo t s  in Fin.  25 as fo l lows:

S n S p j  - SnS^^j l i n e ;  s lope = - 887G.3

 ̂ = - 8876.3 (from equat ion (22))
R

SnSj^j  - SnS^^j l i n e ;  s lope = - 11,002.5

 ̂ = - 11,002.5 (from equat ion (22))
R

The d i f f e r e n c e  in s l o p e s ,  equal  to -  2 ,126.2 nives - A U r  /  R . Thus :

AH? = 9,727 c a l / n o l e  .
^SnS

S i mi l a r  e s t i ma t e s  can be made from S t ,  Cl ai r  £ t  £ l ^ ' s . and Colin and Drowart ' s  
l i n e s  shown in the same f i n u r e  (25) .  The r e s u l t s  are:

A H °  = 16,902 cal /mole  (S t .  Cl ai r  e t  a l . )

= 10,529 cal /mole  (Kel loqq) .

The l a t t e r  anrees  f a i r l y  well  with the e s t i ma t e  from the p re s en t  work.

The f r e e  enemy of fus ion  i s  zero a t  the mel t inn tempera ture  ( e q u i l i b r i u m ) .  
There fore ;

A h? = T A s? ,

from which the ent ropy of  fus ion  can he a l so  e s t i ma t ed .  Takinq T = IITS^K 
(SnS mel t inq  p o i n t ) :

A S °  = 0,727/1143 = 8.51 e . u .
^SnS

This value i s  comparable to  the f i r s t  e s t i mate  l)v Davev^^^^ of 6.954 e . u .
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3,2 Liquid Tin - I ron ' l a t t e s . The a c t i v i t y  of SnS in l i q u i d  t i n - i r o n  
mat tes  i s ,  by d e f i n i t i o n ,  equal to the n a r t i a l  p r e s su re  of  SnS above the l i ­
quid m a t t e s ,  d iv ided by the p a r t i a l  p res sure  of  SnS above pure l i q u i d  SnS:

Matte

a,
^"^(1)  0 0

PsnS(^) PsnS(^)

Fur thermore,  f o r  a qiven t empera ture :

®SnSpj " " SnS "snS I

where i s  the Raoul t i an a c t i v i t y  c o e f f i c i e n t  of  SnS and Ilg^g i s  i t s  mole
f r a c t i  on .
I t  was seen t h a t  the exper imental  values  of Pg^g on the  d i f f e r e n t  mat tes  
va r i ed  randomly about  Pg^g (pure S n S ^ j ) .  There was no s ys t e ma t i c  v a r i a t i o n .

Fiqure 27 shows no dependence on t emperature  f o r  oc ,  a l though t h e re  i s  
ap p r ec i ab l e  s c a t t e r .  I t  can be shown a l so  t h a t  T Loq iTg^g va r i e s  l i n e a r l y
as a f unc t i on  of  • This i s  shown in Fin.  29 which i s  a n l o t  of TLon^g^g

2
versus  Np^g , the  s lone  i s  enual  to  ocf R, a cons t an t :

oef/ R = B = 260.8

Therefore  the l i q u i d  s o l u t i o n  of  SnS and FeS has been shown to behave almost
r e q u l a r l y ,  and the a c t i v i t y  c o e f f i c i e n t s  can be r ep re sen t ed  by:

^ SnS " "rLs

y  FeS " - y  "snS 

where B i s  the " r e n u l a r i t v "  c on s t a n t .
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LINES OF Loq ^ . AT 1000^0 AS A FUNCTION OF N^^g .
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Fiqure 30 shows a p l o t  of od as a func t ion  of composi t ion i n d i c a t i n n  i t  to be 
approximately c ons t an t .  The same f i q u r e  shows a p l o t  of  Loq g^g as a func t i  
o f  composi t ion a t  lOOQOC c a l c u l a t e d  from the cons t an t  oc eva lua t ed  above i t .  
So,  the l i n e s  are symmetrical  with r e s p e c t  to:

^SnS " ^̂ FeS

and
Log f . = —— —  f or  M. = 0 .

’ R T ’

These values  are l i s t e d  in t a b l e  XII.

3.3 Thermodynamic Rela t ions  Derived from the Regular  So lu t ion  Model. "A 
r e g u l a r  s o l u t i o n  i s  def ined as one f o r  which the ent ropy of  format ion and hence 
the p a r t i a l  molar  en t r o p i e s  are  the same as f o r  an i dea l  s o l u t i o n "  (Darken and 
Gu r r y ( ^ ^ ) ) .
The en tha l py  of mixing of  t hese  s o lu t i o n s  is d i f f e r e n t  from zero:

AH" f  0 (23)

The SnS-FeS l i q u i d  s o l u t i o n  has been shown to approximate to r e g u l a r .  I t  i s  
convenient  t h e r e f o r e ,  to  s tudy how t h i s  r e gu l a r  s o lu t i o n  behaves as a s t ep  
away from i d e a l i t y .
The en t ropy of  mixing i s  given as fo l l ows :

A S  = - R (Ng^g Loq Ng^g + Np^g Log Np^g) (24)

I t  w i l l  be symmetrical  about  Ng^g = Np^g = 0 , 5  .

The excess  f r e e  enerny of  mixing in a b inary  s o l u t i o n  i s  def ined as:

AG^^  = ZlG" .  . (25)

The f r e e  energy of mixing f o r  the b inary  system,  Z\G^ , i s  by d e f i n i t i o n :

AG = RT(rig^g Loq 3g^g + Npgg Loq ap^g) (26)
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And f o r  an ideal  s o lu t i o n :

^ ' ' i d e a l  "snS 'VeS "peS^ ' (27)

There fo re ,  s u b s t i t u t i n g  (26) and (27) i n t o  (25) nives the excess f r e e  enerny 
of mixing:

Also,

Since

AG -  RT(dg^g Loq *  'VoS ^  FeS^ '

A g"  = a h "  -  T As" .

^ " i d e a l  = ^ < d e a l  = - " ^ ^ d e a l  '

S u b s t i t u t i n g  (29) and (30) i n t o  (25) :

A g'^' = A H  -  T( S ' d e a l )

(28)

(29)

(30)

(31)

T he re fo re ,  

Now, s ince

xsA G

% T Log y .  .

A H '  .

R T Log y FeS

'FeS ' I s

R T Loq Û SnS ’  ^

2 T Loq y  pg5 = o i  ri^

TeS

S u b s t i t u t i n g  (33) i n t o  (28) :

’SnS

(32)

(33)

A G xs
^  ^̂ SnS ^VeS H

M (34)
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For a r e g u la r  s o lu t io n  the excess  f r e e  energv o^ n ix in g  i s  egual to  the  enthal 
py of mixinn,  and is  a p a ra b o l i c  func t ion  of composi t ion.
These thermodynamic func t ions  were c a l c u l a t e d  a t  d i f f e r e n t  temperatures  fo r  
the  SnS - FeS system. The r e s u l t s  are ni von in t a b l e  XII.  Finure 31 shows a 
p l o t  of  the  excess and mixinn func t ions  fo r  the format ion of 1 nolo of l i n u id  

SnS-FeS matte a t  var ious  tempera tures  as a func t ion  of composi t ion.  The pa r ­
t i a l  molar g u a n t i t i e s  f o r  FeS and SnS are  obta ined from these  curves unon 
i n t e r s e c t i o n  o f  a tangen t  to  the  d e s i r ed  curve a t  any p o in t  with the o rd in a te s  
a t  = 0 and a t  Ng^g = 1 r e s p e c t i v e l v .

The r e l a t i v e l y  small hea t  of mixinn exn la ins  the absence of a s i g n i f i c a n t  
e f f e c t  of  temperature  on the  p re sen t  r e s u l t s .

Figure  32 i s  a p lo t  of a c t i v i t i e s  of SnS and FeS as a fu n c t io n  of  composition 
f o r  d i f f e r e n t  t e m n e ra tu re s . Notice t h a t  the  v a r i a t i o n  of a c t i v i t y  a t  any com­
p o s i t i o n  as a func t ion  of tempera ture  is  in f a c t  very l i t t l e .  The f in u r e  shows 
p o s i t i v e  depar tu res  from i d e a l i t y .  These p o s i t i v e  d e v ia t io n s  are  not l a m e  
and they decrease  with i n c re a s in n  temperature .
Krivsky and Schuhmann, as guoted by Oriani and A lc o c k ^ ^ ^ \  found t h a t  the 
pseudobinary system Cu^S - FeS could reasonably  be desc r ibed  as i d e a l ,

151 )Rosengvist  and Nastig^ ' showed t h a t  the  a c t i v i t i e s  of Cu^S and FeS in the 

system Cu-Fe-S-0 could be c a l c u l a t e d  to  a good approximat ion by eguat ions  
based on random mixinn,

( 521Davey' ' sho\/ed t h a t  the PbS-Cu^S system is  r e g u la r .

These examples show t h a t  base metal mattes  tend to  be r e g u l a r  s o lu t io n s  which 
are  not very f a r  from i d e a l .
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3.4 Ca lcu la t ion  of the SnS -FgS Diagram from Vapor P ressu re
Measurements Assunim t!ie ?onular  So lu t ion  Modol fo r  tlio Liquid Phase and 

t h a t  th e re  are  no Solid  S o l u b i l i t i e s  in the Svs ten .  I t  was shown t h a t :

Loq y  r „ c  =  —SnS j  FeS 

where B = 260.8 i s  the  r e n u l a r i t y  c o n s ta n t .
T h e re fo re ,  the  SnS - FeS phase d iaq ran  can be c a l c u l a t e d  from the vapor p r e s ­
sure  measurements and ^ron the l a t e n t  hea t  o"̂  fus ion  of  FeS and the  e s t im a ted  

l a t e n t  h e a t  of fu s ion  of SnS.
The d e r iv a t io n s  of the  equat ions  -^or temperature  as a func t ion  of composit ion 

f o r  both the FeS- and the SnS-rich s id e  o f  the simple e u t e c t i c  phase diaoram 
are  qiven in Appendix I I .
The der ived  equat ion  (35) nives the temperature  as a func t ion  of the  fus ion  
p r o p e r t i e s  of SnS and FeS, where i = FeS a t  the FeS-rich s id e  and i = SnS a t  
SnS-rich s id e  of the  phase dianram.

A S ?  • T ,  + B . R . (1 -ti T. 1

T = -----------------------------------------------------  (35)

A S °  - R . Loq N.

where,
T = Temperature a t  a p a r t i c u l a r  composit ion , °K 

A s ?  = Entropv of fu s ion  of component i , e . u .

To = Temperature o-̂  fus ion  of  component i , °K

B = 260.8 = R equ la r i ty  Constant
R = 4.575 = Gas Constant

= Mole Frac t ion  of Component i .

The r e s u l t s  a re  sho’wn in Table X II I .
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Fiqure 33 shows the c a l c u l a t e d  nhase diagram. The exper imental  po in t s  of 

Haan^^^ are  a l so  i n d i c a te d  (Maan's da ta  are  t a b u la te d  in Appendix I I ) ,
The e u t e c t i c  composition was found by i n t e r s e c t i o n  of the  two l i qui dus l in e s  
a t  18.4% FeS and 707^0.

Table XIII

The SnS - FeS Phase Diagram Calcu la ted  from Vapor 
P ressu re  Measurements.

Assumptions: Reqular So lu t ion  Model f o r  Liquid Mattes , and ilo So l id  Solu-
t io n  in E i t h e r  Component.

Data SnS FeS

Tf , OK 1143 1468 *

AH^ , cal/mole 9727 7730 *

A S ^  , e . u . 8.51 5.26

* Kubaschewski £ t  (Ref.  1)

FeS-rich arm

wt% SnS Temp, , °K Temp, , °C

10 0.06085 1434.85 1161.85
20 0.12724 1399.80 1126.80
30 0.10995 1362.40 1089.40

40 0.27993 1321,97 1048.97
50 0.36835 1277.36 1004.36

60 0.46659 1226.54 953.54

70 0.57639 1165.60 892.60

80 0.69993 1085.91 812.91
90 0.83996 962.55 689.55
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Table XIII Continued

SnS-r ich arm

wt% SnS ^̂ SnS Temp, , 0|( Temp, , ^C

100 1.0 1143.00 870.
95 0.91722 1121.34 848.34
90 0.88996 1101.74 828.74
85 0.76768 1083.69 810.69
80 0.69993 1066.79 793.79

75 0.63629 1050.67 777.67
70 0.57639 1035.05 762.05

The m e l t inq  po in ts  of the mattes used in the vapor p res su re  measurements, ob-
ta in e d  from the c a l c u l a t e d phase dianram are  compared with the i n t e r s e c t i o n s
of the  Loq p vs .  1/T p lo t s of  the mattes  and the pure SnS, \ - SnS, \ l i n e  (c) (q)
(F iq ,  28) in t a b l e  XIV.

Table XIV

Meltinn Poin ts of Mattes

Matte Tj: from l i  qui dus T_p from i n t e r s e c .  with

Composi t i  on l i n e  (F iq , 33) pure SnS^^j l i n e Di f f e r e n c e

% OC 0^-1 Oc °C %

SnS-5.81%FeS 844.00 8.97  841.83 - 2.17 - 0.26

SnS-14.59%FeS 810.69 9.23 810.42 - 0.27 - 0.03
SnS-18.10%FeS 798.00 9.35 796.52 - 1.48 - 0.19

SnS-25.03%FeS 856.00* -  - -

* This composit ion l i e s  on the o th e r  s id e  of the  phase diagram (FeS-r ich  s ide)

The agreement i s  good.
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R efe r r ing  to Fig ,  33, the exper imenta l  values of Haan fo r  the  50%FeS matte 
are  d e f i n i t e l y  out of l i n e  with the  r e s t  of h is  exper imental  da ta .
The c a l c u l a t e d  l i n e  appears to be h ighe r  than Haan's exper imenta l  po in ts  but 
i t  must be considered  t h a t  any impur ity  in the SnS and FeS used tends to  lower 
the  mel t ing  po in t  of a mat te .

To ob ta in  a pure sample of SnS (99,99%) i s  r a t h e r  d i f f i c u l t  nowadays, and i t  
must have been even more d i f f i c u l t  59 years  ago, Haan did not give the com­
p o s i t i o n  of h is  "pure" compounds.
With these  c o n s id e ra t io n s  in mind, i t  can be s a id  t h a t  the  agreement of the 
p re s e n t  work with Haan's work is  f a i r l y  good, and th e re  is  no o th e r  work to 
confirm e i t h e r  Haan's i n v e s t i g a t i o n  or the  p re sen t  work as y e t .

3,5 The Sub - Fenular S o lu t ion  'lodel Applied to  the SnS - FeS System, 
Since the r e g u la r  s o l u t i o n ,  a one-parameter model, appeared to be in f a i r l y  
good agreement with the SnS-FeS phase diagram expe r im en ta l ly  obta ined  by 
Haan^^),  i t  was assumed t h a t  the  s u b - re g u la r  s o lu t io n  model,  with fo u r  pa ra ­
meters a llowing fo r  tempera ture  v a r i a t i o n ,  would r e p r e s e n t  a b e t t e r  f i t  to  
th e se  exper imental  va lues .

This model can be rep re sen ted  by:

^ ° ^ ^ F e S   ̂ G^/T) + (Ag + Bg/T) Hg^g , (36)

and upon i n t e g r a t i o n  of the  Gibbs-Duhem equat ion:

H sns = 1 "snS

the  fo l lowing  express ion  r e s u l t s :

Log = [ ( A ;  + Bj/T) + 3/2(A2 + B2/T)] -  (Ag + Bg/T) . (37)
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To f in d  the numerical  va lues  of cons tan ts  A^, A^, and B^, four  po in t s  of

the  phase diagram were chosen randomly and Logj^p^^ c a l c u l a t e d  therefrom.
The values  are  t a b u la ted  below (Table XV),
The a c t i v i t y  was c a l c u l a t e d  fo r  each composit ion usinn the fo l lowing  exp re s ­
s ion :

( T f  .  T )
FeS

Log apes
R T

t

where zAS^ = 5,
TeS

26 e . u ,  ,

and T^ = 14680K, 

Table XV

SnS - FeS System , Sub- regu la r  So lu t ion  Model

wt% FeS NpeS Temp, , °K Log Hpgg Log ap^g Log^fp^g

15 0,23235 1058 - 0,6339 - 0.44555 0.13335
25 0,36371 1119 - 0 , 4 3 9 3  - 0.35358 0.08068
70 0,80005 1347 - 0,0969 - 0.10328 -0.00642
90 0,93915 1423 - 0,0273 - 0.03636 -0.00008

wt% FeS ' 4 s " L s " I s  /  T "snS ! :

15 0.58929 0,45237 0,0005570 0,0004276

25 0,40487 0,25761 0,0003618 0,0002302
70 0,03990 0,00799 0,0000297 0,0000059

90 0,00370 0,00023 0,0000026 0,0000002
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Therefore  fo u r  eguat ions  of the  fo rn  (3 5 ) ,  with four  unknowns, were o b ta in e d .  
These were solved by means of a computer propram usinn the  Gaussian a lgor i thm  
(See Apnendix VI).

The fo l lowing  r e s u l t s  were ob ta ined :

Aj = 527.245

B, = - 773,589.000

Ag = 119.697

Bg = 154,857.000

I t  was found t h a t :

- A S ? ,  T,_ /  R

Log ÿ .  + Log H. - A S °  /R

(38)

where i = FeS f o r  the  FeS-rich s i d e ,  and i = SnS f o r  the  SnS-rich s ide  of the  
phase diagram.
S u b s t i t u t i n g  (36) f o r  Logj^p^g i n to  (38) y i e l d s ,

FeS ' FeS
T = --------

^^f / R " l̂"snS ’ 2̂"snS “ "peSFeS

(39)

where A S ?  = 5,26 and 1 .̂= 1468°K f o r  the  FeS- r i ch  s id e ,  
FeS T

S u b s t i t u t i n g  (37) f o r  Log  ̂ i n to  (38) y i e l d s :SnS

/ D * fo 4. P/9 n _ n M 3A S °  T .  /  R + (B. + 3/2 B. -
ŜnS ŜnS  ̂  ̂ ^

T =

A S ?  /  R - Log "  3/2 Ag - Ag

(40)
I

SnS

where A S?  = 8,51 and = 1143^K f o r  the SnS-r ich s i d e ,  
TnS ^
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Solving both (39) and (40) fo r  T a t  d i f f e r e n t  IK, the  l ig u id u s  l i n e  could be 
found. The r e s u l t s  are l i s t e d  in Table XVI,

Table XVI

SnS - FeS System , Sub- regu la r  So lu t ion  Model

FeS-rich  s i d e .

wt% SnS "snS Temn, , Temp, , Oc

10 0,06085 1423,16 1150,16

20 0,12724 1388,67 1115,67
30 0,19995 1346,95 1073,95

40 0,27993 1302,14 1029,14
50 0,36835 1254,22 981,22

60 0.46659 1202.97 929,97
70 0,57639 1148.05 875,05
80 0.69993 1089,11 816,11
90 0.83996 1025.75 752.75

SnS-r ich s id e .

95 0,91722 580.70 307,70
90 0,83996 789,28 516,28
85 0,76768 837,32 564,32

80 0,69993 869.95 596,95
75 0,63629 897,86 624,86
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Comparing those './ith the ex n e r in en ta l  values of Haan, i t  can be seen t h a t  the 
f i t  to  tiie l i g u id u s  l i n e  on the ^eS-r ich  s ide  i s  f a i r l ' /  oood, but the values 
ob ta ined  f o r  t!ie SnS-rich s ide  are  completely wrong. L o o ic a l ly ,  tin's i s  not 
p o s s i b l e .  A fou r -n a ram e te r  equation  should give a b e t t e r  f i t  than a one -pa ra ­
mete r model.

This e r r o r  must be a t t r i b u t e d  to  the  round-o^f  system of the  computer a^^ l ied  
to  the  c a l c u l a t i o n  of the  four  cons tan ts  A^, Ag, , and Bg.

The ^D^-10 computer in use a t  C.S. ' I.  c a r r i e s  seven s ioni^Hcant  d i g i t s ,  and
some c o e f f i c i e n t s  (Tal)le V!) in the  four  equations  of  the  ^orm (36) are s i n n i f -
i c a n t  only in the e igh th  n la c e .  As a conseouence they are rounded-o^^ to zero
by the  computer and i n c o r r e c t  va lues  o^ T are found, 

f 53)I'/hite^ encounte red the same problems \ /h ile  f i t t i m  s o lu t io n  models './ith 
more than four  parameters  to some well known systems.

This a drawback in the  use of t!ie computer. Computer c a l c u l a t i o n s  are appl ied  
to  these  models because they r e p r e s e n t  time savings and avoid com p l ica t io n s ,  
but in cases  such as the  p re s e n t  one the  r e s u l t s  can sometimes be in e r r o r .

3.6  P o s s i b i l i t y  of Complex Formation. The oues t ion  a rose  whether iron
could form a v o l a t i l e  complex ’/ i th  Sn and S, whi ch would cause a g r e a t e r  weinht

lo ss  than t h a t  due to  SnS a lone .
Analyses on two condensates  \/ere made; the  condensates wore the  product of 
t e s t s  run on the 18,03%^eS m a t te s .  The r e s u l t s  f o r  the  i ro n  c o n ce n t r a t io n  in 
the  codensates  are  as fo l lows:

Cond, 1 0,011% Fe
Cond, 2 0.028% Fe ,

The very low ^e con ten ts  in the  condensate i n d i c a t e  t h a t  any ’/e ioh t  loss  in 
the  r e s id u e  from i ron  v o l a t i l i z a t i o n  can lie neg lec ted  w i thout  in t ro d u c in p  a 
s i g n i f i c a n t  e r r o r  to t!ie p re sen t  r e s u l t s .  I t  sliows t h a t  "e-Sn-S complex f o r ­
mation i s  iriPro!)able,
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VII P R A C T I C A L  A P P L I C A T I O N

The SnS vanor p re s su re  over Sn -  Fe l i q u i d  n a t t e s  nay be 
ev a lu a ted  as a fu n c t io n  of composit ion a t  var ious  tempera tures  as fo l lows :

PsnS '  SnS "snS^ ^SnS ^^3)

I t  was found t h a t  the vapor p re s su re  of  SnS over pure l i q u i d  SnS i s  r e p r e ­
sented  by:

Log = -  2§ZÜîl  + 5.80 atm (Table IX) , (42)

and the a c t i v i t y  c o e f f i c i e n t  can be approximated by:

^SnS = ^  " I s  (43)

T h e re fo re ,  applying logari thms to  both s ides  in equa t ion  (4 1 ) ,  and s u b s t i t u ­
t i n g  (42) and (43) i n to  i t  y i e l d s :

Loq PsnS = -  ^  + 3.80 + Log N,^ ,  + M  N?^, . (44)

This equa t ion  can now be eva lua ted  as a func t ion  of composit ion and tempera­
t u r e ,  The r e s u l t s  of t h i s  e v a lu a t io n  a re  shown in Fin,  34 (Numerical r e s u l t s
are  t a b u l a t e d  in Appendix V I I I ) ,

The r e s u l t s  show a sharp  i n c re a se  in vapor p re s su re  f o r  SnS con ten ts  in d i l u ­
t e  m a t t e s ,  i n c r e a s i n g  le s s  sha rp ly  with SnS c o n ten t .
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Since mattes conta in  up to  about 20% SnS in p r a c t i c e ,  i t  i s  more app rop ia te  
to  r e s t r i c t  the  p re s su re  vs.  composit ion p lo t s  w i t h i n ,  say 1% to 20% SnS,
Figure 35 shov/s these  e v a lu a t io n s  f o r  the  same range of temperatures  as before  
(Appendix VIII a l so  conta ins  these  va lues  t a b u l a t e d ) .
Here,  the  dependence of vapor p re s su re  upon composit ion and temperature  i s  more 
n o t i c e a b le  s ince  the s c a l e  has been reduced f iv e  t imes .  This type of p lo t  i s  
usefu l  because the  q u a n t i t y  of c a r r i e r  gas requ i red  to  v o l a t i l i z e  SnS from 
mattes can be e s t im a ted  therefrom. This can be done by i n t e g r a t i n g  the  area 
under a curve a t  a p a r t i c u l a r  temperature  w i th in  the requ i red  l i m i t s ,  assuming 
t h a t  the  gas i s  s a t u r a t e d  with the  SnS vapors .
Since a mathematical  i n t e g r a t i o n  would lead to  a complicated f u n c t i o n ,  t h i s  
e s t im a t io n  can be e f f e c t e d  by i n t e n r a t i n g  small s ec t io n s  of t h i s  curve un­
der the  assumption t h a t  i s  co n s tan t  over a smal1 c o n ce n t ra t io n  ranne ,

and the t o t a l  c a r r i e r  gas req u i red  w i l l  be the sum of a l l  these  i n t e g r a t i o n s ,

A simple computer program was developed to  c a l c u l a t e  the  t h e o r e t i c a l  volume 
of c a r r i e r  gas requ i red  to  fume t i n  from 1 ton of Fe - Sn matte  con ta in ing  

i n i t i a l l y  S% Sn to  a f i n a l  matte  con ta in ing  J% Sn, The program c a l c u l a t e s  
a l so  the volume of o i l  r eq u i red  to  be burn t  to  provide t h i s  c a r r i e r  nas.
The complete development of the program, and the r e s u l t s  f o r  a 15% Sn- and 
a 10% Sn-matte are  given in Appendix V II I ,  The o v e ra l l  r e s u l t s  are  given in 
t a b l e  XVII, Figure 36 shows g ra n h ic a l l y  the v a r i a t i o n  of  the r e q u i re d  c a r r i e r  
gas as the  temperature  i s  i n c re a s e d ,  fo r  two d i f f e r e n t  m a t t e s ,  removing the 

t i n  down to  two d i f f e r e n t  f i n a l  comnosit ions in both cases .
Figure  37 shows the o i l  r e q u i re d  to  be bu rn t  as fo r  Fig,  36,
The h ig h e r  the  t em pe ra tu re ,  the f a s t e r  the  fuminn o p e ra t io n  because the  vo lu­
me of  gas requ i red  i s  l e s s .
The h ig h e s t  tempera ture  achieved during  fuminn ope ra t ions  (2-3  hrs  per batch) 

i s  about 13noOK in p r a c t i c e .
As a m a t t e r  of comparison, fuming opera t ions  a t  Oruro,  B o l i v i a ,  had an o i l  
consumption of 35 I t / h r  when t r e a t i n g  2,5 tons of matte  with 15% SnS a t  about 
13250K in 24 h o u rs ,  to  a f i n a l  matte of about 0 ,7%Sn^^^\ This amounts to 
336 I t  of o i l  per ton of m at te .  The e x t r a p o la t e d  value from Fig,  37 nives f o r
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Table XVII

Fuminn SnS from Sn - Fe ' l a t t e s .

INITIAL FINAL TEMPERATURE CARRIER GAS REQRD, OIL REQRD,
% SnS %SnS °K I t

10 1 1100 269,535,0 5411,97
1200 65,162,0 1199,35
1300 19,679,1 334,34
1400 7,048,0 111,19
1500 2,869,5 42.25

10 5 1100 86,766,4 1742,17
1200 20,915,5 384.96
1300 6 ,289 ,3 106,86
1400 2 ,233 ,4 35,23
1500 892,5 13,14

15 1 1100 325,023,0 6526,10
1200 78,475,2 1444,39

1300 23,654,8 401,89
1400 8,440,5 133,16

1500 3,408,9 50,19

15 5 1100 142,254,0 2856,31
1200 34,228,7 630,00

1300 10,265,1 174,40
1400 3,625,9 57,20
1500 1,431,9 21,08
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the 15%Sn - n a t t e  an o i l  consumption of 320 I t / t o n  when renovinp Sn to  a f i n a l  
con ten t  of 1% in n a t t e ;  and 80 I t / t o n  when renovinn only 10%Sn , leaving  5% Sn 
in the n a t t e .

The c a l c u l a t e d  value of 320 I t / t o n  compares f a i r l y  well with the value of the  
p r a c t i c e ,  336 I t / t o n ,  so i t  can be assumed t h a t  the  f l u e  nases are 95% s a t u ­
ra te d  with SnS vapor (320 I t / t o n  were c a l c u l a t e d  assuminp complete s a t u r a t i o n ) ,

I f  the  o p e ra t in p  t e n n e r a tu r e  i s  inc reased  in p r a c t i c e ,  say to  1400°K, the r e ­
s idence  time of the  charge w i l l  decrease  (v a p o r iz a t io n  w i l l  be f a s t e r ) ,  the  
o i l  consumption would decrease  (from about 320 I t / t o n  a t  1325QK) to  about 
133,2 I t / t o n ,  This would correspond to :

133,2 • 2,5 ton
--------------------------- = 350,53 I t ,

0,95

Approximately 117 I t / h r  in a 3 -h r  ba tch .

There fore  i t  would apnear advantaneous to in c re a se  the fuming ope ra t in g  tem­
p e r a tu re s  up to  about 1500°K (1227°C) provided maintenance cos ts  do not i n ­
c rease  too much.
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VIII C O N C L U S I O N S

The conclusions  der ived  from the p re sen t  i n v e s t i g a t i o n  a re :

1. When measuring the vapor n re s su re  of s u l f i d e s ,  i t  is  u su a l ly  adv isab le  
to  use a c a r r i e r  gas capable  of  con tro l  l in n  the s u l f u r  p o t e n t i a l  in the  
r e a c t io n  chamber, and so preven t  decomposition of the  s u l f i d e ,  leading  
to  too high an apparent  vapor p r e s su re .  In the case of SnS vanor over 
s o l i d  or l i g u id  t i n  s u l f i d e  o r  t i n - i r o n  m a t t e s ,  the  decomposit ion t h a t  
would occur with an i n e r t  nas has been c a l c u l a t e d  to  be n e g l i g i b l y  small 
a t  the  tempera tures  of the exper im en ts ,  al thounh v i s i b l e  d e p o s i t s  of 
s u l f u r  appeared in the condenser.
The d i f f e r e n c e  between the e a r l i e r  ( too  high) de te rm ina t ions  using 
as the  c a r r i e r  gas ,  and the  l a t e r  d e te r m in a t io n s ,  with a modif ied r e a c ­
t i o n  chamber and M^S/II^ c a r r i e r  gas ,  must be a t t r i b u t e d  e n t i r e l y  to  the 
change in the  chamber neometry.
This confirms the s ta tem en t  of Alcock and H o o p e r ^ t h a t  the  neometry 
of the  r e a c t io n  chamber i s  ex tremely  impor tan t  f o r  an acc u ra te  d e t e r ­
mination of vapor p re s su re  by means of the  t r a n s p o r t a t i o n  method,

2, The e q u i l ib r iu m  vanor p re s su re  o f  SnS over pure SnS^^j,  in the  tempera­
tu r e  range ~970 - 1143°K can be rep re sen ted  by the equat ion :

Loo = - 1 M 2 1 +  7.66 (a tm) ,

and the  e q u i l ib r iu m  vapor p re s su re  o f  SnS over pure SnS^^^, in the  tem­

p e ra tu re  range 1143 - ISOO^K can be rep re sen ted  by the  eq ua t ion :
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Lon P°n5 = - + 5.80 (a tm ) ,

as determined by means of the  t r a n s p o r t a t i o n  method,

3, The f r ee  e n e m i e s  of sub l imat ion  and v a p o r iza t io n  of 5nS/ can be\ c , I j
r ep re sen ted  by the fo llowing  equations  r e s p e c t i v e l y :

A G °  = - 35.04 T + 50,335 ( c a l / n o l e )

A f i °  = - 26.52 T + 40,610 ( c a l / n o l e )

4, The e n t h a l p i e s  o f  su b l im a t io n ,  v a p o r i z a t i o n ,  and fus ion  o f  pure SnS e s -  
t imeted  from vapor p re s su re  measurements are  r e s p e c t i v e l y ;

AH^ = 50,336 cal/mole

A hJJ = 40,600 cal/mole

AH° = 9,727 cal/mole

The entropy of fus ion  of SnS as e s t im a ted  there from i s :

A S °  = 8,51 e ,u .

5, The l i q u i d  s o l u t i o n  of  SnS and FeS e x h ib i t s  behav ior  c lo se  to  r e g u l a r i t y .  
I t  can be r ep re sen ted  by:

"L .
and FeS ^ "Sn
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6, The excess f r e e  energy of mixing in the b inary  system SnS - FeS can be
r ep re sen ted  by:

A g’'^ = 1193.2 Hpes = A h” . ca l /mole  .

7, The a c t i v i t i e s  of both SnS and FeS in the  l i g u i d  mattes  c a l c u l a t e d  from
the r e g u l a r  s o lu t io n  model sho\/ f a i r l y  small p o s i t i v e  d epar tu re s  from
i d e a l i t y  ( R ao u l t ' s  law).  These depar tu re s  s lo ' / ly  decrease  wi th in c re a s in g  
tem pera tu re ,

8, The amount of c a r r i e r  gas and the o i l  renu i red  to  be b u rn t  to  provide
t h i s  gas to ^urne SnS from mattes con ta in ing  S% Sn i n i t i a l l y ,  to a f in a l
matte  con ta in ing  J% Sn , a t  d i f f e r e n t  t e m p e ra tu re s ,  can be e s t im ated  
from the vapor p re s su re  measurements performed in t h i s  work by use of a 
simple  computer program (OÎLREO) which,  when the  ac tu a l  cond i t ions  of  a 
p l a n t  and the  cos ts  o f  the  var ious  items are  added, can be e a s i l y  t r a n s ­
formed in to  an Optimization Program,
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IX S U G G E S T I O N S  F O R  F U R T H E R  W O R K

Since the v o l a t i l i z a t i o n  process fo r  the  recovery  of  t i n ,  
not only from s lags  and mattes  but a l so  from low grade o r e s ,  i s  a cqu i r ing  
in c re a s in g  importance in the  t i n  i n d u s t r y ,  i t  i s  necessa ry  to  provide  a more 
adequate knowledne of the  SnS-feS system.

The only exper imental  data a v a i l a b l e  are  those niven by Haan^^^ in 1913,
I t  i s  t h e r e f o r e  sugqes ted t h a t  a new exper imenta l  de te rm ina t ion  of  t h i s  
system should  be c a r r i e d  o u t ,  to confirm Haan's da ta  or to  qive a b e t t e r
approximation to the  t ru e  values  of  the  phase diagram boundary.
The thermodynamic p ro p e r t i e s  der ived  therefrom should  be compared with the 
values  ob ta ined  in t h i s  work,  and i t  would be e s t a b l i s h e d  whether  the  new
values  anree or  d i sag ree  with the p re s e n t  ones.

This work r e p re se n t s  one of the  f i r s t  exper imental  a t tempts  to  give an ac­
count of the  behavior  of the Fe-Sn m a t t e s ,  and as such i t  might have many 

d e f e c t s .
I t  i s  a l so  sugges ted  t h a t  - based on the accu ra te  SnS vapor p re s su re  d e t e r ­
minations  over pure SnS^^ -jj in t h i s  work -  more de te rm ina t ions  on the  mat­
t e s ,  expanding the  composition and tempera ture  ranges considered  in the  
p re s e n t  i n v e s t i g a t i o n ,  should be c a r r i e d  out by means of the  same or o th e r  
t e c h n i q u e s ,

This de te rm ina t ions  would then be compared with o th e r  da ta .
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APPENDIX I

Ca lcu la t ions  of Vanor Pressures  in the System Sn - S

Free energy of v a p o r iz a t io n  and r e l a t e d  e q u i l i b r i a  taken from Table I I I  (Ch. I I I ) .  
All f r e e  energy values are given in ca l /m ole .

1. Equi l ib r ium Sn(l)  - SnS (c , l )

Sti( i )  + !| S2(^) =  SnS(c^^) , AG°

A G °
Loq Pr = 2 -------  , ( I . l )

^2 RT

where ;
AG" = 24.793T - 43,704 f o r  1000 and 1100"K

AG? = 14.60OT -  32,042 fo r  1400 and 1500"K

2. Equi l ib r ium SnS(a) -  Sn( l)

Thus,

where;

S " ( l )  + % SnS(r,) . AG^ = A G ^ . A G 2 "

- A g”
PsnS(q) = 7 7 "  + ‘-on . ( 1 . 2 )

AG° = - 10.564T + 6,967 fo r  1000 - 1100°K ,

A g” = - 11.503T + 8,060 fo r  1400 - IGOOOk ,
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3, Equi l ib r ium S n S ( c J )  - SnS(g)

‘’" ‘’ ( c . l )  -  ’ ^ ‘"2

AG°
‘-"P PsnS(n) ■ “ j p y  • ( ‘ "3)

For which:
AG° = - 35.357T + 50,671 fo r  1000 and llOO^K

AG° = - 26.113T + 40,102 fo r  1400 and 1500"l(.

4. Equi libr ium Sn( l )  -

2S"(1) + = -  2SnS (c , i )  . 2 A g”

^ ^ " ^ 0 .1 )—  S"S(n) ' 2 AG°

2 S q i )  " S 2 ( ^ ) - = -  2SnS(^) , 2 A G °

~  SOgSgfq) . AG^

2S"(T) + S 2 ( , )  =  Sn2S2(g) , A G °  = 2AG° + A0%

Thus, A G °
Loq p- c = -------------- + Log p,. , ( 1 .4 )

"Zr2(q) R T ^2(o)

where:
AG° = 16.831T - 32,954 fo r  1000 and 1100°K

AGg = 14.953T - 30,768 f o r  1400 and ISOC’K.
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5, Equi libr ium S nS (c , l )  -

where:

. 2AG°

"  ^” 2‘’2(n) ' AG^

A - ' y c . l ) " = = '‘"2^2(0) • AG° = 2 A G ° . A G °

AGP
Loq p- - = --------------------------- , (1 .5 )

^"2^2(q) R T

AGg = - 32.754T + 54,454 f o r  1000 and 1100°K

AGg = - 14.2C5T + 33,315 f o r  1400 and 1500°K

6, Equi l ibr ium Sn( l )  - Sn(n)

^'’( 1 ) ’̂  ^"(q)  ’ ACy

AG°
Psn(q) = - —  ( ' -G )

where
AG° = - 23.830T + 70,109 from 1000 to  1500°K .

7, Equi l ib r ium Sn S (c , l )  - $n(n)

Sn
( 9 )

. , , S 2 ( q ) - = S n S ( c ^ l )  , A G ° = A gJ - A G 5

AG?

where:

Loq p.  , \ = ----------  -  is Loq Pr (1 .7 )
5 i m )  p J ^2{q)

AGg = 48.623T - 113,813 fo r  1000 and 1500°K

AGg = 38.439T - 102,151 fo r  1000 and 1500°K.

The c a l c u l a t e d  eq u i l ib r iu m  p re s su re s  (from 1,1 to  1,7) a re  given in t a b l e  I . l ,  

from which Figs .  3 and 4 (Chapter  I I I )  were ob ta ined .
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Appendix I ,  Table I . l

Vapor Pressures  in the  S' /sten Sn - S

TEMPERATURE

OK No.

EQUILIBRIUM

Phases

Loq Pç , atm Log p . j ^ j  , atm 

i = qaseous phase

1000 1 Sn( l ) -SnS(c) - 8.267 -

2 S n S (n ) -S n ( l ) -11.000 - 4.71
- 9.000 - 3.71

3 SnS(c)-SnS(q) - - 3.35
4 Sn( l) -Sb2S2(^) -11.000 - 7.48

- 9.000 - 5.48

5 SnSfcj-SngSg/^) - -  4.74
6 Sn( l ) -S n (p ) - -10.116

7 SnS(c)-SnS(q) - 6.000 -11.25
- 4.000 -12.25

1100 1 Sn( l ) -SnS(c) - 6.53 -

2 SnS(q)-Sn( l ) -11.00 - 4.60

- 8.00 -  3.10
3 SnS(c)-SnS(q) - - 2.34

4 Snf lj-SngSg^^) -11.00 - 8.13
- 8.00 - 5.13

5 SnSfci -SngSg/^) - - 3.66

6 Sn(1)-Sn(q) - 8.72

7 SnS(c)-Sn(n) - 6.00 - 8.99
- 4.00 - 9.99
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Appendix I ,  Table I . l Continued

TEMPERATURE

OK No.

EQUILIBRIUM

Phases

Loq Pç , atm 
^2(0)

Loq p.(g^) , atm 

i = qaseous phase

1400 1 S n ( l ) -S n S ( l ) -  3,619 -

2 SnS(q)-Sn(1) - 9.000 - 3.240
-  5.000 - 1.240

3 SnS(l)-SnS(q) - - 0.553
4 Snflj-SngSg^q) - 8.000 - 6.460

-  5.000 - 3.460
5 SnSflj-SngSg^^) - -  2.083
6 Sn( l ) -S n (q ) - - 5.737

- 7 SnS(l )-Sn (n) -  3.000 - 6.050
- 1.000 - 7.05

1500 1 S n ( l ) - S n S d ) - 2,952 -

2 SnS(q)-SnS(l) - 9.000 - 3.160
- 5.000 - 1.160

3 SnS(l)-SnS(n) - -  0.136
4 Snfl j-SngSg^^) - 8.000 - 6.780

- 5,000 - 3.780
5 SnSfli-SngSg^^) - -  1.740
6 S n(1)-Sn(q) - - 5.007
7 S nS( l ) -5n(q) - 1.000 - 5.980

0.000 - 6.480
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Appendix I - Continued

E f f e c t i v e  Total  P ressure  in the Sn - S System as a Function of p
2(n)

The e f f e c t i v e  t o t a l  p re s su re  of t i n  in t h i s  system is  niven bv the f o l l o u in n  
e xp ress i  on:

’’■‘■(SnS) " ^ PsnS{n) + ^

o r ,

Lo, .  I . ,  .  2 .

Values of Pj are  niven in Table 1,2 along wi th r e s p e c t iv e  values  from previous
c a l c u l a t i o n s .  I t  can be seen t h a t  the  d i f f e r e n c e  between p ,  and p_ r /  \

'(SnS)
i s  in a l l  cases very smal l .

P a r t i a l  P ressu res  of Gaseous Soecies in the System Sn -  S Over Pure SnS^^  ̂^

The p a r t i a l  p re s su re s  of gaseous soec ie s  over pure SnS/^ -jj, t h a t  i s ;  the  va­
lues which are  independent of  s u l f u r  p re s su re  ( t o  the  r i g h t  of e g u i l .  l i n e  
S n ( l ) - S n S ( c , l ) in Figs .  3,  4 ,  and 5; chap te r  I I I ) ,  a re  ob ta ined from e g u i l .  
equa t ions  ( 1 . 3 ) ,  ( 1 . 5 ) ,  and (1 .7 )  in t h i s  appendix.  They are given in t a b l e  1,3 
f o r  va r ious  tempera tures  (F ig ,  6 ,  chap te r  I I I ) .
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Appendix I . Table 1.3

Tota l  and P a r t i a l  'Pressures of  Vanor Soecies Over ^ure SnS ( c . l )

TEdPE!

OK
lATURE
10^/T

Psn ^SnS
3 tn

Log Psn^S, Log Pj
'(SnS)

1000 10.0 - 10.12 - 3.35 - 4.74 - 3.31
1100 9.09 - 8.72 - 2.34 - 3.66 - 2.30
1200 8,33 - 7.56 - 1.60 - 2.95 - 1.56
1300 7.69 - 6.58 - 1.03 - 2.48 - 1.00
1400 7.14 - 5.74 - 0.55 - 2.08 - 0.53
1500 6.70 - 5.00 - 0.13 - 1.73 - 0.12
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Appendix II 

C a lcu la t ion  o^ the  SnS-FeS Phase Dianram

The SnS-FeS phase diagram, as ob ta ined by H a a n ^ ^ \  shows no s o l i d  s o l u b i l i t y .  

To exnress  the  p r o p e r t i e s  of the  l i n u id  phase of t h i s  system in terms of  the  
p r o p e r t i e s  of  the  pure components, such as t h e i r  mel ting p o i n t s ,  and a known 
p rope r ty  of the  mixture  ( the  e u t e c t i c  tempera ture  and composit ion) a s o l u t i o n  
model can be assumed.

The s im p le s t  model would be t h a t  of an ideal  s o l u t i o n .  E m p i r i c a l l y ,  very few 
s o lu t io n s  annroach i d e a l i t y ,  but many m i s c i b i l i t v  gap systems in a d d i t io n  to 

simple co m p le te - so lu t ion  systems,  l i k e  the  SnS-FeS sys tem, are  c o n s i s t e n t  
with the  r e g u la r  s o lu t i o n  model, which i s  c h a r a c t e r i z e d  by a non-zero e n t h a l ­
py of s o l u t i o n  and an idea l  entropy of mixing corresponding to p e r f e c t  random 
mixing.
T h e re fo re ,  t h i s  phase diagram is  c a l c u l a t e d  assuming t h a t  the  l i g u i d  nhase 
behaves as a r e g u l a r  s o lu t io n  and t h a t  th e re  i s  no s o l i d  s o l u b i l i t y .
Data .

SnS mel t ing  tem pe ra tu re ,  T^ = 1143°K (870°C),
FeS " " , Tf = 14680K (llOÊ C),

E u t e c t i c  t em pe ra tu re ,  T^ = inSS^K (785°C) a t  15% FeS ( in  w e ig h t ) .

A H °(Fes )  " 7730 cal/mole  , = 5.26 e .u .

Thus,
AG ° = A s "  ( - T ) = - R T Log ( I I . 1)

This system can be r ep re sen ted  by:

^  FeS ^ ~  Ngns » ( H . 2 )

where B i s  the r e g u l a r i t y  c o n s t a n t .
The FeS a c t i v i t y  a t  the  e u t e c t i c  tempera ture  and composi t ion (ilp^g= 0.2323) 

i s :
Log ap^g = - 0.44555
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And:

Loqÿp^S = Lon 3pgg - Log Np^g = 0.18837 ( I I . 3)

Solving ( I I . 2) fo r  8 ,  and s u b s t i t u t i n g  va lues :

B = 338.225 ( I I . 4)

Equating (11 ,1 )  and ( I I . 3 ) ,  s u b s t i t u t i n g  ( I I . 1) and ( I I . 4) in the  r e s u l t i n g  
eq u a t io n ,  and so lv ing  i t  f o r  T, the  fo llowing express ion  f o r  the  FeS-rich 

s id e  of the  nhase diagram r e s u l t s :

ASp Tp + oC(l  -  Npgg)
T------- ------------------------------------------  ( I I . 5)

ASp - R Lon Npgg

where: Af = B«R = 1547.38
Then, f o r  the SnS-rich s id e :

Lon^SnS = (338 .2 2 5 /1058) (0 ,2323)^ = 0.017254 a t  T .

then; Log 3g^g = -  0.97556

■ - 5.56 e . u .

T f - ^ e
By analogy with ( I I . 5):

A S p  Tp + od( 1 Ng^g)
T = ---------------------------------------------  ( I I . 6)

ASp - R Log flg^g

Calcu la ted  values us ina  equat ions  ( I I . 5) and ( I I . 6) are  given in t a b l e  I I . 1 .
(33)The values  c a l c u l a t e d  by Davey^ \  and the  exper imenta l  va lues  obta ined  by 

Haan^^^ are  a l so  l i s t e d  in t a b l e  I I . 1.
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Note. The c a l c u l a t i o n  of  the  phase dianram from the  exper imental  va lues
of obta ined  in t h i s  work was the  same as t h i s  one. The only d i f f e r e n c e

was t h a t  i t  \/as c a l c u l a t e d  from the e s t im a ted  value  of  and the
^SnS

e u t e c t i c  was not known.

Est imat ion  of  the  Vanor P ressure  of  SnS Over Sn-Fe Mattes

I t  was assumed t h a t  the FeS-SnS system can be re p re se n te d  by:

Npgs . ( I I . 7)

For the S n S (c , l )  - SnS(q) equ i l ib r iu m :

P?nS = -

where Pg^g i s  the  vapor p re s su re  of SnS over pure SnS^^ and s u b s c r i p t s
s ,  v s tand  f o r  sub l im at ion  and v a p o r iz a t io n  r e s p e c t i v e l y .
The p a r t i a l  p re s su re  of SnS in matte i s :

P$nS ° ^ S n S  ^SnS ’’SnS ( H > 9 )

Applyinq lonari thms to  both s ides  in equat ion  ( I I . 9) and s u b s t i t u t i n q  (11,7) 
and ( I I . 8) in the  r e s u l t i n q  equa t ion :

AG° 2
Lon Psns = -  7 7 ^ "  Lon 1(3^5 + 338.225 T ( 11. 10)

From t a b l e  I I I ,  Chapter I I ,  the fo l lowing  express ions  f o r  A g° ^ a re  ob- 
t a in e d :

AG° = 50,671 - 35.357 T (800 - 11430K)

AG° = 40,102 - 26.113 T (1143 - 1500°K).

Figure  8 (Chapter I I I )  was obta ined  from equation  ( I I . I D ) ,  fo r  a range of
composit ions and tem pera tu res .
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Appendix I I I

Matte Analysis  Report

Sample no. Sn % Fe % S %

S - 1 ( 68.1 ) 3.69 22.3
S - 2 ( 63.1 ) 9.27 22.5
S -  3 ( 45.5 ) 11.50 24.4
S - 4 ( 45.0 ) 15.90 26.4

C a l c u l a t i o n s .  M.W. SnS = 150.754 , M.W. FeS = 87.911

Sample S - 1.

% S ( f o r  3.69%Fe) =(3 .69) (32 .064)7(55 .847)  = 2.12 
2.12 + 3.69 = 5.81% FeS
22.3 -  2.12 = 20.18% S l e f t .

% Sn = (20 .18) (118 .69)7 (32 .064)=  74.699 
s o ,  20.18 + 74.699 = 94.879% SnS.
T o ta l :  100.69% Sample.

Sample S -  2.

% S ( f o r  9.27%Fe) = (9 .27 ) (32 .064 )7 (55 .847 )  = 5.3223 
9.27  + 5.3223 = 14.5923% FeS 
22.5 - 5.3223 = 17.1777% S l e f t .

% Sn = (17 .1777)(118 .69)7(32 .064)  = 63.586 
s o ,  17.1777 + 63.585 = 80.764% SnS.
T o ta l ;  95.356% Sample.

Sample S -  3.

% S ( f o r  11.5% Fe) = (11 .5 ) (32 .064)7(55 .847)  = 6.6026 
6.6026 + 11.5 = 18.1026% FeS

24.4  -  6.6026 = 17.7974% S l e f t .

% Sn = (17.7974) ( 118.69)7( 32.064) = 65.88
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so ,  17,7974 + 65.88 = 83.6774% SnS.
To ta l :  101.7974% Sample.

Sample S - 4,

% S ( f o r  15.9% Fe) = (15 .9 ) (32 .064)7(55 .847)  = 9.129 
9.129 + 15.9 = 25.029% FeS
26.4 - 9.129 = 17.271% S l e f t .

% Sn = (17 .271)(118 .69)7(32 .064)  = 63.932 
so ,  17.271 + 63.932 = 81.203% SnS.
T o ta l :  106.232% Sample.

T h e re fo re ,  cons ider !nn  the  d i f f i c u l t y  in the a n a ly s i s  of Sn, and the  p o s s i ­
b le  e r r o r  in the  a n a ly s i s  of s u l f u r ,  the  matte composit ion i s  taken as fo- 
11 ov/s :

Matte prepared Chemical Analysis Balance 
f o r  %FeS % FeS % SnS

6 5.81 94.89
15 14.5923 85.4077
18 18.1026 81.8974
25 25.029 74.971
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Appendix IV

S u l f u r  P o te n t i a l  Control

Der iva t ion  of the eouations  involved See s e c t io n  2 . ,  Chanter IV.

I n t e r a c t i o n  Between SnS^^^^j and HpS/H^ M ix tu res . Free energ ies  ( in

cal/mole) of Sn - S r e a c t io n s  from Table I I I ,  Ch. II (Ref.  23).  Free en e r ­
gies  ( in  c a l /  mole) of H - S r e a c t io n s  from Table V, Ch. II (Ref.  1).

a) SnS (c)

"2(g)  ^ y ( n ) ^  V ( n )

S"S(c) "2 (g) S " ( l )  ^ ¥ ( g )

AG)

A g!

, AG° =AG° +AG° (6 in Ch.IV)

b) SnS
( 1)

"2(g) + ^ ( g

S " S ( 1 )  +  " 2 ( g ) ’

S " ( I )  ^ y ( g )

' Y ( g )

S ' i( i )  + "2^(g)

. AG" 

, AG°

, AG° =AG° +AG° (7 in Ch.IV)

.* .  For (6) and (7) :

\ H ' , )

'2(g)

= exp
-AG

R T
( I V .1)

c) SnS 

SnS
( g )

( 1)

SnS
( 1)

"2(g)  + '2(g)

S " ( l )  +

‘ "2^(g)

'2(g)

S"S(g) + " 2 (g) ^" (1)  "2^(g)

AG°

AG°

A g°

, AG° = A g” +AG°+AG° (8 in Ch.IV)
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'HoS2"(q)

'2(q)

d) 2SnS
( q )

^"2^2(q)
2SnS (q)
^"2(q) + ^2(nV

■ -A G °
exp

R T

2SnS

2SnS
( 1 )

(q)
^ ^2{q)

2"2S(g)

S"2S2(q) + Z H 2 ( n ) - - 2 S n ( i )  + ZHzSfq)

SnS(q)

2AG°

AG°

AG°

2AG°

+

AG°

( I V .2)

(9 in Ch.IV)

HoS2"(q)

'2(q)

7 ■-AG° \  ] h

, n " ( I V .3)exn

\
R T 1 '’’’2^2(g)

A /

I n t e r a c t i o n  Between FeS/^ -j  ̂ and Mixtures.  Free e n e m i e s  of  the

Fe -  S, and the fl - S r e a c t io n s  from Tables IV and V r e s p e c t i v e l y  (Chapter 

I I ) ,  All f r e e  energy express ions  in ca l /m ole .

2H + S

or
'  FsS(c) + "2(n)

^lï(c)  *  ^2{q) 

2H.S2(g) "  "2(0) ------- ""2"(g)

2 ^ t ' ( c )  + ^ " 2 ( g ) = 2 F e ( ^ )  + 21,25;^)

^ ( c )  ^ y ^ ( g )

AG 1

2AG"2

a g °.

AG° = ;*AGp, (10 in Ch.IV)

' 2 ( g )

= exp
R T

( I V .4)
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"2(g)  + y ( n ) -

j 7 ( c )  ^ ^2(g)

' ¥ ( n )

^ 7 c )  ■" " 2 (g) ^ " ( c )  " ' ' 2 ' (g)

and:

c) FeS

'’Hj S ^

(c)

" 2 (g) "  y ( g ) = ^ ' ' 2 " ( g )

P ( c )  " ^ ( g )
ILS

. A r °

, AG
f- +

Fe,^) + HgŜ

sane as ( I V .4),

AG^

AG

AG
► +

FeS, \ + H Fe,_\ + H^S;S"(c)  "2(n) ; ^ ( c )  "2"(n) AG°

and: PfUS / same as ( I V .4) .

(11 in Ch. IV)

(12 in Ch. IV)

d) Fi!T(^j + !s S 2 (^ )— 1 ^ 2 ( c )

"2^(g) '2 (0 ) ^ ^2 (g)

FeS(c)+

AG°

.  -AG°j

^^^2(c) ■*■ " 2 (g) * ^ '■ r (13 in Ch. IV)

V ( g )
= exp

'H2(n)

R T

AG
( I V ,5 ) .

The r e s p e c t i v e  r a t i o s  were c a l c u l a t e d  from ( I V . 1) thorough ( I V .5 ) .  The r e ­
s u l t s  are  t a b u la t e d  in t h i s  Appendix. Figure 12 in Chanter IV './as ob ta ined  
from th e se  c a l c u l a t i o n s .
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Sample C alcu la t ion  for  the Vapor Pressure  o f  SnS 

Above Pure S n S ( c , l ) ,  and Above Sn-Fe Mattes.

The p a r t ia l  pressure o f  SnS vapor can be represented  by:

"SnS
Pgns " ---------------------------------  • (atm) ( V. l )

"SnS  ̂ ^Carrier gas 

But s in c e  " ca rr ier  gas ^  "snS '

then: "snS

PsnS  -----------------------^  (atm)
" ca rr ier  gas

The p e r f e c t  gas law can be applied  to  the  c a r r i e r  gas .  Therefore the volume 

o f  the c a r r i e r  gas i s  given by:

" t r
^(Carrier  gas)  Z * "Carrier gas ’ (V.2)

^ t

where T  ̂ i s  the temperature a t  which the volume o f  the c a r r i e r  gas i s  measured
(OK).

From (V. 2) :

Pt V
(V.3)Carrier gas  ̂ j  '

where R, the  gas c o n s ta n t ,  i s  equal to  0.08205 I t  atm/gmole °K. 

The number o f  moles o f  SnS i s  represented  by:

AW
"SnS  ̂ (V.4)

150.754
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where AW is  the  weight of  sample l o s t  during a t e s t  ( in  gm).
Hence, s u b s t i t u t i n g  (V.3) and (V.4) in to  (V . l )  y i e l d s :

Z\W P; Tr

Pc_c = ---------------------- » atm (V.5)
. V 150.754

where V i s  in I t ,  and AW in gm.

Since the  weight loss  during a t e s t  was in a l l  cases  a f r a c t i o n  of  a gm, i t  
i s  b e t t e r  to  conver t  gm to mg in equa t ion  (V.5).  Thus:

(AW, gm)(0 .08205)(T^)
p = ------------------------------------------------ , atm

(V, I t ) (150.754)(1000 mg/gm)

F in a l ly :

(Aw, mg) -j
Pc_c = ---------------  ( T , 0K)( 5 .4 . 1 0 " / )  , atm .

( V. I t  )

The values  of  T^ and AW/V were taken from the t h i r d  and l a s t  column r e s p e c t i  
v e ly ,  from Tables  V.l  through V.3 .
The e q u i l ib r iu m  vapor p re s su re  was ob ta ined  from the average of  a l l  the  t e s t s  
marked (* ) ,  f o r  each ind iv id u a l  group.
The l e a s t - s q u a r e s  f i t  r e s u l t s  fo r  a l l  the  groups of  t e s t s  run ,  a re  given in 
the  fo l lowing  pages.  The program i t s e l f  i s  not l i s t e d  here s ince  i t  i s  a com­
mon program in use a t  C. S. M.
In th e se  r e s u l t s :  X = 10^/T ,

Y = Log Pg^s » and 

STD ERROR OF Y = Standard d e v ia t io n  of Log Pg^g



T-1501 158

PURE SFLI D SNS .

C A R R I E R  G A S :  N I T R 0 G E N .  -  R E A C T I O N  C H A M B E R :  N C .  I - .

L E A S T - S Q U A R E S  P C L Y N G M I A L S

NUMBER GF PC INTS = 3
MEAN VALUE GF X = 9 . 3 2 9 6
MEAN VALUE GF Y = - 2 . 4 8 8 4 3

S I P  ERROR OF Y = 0 . 4 7 7 6 9 8

NOTE: CODE FOR WHAT NEXT? I S :

0 = STOP PRfGRAiv
1 = COEFFI CI ENTS ONLY,
2  = ENTIRE SUMMARY

. 3 = FI T NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 5 7 3 8  WHAT NEXT? 
?2

TERM

0
1

X-ACTUAL

9 . 7 6 0 7  
9 . 3 0 7 5  
8 . 9 2 0 6 1

COEFFICIENT

8 . 0 8 8 1  
- 1 . 1 3 3 6 5

Y-ACTUAL

- 2 . 9 6 0 5 8
- 2 . 4 9 9 3 5
- 2 . 0 0 5 3 7

Y-CALC

- 2 . 9 7 7 1 5  
- 2 . 4 6 3 3 8  
- 2 . 0 2 4 7 8

DI FF

1 . 6 5 6 7 4 E - 2  
- 3 . 5 9 7 4 2 E - 2  

1 . 9 4 0 6 8 E - 2

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  0 . 0 4 4  1 0 4 9

W H A T  N E X T ?
? 0

P CT- DI FF

- 0 . 5 5 6 4 3 5  
1 . 4 6  0 3 6  

- 0 . 9 5 8 4 6 7



T-1501 159

PURE SOLID S N S .  

CARRIER GAS:  CH2S + H2)  MIXTURES . R E A C T I O N  C H A M B E R :  N 0 .  2 .

L E A S T - S Q U A R E S  P O L Y N O  M I A L S

NUMBER CF POINTS  
MEAN VALUE OF X 
MEAN VALUE OF Y 

STD ERROR OF Y

2
9 . 0 7  0 2  

- 2 . 3 2 0 3 3  
0 . 3 4 1 0 7 3

NOTE: CODE FGR WHAT NEXT? I S :

0  = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2  = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 1 WHAT NEXT?
?2

TERM

0
1

X-ACTUAL

9 . 2 8 9 4
8 . 8 5 1

COEFFICIENT

7 . 6 5 9 1 5  
- 1 . 1 0 0 2 5

Y-ACTUAL

- 2 . 5 6 1 5
- 2 . 0 7 9 1 5

Y-CALC

- 2 . 5 6  15 
- 2 . 0 7 9 1 5

DI FF

- 6 . 5 5 6 5 1 E - 7  
5 . 6 6 2 4 4 E - 7

PCT- DI F F

0 . 0 0 0 0 2 5 5 9 6 4
- 2 . 7 2 3 4 4 E - 5

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  0

W H A T  N E X T ?
?0



T-1501 160

PUKE LI QUI D S N S .

CARRIER GAS:  CH2S + H2)  MIXTURES.  -  REACTION CHAMFER: NC.  2

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER OF POINTS = 3
MEAN VALUE OF X = 8 . 5 0 2 5 8
MEAN VALUE OF Y = - 1 . 7 5 1 1 9

STD ERROR OF Y = 0 . 1 3 2 5 5 8

NOTE: CODE' FOR WHAT NEXT? I S :

0 = STOP PRfiUxAt
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY

- 3 = FI T NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 3 9 7 9  WHAT NEXT? 
?2

TERM COEFFI CI ENT

0 5 . 7 9 5 9 5
1 - 0 . 8 8 7 6 3

X-ACTUAL Y-ACTUAL Y-CALC DI FF PCT- DI F F

8 . 6 3 8 9  - 1 . 8 7 9 4 3  - 1 . 8 7 2 1 9  - 7 . 2 3 7 9 0 E - 3  0 . 3 3 6 6
8 . 3 4 3 7  - 1 . 6 1 4 7  - 1 . 6 1 0 1 6  - 4 . 5 3 6 2 6 E - 3  0 . 2 8 1 7 2 6
8 . 5 2 5  15 - 1 . 7 5 9 4 5  - 1 . 7 7  122  1 . 1 7 7 4 1 E - 2  - 0 . 6 6 4 7 4 3

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  0 . 0 1 4 5 4 6 3

W H A T  N E X T ?
?0
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SNS -  5 . 8  1%FES MATTE.

C A R R I E R  G A S :  C H 2 S  +  H 2 )  M I X T U R E S .  -  R E A C T I O N  C H A M B E R :  N O .  2 .

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER OF POI NTS = 4
MEAN VALUE OF X = 8 . 6 2 9 2 5
MEAN VALUE OF Y = - 1 . 9 0 6 8 6

STD ERROR OF Y = 0 . 1 4 9 7 5 4

NOTE: CODE FOR WHAT NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY 

_  2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 9 6 4 4  WHAT NEXT? 
?2

TERM

0
1

X-ACTUAL

8 . 5 8
8 . 4 0 7
8 . 7 8
8 . 7 5

COEFFI CI ENT

5 . 5 8 9 1 4
- 0 . 8 6 8 6 7 3

Y-ACTUAL

-  1 . 8 6 0 5 9  
- 1 . 7 1 5 4 3  
- 2 . 0 3 6 8  
- 2 . 0 1 4 6

Y-CALC

-  1 . 8 6 4 0 7
-  1 . 7  1 3 7 9  
- 2 . 0 3 7 8 1  
- 2 . 0 1 1 7 5

DIFF

3 . 4 8 2 8 6 E - 3  
-  1 . 6 3 7 4 9 E - 3  

1 . 0 0 7 3 5 E - 3  
- 2 . 8 5 2 8 3 E - 3

PCT- DI F F

- 0 .  1 8 6 8 4 2  
9 . 5 5 4 7 7 E - 2  

- 4 . 9 4 3 3 0 E - 2  
0 . 1 4 1 8 0 8

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  3 . 4 6  1 5 8 E - 3

W H A T  N E X T ?
? 0  .
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SNS -  5 . 8 1 %F E S  MATTE (UNC0HHECTED)

CARRIER GAS:  CH2S + H2)  MIXTURES.  -  REACTION CHAMBER: NP.  2

L E A S T - S Q U A R E S  P O L Y N O M I  A L S

NUMBER OF POINTS = 4
MEAN VALUE OF X = 8 . 6 2 9 0 5
MEAN VALUE OF Y = - 1 . 8 9 9 7 4

STD ERROR OF Y = 0 . 1 6 2 0 4 7
A

NOTE: CODE FOR WHAT NEXT? I S :

Ô = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 8 9 4 1  WHAT NEXT?  
?2

TERM

0
1

COEFFI CI ENT

6 . 1 9 2 4 3  
- 0 . 9 3 7 7 8 2

X-ACTUAL

8 . 5 8  
8 . 4 0 6 2  
8 . 7 8
8 . 7 5

Y-ACTUAL

-  1 . 8 6 0 5 9
-  1 . 6 8 6 9 8  
- 2 . 0 3 6 8
- 2 . 0 1 4 6

Y-CALC

-  1 . 8 5 3 7 4
-  1 . 6 9 0 7 6  
- 2 . 0 4  13 
- 2 . 0 1 3 1 7

DI FF

- 6 . 8 4 5 7 3 E - 3  
0 . 0 0 3 7 7 7 7 7  
4 . 5 0 0 7 8 E - 3  

-  1 . 4 3 2 7 5 E - 3

PCT- DI FF

0 . 3 6 9 2 9 2  
- 0 . 2 2 3 4 3 7  
- 0 . 2 2 0 4 8 6  

7 . 1 1 6 8 8 E - 2

S T D  E R R O R  O F  E S T I M A T E  F O R  Y  =  6 . 4 5 9 3 1 E - 3

W H A T  N E X T ?
?0
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SNS -  1 4 . 5 9 %F E S  MATTE.
.

C A R R I E R  G A S :  ( H 2 S  +  H 2 )  M I X T U R E S .  -  R E A C T I O N  C H A M B E R :  N O .  2

L E A S T - S Q U A R E S  P O L Y N O  M I A L S

NUMBER OF POI NTS = 3  
MEAN VALUE OF X = 8 . 8 3  9 2 7  
MEAN VALUE OF Y = - 2 . 1 4 0 5 9  

STD ERROR OF Y = 0 . 2 7 6 3 2 1

NOI E:  CODE FOR W HA I NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 7 4 6  WHAT NEXT? 
?2

TERM

0 
1

X-ACTUAL

9 . 1 2  
8 . 8 9 4 4  
8 . 5 0 3 4

COEFFI CI ENT

5 . 6 7 8 5 3
- 0 . 8 8 4 5 8 9

Y-ACTUAL

- 2 . 3 9 9  
- 2 . 1 7 3 4 7  
-  1 . 8 4 9 3

Y-CALC

- 2 . 3 8 8 9 2  
- 2 . 1 8 9 3 6  
- 1 . 8 4 3 4 9

DI FF

-  1 . 0 0 7 6 4 E - 2  
1 . 5 8 9 0 4 E - 2  

- 0 . 0 0 5 8 1 3 8 7

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  1 . 9 6 9 3 7 E - 2

W H A T  N E X T ?
?0

P CT - DI F F

0 . 4 2 1 7 9 8
- 0 . 7 2 5 8 0 1

0 . 3 1 5 3 7 4



T-1501 164

SNS -  2 5 . 0 2 9 % F E S  MATTE.

CARRIER GAS:  ( H2 S  + H2)  MIXTURES.  -  REACTION CHAMBER: N 0 .  2

L E A S T - S Q U A R E S  P 0 L Y N 0 M I A L S

NUMBER GE PC I NTS = 3
MEAN VALUE CE X = 8 . 6 0 7 7 3
MEAN VALUE GE Y = - 2 . 0 0 5 2 4

STD ERROR CE Y = 0 . 2 0 3 8 7  1

NOTE: OCDE EGR WHAT NEXT? I S :

0 = STGP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 9 3 7 9  WHAT NEXT? 
?2

TERM COEFFI CI ENT

0 6 . 0 3 4 8 5
1 - 0 . 9 3 4 0 5 4

X-ACTUAL Y-ACTUAL Y-CALC DI FF PCT- DI F F

8 . 8 0 8  - 2 . 1 9 5 8 6  - 2 . 1 9 2 3  - 3 . 5 6 0 C 1 E - 3  0 . 1 6 2 3 8 7
8 . 3 7 5 2  - 1 . 7 9 0 3  - 1 . 7 8 8 0 4  - 2 . 2 5 8 6 4 E - 3  0 . 1 2 6 3 1 9
8 . 6 4  - 2 . 0 2 9 5 6  - 2 . 0 3 5 3 8  5 . 8  1 8 8 4 E - 3  - 0 . 2 8 5 8 8 5

S T D  E R R O R  O F  E S T I M A T E  F O R  Y =  7 . 1 B 5 6 P E - 3

W H A T - N E X T ?
?0
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SNS -  1 8 . 1 0 3 %F E S  MATTE.

CARRIER GAS:  ( H2 S  + H2)  MIXTURES.  -  REACTION CHAMBER: NC. 2 .

L E A S T  -  S Q U A R E S  P 0 L Y N 0 M  I A L S

NUMBER OF POINTS = 3
M EAN VALU E r F a = . - " 2 ^ 7
MEAN VALUE OF Y = - 2 . 2 0 9 3 7

STD ERROR OF Y = 0 . 3 4 6 9 6 2

NOTE: CODE FOR WHAT NEXT? I S :

0  = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2  = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 5 5 4 5  WHAT NEXT? 
?2

TERM COEFFICIENT

0 5 . 7 6 2 1 8
1 - 0 . 8 9 6 4 3 9

X-ACTUAL Y-ACTUAL Y-CALC DI FF P CT- DI FF

9 . 2 8 9 3  - 2 . 5 7 7 3  - 2 . 5 6 5 1  - 1 . 2 1 9 6 7 E - 2  0 . 4 7 5 4 8 4
8 . 8 7 0 2  - 2 . 1 6 2 7  - 2 . 1 8 9 4 1  2 . 6 7 0 6 0 E - 2  - 1 . 2 1 9 7 8
8 . 5 1 7 9  - 1 . 8 8 8 1  - 1 . 8 7 3 5 9  - 0 . 0 1 4 5 0 9 4  ' Q . 7 7 4 4 1 4

STD ERROR OF ESTIMATE FOR Y = 3 . 2 7 4 8 9 E - 2

WHAT NEXT?
?0
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Appendix VI 

T in - I ro n  Mattes

Corrected  Equations f o r  the  SnS Vapor Pressu res  

Taking the mean value of the  Oc- fu n c t io n  (See Table X, Chapter VI):

c e =  1193.2 ,

and the  equat ion  obta ined  f o r  Pg^g (Table IX, Ch. V), Log Pg^g can be r e ­
c a l c u l a t e d  as fo l lows:

Log Ps„s = Log^sns + Log p°^s + Log ,

where Log^j^j  = ( /  (R T) .

The c o r r e c t e d  values  are  l i s t e d  in t a b l e  VI. 1, and the l e a s t - s q u a r e s  f i t s  
a re  given t h e r e a f t e r .



T-1501 167

Appendix VI. Table V I . 1

Corrected  Values of Log Pg^g

MATTE
COMPOSITION

TEMPERATURE 
°K lO^/T

Log pg^g , (atm)

SnS - 5.81%FeS 1139.0 8.780 - 2.03869
1143.0 8.750 - 2.01142
1164.6 8.587 - 1.86743
1189.5 8.407 - 1.70792

Sn - 14.59%FeS 1096.6 9.120 - 2.39781
1124.3 8.894 - 2.19869
1176.0 8.503 - 1.85212

SnS - 18.103%FeS 1076.0 9.294 - 2.57250
1127.4 8.870 - 2.19770
1174.0 8.518 - 1.88630

SnS - 25.03%FeS 1135.3 8.808 - 2.18865
1194.0 8.375 - 1.80578
1157.4 8.640 - 2.03994
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SNS -  5 . 8  12FES MATTE

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER CE POINTS = 4
MEAN VALUE 0F X = 8 . 6 3  1
MEAN VALUE CF Y = - 1 . 9 0 6 3 6

STD ERROR CF Y = 0 . 1 5 2 1 4 3

NOTE: CODE FOR WHAT NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 9 9 9 7  WHAT NEXT? 
?2

TERM COEFFICIENT

5 . 7 4 0 1 8
- 0 . 8 8 5 9 3 9

X-ACTUAL Y-ACTUAL Y-CALC DI FF P C T - DI F F

8 . 7 8
8 . 7 5
8 . 5 8 7
8 . 4 0 7

- 2 . 0 3 8 6 9  
- 2 . 0 1 1 4 2  
- 1 . 8 6 7 4 3  
-  1 . 7 0 7 9 2

- 2 . 0 3 8 3 7  
- 2 . 0 1 1 7 9  
-  1 . 8 6 7 3 8  
- 1 . 7 0 7 9 1

- 3 . 2 0 0 7 7 E - 4  
3 . 7 1 7 2 4 E - 4  

- 4 . 6 3 2 7 7 E - 5  
- 5 . 3 1 9 7 l E - 6

1 . 5 7 0 2 6 E - 2  
- 1 . 8 4 7 7 3 E - 2  

2 . 4 8 0 8 9 E - 3  
3 . 1 1 4 7 4 E - 4

S T D  E R R O R  O F  E S T I M A T E  F O R  Y  =  3 . 4 8 4 2 7 E - 4

W H A T  N E X T ?
? 0  •
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SNS -  1 4 . 5 9 2 3 %F E S  MATTE

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER OF POINTS  
MEAN VALUE OF X 
MEAN VALUE OF Y 

STD ERROR OF Y

3
8 . 8 3 9  

- 2 . 1 4 9 5 4  
0 . 2 7 6 1 4 5

NOTE; CODE FOR WHAT NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 0 . 9 9 9 9 9 8  WHAT NEXT? 
?2

TERM COEFFI CI ENT

5 . 6 6 9 7 6
- 0 . 8 8 4 6 3 6

X-ACTUAL Y-ACTUAL Y-CALC DI FF P CT- DI FF

9 . 1 2
8 . 8 9 4
8 . 5 0 3

- 2 . 3 9 7 8  1 
- 2 . 1 9 8 6 9  
- 1 . 8 5 2 1 2

- 2 . 3 9 8 1 2  
- 2 . 1 9 8  19 
- 1 . 8 5 2 3

0 . 0 0 0 3 1 2 7 7 5  
- 4 . 9 5 1 0 6 E - 4  

1 . 8 2 0 3 3 E - 4

-  1 . 3 0 4 2 5 E - 2  
2 . 2 5 2 3 3 E - 2  

- 0 . 0 0 9 8 2 7 3 7

S T D  E R R O R  O F  E S T I M A T E  F O R  Y  =  6 . 1 3 2 6 5 E - 4

, ' J H A T  N E X T ?
?0
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SNS -  1 8 . 1 0 3 %F E S  MATTE 
* * * * * * * * * * * * * * * * * * * * * * * * * *

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER OF POINTS = 3
MEAN VALUE OF X = 8 . 8 9 4
MEAN VALUE OF Y = - 2 . 2 1 8 8 3  •.

STD ERROR OF Y = 0 . 3 4 3 5 8 8  <

NOTE: CODE FOR WHAT NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 1 .  WHAT NEXT? 
?2

TERM COEFFICIENT

5 . 6 4 5 8 4
- 0 . 8 8 4 2 6 7

X-ACTUAL Y-ACTUAL Y-CALC DI FF P CT- DI F F

9 . 2 9 4
8 . 8 7
8 . 5 1 8

- 2 . 5 7 2 5  
- 2 . 1 9 7 7  
- 1  . 8 8 6 3

- 2 . 5 7 2 5 4  
- 2 . 1 9 7 6 1  
- 1 . 8 8 6 3 5

3 . 9 9 9 4 7 E - 5  
- 8  . 9 0 7 9 1 E - 5  

4 - 8 9 6 5 2 E - 5

- 0 . 0 0 ! 5 5 4 6  8 
0 . 0 0 4 0 5 3 4 5  

- 2 . 5 9 5 7 7 E - 3

S T D  E R R O R  O F  E S T I M A T E  F O R  Y  =  1 . 0 9 2 3 5 E - 4

W H A T  N E X T ?
? 0
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SNS -  2 5 . 0 2 9 Z F E S  MATTE

L E A S T - S Q U A R E S  P O L Y N O M I A L S

NUMBER OF POINTS  
MEAN VALUE PE X 
MEAN VALUE OF Y 

STD ERROR OF Y

= 3
= 8 . 6 0 7 6 7  
= - 2 . 0 1 1 4 6  
= 0 . 1 9 3 0 1 8

NOTE: CODE FOR WHAT NEXT? I S :

0 = STOP PROGRAM
1 = COEFFI CI ENTS ONLY
2 = ENTIRE SUMMARY
3 = F I T  NEXT HIGHER DEGREE

POLYFIT OF DEGREE 1 INDEX OF DETERM = 1 .  WHAT NEXT? 
?2

TERM COEFFICIENT

5 . 5 9 9 1 8  
- 0 . 8 8 4  169

X-ACTUAL Y-ACTUAL Y-CALC DI FF P CT- DI F F

8 . 8 0 8  
8 . 3 7  5 
8 . 6 4

r 2 . 1 8 8 6 5  
-  1 . 8 0 5 7 8  
- 2 . 0 3 9 9 4

- 2 . 1 8 8 5 9  
-  1 . 8 0 5 7 4  
- 2 . 0 4 0 0 4

- 6 . 4 7 6 0 4 E - 5
- 4 . 0 1 5 8 6 E - 5  

1 • 0 4 6  96 E - 4

2 . 9 5 9 0 1 E - 3
2 . 2 2 3 9 4 E - 3

- 0 . 0 0 5 1 3 2 0 2

S T D  E R R O R  O F  E S T I M A T E  F O R  Y  =  1 . 2 9 4 9 1 E - 4

W H A T  N E X T ?
?0
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Appendix VII

Program SUBREG 

The Gaussian Algorithm to C a lcu la te  n 
Simultaneous Linear  Equations

I DIM I ( 5 0 ) , J ( 5 0 ) , A ( 5 0 , 5 0 ) , B ( 5 0 ) , X ( 5 0 )
5 N = 4
.6 REM
7 REM PROGRAM SUBREG CALCULATES N SYMULTANEOUS LINEAR EQUATIONS
8 REM USING THE GAUSSIAN ALGORITHM.
1 0  REM
I I  REM A C U D X l  + A ( 1 , 2 ) X 2  + A ( 1 , 3 ) X 3  +   = B1
12 REM . . . . . . .  +■ . . . . . . .  + . . . . . . .  + . . . . . . . . . .  — . .
13 REM A C N > l ) X l  + A ( N , 2 ) X 2  + A ( N > 3 ) X 3  +   = BCN)
14 REM
15 FOR 1=1 TO M 
2 0  FOR J=1  TO N 
3 0  READ A ( I , J )
4 0  NEXT J
41 NEXT I \
4 3  PRINT"SYMULTANEOUS LINEAR EQUATIONS:  GAUSSIAN ALGORITHM"

4 6  PRINT
51 PRI NT" C0 EF F I CI ENT S  ARE: "
5 2  PRINT
5 3  FOR 1=1 TO N
5 4  FOR J=1  TO N
5 5  PRINT A ( I > J )
5 6  NEXT J  ' •
57  NEXT I
5 8  PRINT
6 0  FOR J=1  TO N 
7 0  READ BCJ)
8 0  NEXT J
81 PRINT"INDEPENDENT CONSTANTS ARE: "
8 2  PRINT
8 3  FOR J =1  TO N
8 4  PRINT BCJ)
8 5  NEXT J
8 6  PRINT
87 PRINT
9 0  FOR K=1 TO N
9 2  REM
9 3  REM ROW NORMALIZING LOOP STARTS.
1 0 0  FOR J = ( K + 1 )  TO N
1 1 0  A C K , J ) = A ( K , J ) / A ( K , K )
1 2 0  NEXT J
1 3 0  B ( K ) = B ( K ) / A ( K , K )
1 3 2  REM
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Appendix VII - Continued

REM ROW NORMALIZING LOOP ENDS.
1 3 4  REM
1 3 5  REM
1 3 6  REM SUBSTRACTING MULTIPLES OF ROW K FROM ALL *
137 REM THE SUBSEQUENT ROWS STARTS.
1 3 8  REM
1 4 0  FOR I = ( K + 1 ) TO N 
1 5 0  FOR J = C K + 1 ) TO N 

, 1 6 0  A ( I , J ) = A ( I , J ) - A ( I , K ) * A ( K , J )
1 7 0  NEXT J
1 8 0  B ( I ) = B ( I ) - A ( I , K ) * B ( K )
1 9 0  NEXT I
2 0 0  NEXT K
2 0 1  REM
2 0 2  REM SUBSTRACTING MULTIPLES OF ROW K FROM ALL
2 0 3  REM THE SUBSEQUENT ROWS ENDS.
2 0 4  REM
2 0 5  REM
2 0 6  REM THE BACK SOLUTION STARTS.
2 0 7  REM
2 1 0  FOR I =N TO 1 STEP C - 1 )
2 2 0  X ( I ) = B ( I )
2 3 0  J=N
2 4 0  IF J < = I  THEN 2 8 0  
2 5 0  X ( I ) = X ( I ) - A ( I , J ) * X ( J )
2 6 0  J = J - 1  /
27  0  GO TO 2 4 0  
2 8 0  NEXT I
2 8 2  REM THE BACK SOLUTION ENDS.
2 8 3  REM
2 8 4  PRINT"NUMBER OF VARIABLES = " ; N
2 8 5  PRINT
2 8 6  PRINT*’S 0 L U T I 0 N S 
2 9 0  P R I N T " * + + * + * * * * * * * * * * * * * * "
3 0 0  PRINT
3 0 5  FOR 1=1 TO N
3 0 8  P R I N T " X ( " ;  I ;■’ ) = " ; X ( I )
3 1 0  PRINT 
3 2 0  NEXT I
3 3 0  DATA . 5 8 9 2 9 , 5 . 5 6 9 8 E - 4 , . 4 5 2 4 , 4 . 2 7 5 6 E - 4 , . 4 0 4 9 , 3 . 6  1 8 E - 4 , . 2 5 7 6 , 2 . 3 0 2 1 E - 4
3 3 1  DATA . 0 3 9 9 8 , 2 . 9 6 8 E - 5 , 7 . 9 8 8 E - 3 , 5 . 9 3 E - 6 , 3 . 7 0 3 E - 3 , 2 . 6 E - 6 , 2 . 2 2 5 3 E - 4
3 3 2  DATA 1 . 5 E - 7
3 4 0  DATA . 1 8 8 3 4 5 , . 0 8 0 6 7 7 , - . 0 0 6 4 1 9 , - . 0 0 9 0 7 8  
5 0 0  END

READY
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Appendix VII - Continued

SYMULTANEOUS LINEAR EQUATIONS:  GAUSSIAN ALGORITHM
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

COEFFI CI ENTS ARE:

P 0 . 5 8 9 2 9  
5 . 5 6 9 B 0 E - 4  
0 . 4 5 2 4  
4 . 2 7 5 6 0 E - 4  
0 . 4 0 4 9  
3 . 6  18 0 0 E - 4  
0 . 2 5 7 6  
2 . 3 0 2 1 0 E - 4  
3 . 9 9 3 0 0 ^ - 2  
0 . 0 0 0 0 2 9 6 3  
7 . 9 8 3 0 0 E - 3  
5 . 9 3 0 0 0 E - 6  
3 . 7 0 3 0 0 E - 3  
2 . 6 0 0 0 0 E - 6  
2 . 2 2 5 3 0 E - 4  
0 . 0 0 0 0 0 0 1 5

INDEPENDENT CONSTANTS ARE:

0 . 1 8 8 3 4 5  
0 . 0 8 0 6 7 7  

- 0 . 0 0 6 4 1 9  
- 9 . 0 7 8 0 0 E - 3

NUMBER OF VARIABLES = 4

S O L U T I O N S :
* * * * * * * * * * * * * * * * * * *

X( 1 ) = 5 2 7 . 2 4 5

K( 2  ) = - 7 7 3 5 8 9 .

X( 3 ) = 1 1 9 . 6 9 7

<( 4 ) = 1 5 4 8 5 7 .

Note. Data from t a b l e  XV, Chapter VI.



T -1 5 0 1  175

Appendix VIII

Numerical Resul ts  of Log Pg^g as a Function of 

Sn Content in Sn-Fe Mat tes ,  and Temperature.

I t  was found t h a t :

Log Psns = -  ^ 5 Z M +  5.80 + Log , (Eqn. 44,  Ch. VII )

This equat ion  was programmed f o r  a temperature  range between 1000 and 1500°K, 
and from 0% to  100% Sn in matte .
The r e s u l t s  a re  t a b u la te d  in the  fo l lowing  pages.
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1 0 0  PRINT
1 0 2  PRINT
1 0 3  PRINT
137  PRINT
1 3 8  PRINT
1 4 0  PRINT
141 P R I N T " P ( S N S )  V S .  WTZSNS IN MATTE -  REGULARITY CONST.  = 2 6 0 . 8 "
1 4 2  P R I N T " * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * *
1 4 3  PRINT
1 4 4  PRINT"CALCULATION OF PCSNS)  AS A FUNCTION OF COMPOSITION AND TEMP
1 4 5  PRINT
1 4 6  PRINT
1 5 0  FOR T = 1 0 0 0  TO 1 5 0 0  STEP 1 0 0  
1 6 0  PRINT"TEMPEHATURE = " ; T ; " D E G .  K"
1 6 5  P R I N T " * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "
1 7 0  PRINT
1 8 0  PRINT"WT% S N " , " W T Z S N S " , " N ( S N S ) " , "LOG P C S N S ) " , " P  CS NS ) "
1 8 5  PRINT
1 9 0  FOR A= 10 TO 1 0 0  STEP 10  
1 9 5  S = A*1 l o . 7 / 1 5 0 . 7 5 4
2 0 0  N 1 = C A / 1 5 0 . 7 5 4 ) / C C A / 1 5 0 . 7 5 4 ) + C 1 0 0 - A ) / 8 7 . 9 1 1 )
2 1 0  N 2 = 1 - N 1
2 2 0  P I = - 8 8 7  6 . 3 / T + 5 . 7  9 6 + C L 0 G C N 1 ) ) / 2 . 3 0 3 + 2 6 0 . 8 * C N 2 f 2 ) / T  
2 3 0  P2 = E XP CP 1 * 2 . 3 0 3 )
2 3 5  PRINT S , A , N 1 , P 1 , P 2
2 4 0  NEXT A
2 4 5  PRINT
2 5 0  PRINT
2 5 5  NEXT T
4 0 0  END

READY
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PCSNS)  V S .  WTZSNS IN MATTE -  REGULARITY CONST.  = 2 6 0 . 8  

CALCULATION OF PCSNS)  AS A FUNCTION OF COMPOSITION AND TEMP.

TEMPERATURE = 1 0 0 0  DEG. K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

JTZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 4 . 0 6 5 7 9 8 . 5 7 9 8 3 E - 5
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 3 . 7 7 6 8 7 1 . 6 6 8 9 7 E - 4
2 3 . 6 2 1 3 3 0 0 . 1 9 9 9 4 8 - 3 . 6  1 2 3 2 0 . 0 0 0 2 4 3 7 9 5
3 1 . 4 9 5 4 0 0 . 2 7 9 9 3 4 - 3 . 4 9 7 9 2 3 .  1 7 2 8 4 E - 4
3 9 . 3 6 8 8 5 0 0 . 3 6 8 3 4 5 - 3 . 4 0 9 9 1 3 . 8 8 5 7 5 E - 4
4 7 . 2 4 2 5 6 0 0 . 4 6 6 5 8 5 - 3 . 3 3 7  1 4 . 5 9 5  1 OE- 4
5 5 . 1 1 6 3 7 0 0 . 5 7 6 3 9 1 - 3 . 2 7 2 7 4 5 . 3 2 9 2 9 E - 4
6 2 . 9 9 8 0 0 . 6 9 9 9 3  1 - 3 . 2 1 1 7 3 6 . 13 3 2 0 E - 4
7 0 . 8 6 3 8 9 0 0 . 8 3 9 9 5 6 - 3 . 1 4 9 3 5 7 . 0 8  0 8 1 E - 4
7 8 . 7 3 7 5 1 0 0 1 - 3 . 0 8 0 3 8 . 3 0 1 2 8 E - 4

TEMPERATURE = 1 1 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

JTZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 3 . 2 7 9 7 6 5 . 2 4 3 7 9 E - 4
1 5 . 7 4 7 5 2 0 0 .  1 2 7 2 3 6 - 2 . 9 8 8 1 . 0 2 6 7 5 E - 3
2 3 . 6 2 1 3 3 0 0 . 1 9 9 9 4 8 - 2 . 8 2 0 5 6 1 . 5 0 9 8 3 E - 3
3 1 . 4 9 5 4 0 0 . 2 7 9 9 3 4 - 2 . 7 0 3 2 8 1 . 9 7 8 0 4 E - 3
3 9 . 3 6 8 8 5 0 0 . 3 6 8 3 4 5 - 2 . 6  1 2 4 3 2 . 4 3 8 3 4 E - 3
4 7 . 2 4 2 5 6 0 0 . 4 6 6 5 8 5 - 2 . 5 3 6 9 1 2 . 9 0 1 5 5 E - 3
5 5 . 1 1 6 3 7 0 0 . 5 7 6 3 9 1 - 2 . 4 7 0 0 6 0 . 0 0 3 3 8 4 5 1
6 2 . 9 9 8 0 0 . 6 9 9 9 3 1 - 2 . 4 0 6 9 3 3 . 9 1 4 1 2 E - 3
7 0 . 8 6 3 8 9 0 0 . 8 3 9 9 5 6 - 2 . 3 4 3 0 2 4 . 5 3 4 7 9 E - 3
7 8 . 7 3 7 5 1 0 0 1 - 2 . 2 7 3 3 6 5 . 3 2 3 8 6 E - 3

TEMPERATURE = 1 2 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

'TZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 2 . 6 2 4 7 4 2 . 3 7 0 2 0 E - 3
1 5 . 7 4 7 5 2 0 0 .  1 2 7 2 3 6 - 2 . 3 3 0 6 4 . 6 6 6  4 0 E - 3
2 3 . 6 2 1 3 3 0 0 . 1 9 9 9 4 8 - 2 . 1 6 0 7 6 0 . 0 0 6 8 9 9 9 8
3 1 . 4 9 5 4 0 0 . 2 7 9 9 3 4 - 2 . 0 4 1 0 8 9 . 0 8 9 8 5 E - 3
3 9 . 3 6 6 8 5 0 0 . 3 6 8 3 4 5 -  1 . 9 4 7 8 7 1 . 1 2 6 6 2 E - 2
4 7 . 2 4 2 5 6 0 0 . 4 6 6 5 8 5 -  1 . 8 7 0 0 9 1 . 3 4 7 6 4 E - 2
5 5 . 1 1 6 3 7 0 0 . 5 7 6 3 9 1 -1 . 8 0 1  16 1 . 5 7 9 4 9 E - 2
6 2 . 9 9 8 0 0 . 6 9 9 9 3 1 -  1 . 7 3 6 2 6 0 . 0 1 8 3 4 1
7 0 . 8 6 3 8 9 0 0 . 8 3 9 9 5 6 -  1 . 6 7  108 2 . 1 3 1 1 8 E - 2
7 8 . 7 3 7 5 10 0 1 -  1 . 6 0 0 9 2 2 . 5 0 4 9 3 E - 2
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P C S N S )  V S .  W T Z S N S  I N  M A T T E  -  R E G U L A R I T Y  C O N S T .  =  2 6 0 . 8
* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *

CALCULATION 0F PCSNS)  AS A FUNCTION OF COMPOSITION AND TEMP.

TEMPERATURE = 1 3 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

WTZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5
1 5 . 7 4 7 5
2 3 . 6 2 1 3
31 . 4 9 5
3 9 . 3 6 8 8
4 7 . 2 4 2 5
5 5 . 1 1 6 3
6 2 . 9 9
7 0 . 8 6 3 8
7 8 . 7 3 7 5

1 0
20 
3 0  
4 0  
5 0  
6 0  
7 0  
8 0  
9  0  
1 0 0

6 . 0 8 5 0 8 E - 2  
0 . 1 2 7 2 3 6  
0 .  1 9 9 9 4 8  
0 . 2 7 9 9 3 4  
0 . 3 6 8 3 4 5  
0 . 4 6 6 5 8 5  
0 . 5 7 6 3 9 1  
0 . 6 9 9 9 3 1  
0 . 8 3 9 9 5 6  
1

- 2 . 0 7 0 4 9
-  1 . 7 7 4 3 4  
- 1 . 6 0 2 4 7  
- 1 . 4 8 0 7 5  
- 1 . 3 8 5 5 5  
- 1 . 3 0 5 8 5
-  1 . 2 3 5  16
-  1 . 1 6 8 7 8  
- 1 . 1 0 2 5  1
-  1 . 0 3 1 9 2

8 . 4 9 4 3 9 E - 3
1 . 6 8 0 1 3 E - 2
0 . 0 2 4 9 5 9 8
3 . 3 0 3 5 7 E - 2
4 . 1 1 3 4 2 E - 2
4 . 9 4 2 1 2 E - 2
5 . 8  1 5 8 6 E - 2
6 . 7 7 6 6 2 E - 2
7 . 8 9 3 8 2 E - 2
0 . 0 9 2 8 7 3 3

TEMPERATURE = 1 4 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

WTZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5
1 5 . 7 4 7 5
2 3 . 6 2 1 3
31 . 4 9 5
3 9 . 3 6 8 8
4 7 . 2 4 2 5
5 5 . 1 1 6 3
6 2 . 9 9
7 0 . 8 6 3 8
7 8 . 7 3 7 5

10
20 
3 0  
4 0  
5 0 
6 0  
7 0  
8 0  
9 0  
100

6 . 0 8 5 0 8 E - 2  
0 .  1 2 7 2 3 6  
0 .  1 9 9 9 4 8  
0 . 2 7 9 9 3 4  
0 . 3 6 8 3 4 5  
0 . 4 6 6 5 8 5  
0 . 5 7 6 3 9 1  
0 . 6 9 9 9 3 1  
0 . 8 3 9 9 5 6  
1

-  I . 5 9 5 4 2
2 9 7 5 5  
1 2 3 9 3  
0 0 0 4 7  
9 0 3 5 5 6  
8 2 2 2 2  
7 5 0 0 2 6  

- 0 . 6 8 2 3 5 8  
- 0 . 6  15 173  
- 0 . 5 4 4 2 1 4

-  1 
-  1 
-  1 
-0  
-0 
-0

2 . 5 3 6 8  I E - 2  
0 . 0 5 0 3 7 5 7  
0 . 0 7 5 1 3 8 7  
9 . 9 8 5 0 2 E - 2  
0 . 1 2 4 8 1 9  
0 . 1 5 0 5 3 3  
0 .  1 7 7 7 6 2  
0 . 2 0 7 7 4  
0 . 2 4 2 5 0 3
0 . 2 8 5 5 5 4

TEMPERATURE = 1 5 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

ITZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 1 . 1 8 3 7 6 . 5 4 7 7  IE
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 0 . 8 8 4 3 2 4 0 . 1 3 0 4 7 2
2 3 . 6 2 1 3 3 0 0 .  1 9 9 9 4 8 - 0 . 7 0 9 2 0 2 0 . 1 9 5 2 8 6
3 1 . 4 9 5 4 0 0 . 2 7 9 9 3 4 - 0 . 5 8 4 2 2 9 0 . 2 6 0 4 1 5
3 9 . 3 6 8 8 5 0 0 . 3 6 8 3 4 5 - 0 . 4 8 5 8 3 0 . 3 2 6 6 5
4 7 . 2 4 2 5 6 0 0 . 4 6 6 5 8 5 - 0 . 4 0 3 0 7 2 0 . 3 9 5 2 3 5
5 5 . 1 1 6 3 7 0 0 . 5 7 6 3 9 1 - 0 . 3 2 9 5 7 4 0 . 4 6 8  13
6 2 . 9 9 8 0 0 . 6 9 9 9 3 1 - 0 . 2 6 0 7 9 5 0 . 5 4 8 4 7 7
7 0 . 8 6 3 8 9 0 0 . 8 3 9 9 5 6 - 0 . 1 9 2 8 1 0 . 6 4  1 4 3 9
7 8 . 7 3 7 5 1 0 0 1 - 0 . 1 2 1 5 3 3 0 . 7 5 5 8 6 6
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P C S N S )  V S .  W T Z S N S  I N  M A T T E  -  R E G U L A R I T Y  C O N S T .  =  2 6 0 . 8
* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *

CALCULATION OF PCSNS)  AS A FUNCTION OF COMPOSITION AND TEMP.

TEMPERATURE = 1 0 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

n %  SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7  47 5 2 0 . 0 1 1 7 6 0 9 - 4 . 7 5 4 8 1 1 . 7 5 5 2 2 E - 5
3 . 1 4 9 5 4 2 . 3 7 2 1 2 E - 2 - 4 . 4 5 6 3 3 . 4 9 0 6 0 E - 5
4 . 7 2 4 2 5 6 3 . 5 8 8 6  l E - 2 - 4 . 2 8 2 7 5 . 2 0 6 3 4 E - 5
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 - 4 . 1 6 0 2 3 6 . 9 0 2 6 6 E - 5
7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 4 . 0 6 5 7 9 8 . 5 7 9 8 3 E - 5
9 . 4 4 8 5 1 12 0 . 0 7 3 6 6 1 8 - 3 . 9 8 9 0 6 1 . 0 2 3 8 l E - 4
1 1 . 0 2 3 3 1 4 8 . 6 6 9 9 7 E - 2 - 3 . 9 2 4 5 5 1 . 1 8 7 7 9 E - 4
1 2 . 5 9 8 1 6 9 . 9 9 7 0 5 E - 2 - G . 2 A R 9 9 1 . 3 ^ 9 9 5 8 - ^
1 4 . 1 7  2 8 18 0 . 1 1 3 4 8 1 - 3 . 8 2 0 2 4 0 . 0 0 0 1 5 1 0 3 2
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 3 . 7 7 6 8 7 1 . 6 6 8 9 7 E - 4

TEMPERATURE = 1 1 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

/TZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7  4 7 5 2 0 . 0 1 1 7 6 0 9 - 3 . 9 7  103 1 . 0 6 7 2 2 E - 4
3 . 1 4 9 5 4 2 . 3 7 2 1 2 E - 2 - 3 . 6 7 1 9 6 2 . 1 2 5  1 l E - 4
4 . 7 2 4 2 5 6 3 . 5 8 8 6  l E - 2 - 3 . 4 9 7 8 3 .  1 7 3 7 5 E - 4
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 - 3 . 3 7 4 7 7 0 . 0 0 0 4 2 1 3 2 6
7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 - 3 . 2 7 9 7 6 5 . 2 4 3 7 9 E - 4
9 . 4 4 8 5 1 12 0 . 0 7 3 6 6 1 8 - 3 . 2 0 2 4 7 0 ^ 0 0 0 6 2 6 5 4 8
1 1 . 0 2 3 3 1 4 8 . 6 6 9 9 7 E - 2 - 3 . 1 3 7 3 9 7 . 2 7 8 5 0 E - 4
1 2 . 5 9 8 16 9 . 9 9 7 0 5 E - 2 - 3 . 0 8 1 2 6 8 . 2 8 3 0 3 E - 4
1 4 . 1 7 2 8 18 0 . 1 1 3 4 8 1 - 3 . 0 3  I 94 9 . 2 7 9 3 0 E - 4
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 2 . 9 8 8 1 . 0 2 6 7 5 E - 3

TEMPERATURE = 1 2 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

/TZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7  4 7 5 2 0 . 0 1 1 7 6 0 9 - 3 . 3 1 7 8 8 4 . 8 0 3 1 3 E - 4
3 . 1 4 9 5 4 2 . 3 7 2 1 2 E - 2 - 3 . 0 1 8 3 4 9 . 5 7 4 4 5 E - 4
4 . 7 2 4 2 5 6 3 . 5 8 8 6 l E - 2 - 2 . 8 4 3 7 2 1 . 4 3  14 4 E - 3
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 - 2 . 7 2 0 2 2 1 . 9 0 2 3 4 E - 3
7 . 8 7 3 7 5 1 0 6 . 0 8 5 0 8 E - 2 - 2 . 6 2 4 7 4 2 . 3 7 0 2 C E - 3
9 . 4 4 8 5 1 12 0 . 0 7 3 6 6 1 8 - 2 . 5 4 6 9 8  . 2 . 8 3 5 0 8 E - 3
1 1 . 0 2 3 3 1 4 8 . 6 6 9 9 7 E - 2 - 2 . 4 8 1 4 3 3 . 2 9 7 0 6 E - 3
1 2 . 5 9 8 16 9 .  9 9 7 0 5 E - 2 - 2 . 4 2 4 8 1 3 . 7 5 6 2 1 E - 3
1 4 . 1 7 2 8 18 0 . 1 1 3 4 8 1 - 2 . 3 7 5 0 2 4 . 2  12 6 3 E - 3
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 2 . 3 3 0 6 4 . 6 6 6 4 0 E - 3
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P C S N S )  V S .  W T Z S N S  I N  M A T T E  -  R E G U L A R I T Y  C O N S T .  =  2 6 0 . B
* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *

CALCULATION OF PCSNS)  AS A FUNCTION OF COMPOSITION AND TEMP

TEMPERATURE = 1 3 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

'TZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7  47 5 2 0 . 0 1 1 7 6 0 9 - 2 . 7 6 5 2 1 1 . 7  1 5 1 l E - 3
3 .  1 4 9 5 4 2 . 3 7 2 1 2 E - 2 - 2 . 4 6 5 2 8 3 . 4 2 1 9 5 E - 3
4 . 7 2 4 2 5 6 3 . 5 8 8 6 l E - 2 - 2 . 2 9 0 2 6 0 . 0 0 5 1 2 0 6 6
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 - 2 . 1 6 6 3 7 6 . 8 1 1 4 1 E - 3
7 . 8 7  37 5 10 6 . 0 8 5 0 8 E - 2 - 2 . 0 7 0 4 9 8 . 4 9 4 3 9 E - 3
9 . 4 4 3 5 1 12 0 . 0 7 3 6 6 1 8 -  1 . 9 9 2 3 3 1 . 0 1 6 9 8 E - 2
1 1 . 0 2 3 3 1 4 8 . 6 6 9 9 7 E - 2 - 1 . 9 2 6 3 8 1 . 1 8 3 7 9 E - 2
1 2 . 5  93 1 6 9 . 9 9 7 0 5 E - 2 -  1 . 8 6 9 3 6 1 . 3 4 9 9 0 E - 2
1 4 . 1 7 2 8 18 0 . 1 1 3 4 3 1 - 1 •  -J I V  1 c

1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 -  1 . 7 7 4 3 4 1 . 6 8 0 1 3 E - 2

TEMPERATURE = 1 4 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

TZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7 4 7 5 2 0 . 0 1 1 7 6 0 9 - 2 . 2 9 1 5 5 . 1 0 6 1 l E - 3
3 . 1 4 9 5 4 2 . 3 7 2 1 2 E - 2 - 1 . 9 9  123 1 . 0 1 9 5 5 E - 2
4 . 7 2 4 2 5 6 3 . 5 8 8 6 l E - 2 - 1 . 8 1  5 8 7 0 . 0 1 5 2 6 8 6
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 - 1 . 6 9  164 2 . 0 3 2 6 0 E - 2
7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 -  1 . 5 9 5 4 2 2 . 5 3 6 8 l E - 2
9 . 4 4 8 5 1 12 0 . 0 7 3 6 6 1 8 -  1 . 5  1 6 9 2 0 . 0 3 0 3 9 5 6
1 1 . 0 2 3 3 14 8 . 6 6 9 9 7 E - 2 -  1 . 4 5 0 6 2 3 . 5 4 0 9 3 E - 2
1 2 . 5 9 8 16 9 . 9 9 7 0 5 E - 2 -  1 . 3 9 3 2 6 4 . 0 4 0 9 9 E - 2
1 4 . 1 7 2 8 18 0 . 1 1 3 4 8 1 -  1 . 3 4 2 7 2 4 . 5 3 9 8 4 E - 2
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 -  1 . 2 9 7 5 5 0 . 0 5 0 3 7 5 7

TEMPERATURE = 1 5 0 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

WTZ SN WTZSNS NCSNS) LOG PCSNS) P CSNS)

1 . 5 7 4 7 5 2 0 . 0 1 1 7 6 0 9 -  1 . 8 8 0 9 4 1 . 3 1 4 3 7 E - 2
3 . 1 4 9 5 4 2 . 3 7 2 1 2 E - 2 -  1 . 5 8 0 3 9 2 . 6 2 6 2 0 E - 2
4 . 7 2 4 2 5 6 3 . 5 8 8 6 l E - 2 -  1 . 4 0 4 7 4 3 . 9 3 5 6 l E - 2
6 . 2 9 9 8 4 . 8 2 6 0 8 E - 2 -  1 . 2 8 0 2 1 5 . 2 4 2 7 3 E - 2
7 . 8 7 3 7 5 10 6 . 0 8 5 0 8 E - 2 -  1 . 1 8 3 7 6 . 5 4 7 7 l E - 2
9 . 4 4 8 5 1 12 0 . 0 7 3 6 6 1 8 -  1 . 1 0 4 8 9 7 . 8 5 0 7 2 E - 2
1 1 . 0 2 3 3 1 4 8 . 6 6 9 9 7 E - 2 -  1 . 0 3 8 3 9 .  1 5 1 9 5 E - 2
1 2 . 5 9 8 16 9 . 9 9 7 0 5 E - 2 - 0 . 9 8 0 6 4 0 . 1 0 4 5  16
1 4 . 1 7 2 8 18 0 . 1 1 3 4 8 1 - 0 . 9 2 9 7 9 7 0 . 1 1 7 4 9 9
1 5 . 7 4 7 5 2 0 0 . 1 2 7 2 3 6 - 0 . 8 8 4 3 2 4 0 . 1 3 0 4 7 2
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Appendix VIII - Continued

Development o f  a Simple Computer Program to C alcu la te  

the T heoret ica l  Volume o f  Carrier Gas and Oil Required 

to be Burnt to  Provide the  Gas to Fume SnS from a Tin-  

Iron Matte Containing I n i t i a l l y  S% Sn to  a Final  Matte 

Containing J% Sn

The t i n  content  o f  a matte i s  to  be reduced from S% Sn to  a 

f i n a l  content  o f  J% Sn. This reduct ion  i s  to be performed assuming pg^g to be 

con s tan t  w ith in  a small concentrat ion  range,  say each l%Sn in matte.

The a d d i t ion  o f  a l l  these  reduct ions  toge th er  g iv e s  the t o t a l  c a r r i e r  gas and

the o i l  required .

Consider,  t h e r e f o r e ,  the reduct ion  o f  t i n  in matte from S% Sn to (S-l)% Sn.

A loop with the des ired  l i m i t s  w i l l  then so lv e  the problem to ach ieve  the reduc­
t io n  aimed a t  the temperature required .

S% Sn in matte corresponds t o ,

S = SI % SnS in matte.
118.690

Assume Pg^g constant  from S% Sn to (S-l)% Sn, and c a l l  S2 the wt% SnS in matte  

a f t e r  fuming 1% Sn.

S2 = ( S - 1 ) .  150.754 ^
118.690

The matte i s  assumed to c o n s i s t  on ly  o f  FeS and SnS. Therefore ,  before  fuming: 

100 parts o f  matte contain  SI parts  o f  SnS and (1 0 0 -S l )  parts  o f  FeS. 

A fter  fuming,  matte conta ins :

P parts  o f  SnS and ( 1 0 0 -S l )  parts  o f  FeS.

So,
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P__________   ̂ S2

P + (1 0 0 -S l )  100

P  ^  S2 > (1 0 0 -S l )

(1 0 0 -S l )

Thus SnS fumed: F = SI - P (%).

Taking the mean value  o f  the %SnS in matte before fuming,  and the %SnS in mat­

t e  a f t e r  fuming ( fo r  which the Pg^g i s  assimed co n s ta n t ) :

A = (51 + P ) /2  (%),

fo r  which: A/150.754____________ .
"SnS A . (100 - A)

150.754 87.911

Ngns i s  the SnS mole f r a c t i o n .

I t  was found that:

Log = -  8876.3 + g gg + Log , (Eqn. 44 ,  Ch.VII)

or:

Q = - + 5.80  + Log N1 + ■ (1 - Nl)^

Pg^g = B = EXP(Q/2.303) , atm .

Consider 1 ton o f  matte ,  from which F/lOO tons o f  SnS must be fumed 

The volume o f  SnS vapor w i l l  be:

VI = I m O O M o !  . ^3 STP ,
150.754 1000

or:
V2 = X 1 j _ L  n,8 a t  TOK. 

273
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There fo re ,  the volume of  c a r r i e r  gas requ i red  wi l l  be:

V3 = V2* m̂  a t  T°K f o r  each 1% Sn r educ t ion
B

And the  t o t a l  volume of c a r r i e r  gas requ i red  wi l l  be:

V = V + V3.

Now, cons ide r  an o i l  of  the fo l lowing composi t ion:

86% C, 11% H, 3% 0,  and a S. G. of  0 .9  .

One l i t e r  of  o i l  con t a i ns :  86% C 774 gm C = 64.5 moles of  C
11% H 99 gm H = 49.5 moles of  H
3% 0 27 gm 0 = 0.84 moles of  Og.

The Og requ i r ed  r e s p e c t i v e l y  i s :  64.5 moles Og
24.75 " "

( - 0 . 84 )  " "

Total  88.41 moles 0^ r e qu i r e d .

This o i l  i s  to be b u r n t ,  say with a 25% excess a i r  (79%N2, 21% 0^ by volume)

88.41 moles + 25% excess  Og = 415.74 moles Ng.

The re fo re ,  the t o t a l  number of  moles of  f l u e  gases i s :

64.5 moles CO.
49.5 moles HgO

2
I

22.1 moles Og 
415.74 moles N

Total  551.8 moles.
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The volume o f  these  gases  at  TOK i s  equal to:

W = 551 .8  . 22 .4_____ T _  ^3
1000 273

Hence, the o i l  required ,  burnt with 25% excess  a i r ,  to fume Sn from S to  

(S -  1)% Sn in matte i s :

0 = V3 /  W I t  a t  TOK , 

and the t o t a l  volume o f  o i l  required i s :

01 = V /  W I t  a t  TOk.

The program, OILREQ, i s  l i s t e d  below fo llowed by the r e s u l t s  on a 10% Sn- 

and a 15% Sn- matte fumed to  f i n a l  contents  o f  1% Sn and 5% Sn in m atte ,  each
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5 M=15
6 J = 5
10  PRINT" FUMING SNS FRGM SN -  FE MATTES"
12 PRI NT" * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * "
14 PRINT  
16 PRINT
18 PRINT"THEGRETICAL VOLUME OF INERT GAS REQUIRED TO FUME TI N FROM"
2 0  PRINT"A TI N - I R ON MATTE CONTAINING I N I T I  ALLY"JM; "%SN TO A FI NAL"
21 PRI NT" MATTE C ONT AI N I N G" ; J ; " %S N. "
2 2  PRINT
2 4  PRINT"THEORETICAL VOLUME OF OIL REQUIRED TO BE BURNT WITH 25%EXCESS"
2 5  PRI NT^AI R TO PROVIDE THE CALCULATED VOL.  OF INERT GAS REQRD. "
2 8  PRINT
3 0  PRI NT"OI L ANALYSI S:  86%C ,  11%H ,  3%0 ,  S . G . . S "
3 2  PRI NT" AIR COMP.  : 21Z0XYGEN , , 79%NITR0GEN BY VOLUME"
3 4  PRINT 
3 6  PRINT
4 0  FOR T=i OOO TO 1 5 0 0  STEP 1 0 0
4 5  PRINT"TEMPERATURE = " ; T ; " D E G .  K"
4 6  P R I N T " * * * * * * * * * * * * * * * * * * * * * * * * * * * "
4 8  PRINT
5 0  PRINT" I NI T I A L  SN CONTENT = "; M; "%"
5 2  PRINT
5 5  PRINT"FROM AB OVE" , " P CS NS ) O F " , " S N S  VAPOR", "I NERT G A S " , " O I L  RQRD. "
5 6  PRINT"%SN T O . . .  " , "AVGE COMP", " " , "REQUI RED", "
57  PRINT" %SN " , "  ATM " , "  CU. ME T E RS " , " CU. METERS ", " LI TERS "
6 0  PRINT
6 5  FOR S=M TO CJ + 1 )  STEP ( - 1 )
7 0  S I = S * 1 5 0 . 7 5 4 / 1 1 8 . 6 9  
7 5  S 2 = C S - D *  1 5 0 . 7 5 4 / 1  1 8 . 6 9  
8 0  P = S 2 * C 1 0 0 - S l ) / < 1 0 0 - S 2 )
8 5  F = S 1 - P  
9 0  A = C S l + P ) / 2
9 5  N l = ( A / 1 5 0 . 7 5 4 ) / ( A / 1 5 0 . 7 5 4 + ( 1 0 0 - A ) / 8 7 . 9  1 ! )
1 0 0  Q = - 8 8 7 6 . 3 / T + 5 . 7 9 6  + CLOG( N 1 ) ) / 2 . 3 0 3 + 2 6 0 . 8 * C( 1 - N 1 ) t 2 ) / T  
1 0 5  B = E X P C Q * 2 . 3 0 3 )
1 10  V 1 = F * 2 2 4 / 1 5 0 . 7 5 4  
1 1 5  V 2 = V 1* T / 2 7 3  
1 2 0  V 3 = V 2 * ( 1 - B ) / B  
1 2 5  V=V+V3
1 3 0  W = C 5 5 1 . 8 * 2 2 . 4 * T ) / 2 7 3 0 0 C  
1 3 5  0=V3/VJ
1 4 0  PRINT S ; " T O " ; C S - 1 ) , B , V 2 , V 3 , 0  
1 4 5  NEXT S 
1 5 0  PRINT
1 5 5  PRINT"TOTAL VOLUME OF INERT GAS REQRD.  = " ; V ; " C U .  METERS"
1 6 0  0 1 = V / t O

READY
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15j 0 1 = 7 /
165 2  11 IT "TOT.IL 7 0 LU RE CF OIL REQUIRED =  " J  0 1 ; " L I T E R S " *
165 7  = 0
170 PR.I RT
175 PR IRT
160 ÎJERT T
155 ? R i  RT
190 REIi
191
192 REII
193 RRIl S=%SR IE RATTE , S1=%SR‘5 li'J RAT TE
194 REM 5 2 = OSES IR RATTE CORTAIRIRG ( S - I E ) T I R
195 p ,, -  . - n  ' "T- - -T. T R RATTE AFTER FURIRG 1%TI R
195 O T ■ F = S 1 - ? = T I R  FUREO C 3 )
197 E C ; )
195 Ri  = R ( 5 R 5 )
199 RER 0=LOO PC5 R3 )  , 3 = P C 3 R S )  ATM.
200 RER 7 1 = 7 OLURE CF 3R3 7APGR AT 3TP
201 r '  “7 * '

.  ^  4. 1 V2=7CLU. i E OF 5RS 7 a ?CR a t  TERP TCDEG.  R)
2 02 * 7 3=7CLURE OF IRE RT GriG REQUIRED.  CU .RET Z. - V o  .
2 03 7 =T0 TAL 7 0 LURE Ct  1  i . Z . - .  i  U : - i 3  . - .Z. ' V'V .; - i / . U  .  'w J l iiL  1 Z i R o  .

2 0 4 n z M . 7 = 7 OLURE OF FLUE GAGES AT TCR)  CU. RETER3 •

205 PER C=OIL REORD.  TO 3E EURRT +  25EERCESS A I R . L I T E R S .
206 RE. I 0 1 =T0 TAL 7 OLURE OF OIL REOUI . IED .  L I T E R S .
207
208
209
300 i  u  u . r  J . D  . - i . . D FTRAL RATTE CORPCSITICR r' _• ■. r - Z T  3  ■ *: V9  .  . \w4 w » « 1

301 .i i f-i i i ..3 3  ^RD 5 .
3 0 2 X = 4 * * • ■ « # * X ^ «  7 «a, 4 * 1 X a . X 4 X 4^ V.J • • • « 3 CF SR IR RTE
303 1 X . X * V X O  # O  ^ 42 X V 1 « 4 X * X 4 i  Lv O  .  w i  . 1 F Tl . y ( 0 )  IR . lATTE
304
305 -IE. i
4 0 0 ERD

READY
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F UM IN G b.M S F H OM SN -  h F ,»i A1 T F S

THEORETICAL VOLUME OF Ls E;a 1 SAS x E u u I ^ E u  i u  FUME Tl N FKüM 
A I I -  I X ON A l l E  C Gn TA IN 1 \  3 1N I i I Al l  % i v « SN I u A F IN A L 

MATTE CONTAINING 1 XSN.

CIL ANALYSI S:  3 6%C ,  1 1 / h  ,  3%-0 ,  S .  G.  , 9
AIR C O R P .  : 2 1 % 0 X f ü E N  ,  Y ^ / n I T R O G E n  Bx  v ü l UME

T E M P E R A T U R E  = 1 0 0 0  L E G .  A
* * * * * * * *

I NI TI AL SN CUmTENT = 10 %

‘ROM ABOVE P ( S N S )  OF SNS VAPOR INERT GAa OIL KOi\L.
;SN T O . . . AVi E 0 0/ , P R E U U I r. E Ù

%SN ATM 0 J. / F T  Er.S 0 J . *'i ETE R S LIT 3 r. 3

1 0 TO 9 1 . 0 2 2 S 9 E - / . : 53 3 i o 3 3 I . 1 CO b . /
9 TO S G ..• .-■• 9 1 o 3 1 >' / . A' 9  ̂9 z z ox ^ I b b b . b /
o TO / :) . 1 3 0 3 3 E -  S f • b : / 1 9 3 3 O 9 . 6 2.; e . .c /
/ TO 6 3 .  i-'j -L G 0 / ■..■< / *•/ / • ^ 1 J :j i  C 9 . 2 3 3 6 . 1
6 TO 5 6 . .J Go/  D E -  b / • 3 -• i .■ - I r 3 Z> 3 O . / 1 3 . 3 b
5 TO A. 9 3^9  1 -  S /■ • z 3 1 1 ■t- / b / L • 3 3 b 9 .
Zi TC : 3 .  o 5 3 1 E -  b / . i i z (_• O 1 O • ~ I 1 > . b<-
3 iO 2 2 . / 6 3 3 3 E - b / . V 3 Z L 3 z c o o o • ^ o  y • 3 L
2 10 1 1 . 0 6 b X.9 E-  b / . . -■ 3 J 1  ̂3 cj 3 z 9 . 9 c o b . b

t o t a l  VuLUr S
TOTAL v CL'U'.E

L i- I \  L r; i G S R Eu u 
Or u I L  J i  :<C l.'

f-- 1
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T E / r E/AT Lîr.E = 1 1 /  - uE 'j* \

I N' I T I A L COn TEn T = 1

FROM ABOVE 
xS.\  T O . . .  

ZS.NI

p ( S n S )  of 
A v j E C 0/1P 

ATM

VM ,

Ou. METERS

L w .r . ' ï  GAS
:\Eu 'J 1 .'\LU 
CU.MET Ep S

ÜI L :\ ̂ i\L 

LI TERS

10 TO 9 6 .  2 5 /  o l E - 4 o . 5b 5b 6 1 3 / 1 1 . 6 2 7 5 . 3 1 5
9 TO 3 5 . 6 1  51 I E - - L . Xi t ’ A 7 1 53 6 c . 3 u 2 . 5 0 9
6 TO 7 . J 0 0 A 9 6 o / o o . 3  ̂ 7 1 6 / o 9 . 5 3 3  7 . 1 1 5
7 TC 6 3 . 3 1 3 7  7 E- A 0 . 2 3 1 7 1 1 9 J  52 . 1 3 o 2 . 5 4  5
6 TO 5 i. ■ . t, kv z o r o .. c 0 . 1 2 3 3  7 2 2 1 4 7 . 2 4 4 4 . 69 2
5 i u A 3 . O u / 6 2 E - b 3 . G 1 I L i 2 6 6 2 9 . 1 5 3 2 . L-Oc.
/. T L 3 1 - - - ' « . 3 ( 0 - .  6 2 / f: . 3 0
3 TO 1 • 6 J 1 / ... C- A X . o 2 59 00 9 /  . 0 93  1. c I 1
2 TO 1 1 . 0 1  2 5 3 E -  /. 7 . 7 3 3 2  1 7 6 S 5 7 . A i 5 2 / . 1 5

TOTAL VOL O/.E OF INERT GAS r Ez RP.  = 2 69 5 3 5 . 0 U. t 'l E T E M S
TOTAL VOLUME OF OIL f . .EuJI. sEu =  5 2 1 1 . 9 / LI TE iT 0

I Livp RRf' 1 l1 - 1 2 j J LEG. '>

I N I T I A L  Sn CUM TEN T = 1 .1 %

FROM AROVE r ( S.\ S ) UF SNO VAru^ I .\E;\T 'GAS Ui i -  .XX- . X 0 .
?Sn I u A vG E 0 0 <P E-z ij 1 r. 2 L

ASN A T z O' .  1 0 i c 1 \ S z . . .‘1 c. 1 Z-c. S L. i i

10 TO 9 2 . o 3 1 5 5 E - 3 7 . .3 r 3 z 3 - 9 0 . 0 C o . / 1 1 1
9 TO ■3 ■ J . z- c  L 5 3 9 7 .  c. 0 5 7 1 2 1 .9 / . C o 0 6 . /
S T 0 / Z . z .V L 2 X; z 1 . 1 9 . 1 : 5 2 - X. _ - 1 . 3 i / 4 . —/ D
7 TO 6 1 . 9 5 :1 6 E - 3 , .  9 . . 5 -  0 9 b .  / 9 2^ . 0 0 0 t
6 TO s 1 . f 5 3 G 5 E - 3 ' • 0 5 2 Ù o3x. /  .  L 9 9 0 . 2 <Zz 4
5 TO A 1 . 3 5 6 2 6 E - 3 .  / 3 ; / 3 -  3 b .  2 6 1 1 J  .
A TO 3 1 . 0 5 / 3 / E - 3 3 . : : < 3 i 1 >̂ /  .  / 1 - 9 . 9  u  b

3 TO £ / . 5 7  1 o / E - - 0 . 0 1 ) 9 0 1 1 u 3 3 . z J 6 . 7 ol
2 TO 1 A . 5 b 6 z 9  E- A 0 . — z  ^  I 1 0 -  3 z .  5 OS 9 . 2«z c

T OTAL V Ou 0 N E LF INERT GAS r Ez , \ L . = 6 51 6 z . C . .’1 E I L  . \ S
TOTAL V Ou u/- E ur OIL r.Lz. II EEC 1 1 9 9 . So L i T L,\L
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TE.XPExAl  L'r.E = 1 3 0 0  DEO. X
* * * * * * * * * * * * * * * * * *  * * Kf * * T * *

I NI T I A L  S,\ C uv T E.\ T = 1 0 %

FHÜX ABOVE i- ( S a S)  of S.mS VAPO i\ I N E M1 G A3 0 1 L (\LKÛ
%SN I Ü • • • t\ V 'J E C Oa r r\EuUl  : i EÜ

%S.\i ATM CO.METE RS CO.MElErxS L I l E x b

10 TO 9 1 . 0 1  57 0 E - 2 1 0 . 1 0 6 9 9 b b . d 6 4 1 6 . d Go 6
9 TO 8 0 . 0 0 9 1 0 2 2 9 1 0 . 0 J 3 5 11- d 9 . I d . 5 4 2
8  TO / O . 0 4 4 3 V E - 3 9 . 3 6 4 0  1 1 2 1 6 . 3 3 2 J . 6 6 5 3
Î  I G 6 6 .  9.3 3 2 3 E -  3 y • / , ' 3 1 3 b 3 .  3 b 2 3 . 5 / 3 -
6 1 0  5 5 . 9 1 o / / E - C i - 1 i • / O 2 / • 0 0 0
5 TO 4 4 . 6 5 0 9 6 E - 3 9 . 4c- ' 3 1 9 4 2 . 3 2 3 2 . 9  9 9 /
A 1 0  3 3 . 7  7 9 / 6 E - 3 9 . 3 / 3 0 1 2 4 6 2 . 5 1 4 1 . d 3 76
3 1 0  2 2 . 7  0 5 1 5 E - 3 9 . 2 2 1 2 4 3 3 9  9 . 5 5 57 . 7  57 9
2 1 0  1 1 . 6 2 7 O o E - 3 9 . 1 0 2 6 1 5 5 ü  5 . 3 4 9 4 . 0 9 4 1

TOTAL VCl UMr OF INERT TAG OF 0 R u . = 1 9 6 7 9 * 1 C u . 9i E1 n f\ 3
t o t a l  V OL Ur, £ OF OIL n E j u l x E C 3 3 4 . 3 / 4  L l 1 Ehb

TEMPERATURE - 143  2 LET.  8
* * * f T- * * * * * * *  * S * *

I N I T I A L  G,\- C C V1 E.\ 1 = 1 0 *

FKCM ABOVE r ( G \ S )  OF 3 \ L  VAPO I \  2. r. 1 G A 2 U1 L r; u ; \  L'
?SN TO.  .  . A V .1 E CC‘.*ir £- . 01 r. E L

7cS 'j A T / . 0 1- .  El  E X L L L .  .'I £  IE r. 3 L i  1 0 4

1 0  i  Ü V 3 .  3 5 CL E- 2 1 7 5 5  .  5  j  6  3  c
9 TO 8 2  .  / 1 9 1 . V c. -  2 1 . .  / / 3 3 J 5 .  Ai". 2 6 .  O' 0 c 5  4
8 1 0  1 2 .  / :0  I 3 9 E - 2 1 . . . .  ' ' ^ 3 4 3 1 . 0 4 5 6 * 0  -  ■' 9 i b
1 TO 6 2  .  j  o  2  L “  2 i . ^ / C i ^  y  c- •  9  4  1 / . 7 0 5 / ^
6 1C 5 I .  7 6 5 /  7 F-:: 1 0 . 3 3 4 6 5 7 5 . 0 3 9 > .  L 7 1 /  V
5 TO 4 1 . 4 À 6 2 5 E - 2 1 . I y  c 3 f. V 4  • 0 4  L 1 0 .  / c l  7
4 1C 3 1 . 1 2 6 3 3 E - 2 1 . . 6 1 7 8 0 3 .  2 52 1 3 . 9  0 4  ^
3 Tg 2 6 .  3 5/  1 /  E - 3 / . 9 3 0  57 1 ^ 2 2 . 5 8 1 9 . 2 5 7 9
2 TO I  ̂• Ù /‘3 8 1 E-  3 r . j . -0 o 1 2 ; 1 3 . 7 0 3 1 . 7 / 3 1

I 01 A l  V IL I E Lh I X F r\T 3A5 r.E. 
TOTAL VLL ! - iE LF O I L  E l  * : I i .EL-

A L • -  7 j o  U L1 L..
= 1 I I . 1 Vc L I i L.\b
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TEMPERATURE = 1 5 0 0
* * * * * * * * * * * * * * *

ÜEG. <

I NI TI AL S.N CONTENT = 10 &

FROM AFOVE P ( S.M S ) ÜF 5NS VAPÛR I NERI  GAS 0 1L K 0 L •
f  O.N 1 C. . . 4 VUE CO'iP « E u ü I R £ D

XSN A i L • I-; i i_ . . xj Li.  ̂ i w . k .L

1x1 1 0  9 7 . 6 4 0  5 6 0 - 2 7 0b 1 3 7 . 6 1 b 2 . 0 2 6 3 5
9 TO % 0 . 0 7 0 1 9 9 1 54*2 5 1 5 2 . 6 o 2 2 . 2 5 1 1 2
S TC 7 6 . 1 9 6 2 6 E - 2 3b 1 6 1 / 2 . 2  43 2 .  5 3 c l  9

7 TO 6 5 . 3 7  5 6 6 E - 2 2 2 5 1 1 9 7 . 5o7 2 . 9  0 9 30
6 TO 5 4 .  5 5 2 0 6 L - 2 0 / 2 6 2 3 2 . 1 7 6 3 • 4 I 0 CC
5 1 0  4 5 .  7 2 / 3 V E - 2 \ • 9 0 4 2 b 2 •  16 7 4 .  1 b -  / /
4 1 0  J 2 . 9  0 1 6 4 E - 2 1 c- • / 5 X • 3 6 0 . 7  47 5 . 3 1  1 5 -
3 TO 2 2 . ^ 7 a / d E - 2 i • 6 3 9 9 5 0 2 . 1 6 7 • 3 9 '4 3 7
2 TO 1 1 . 2  4 6 /  9 E - 2 \ < • 8 .-* 3 6 3 1 . 9 i 2 .  2 49  3

t o t a l  VOLUME CF I.'^Er.l j Ab  ;\ L - . V b • 9 . 5  0 u . ETE. \ 3
TOTAL VOLUME OF OIL RELUIxED = 4 2 . 2 5 2  l i t e r s
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FüMÎ Nj  S \ S  F:..uM S:\l -  F L \ A 11 E8
******-*-***** *******  * # -f f f-

THEORETICAL Vl l LV-E OF I \ ER1  p.E J,:T,\Ei
A T I N - I  ON A IT E C UN 1 A I \  1 \ 0 1

m a t t e  CONTA i . \  I.M j  5 / O x .  ”

1 'J  ̂ 8  T I N F .-X J.'i
•'- x'.x 1 ’J  u r 1 N.‘Tl

THEORETICAL VOLUME OF OIL \EE Jl i . EO i u uE c u T  I Tn 2 5 UEa CEÉ0  
AIR TO F iaOVTLE t he  CALCULA i l L' Vl L» u F i \Lr\  1 u A6 r.L u U»

OIL ANALYSI S:  o6%C ,  11ÜH , 3%0 > S - G .  .9
AIK C C >1P • : 21 /- 0 \  i G EN > 7 9 /  N i i r\ uG L>'̂  G i VOL uM E

I N I T I A L  SN CONTENT = 10 %

FROM ABOVE 
%SN T O . * .  

%SN

P ( S N S )  OF
AVGE C Ui Ip 

A1 ,M

SNS VAPOR 

CU.METER:

INERT GAS
^EbUI nEu  
L U . / , El  EnS

U i L ; \ u r\ Ü

LITERS

10 TO 9 
9 TO 3 
8 TO 7 
7 TÛ 6 
6 TO 5

7 . 5 0 5 3 3  
i • (  7 -  9 n 
/ • 5 c  / / 
7 . - c 3 3 _  
/ • S o l e  c

7 6 3 2 1  . 4
8 3 7 3 6 . A 
j  3 2 b 9 .  6 
15 5 7 6 9 .
1 2 L' . b 4 5 .

1 6 b 5 .  7
1 o 5 G . 57
2 u 6 -J . 4 /
2 3 3 6 . 1  
27  1 3 . 2 5

T Ü I Al  V Cl  ui'i L OF 1 N L 2 i J .A 6 ; x E.. —
lOTAL V Cl >'/i L cF L I l ; \Ex̂ I .m-. l- =

— u C X, i l *  C2# X L 1 u:\. 
1,_ 6 - 6 . 1

TEMPERATURE = 11
* * * * * * * *  -r- * * * * *  -ïi Tx f

L. . \

I n i t i a l  sn c c n t l ^ t = i

FROM 6 r o v e  
5'- S N T L '. . . 

RSN

P ( S N S )  OF 
AVGE CLMr 

A Tr.

3 \ S V n r  u ..

C ij . 1-1 1 E i\ :

In E.a T
."x E^ui  /'x 
L l  • /I L t

2L
Ui L

L X t E r. 2

.13 TO 9 
9 TC b 
8 TO 7 
7 TO 6 
6 TO 5

4.  2 b / Û I B- 2 
5 * 6 1 5 1  1 E-  «I
X? . i} 6 A 9 6'cj / < 1 
4 . 3  1 5 / 7 F - /  
i.'. . )u xj 3 6 6 bi.‘ 6

.J .  5 0  b i 6

. ' • xC. 6 — —• /
b . 3 - f - 7  
c . A 3 1 7 I
b  .  1 L ; ,, /

13 7 1 1 .
1 5:: 6 6 .  
1 t 7 b 9 .
1 9 .J 5 2 .
2 2 1 4 / .

2 7 5 . 3 1 b
3 x) 2 . 5 / 9  
3 3 / . l i b  
3 o 2 • b 2 b
4 - - .  9 2

TOTAL VLLU/U- CF I l E.RI 0- ; l 
T 0 i AL CCLiJ/'. r vr Ul L . xÊ . ' i I r. 6 L>

c 7 /. 6 . LU.  r, E1 2 1\ 
1 f < / .  1 / — I i E b
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TEMP Er . AT' j r - . E  = I 2 0 0  L E G .  <

I N I T I A L  SN C UN T En  1 = 1 0 %

f* i . C ; '1 A B O V E  
XSiN T u . . .  

%5,N

P ( E ' , S )  OF  
A. vG E Cu. ' - P  

A T m

S N S V A r U M  1 N E. \ T G A S  
r: E U ' J i  E b  

C i J . M E i H - . \ S  C u . M E T E r \ o

U 1 L rx 8  ;\ U

u  I 1 £ i \  o

1 0  TC 9  
9  T C  8  
Ô TO 7 
7 TO 6  
6  TO 5

2 . 8 3 1 5 5 E - 3  
O . O Û 2 5 3 9  
0 . U J 2 2 4 5 2 1  
1 . 9 5 0  1 6 E - 3  
1 . 6 5 3 8 5 E - 3

9 . 3 6 6 3 9  3 2 9 8 . 5  
9 . 2 3 3 9 /  3 u 2 7 . 6 2
9  .  1 0  b 2  4  4 .  ' 4  6 . 3 1  
d . 9 8 ^ 8 5  4 5 9 5 . 7  9  
8 . 8  5  8  2  6  5 3 4 7 . 2 9

6 8 . 7 1 1 1
6 6 .  7 8 8 o
7 4 . 4 / 5
8  4  .  5  8  8  6  
9 b .  4 2  8  4

T O T A L  V O L U ME  
T O T A L  V O L U ME

OF I N E X T  G A S  : \ E u , \ D .  = 2 0 9 1 5 . 5  C Ü .  M E I E R S  
CF O I L  R h . Q U I ( \ E u  = 3 d  ^*«9 6 4  L I T E R S

T E M P E R A T U R E  = 1 3 0 :  L E G .  R
R % L > r. < .> '< > -I*. T' h

I N I T I A L  S.N C C'N T £/ !  I  = 1 Ü %

FROM A B O V E X ( SN S  ) OF S N S V A P O R I w E f \ T  G A S 0 1  4 Hu r ib  •
%SN T O . . . A V G E  COMP i \ E u  Ü I x E L

-/;SN ATM C O . M E T E R S  O U .  M E T E , \ S L I  T E f \ S

1 0  T O 9 1 .  0  1 5 7  Û E - 2 ) ' . 1 4  6 9 9 o  8  .  8  6  4 1 6 . 8 8 8 6
9  T O  3 0 . 0 0 9 1 0 2 2 9 1 J . 3 0 3 5 1 3 3 9 . 1 O • 5x 9 2
5  T O 7 3 . 0 4 4 3 9 E - 3 9  .  O 6  4  1 1 2 1 6 . 3 3 2 0 . 6 6 5 3
7 TO 6 6 . 9 b 3 2 3 E - 3 9 .  7 4  8  3 9 1 2 8  3 . 3 b 2 3 . 5 0 3 4
6  TO 5 5 .  9  1 8 7  7 E - 3 9 • 3  9  6 4  4 1 6 1 1 . 7 6 2  7 . 3 o  3  b

T O T A L  V OL U ME OF I N E R T  G A S Tx E 8  1' U . 4  8  9 .  3 - ,  L; J .  t. i E R S
T O T A L  V C L U E 0 ^  U l  L ; . 'J I Tx LL 1 - 6 .  8 S 5  L i i E h  S

T E - 1 P E R A T U F E = 1 4.  ' : L E G .  \
*  f  f  f  t  * * r- r- *  ? * is f * * * * * * * *  *

i n i t i a l  s N CUV i E N T  = I 8

F txC-''. ‘ \ I G V E P C S . X S )  OF SN S V *• r  0  A 1 L Tx 1 o  A s u l L
/<■ S N T u .  .  . A V j l E  C Un X , \ 4  u U I i x Eb

%SN A T /■] C O . E i E A S 0  /' .  L 1 E ;n S L l 1 4; - . S

1 0  T O 9 3 .  : ; 3 5 o 8 E - 2 1 . 9 / 7  5 3  4  9 .  ,J 4 5 .  s X, 6  8  6
9  T O 5 2 . 7 1 9 1  . T E - 2 1 . / . 7 /  3 3 c  S .  4 4  4 6 . 0 8  X, 5  4

3  TO 7 2 . 4 j l s 9 E - 2 1 8 . ( 4  4  8 4  3 1  * f> -  s 0 * 8 X. 9 7 6
7 T 0  6 2 . 0 / '  4. ,  2 E -  4 l u . 4 /  8  7 4 9  4 . 4 - 1 7 .  7 I.  8  /
6  T u  5 I .  7 c> 5  -  7 E -  2 l u . 3 3 4 6 8  7 5 .  . ; 3 9 9 .  .J 7 1 9  9

T O T A L  VOL. ' . E OF i N E r x i  G A S .xF J IX L' • 2. C x' i .  o  9 0  /  • . . L i R : u
T OT A L  V UL , L r u  I U .• - L u  I .-X b U 3 .8  .  : " c  -  4  I i r - . X c



T -1501
193

TEMPERATURE = 1500  DEG• K
* * * * * * * * * * * * * * * * * * * * * * * * * * *

i ' i l T l AL L n 0 C'x 1 =  I .

FROM ABOVE P(SxvS) CF ON 5 VAPÜ;; INERT GAS CiL i\u Ü
%5N 1 C . . . AVGE COMP r.E- Cl r EÜ

%sk ATM CU.METERS cu.METERS LITERS

10 TO 9 7 . 8 4 0 5 8 E - 2 1 1 . 7 0 S 1 3 7 . 6 1 8 2 . 0 2 6 3 5
9 TC 8 3 . 0 7  01991 1 1 . 5 4 2 5 1 5 2 . 6 8 2 2 . 2 5 1 1 2
8 TC ? 6 . 1 9 o 2 b E - 2 1 1 . 3 5 1 6 17 2 . 2 4 3 2 . 5 3 C 1 9
I TC 6 5.  37 56GE-2 1 1 . 2 2 5 1 1 97 . S o  7 2 . 9 o 9 3 û
6 TC 5 4 . 552U6E- 2 l l . : 7 2 ü 2 3 2 . 1 / 6 3 . 41060

TOTAL VOLUME OF I n E r l  3 A3 rZFC F U . — 7 2 . 5 j 5 Cu.  METERS
TOTAL VOL U/.E OF CiL .vEl u I r KL = 1 3 . 1 4 1  /  L i  T E A S
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F U M I n G S N S  F 5 On  SN -  F B  N A T T E S
* * * * * * * * * * * * * * * *  r t * t  F * P PtK

THEORETICAL VOLUME CF INERT GAS NEuULsEU TS Fu/.E TIN Fnon 
A TIN-IN.uN MATTE CONTAINING iNlTIAuLT IS ZŜ  TO A FInAl 

MATTE CONTA IN I. v'G 1 ÂSN.

THEORETICAL V LL Ur, E OF 01 u REOUIKEC TO BE BURNT ÎTH 25/tEACESS 
AIN TO r::OVlLN THE C--LC':uA 1 EC VOL. uF I \F:\1 GAS REuRL.

CIL A N / l ï S I S :  n 6NC > 1 1 OH > 3 70  ,  S .  C.  .v
AIR COM P .  : 2 1 7 . ; n Y 0 E n  > 7 9 7 n I T , x U G E n  bi  VOLUME

T E M P E R A T U R E  = l O u O  L E G .  K
* * * * * *

I N I T I A L  SN C O N T E N T  = i 5  7

FROM A E C V E
1 L  » •  •

7 S N

1 5  T O 1 4
1 4  T C 1 3
1 3  T C 1 L
1 0  TO 1 1
1 1 T C 1 . ■
1 0  TO 9
V T O d
b T u  7
I TO 6
6 TC b
5  T O 4
4  T O 3
3  TC 2
2  T O 1

total VlLU; LT

SNS) OF S/iS VAPOtx IN ExT U A b UlL u i \ L
GE CuMP REuUIREU
A T M cu.METERS Cu • I'l ET S. ' S LI TErxb

.53263E- u.43:03 5 - b b 1 . 1 1 4 I 1. 49

.43213E- 4 b • _ '.J. S V b / b XX V • X > 1 8 / C• o 3
• 33' '8 6L- o • 1 :> U o 6 1 2 / / . o 1 3b3 • A c2
• L 0 o V j S E - 4 J • . b b ' 1 T- b 3 b b • 1-44 • i D
. 126 : 9E- / • /I/O 9 / ■ 8 1 3 • a I5b3 . 1
. :22 59E- — j , r.. 33 3 ,.-321. -I 1 6 o b. t
• J ? u U 9  1 O31 X / . X./ X  ̂y b . j 3 / xj 6 . L 1 o b / . b /
. 1 32o3E- 5 / . bu / i V v' 2 x: 9 • t 4 c. c • 4 7
. S0Su707-7 1 . - :) 3 3 ... 1 u 5 / £ 9 • 2 33 ( . 1
• Ob/ 5K“ / • 3 b 1 a b 1L2o- b• 2/13 .4b
.93491E- 5 7 . 3 1 14/S/6. 3 2 b 9
.S5312E- b 7 • 1 o 9 3 1 8651 S. 4 1 1 9. b2
. / 6333E- b i .  X 32 6 2 5 6 6 b 5. b 6 o  V• 3 o
. 66549E- b /  .  . . .  <— x_. 1 - 2  b  40 9• 9  2 o 5.  5

LvEi.T 3 3b . . C - X. 1 . I .  •  —  1 •  . J ' ii. a  3  U + 6 O u .  i- L 1 E. ' . 3
CIL .\E-‘JI b : :  U  =  3  9  a I o . a lit L.'.b
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T E M P E R A T U R E  = I I J. J L E G .  ■<
*****&:***

I N I T I A L  SN C O N T E N T  = 1 5

FEÛM A B O V E r  ( S :  3  ) OF b x'-J S  V A r  0 , \ E R T  G A S b I L A b D
7 S N  T O . . . A V G E  C O U r i-xE XX ij I . \ L L'

7  S.N A T /I C U . M E T E E S  0 u • l'i E 1 E x  S L l T E K S

1 5  T C 1 4 9 . 4 1 o 2 d £ - 4 9 . 2 4 9 3 6 9  0 1 1 . 0 7 1 9 6 . 9 9  6

1 4  T O  1 3 6 . 7 9 3 1 G E - 4 9 .  1 u ij 3  5 1 G 3  4 9 .  4 2  0 7  . b 0  5
1 3  T C  1 2 8 . 1 6  4  5 2 E - 4 8 . 9 7  1 5 5 l u 9  7 9 . 9 2 2 b . 4  6 -
1 2  T O  11 7 . 5 3 2 4 / E - 4 8 . 5 3 9 3 9 1 1 / 2 6 . 2 2 3 5 . 4 5
1 1  T O  1 0 6  .  b  9  6  9  L L -  4 8 . 7  1 3 7 b 1 2 6 2 1 . 2 2 5 3 . - 2 1

1 0  T O 9 6 .  2  5 7 8 1  E - 4 o  .  5  3  5  -b 6 1 3 / 1 1 . 6 2 7  5 . 3 1 5
9  T O  b 5 .  6 1  5 1  I E - 4 8 . —6 4 b 7 1 5 0 6 6 . 3 0 2 . 5 0  9
S  T O  7 0 . 0  Ü 0  4  9  6  b  7 8 8 . 3 4 6 4 7 1 6 7 8 9 . 5 3 3  / . 1 1 5
1 T 0  6 4 . 3 1  y i  /  E -  4 b . 2 3 1 7 1 l 9 / 5 2 . 1 3 8 2 . 5 - 5
6  T O 5 . ' V  3 6 6 5  6 • t . / 0 u 1 - 7 . 2 6 9  2
5  T C  4 3 . G J / 6 2 E - ^ Û • <- 1 i 4  1 c' 6 1 L y .  1 5 3 - .
4  T O 3 2 . 3 4 6 4 1 E - 4 7 • J xj 5  6 2 3  3  6  8  4  • 0 6 / 6 . 3 5
3  T O  2 1 .  6 b 1 4 G E -  4 / . 3 / 2 5 9 ' 4 6 3 9 7 . 5 9  3  1 . ü i  i
2  TO 1 1 . 0 1 2 5 8 E - 4 7 . 7  3 2 2 1 / 6 0  5 7  .  4 1 5 2  / .  1 5

T O T A L  V OL U ME OF I N E R T  G A S  n E l  R D .  = 3  b 3  ' J b 3 . O u .  . ' l ETEx \ S
T O T A L  VOLUME OF O I L  R E O U I . V E 6 5 2 6 . 1 L. I i E b S

T E M P E R A T U R E  = 1 2 3 0  DEG.  K
* * * * * * * * * * * * * * * * * * * * *  * * * * * *

I N I T I A L  SN C ON T E N T  = 1 5 2

FROM A B O V E P ( S N S )  OF S S  V A r  0 i \ L r \ i  84.  b b i  L

7 S n  i C .  .  • V' J E C, U'l  A i Ex.; L i  ‘\ L b
A. T C L; • . : b T E b L L .  x\ L i Cx X \ u L i  i B .A xj

1 5  TO 1 4 4 . 2 7 6 3 3 E - 3 i • ‘ : -J 9 - 3 . 2 ^ y.
1 4  TO 1 3 V .  G ' 3 9 8  9  /  1 y • y 3 C b J b /  .  b i - 8 .  L 8 0  8
1 3  1 C 1 2 3 . /  1 V 4 E - 3 “ • 1 1 — / :b L 0  - .  u- y • *A.

1 2  1 L 1 1 3 . 4 ) 3 -  - L -  3 9 .  '■ : y i 2 ^ 1  8 .  i L'. b i .  u xu 5 o
1 1  T O 1 C 3 .  l b  2  b b E -  3 'y • :■ i 3 - 3 3 .  ^!2 5 5 . 0 3 u  i
1 .; TO 9 L « b 3 l 5 5 b - 3 y • y. b J 3  9 b .  8 -I XX . i 1 i i
9  TO 0 -X.  0  XX 2  5  3  9 9 .  .. 3 3  -  / 3 v 2 / . 6 2 0  i:: .  i <-• _
d T C / J . 3 0 2 2 4 8 3  1 V • i . b 4 . X y -t c  .  b 1 / -  .  b / 8

7 T L, 4 1 . 9 5 . .  I 6  E -  3 b • y b •- X.' 5 - 8 9  8 . / 9 b — .  xJ ./ c
6  TO 5 1 . 6 5 3 o 5 E - 3 8  3  -  / • 2  y 9 0 . ' b -X. *
5 T L: / i . 3 5- R.  -  E -  3 u • / w. y / c L •' .■3 .  <: V 1 1 _ . 8
4 1 0  3 1 . x x S  / 3 / E - 3 L • b  2 c i xb i 4  7 .  7 4 1 - . 9  . 9 6 5
3  T O 2 7  .  5  / 1 o  /  E - 4 J . 5 1 1 9 2 1 1 2 3 3 . 2 0  6 . 7 5 1
2  T O 1 4 . 5 5 6 o 9 E - 4 b .  4  X . ^ 1 1 b 4 3  .5. 5 3  3  9 . 2  2  0

t o t a l  V u L- j - E
T U i Al  V UL L' "IE

i j Ea I 
u 1 L

3 r .  *• XX , \  u  •

I : ' I
/  I  .) . L L' . 

L i  i
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T E M P E R A T U R E  = 1 3 : 3  D E C .  N
* # * * * * * * * * * * : *

I N I T I A L  LU O U A T E N T  = 1 5  ^

FUO. ÿ A B O V E ! ( : u  3  )  C F F \  3  V '1 r  u  : \ i N E E T  u A 3
o \  I L . . . A V T E  C C n P . \ — :. L> I ;\ L U

%s:>i A i .'*1 C U . x . B T  E l 3 C 5  .  y s E T E . 'x 3

1 5  TO 1 4 1 . 5 3 8 4 3 E - 2 1 G .  9 3  ■ / 6 9 9 . 5 7 9
1 -  T u  1 3 1 .  - 3 -  -  /- B -  b i . • .  7 c - . 7 3 9 . 6 - 2
1 3  1 0  1 2 C . 0 1 3 3 1 2 3 1 x ■. 6 V 3  1 7 u 6 .  4 o L
1 2  T U  11 1 . 2 2 5 6 9 E - U 1 .  — 4  6  6 o  4 1 . 5 5
11  T C 1. ) 1 . 1 L xj o  5  B “ r i .  2  y -  6 y _ 5 .  1 6  5
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