
Instrumental and mathematical analysis of Kraft sulfur emissions
by Robert James Robertus

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Chemical Engineering
Montana State University
© Copyright by Robert James Robertus (1971)

Abstract:
An instrument capable of automatic continuous quantitative analysis of sulfur compounds in stack
gases has been developed and tested for a one-month period in a Kraft paper mill. The instrument is
portable and can easily be moved from stack to stack within a plant.

The equipment is designed to extract a gas sample from the stack, separate the sulfur compounds
present, and--using an electrolytic bromine cell as a detector--give a quantitative indication of the
amount of each compound present. The device described can separate and analyze mixtures of H2S,
SO2, and CH3SH in the following ranges: H2S 1 to 1500 parts/million volume/volume SO2 10 to 2000
ppm CH3SH 5 to 1500 ppm The lower end of these concentrations is limited by the separation
technique used. If no separation is made, a gaseous effluent with 0.2 ppm total sulfur compounds can
be easily analyzed. Techniques to extend either the lower or upper limit are described.

An accessory allowing two or three stacks to be sampled in succession was also built and tested at a
Kraft mill.

A purely statistical technique (multiple linear regression) has been used to relate sulfur emissions from
a Kraft paper mill to plant operating variables in the recovery area.

Sulfur emissions were recorded continuously either before the black liquor venturi or after the black
liquor cyclone. Values of process variables were copied from log sheets maintained at the mill.

Of the two locations sampled, gases out of the black liquor cyclone are most indicative of what will be
going out the stack. Temperature of air entering the furnace, liquor flow, primary air flow, venturi
header pressure, and salt cake flow were all shown to have a direct effect on H^S levels out the
cyclone. On the other hand, concentrations were shown to vary inversely with secondary air flow, I. D.
fan draft, and liquor solids content.

Some unreasonable correlations did occur, but could generally be attributed to questionable data. One
or two unlikely, but possible, correlations were explained assuming unusual furnace conditions existed
for part of the test period. All things considered, the conclusions were felt to be as reliable as the data
that was used. 
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A B ST R A C T  

P A R T  I

A n in s tr u m e n t  c a p a b le  o f  a u to m a tic  co n tin u o u s q u a n tita tiv e  
a n a ly s is  o f su lfu r  com p ou n d s in  s ta c k  g a s e s  h a s  b e e n  d e v e lo p e d  and  
t e s t e d  fo r  a o n e -m o n th  p e r io d  in  a K ra ft p a p er  m i l l .  T h e in s tr u m e n t  
i s  p o r ta b le  and ca n  e a s i ly  be m o v e d  fr o m  s ta c k  to  s ta c k  w ith in  a p la n t.

T he eq u ip m en t i s  d e s ig n e d  to e x tr a c t  a g a s  sa m p le  fr o m  the  
s ta c k , s e p a r a te  th e su lfu r  com p ou n d s p r e s e n t ,  a n d - -u s in g  an e l e c t r o ­
ly t ic  b r o m in e  c e l l  a s  a d e t e c t o r - - g iv e  a q u a n tita tiv e  in d ic a tio n  o f  th e  
am ou n t o f ea ch  com p ou n d  p r e s e n t .  T h e d e v ic e  d e s c r ib e d  can  s e p a r a te  
and a n a ly z e  m ix tu r e s  o f H ^S, SO^, and CH^SH in  th e fo llo w in g  r a n g e s :

H^S I to  1500 p a r t s /m i l l io n  v o lu m e /v o lu m e

SO^ 10 to  2000  ppm

CH^SH 5 to  1500 ppm

T h e lo w e r  end  o f th e s e  c o n c e n tr a t io n s  i s  l im ite d  by th e se p a r a tio n  
te ch n iq u e  u se d . If no s e p a r a t io n  i s  m a d e , a g a s e o u s  e ff lu en t w ith  0. 2 
ppm  to ta l su lfu r  com p o u n d s ca n  be e a s i ly  a n a ly z e d . T e c h n iq u e s  to  
ex ten d  e ith e r  th e  lo w e r  o r  u p p er  l im it  a r e  d e s c r ib e d .

A n a c c e s s o r y  a llo w in g  tw o o r  th r e e  s ta c k s  to  b e sa m p le d  in  
s u c c e s s io n  w a s  a ls o  b u ilt  and t e s t e d  a t a K raft m il l .

i



IN TR O D U C TIO N

T od ay m o r e  th an  h a lf  o f a l l  th e  w ood  pulp  m a n u fa c tu r ed  in  th e  

U n ited  S ta te s  i s  m a d e  by th e K raft (su lfa te )  p r o c e s s .  W hen the f ir s t  

K raft m i l l  w a s  b u ilt  in  .1891, th e  o p e r a to r s  w e r e  w e ll  a w a re  o f  the  

a ir  p o llu tio n  p r o b le m  in v o lv e d  ( 10). T h e f ir s t  p a p e r s  c o n c e r n in g  

K raft m i l l  o d o r s  a p p e a r e d  in  th e  l i t e r a tu r e  arou n d  1900. T od ay , d e ­

sp ite  p r o g r e s s  in  r e c e n t  y e a r s ,  m o s t  K raft pulp m i l l s  a r e  s t i l l  l iv in g  

w ith  th is  p r o b le m . R e c e n t le g is la t io n ,  h o w e v e r , m a k e s  it  m a n d a to ry  

th a t e f fo r ts  be d ir e c te d  to w a rd  r ed u c in g  p o llu tio n .

In th e  K raft p r o c e s s  a so lu t io n  o f so d iu m  su lf id e  and so d iu m  

h y d ro x id e  in  w a te r  i s  u s e d  to  d is s o lv e  lig n in  fr o m  w ood b y  s te a m  c o o k ­

in g . W hen co o k in g  i s  c o m p le te ,  c h e m ic a ls  in  th e sp en t co o k in g  liq u o r  

(b lack  liq u o r ) m u st  b e  r e c o v e r e d  to  m a k e  th e  o v e r a l l  p r o c e s s  e c o n ­

o m ic a l .  T h is  r e c o v e r y  o p e r a t io n - -w h ic h  in v o lv e s  f i r s t  c o n c e n tr a tin g , 

th en  b u rn in g  th e  b la ck  l iq u o r - - i s  a m a jo r  s o u r c e  o f  su lfu r  e m is s io n s  

in  K raft pulp  m i l l s .  S u lfu r d io x id e  i s  th e  m a jo r  p o llu ta n t out o f the  

a c tu a l r e c o v e r y  fu r n a c e  w h e r e  th e b la c k  liq u o r  i s  b u rn ed , w h e r e a s  

H^S i s  th e  p r im a r y  su lfu r  com p ou n d  r e le a s e d  during th e  b la ck  liq u o r  

c o n c e n tr a t io n  s t e p s .  S o m e H2S, CH^SH, and CH^SCH^ ca n  a ls o  be  

found in  th e  r e c o v e r y  fu r n a c e  e ff lu e n t .
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S e v e r a l a r t ic le s  h a v e  b e e n  p u b lish e d  (7, 18) p r o p o s in g  m e a n s  

o f red u c in g  su lfu r  e m is s io n s  fr o m  the r e c o v e r y  o p e r a t io n . T h e se  

ran g e  fr o m  b la ck  liq u o r  o x id a tio n  (c o n v e r ts  Na^S to  th e  m o r e  s ta b le  

N a2SO^} p r io r  to d ir e c t  c o n ta c t e v a p o r a tio n  to  th e  u s e  o f  n itr o b e n z e n e -  

a lk a li  s y s t e m s  ( 19) in  th e  co o k in g  p r o c e s s .

R e g a r d le s s  o f  th e  m eth o d  u s e d  to  r e d u c e  p o llu ta n t l e v e l s ,  th e  

s ta c k  g a s e s  m u st  b e  a n a ly z e d  to  d e te r m in e  th e e f f e c t iv e n e s s  of th e  

m e a s u r e s  ta k en . T h e r e  a r e  m a n y  d if fe r e n t  w a y s  o f a n a ly z in g  s ta c k  

g a s e s  (5, 11). U n til th e  la s t  d eca d e  o r  so , m eth o d s  u s e d  to  d e te r m in e  

c o n c e n tr a t io n s  o f su lfu r  com p ou n d s in  pulp  m i l l  e f f lu e n ts  w e r e  a lm o s t  

e x c lu s iv e ly  th o se  th at r e q u ir e d  p a s s in g  th e  raw  sa m p le  th rou gh  g e n ­

e r a l  o r  s p e c if ic  s c r u b b e r s  o r  tr a p s  fo llo w e d  by m a n u a l c o lo r im e tr ic  

o r  m ic r o v o lu m e tr ic  a n a ly s is  o f th e  c o n te n ts  o f th e  v a r io u s  s c r u b b e r s  

and tr a p s .  T o d ay  th e m eth o d s  u s e d  s e e m  to  fa l l  in to  fo u r  c a te g o r ie s :

I) c o lo r im e tr y ,  2) c o u lo m e tr y , 3) d ir e c t  sp e c tr o p h o to m e tr y , and 4) 

g a s  ch r o m a to g r a p h y . U se  o f c o lo r im e t r ic  a n a ly z e r s  fo r  a n a ly z in g  is  

c o m p a r a t iv e ly  e x p e n s iv e , c u m b e r s o m e , t im e -c o n s u m in g , and d em a n d ­

in g  o f m a in te n a n c e . D ir e c t  sp e c tr o p h o to m e tr y  i s  a n ew  f ie ld  ju s t  b e ­

in g  e x p lo r e d  (2 2 ), but a p p e a r s  to  h a v e  so m e  s e n s i t iv i t y  l im ita t io n s .

' G as c h r o m a to g r a p h y  h a s  s u ffe r e d  fr o m  tw o m a in  d ra w b a ck s - -

I) a n a ly s is  o f  su lfu r  com p ou n d s in  th e sub  p a r t s - p e r - m i l l io n  ran ge
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h a s  n ot b e e n  too  s u c c e s s f u l  b e c a u s e  o f l o s s e s  on th e  p a ck in g  m a te r ia l  

in  th e  s e p a r a t io n  co lu m n  (4). 2) E x is t in g  th e r m a l co n d u c tiv ity  and

f la m e  io n iz a t io n  d e te c to r s  a r e  not s p e c if ic  to su lfu r  com p ou n d s so  

p e a k s  fo r  CO^, H^O, and o th e r  in e r t  g a s e s  a r e  a ls o  r e c o r d e d . A n ­

o th e r  c r i t i c i s m  i s  th at c h r o m a to g r a p h s  b e c o m e  "batch" a n a ly z e r s -  - 

a llo w in g  o n ly  one sa m p le  e v e r y  10 to  15 m in u te s  and co u ld  not be u s e d  

in  a c o n tr o l n e tw o rk . N e v e r t h e le s s ,  p r o c e s s  g a s  c h r o m a to g r a p h s  

h a v e  b e e n  sh ow n  to  be u s e fu l in  s ta c k  g a s  m o n ito r in g  (24).

P r e s e n t ly  th e  tr e n d  in  su lfu r  a n a ly z e r s  i s  to w a r d  c o u lo m e tr ic  

t i t r a t io n  c e l l s .  T h is  te ch n iq u e  u s e s  e le c t r o ly t ic a l ly  g e n e r a te d  b r o m in e  

to  r e a c t  w ith  and g iv e  a m e a s u r e  o f  th e  su lfu r  com p ou n d s in  g a s e o u s  

e f f lu e n ts .  T h e c o u lo m e tr ic  d e te c to r s  o f fe r  s p e c if ic i ty ,  s e n s it iv ity ,  

and c a p a b ility  fo r  lo n g - t e r m  co n tin u o u s r e a d  out.

In o r d e r  to  g e t  m e a n in g fu l in fo r m a tio n  fr o m  th e  g a s  a n a ly s e s ,  

it  i s  im p e r a t iv e  that th e a n a ly s e s  b e c a r r ie d  out on  a co n tin u o u s b a s is .  

S e v e r a l  co n tin u o u s SO^ a n a ly z e r s  h a v e  b een  d e v e lo p e d  and t e s t e d  fo r  

a m b ie n t a ir  a n a ly s e s  (15, 17, 20 ). M any o f  th e s e  in s tr u m e n ts  a r e , h o w ­

e v e r , n ot s e n s i t iv e  to  H^S o r  m e r c a p ta n s  and th u s w o u ld  not be u s e fu l  

in  a K r a ft m il l .

' In s tr u m e n ts  e m p lo y in g  b r o m in e  t itr a t io n  c e l l s  h a v e  b een  in  u s e  

fo r  s e v e r a l  y e a r s .  O ne o f th e  f i r s t  c o m m e r c ia l ly  a v a ila b le  o n es  w a s
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know n a s  th e T it r i lo g  a n a ly z e r  (14). B y v a r y in g  th e g a s  f lo w  ra te  

th ro u g h  th is  d e te c to r , s e n s i t iv i t i e s  a s  lo w  a s  0. 05 ppm  H^S w e r e  o b ­

ta in ed . A  m a jo r ity  o f th e  p r e s e n t  day su lfu r  a n a ly z e r s  s t i l l  u s e  the  

sa m e  b a s ic  p r in c ip le  ( 2 ,9 ,  16) but a s l ig h t ly  d if fe r e n t  c e l l  d e s ig n . T he  

c o m m e r c ia l ly  a v a ila b le  B a r to n  c e l l  r e p o r ts  s e n s i t iv i t i e s  o f  0. 08 ppm  

fo r  H^S and m e r c a p ta n s , w h ile  A d a m s and J e n se n  r e p o r te d  s e n s i ­

t iv i t ie s  in  th e  ppb ra n g e  (2). T h e c e l l  i s  in  r e a l ity  a " tota l"  su lfu r  

a n a ly z e r . T h u s, if  m o r e  than  on e co m p o n en t i s  to  b e  a n a ly z e d  in  a 

g iv e n  g a s  s tr e a m , th e  g a s  sa m p le  m u st  be p a s s e d  th ro u g h  s e le c t iv e  

s c r u b b e r s  o r  p r e f i l t e r s  (I ) . T h is  m e a n s  th a t fo r  any g iv e n  g a s  the

s y s t e m  h a s  b e c o m e  "batch" in  n a tu re  b e c a u s e  th e c o n c e n tr a t io n  o f a 
\

p a r t ic u la r  g a s  i s  not r e c o r d e d  c o n tin u o u s ly . A ls o , no p r e f i l t e r s  h a v e  

y e t  b een  found th a t w i l l  q u a n tita t iv e ly  a b so r b  100% o f on e su lfu r  c o m ­

pound and 0% o f th e  r e s t .  S cru b b in g  so lu t io n s  a r e  in h e r e n t ly  c u m b e r ­

s o m e .

P e r h a p s  th e  o n ly  s e r io u s  o b je c t io n  to  th e a n a ly z e r s  now  a v a i l ­

a b le  i s  th e ir  h ig h  c o s t .  T he g o a l o f th is  p r o je c t  i s  d e v e lo p m e n t o f a 

c h e a p e r  y e t  e q u a lly  r e l ia b le  s y s t e m .



R E SE A R C H  O B JE C T IV E S

T h e p r im a r y  o b je c t iv e  o f th e  r e s e a r c h  p r o je c t  w a s  to  d ev e lo p  

and c o n s tr u c t  at a r e a s o n a b le  c o s t  a co n tin u o u s su lfu r  a n a ly z e r  fo r  

u s e  in  K ra ft p a p er  m i l l s .

T he in s tr u m e n t  sh o u ld  h a v e  th e  fo llo w in g  c h a r a c t e r is t ic s :

1) B e s e n s i t iv e  to su lfu r  com p o u n d s and in s e n s it iv e  to  th e o th er  

g a s e s  in  s ta c k  e f f lu e n ts .

2) B e a b le  to  " su r v iv e "  at l e a s t  a o n e -m o n th  co n tin u o u s t e s t  in  

a K ra ft m il l .

3) R e q u ir e  l i t t le  o r  no m a in te n a n c e  d u rin g  the p lan t t e s t .

4) B e s im p le  to  o p e r a te .

5) B e  e a s i ly  p o r ta b le  so  it  ca n  be m o v e d  about by on e p e r s o n  w ith in  

th e  p la n t.

6 ) If p o s s ib le ,  a llo w  fo r  s e q u e n tia lly  sa m p lin g  m o r e  than  one s ta c k .  

7} Show  no d e g r a d a tio n  in  p e r fo r m a n c e  w ith  t im e .

8 ) B e e a s i ly  and r e p r o d u c ib ly  c a l ib r a te d .



E Q U IPM E N T

T h e b a s ic  i t e m s  n e c e s s a r y  to  co n tin u o u sly  a n a ly z e  s ta ck  

g a s e s  a r e  l i s t e d  b e lo w .

1) A  p ro b e  su ita b le  fo r  w ith d ra w in g  a g a s  sa m p le  fr o m  the. s ta ck  

(u su a lly  r e q u ir e s  a .v a c u u m  pum p).

2) A  m e a n s  o f s e p a r a tin g  th e  v a r io u s  su lfu r  com p ou n d s in  th e  gas  

s a m p le .

3) A  d e te c to r  fo r  q u a n tita tiv e  d e te r m in a t io n  o f th e  su lfu r  g a s e s .

4) E le c t r o n ic s  c o m p a tib le  w ith  th e  d e te c to r  u se d .

5) A  s u ita b le  r e c o r d e r  o r  o th er  data a c q u is it io n  d e v ic e .

6) A n a c c u r a te  and r e l ia b le  m eth o d  o f  c a lib r a t in g  th e  in s tr u m e n t .

7) A n a c c e s s o r y  su c h  th at m o r e  th an  on e lo c a t io n  ca n  b e sa m p le d  

s e q u e n tia lly .  (N ot r e a l ly  n e c e s s a r y ,  but d e s ir a b le  at t im e s .  )

D e s ig n  o f In str u m e n t

T h e tw o m a jo r  d e c is io n s  w h ich  m u st  be m a d e  in  th e  d e s ig n  o f 

a su lfu r  a n a ly z e r  a r e :  I) th e  se p a r a t io n  tech n iq u e  to be u se d , and 2 )

th e  ty p e  o f  d e te c to r  to  be e m p lo y e d . V a r io u s  p o s s ib i l i t i e s  fo r  e a c h  

o f th e s e  i t e m s  h a v e  b e e n  d is c u s s e d  in  th e  In tro d u ctio n .

B e c a u s e  ch r o m a to g r a p h y  c o lu m n s  a r e  s im p le  in  d e s ig n  and  

r e la t iv e ly  m a in te n a n c e  f r e e ,  a p a ck ed  c o lu m n  w a s c h o s e n  a s  the s e p ­

a r a t io n  d e v ic e . H e r e  th e r e  i s  w o rk  to  be done to  fin d  a s in g le  p ack in g  

w h ich  w il l  s e p a r a te  th e su lfu r  co m p o u n d s in  th e c o n c e n tr a t io n s  found
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in  pulp m i l l s  and sh ow  m in im u m  a b so r p tio n  o f SC^, e s p e c ia l ly  a t lo w  

c o n c e n tr a t io n s . T h e co lu m n  sh o u ld  a ls o  p e r fo r m  th e  se p a r a tio n  in  a 

10 to  15 m in u te  in te r v a l so  th e  s ta c k  can  be sa m p le d  at le a s t  on ce  

e v e r y  10 to  15 m in u te s  w ith ou t fe a r  o f p ea k s  o v e r la p p in g  fr o m  sa m p le  

to  s a m p le . S t i l l  no tw o sa m p le  p ea k s  sh o u ld  be so  c lo s e  to g e th e r  

th at th e r e c o r d e r  p en  d o es  not r e tu r n  to  th e b a s e l in e  b e tw e e n  th e m . 

S a tis fy in g  a l l  o f th e s e  r e q u ir e m e n ts  s im u lta n e o u s ly  i s  q u ite  a s t r in ­

gen t r e q u ir e m e n t . It sh o u ld  b e p o in ted  out th at any in s tr u m e n t u s in g  

c h r o m a to g r a p h ic  s e p a r a t io n s  w ou ld  not be e n t ir e ly  s a t is fa c to r y  in  an  

a u to m a tic  c o n tr o l lo o p  b e c a u s e  o f  th e  t im e  la g . H o w ev er , it  i s  f e lt  

th a t th e  s y s t e m 's  o th e r  a d v a n ta g es  o u tw e ig h  th is  d isa d v a n ta g e  b e c a u se

X

v e r y  few  m i l l s  a r e  c o n s id e r in g  any ty p e  o f c lo s e d  lo o p  c o n tr o l b a s e d  

on su lfu r  a n a ly s e s .

N e a r ly  a l l  r e c e n t  l i t e r a tu r e  a r t ic le s  in d ic a te  th at th e b ro m in e  

t it r a t io n  c e l l  i s  th e  b e s t  know n d etecto r  fo r  su lfu r  co m p o u n d s. D ata  

p r e s e n te d  in  a r t ic le s  by A p p leb u ry  (6 ) and A d a m s (Z) g iv e  the fo l lo w ­

in g  s e n s i t iv i t i e s  fo r  H^S and CH^SH. (S ee  T a b le  I. )

B e c a u s e  o f i t s  su p e r io r  s e n s i t iv i ty ,  the b r o m in e  c e l l  w as  

c h o s e n  a s  th e d e te c to r  to  b e u se d . T h e c e l l  d e s c r ib e d  by A d am s w a s  

m a d e o f  g la s s  and w a s f e l t  to  be to o  f r a g ile  fo r  a p o r ta b le  in s tr u m e n t. 

T he B a rto n  c e l l  (16) a ls o  had  a d r a w b a c k - - i t s  h igh  c o s t .  T he g o a l h e r e
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w a s  to  d ev e lo p  an in e x p e n s iv e , d u ra b le , r e l ia b le  t it r a t io n  c e l l .

O nce th e  se p a r a t io n  te ch n iq u e  and d e te c to r  h a v e  b een  c h o se n ,  

an o v e r a l l  o p e r a tio n  p r o c e d u r e  m u st  b e  s p e c if ie d .

T A B L E  I. D E T E C T O R  SE N SIT IV IT IE S

H 2S C H 3SH

(ppm , v o l) (ppm , v o l)

F la m e  Io n iz a tio n I

E le c tr o n  C ap tu re 80 2

T h e r m a l C o n d u ctiv ity 500 500

T h e r m io n ic  E m is s io n 25 10

B r o m in e  C e ll 5 ppb

O p era tio n

T he se q u e n c e  o f  e v e n ts  tak in g  p la c e  d uring  th e  a n a ly t ic a l p r o ­

c e s s  i s  c o n tr o lle d  by a co n tin u o u s m u lt ic a m  t im e r  s e t  fo r  a c y c le  

t im e  o f 10 m in u te s .

F i r s t  th e  v a cu u m  pum p i s  sw itc h e d  on and d ra w s a g a s  sa m p le  

fr o m  th e  s ta c k  in to  a sa m p le  loop  a tta c h e d  to a s ix -w a y  l in e a r  s a m ­

p lin g  v a lv e  (F ig u r e  I). S im u lta n e o u s ly  c a r r ie r  g a s  .is  p a s s in g  th ro u g h  

a c h r o m a to g r a p h  co lu m n  in to  th e  d e te c to r . B oth  th e  sa m p le  loop  and  

th e  co lu m n  a r e  in  a c o n sta n t  te m p e r a tu r e  o v en .
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S ix  m in u te s  la te r  th e  v a cu u m  pum p i s  sw itc h e d  off, th e  s i x ­

w ay v a lv e  c l o s e s ,  and  th e  c a r r ie r  g a s  sw e e p s  th e g a s  sa m p le  in to  th e  

p a ck ed  co lu m n . T h e co lu m n  s e p a r a te s  th e  v a r io u s  su lfu r  com p ou n ds  

and a d m its  th e m  one by one in to  th e  d e tec to r .-  T h e d e te c to r  (p lus 

a s s o c ia t e d  e le c tr o n ic s )  w i l l  g iv e  a p ea k  on a s t r ip -c h a r t  r e c o r d e r  fo r  

e a c h  su lfu r  com p ou n d  p a s s in g  th ro u g h  i t .  T h e a r e a  u n d ern ea th  a . 

g iv e n  p ea k  i s  d ir e c t ly  r e la te d  to  th e  c o n c e n tr a tio n  o f th a t com p ou n d .

W h ile  a sa m p le  i s  b e in g  a n a ly z e d , tw o p o r ts  on th e s ix -w a y  

v a lv e  a r e  c lo s e d  to  any g a s  f lo w . T h is  p e r m its  a b low  b a ck  p h a se  

w h e r e  c o m p r e s s e d  a ir  i s  fo r c e d  th ro u g h  the p rob e to I) c le a n  o ff s o l id  

p a r t ic le s  c l in g in g  to  it ,  and 2 } b low  out any w a ter  th a t m a y  h ave  c o n ­

d e n se d  in  th e  tub ing  b e tw e e n  th e  p ro b e  and in s tr u m e n t . T h is  b low  

b a ck  la s t s  about fo u r  m in u te s  d uring  ea ch  c y c le .

In ad d itio n , at th e  b eg in n in g  o f e a ch  c y c le  a s o le n o id  v a lv e  

o p en s  and a llo w s  a s m a ll  am ou n t o f  e le c t r o ly te  to f lo w  in to  th e d e ­

t e c t o r .  T h is  in s u r e s  th a t a f r e s h  e le c t r o ly te  i s  a lw a y s  p r e s e n t .

P r o b e  D e s ig n  (F ig u r e  2)

M any o f th e  g a s  s t r e a m s  to  b e a n a ly z e d  in  a K ra ft m il l  h ave  a 

h igh  s o lid  c o n ten t. T h is, i s  p a r t ic u la r ly  tr u e  o f g a s e s  ju s t  out of th e  

r e c o v e r y  fu r n a c e  b e fo r e  th ey  a r e  sc r u b b ed . A ny s o l id  m a te r ia l  e n t e r ­

in g  e ith e r  th e c h r o m a to g r a p h  c o lu m n  o r  th e d e te c to r  w ou ld  c a u s e  u n -
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p r e d ic ta b le , but a lw a y s  u n d e s ir a b le  r e s u l t s .  T h u s, th e  p ro b e  m u st  

a llo w  no s o l id s  to  e n te r  th e tub ing to th e  in s tr u m e n t . (A se p a r a te  

g la s s  f ib e r  f i l t e r  i s  in c o r p o r a te d  in  th e in s tr u m e n t i t s e l f  a s  a s a fe ty  

fe a tu r e . }

A  d e s ig n  w h ich  h a s  w o rk ed  q u ite  w e ll  i s  a l / 4 - in c h  p o ro u s  

(100 m ic r o n )  s t a in le s s  (3 -1 6 )  s t e e l  tu b e a s  the f i l t e r  m e d ia . L en g th s  

w il l  y a r y  d ep en d in g  on th e n a tu re  o f  th e  sa m p lin g  p o r t . T h is  p o ro u s  

rod  i s  e n c a s e d  in  a th in -w a lle d  3 / 4 - in c h  o u ts id e  d ia m e te r  s ta in le s s  

s t e e l  tu b e w ith  a I / 2 - in c h  h o le  d r il le d  n e a r  th e end. T h e h o le  is  

p o in ted  to  th e  d o w n str e a m  s id e  o f th e  s ta c k  so  th at s o l id  p a r t ic le s  a r e  

n ot fo r c e d  a g a in s t  th e  p o r o u s  tu b e m e r e ly  b y  g a s  flo w in g  in  th e  s ta c k .  

C o n n e c tio n s  to  th e  in s tr u m e n t  a r e  m a d e  w ith  I /  8 - in c h  p o ly p r o p y le n e  

o r  t e f lo n  tub ing  and n y lo n  S w a g e lo k  tu b in g  f i t t in g s .  S a m p le s  a r e  

draw n fr o m  th e  s ta c k  at a r a te  o f  about 250  c c / m in u te .

F o r  s ta c k  g a s e s  w h ich  w e r e  n e a r ly  sa tu r a te d  w ith  w a te r , th e  

b lo w b a ck  p r o c e d u r e  d e s c r ib e d  e a r l ie r  w a s  not a lw a y s  s u ff ic ie n t  to  

k eep  w a te r  fr o m  c o l le c t in g  in  th e l in e s  to  th e  in s tr u m e n t . In th e s e  

in s ta n c e s  a w a te r  tr a p  w a s p la c e d  in  th e lin e  n e a r  th e  p ro b e . T he  

tra p  w a s  b a s ic a l ly  a p le x ig la s  U -tu b e  w ith  a lon g  le g  (2 -3  fe e t)  a t th e  

b o tto m  o f th e  U . A  c h e c k  v a lv e  w a s  a tta c h e d  to  th e  b o tto m  of th e  le g  

so  th a t no a ir  w ou ld  le a k  in to  th e  l in e s  w hen  a sa m p le  w a s  b e in g  d raw n .
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T h en  d u rin g  th e b lo w b a ck  c y lc e  th e c h e c k  v a lv e  o p en ed  and c o m p r e s s e d  

a ir  fo r c e d  any liq u id  c o l le c t e d  in  th e  tube onto th e ground .

T h e r e a s o n  w a te r  m u st  not b e  a llo w e d  to  c o l le c t  in  the l in e s

i s  th a t it  w il l  a b so r b  p a rt o f th e  su lfu r  g a s e s  in  any sa m p le  b ein g
"\

draw n.

T h e p ro b e  i t s e l f  a ls o  m e e t s  o th er  m o r e  b a s ic  r e q u ir e m e n ts  

o f any p ro b e  u s e d . I) It d o es  not r e a d ily  c o r r o d e  in  th e  s te a m -s u lfu r  

a tm o sp h e r e  found in  m an y  K raft m i l l  s ta c k s .  2) S ta in le s s  s t e e l  d o es  

n ot a d so r b  o r  r e a c t  w ith  SO^ (25) o r  o th er  su lfu r  g a s e s .  A d s o r p ­

t io n  o f  SO-, in  p a r t ic u la r  i s  a p r o b le m  co m m o n  to  m a n y  tubing  

m a t e r ia ls ,  p a r t ic u la r ly  so m e  p la s t ic s  and m o s t  r u b b e r s .

S e p a r a tio n  C h a m b er  (F ig u r e  3)

T h e s e p a r a t io n  ch a m b er  w a s  r e a l ly  a g a s  c h r o m a to g r a p h  o v en . 

V e r y  b r ie f ly ,  g a s  ch ro m a to g ra p h y  ca n  be e x p la in e d  a s  fo llo w s  (23):

It i s  a p r o c e s s  fo r  s e p a r a t io n  and a n a ly s is  o f th e  co m p o n en ts  o f a 

m ix tu r e . S e p a r a tio n  o f  a m ix tu r e  in to  i t s  co m p o n en ts  d ep en d s on  th e  

s o lu b il i ty  d if f e r e n c e s  o f  th e  sa m p le  v a p o r  in  a liq u id  (s ta t io n a r y  

p h a se ) . T he s ta t io n a r y  p h a se  i s  c o a te d  in  a th in  la y e r  on s o lid  p a r -  ■ 

t i d e s  ( s o lid  su p p o rt) o f la r g e  s u r fa c e  a r e a  and th en  p a ck ed  u n ifo r m ly  

in to  a co lu m n . A  c o n sta n t f lo w  of. in e r t  c a r r ie r  g a s  p a s s e s  th rou gh  

th e  co lu m n  and tr a n s p o r ts  so lu te  m o le c u le s  in  the g a s  p h a se . T he
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co lu m n  is. e n c lo s e d  in  an in su la te d  o v en  fo r  p r e c i s e  c o n tr o l. t

A  sa m p le  o f th e  m is tu r e  to  be a n a ly z e d  i s  (at p r e - s e t  in te r v a ls )  

c a r r ie d  in to  th e  co lu m n  by th e c a r r ie r  g a s . A s  th e c a r r ie r  gas  

p u sh e s  th e  sa m p le  in to  th e  co lu m n , th e  sa m p le  g a s e s  p a r t it io n  th e m ­

s e lv e s  b e tw e e n  th e  g a s  and liq u id  p h a s e s  a c c o r d in g  to  t h e ir  s o lu b i l i ­

t i e s  in  th e  liq u id  at th e  co lu m n  o p e r a tin g  te m p e r a tu r e . T h is  e q u il i ­

b r iu m  c o n tin u e s  a s  th e  sa m p le  i s  m o v e d  th rou gh  th e c o lu m n  by th e  

c a r r ie r  g a s . T h e r a te  at w h ich  th e sa m p le  t r a v e ls  th ro u g h  the c o lu m n  

i s  d e te r m in e d  by th e  sa m p le  s o lu b ili ty  in  th e s ta t io n a r y  p h a se  and  

c a r r ie r - g a s  f lo w  r a te . E a ch  co m p o n en t t r a v e ls  a t a c h a r a c te r is t ic  

r a te , and i f  th e  co lu m n  ra te  h a s  s u f f ic ie n t  len g th , th e  sa m p le  w i l l  b e  

c o m p le te ly  s e p a r a te d  by th e  t im e  it  r e a c h e s  th e end.

E a ch  co m p o n en t i s  id e n t if ie d  b y  th e le n g th  o f t im e  it  r e m a in s  

in  th e co lu m n  (" r e te n tio n  t im e " ) . T h e r e te n t io n  t im e  o f a gas  d ep en d s  

on  te m p e r a tu r e , co lu m n  len g th , ty p e  o f s ta t io n a r y  p h a se , and c a r r ie r  

g a s  v e lo c it y .  If th e s e  v a r ia b le s  a r e  k ep t co n sta n t, th e  re te n tio n  t im e  

o f a co m p o n en t w i l l  r e m a in  c o n sta n t.

R e ten tio n  t im e  i s  u s u a lly  m e a s u r e d  w ith  an  e l e c t r ic a l  s t r ip -  

c h a r t r e c o r d e r ,  w h e r e  th e  sa m p le  co m p o n en ts  a r e  r e p r e s e n te d  a s  

peaks' on a p a p er  c h a r t . T h e d e te c to r  (in  th is  c a s e  a b r o m in e  t i t r a ­

t io n  c e l l )  p r o d u c e s  an e l e c t r ic a l  output w h ich  i s  p r o p o r t io n a l to  th e
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s a m p le  co m p o n en t c o n c e n tr a t io n  and th is  output d e f le c t s  the pen  o f  

th e  r e c o r d e r .  T h e a r e a  u n d er  a p ea k  r e p r e s e n ts  th e q u antity  o f the  

co m p o n en t p r e s e n t .  T h is  p r o v id e s  th e  b a s is  fo r  q u a n tita tiv e  a n a ly s is  

o f th e  c o m p o n en ts  id e n t if ie d  in  th e  se p a r a t io n .

T h e c o lu m n  u s e d  fo r  p la n t t e s t s  o f th is  in s tr u m e n t  w a s  a 1 /4 -  

in c h  te f lo n  tube p a ck ed  w ith  P o ra p a k  Q -S  1 0 0 -1 2 0  m e s h . T he sa m p le  

lo o p - - a  I / 4 - in c h  te f lo n  tube o f about 10 cc  v o lu m e - -a n d  p ack ed  

c o lu m n  a r e  both  e n c lo s e d  in  an in s u la te d  ch a m b er  w h ich  i s  m a in ­

ta in e d  a t a c o n sta n t te m p e r a tu r e  (+_ 2°C ) o f  9 0 °C . T h e ch a m b er  i s  

h e a te d  by tw o 1 5 0 -w a tt s tr ip  h e a te r s  w ir e d  in  s e r i e s .  T h e d e s ir e d  

te m p e r a tu r e  i s  m a in ta in e d  by an o n -o f f  c o n tr o l le r .  K eep in g  the  

sa m p le  loop  in  th e  in s u la te d  c h a m b e r  e n s u r e s  th at a r e p r o d u c ib le

am o u n t o f  g a s  i s  a lw a y s  b e in g  a n a ly z e d .
/

D e te c t io n  C e ll

B e c a u s e  o f  i t s  h igh  s e n s i t iv i t y  and s e le c t iv i t y  fo r  su lfu r  c o m ­

p o u n d s, th e  b r o m in e  t itr a t io n  c e l l  w a s  c h o s e n  a s  th e  d e te c to r  fo r  th e  

in s tr u m e n t  b ein g  d e v e lo p e d .

T h e o r y  o f  O p era tio n

S u lfu r g a s e s  s e p a r a te d  by th e  p a ck ed  co lu m n  e n te r  the d e ­

t e c t io n  c e l l  th ro u g h  a p o r o u s  (g la s s  o r  p o ly v in y l c h lo r id e )  tu b e. T h e  

p r im a r y  e le c t r o c h e m ic a l  r e a c t io n s  w h ich  tak e  p la c e  fo r  H^S a r e  (25):
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4 2 ^ 2  + Se —3*- 8 B r - re d u c tio n

4H 20  + 4 B r 2 + H2S - * -  S B r “ + SO4  ̂ + I O H + o v e r a l l

S im ila r  r e a c t io n s  o c c u r  fo r  SO2 and C H gSH . T h u s th e  ch an ge in  

b r o m in e  c o n c e n tr a t io n  g iv e s  a q u a n tita tiv e  m e a s u r e  o f th e  am ount o f  

su lfu r  com p ou n d  e n te r in g  th e c e l l .  A s  so o n  a s  th e  b r o m in e  io n  c o n ­

c e n tr a t io n  c h a n g e s , th e  ch a n g e  i s  s e n s e d  by th e s e n s o r /r e f e r e n c e  

p a ir  o f e le c t r o d e s .  T h e ch an ge i s  r e a l ly  a p o te n tia l d if fe r e n c e  w h ich  

b e c o m e s  an input to  an a m p lif ie r  o f  th e  m o c r o c o u lo m e te r . T h e a m ­

p l i f ie r  in s ta n ta n e o u s ly  su p p lie s  a v o lta g e  to  th e  g e n e r a to r /c o u n te r  

e le c tr o d e  p a ir .. T h is  b a la n c in g  v o lta g e  g e n e r a te s  t it  ran t to  r e s t o r e  

th e  e le c t r o ly te  to  i t s  o r ig in a l c o n c e n tr a t io n . T h e b a la n c in g  v o lta g e  

su p p lie d  by th e a m p lif ie r  a p p e a r s  a s  a c u r r e n t - t im e  p ea k  on a r e ­

c o r d e r  c h a r t . T h e a r e a  b en ea th  th is  p ea k  i s  d ir e c t ly  r e la te d  to  the  

c o n c e n tr a t io n  o f su lfu r  com p ou n d  w h ich  e n te r e d  th e  c e l l .

T h e g r e a t  a d van tage  o f u s in g  th e  b r o m in e  c e l l  o v e r  o th er  

ty p e s  o f  g a s  c h r o m a to g r a p h  d e te c to r s  i s  i t s  s e le c t iv i t y  fo r  su lfu r  

co m p o u n d s. O th er g a s e s  su ch  a s  CxO, CO2 , and HgO do not r e a c t  

w ith  th e b ro m in e ; th e r e fo r e ,  no e x tr a n e o u s  p ea k s  on th e  c h a r t  p a p e r .

4H2 O + H2S SO^ + . 1 0  + S e - ox id a t io n
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C e ll  D e v e lo p m e n t

M ark  0 (F ig u r e  4}

T he f ir s t  d e te c t io n  c e l l  w a s  b u ilt by A p p leb u ry  (6 ) and i m ­

p r o v e d  by W an (25 ). It w a s  a 3 - c o m p a r tm e n t c o n fig u r a tio n  m a d e  o f  

P y r e x  g la s s .  T h e th r e e  c o m p a r tm e n ts  w e r e  s e p a r a te d  by g la s s  f r i t s  

so  a s  to  p a r t ia l ly  " iso la te "  th e  c o u n ter  and r e f e r e n c e  e le c t r o d e s .  

F u r th e r  c o n s tr u c t io n  d e ta ils  fo r  th is  c e l l  a s  w e ll  a s  o th e r s  d is c u s s e d  

la t e r  a r e  show n  in  T a b le  II.

G e n e r a l in fo r m a tio n  g a in ed  fr o m  th is  c e l l  i s  a s  fo llo w s .

W hen th e v o lu m e  o f t i t  ran t e x c e e d e d  40 m l, th e  s e n s i t iv ity *  o f th e  

c e l l  te n d e d  to  d e c r e a s e .  T h e o p tim u m  r a te  o f t it  ran t r e g e n e r a t io n  

w a s about 3 m l / c y c l e  w h e r e  th e c y c le  t im e  w a s s e t  a t 10 m in u te s  on a 

co n tin u o u s m u lt i - c a m  t im e r .  F a s t e r  r a te s  g a v e  o v e r s h o o t  on p e a k s ,  

w h ile  a s lo w e r  r a te  g a v e  le n g th y  t a i l s .  A  c a r r ie r  g a s  flo w  ra te  o f  

200  c c / m in u te  in to  th e  c e l l  g a v e  th e b e s t  r e s p o n se ;  a h ig h e r  r a te  g a v e  

lo n g  t a i l s  and lo t s  o f  n o is e  , w h e r e a s  a lo w e r  r a te  p ro d u ced  o v e r -

* U n le s s  o th e r w is e  s ta te d , g a s  sa m p le s  u s e d  w e r e  10 c c  v o lu m e  
and in je c te d  w ith  a h y p o d e r m ic  g a s - t ig h t  s y r in g e . T h e te r m  " s e n s i ­
t iv ity "  th en  sh o u ld  be ta k en  in  a m o r e  q u a lita t iv e  th an  q u a n tita tiv e  
s e n s e  to m e a n  g iv in g  a t a l l  sh a rp  p ea k  fo r  a sa m p le  c o n c e n tr a t io n  o f  
50 ppm .

N o is e  i s  m e a n t to  be an u n ste a d y  (c o n sta n tly  o s c i l la t in g )  
b a s e l in e  on  th e r e c o r d e r  c h a r t .

•i,



TABLK-IS
DESICH SPECIFICATIONS FOR THE VARIOUS DETECTORS

ELECTRODES
MARK O MARK I MARK II MARK III MARK IV MARK V MARK VI

RKKttttKNCB; Calomel (G)* Calomel (G) Calomel (G) Calomel (G) Calomel (G) Calomel (P) Calomel (P1C)
GENERATORS IcmZ plate Pt . 0 1 0  x 2  1 / 2  

Pt Mire
.025 x I" Pt 

wire
.025 X I Pt 

wire -
.010 x 5/8 Pt 

wire
.020 x 1/2 Pt 

wire
0.10 s 1/2 Pt 

wire
SENSOR: Iem2  plate Pt .010 x 2 Pt 

wire
.023 x 1/4 Pt 

wire
.023 x 1/4 Pt 

wire
.010 x 1/4 Pt 

wire
.020 x 1/4 Pt 

wire
0.10 x 3/16 Pt 

wire
COUNTER: .015" diam x . 0 1 0  x 2  1 / 2 .025 x 1/4 Pt .025 x 1/4 Pt .010 x 1/8 Pt .020 x 1/8 Pt 0.10 x 1/8 Pt

ELECTROLYTE

I 1/2" Pt wire Pt wire wire wire wire wire wire

VoI in Cells 40 mis 13 mis 2 0  mis 2 0  min 15 mlo 1 0  mlo or Icon
KBr Cone:. 
H2 SO4  Conet 
Regeneration

8.64 g/1 H2P .76 g/1 7.2 g/1 0.72 g/1 0.216 g / 1 0.216 g / 1 0.216 g / 1
7.2 ml/1 H2O 6  rals/ 1 6  ml / 1 . 6  ml / 1 1 . 8  ml / 1 1 . 8  sal/letr 1 . 8  ml / 1

Rate:

PHYSICAL
s t r u c t u r e:
Mat1I of

3 ce/cyele 
cycle - 1 0  min

Hone Hone None or * 3 c8  

periodically
Bono 2 - 3  ce/cyclo <lcc/cyele

Constr1H! Glass(Pyres) Plexiglao Polypropylene Plexiglas Ploxiglao Plexiglas Plexiglsso
yConipartoenta 3 
Dlan Electrode

1® I I I I I
Cham:
Hi. Electrode

I" 1 /2 " I 1 /2 " I 1/4" 3/4" 1/2-5/8" 0 11/16"
Chamber: 
Approx Over-

6 " 4 3/4" I" 4" 2  1 /2 " I"
all Size: ' 6 "xl"x8 " 4x2 1/2x3 4"dlam by 1/1/2 4x2 1/2x3 2x4x6 3x2 1/4x6 I 1 /2 x1  1 /2 x6

*(G) Refers to Commercial Class Electrode 
° See Discussion Section

(P) Plexiglas typo >

I

"
8

1
-
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sh o o t. It w a s n o t ic e d  s e v e r a l  t im e s  d uring  th e s e  la b o r a to r y  e x p e r i ­

m e n ts  th at ev en  s t a in le s s  s t e e l  w ou ld  r e a c t  enough w ith  th e e le c t r o ­

ly te  to  p ro d u ce  u n d e s ir a b le  r e s u l t s .  T h e r e fo r e , no m e ta l f it t in g s  

co u ld  be u s e d  to  c o n n e c t  th e  c e l l  to  th e  e le c t r o ly te  r e s e r v o ir .

A n o th er  fr e q u e n t s o u r c e  o f  co n ta m in a tio n  w a s  fr o m  th e c o p ­

p e r  le a d s  c o n n e c te d  to  th e  p la tin u m  e le c t r o d e s .  A lth ou gh  the p la t ir  

num  e le c tr o d e  w a s s e a le d  in  a so ft  g la s s  tube (P y r e x  w ou ld  not s e a l)  

to  k eep  so lu t io n  fr o m  c o n ta c tin g  th e  c o p p e r , s m a ll  c r a c k s  d e v e lo p e d  

q u ite  e a s i ly  and w ou ld  a llo w  th e e le c t r o ly te  to le a k  in s id e  th e tu b e. 

T h is  p r o b le m  w a s on e o b je c t io n  to  M ark  0.

A n o th er  m a jo r  o b je c t io n  w a s  th e  g la s s  f r i t s  s e p a r a tin g  th e  

th r e e  m a jo r  c o m p a r tm e n ts . T h e y  a r e  q u ite  d iff ic u lt  to  c le a n ; th u s, 

o n ce  th e c e l l  b e c o m e s  c o n ta m in a ted , it  i s  a m a jo r  c h o r e  to  r e m o v e  

a l l  o f  th e  im p u r it ie s  .

F u r th e r m o r e , th e  n o is e  le v e l  in  th is  c e l l  s e e m e d  unduly h ig h . 

T he thought h e r e  w a s  th a t a b e tte r  m ix in g  p a tte r n  w ou ld  g iv e  l e s s  

n o is e  b e c a u s e  th e r e  w ou ld  be fe w e r  c o n c e n tr a tio n  g r a d ie n ts  to  c a u s e  

a ch a n g e  in  th e B r ^ /B r  e q u ilib r iu m . It i s  th is  ch a n g e  in  eq u ilib r iu m  

w hen  no sa m p le  i s  p a s s in g  th rou gh  th e  c e l l  that c a u s e s  n o is e .

T he f ir s t  m o d if ic a t io n s  on M ark  0 w e r e  a n ew  g a s  in le t  tube  

and n ew  e le c tr o d e  c o n f ig u r a t io n s . T h e g a s  in le t  w a s m a d e  fr o m  a
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1 /4 - in c h  p o r o u s  c e r a m ic  rod , and the s e n s o r /g e n e r a t o r  e le c tr o d e s  

w e r e  ch a n g ed  fr o m  th e p la te  c o n fig u r a tio n  to  P t  w ir e s  w rap p ed  

arou n d  th e c e r a m ic  rod . T h is  g a v e  n o t ic e a b ly  l e s s  n o is e  than the  

o r ig in a l M ark  0, but th e r e  w e r e  s t i l l  v o id s  in  th e  b o tto m  o f the  

ch a m b e r  w h e r e  m ix in g  w a s  not c o m p le te .  S o m e n o is e  s t i l l  p e r ­

s is t e d .

B e fo r e  a n ew  c e l l  w a s  c o n s tr u c te d , t e s t s  w e r e  m a d e  w ith  th e  

c o u n te r  e le c tr o d e  in  th e  sa m e  c o m p a r tm e n t a s  th e  g e n e r a t o r /s e n s o r  

p a ir . T h e c e l l ' s  p e r fo r m a n c e  w a s  a f fe c te d  v e r y  l i t t le  by th is  ch a n g e .  

T h is  in d ic a te d  th a t at l e a s t  on e c e l l  and one g la s s  f r i t  c o u ld  be  

e lim in a te d .

A ny n ew  c e l l s  w ou ld  be d e s ig n e d  to  a l le v ia t e  tw o o th er  m in o r  

d ra w b a ck s o f  M ark  0. T h e s e  w e r e  i t s  r a th e r  la r g e  s iz e  p h y s ic a lly  

sp ea k in g , and i t s  f r a g i l i t y  b e c a u s e  o f  i t s  c o n s tr u c t io n  fr o m  g la s s .

M ark  I (F ig u r e  5)

T he th ou gh ts w h ich  le d  to  th is  d e s ig n  w e r e  th a t a s m a lle r  

v o lu m e  r e a c t io n  c h a m b e r  w ou ld  g iv e  h ig h e r  s e n s i t iv i t y  and th e  t h o r ­

ough  m ix in g  o c c u r r in g  b e c a u s e  o f th e  s m a ll  v o lu m e  w ou ld  red u ce  

n o is e  l e v e l s .

, It m ig h t b e w e l l  to  add a t th is  p o in t that b e t te r  m ix in g  co u ld  

b e a c h ie v e d  u s in g  a m e c h a n ic a l s t i r r e r  w ith  a m a g n e tic  sp in  b a r .
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T h is ,  h o w e v e r , w ou ld  in c r e a s e  th e  c o s t  o f th e  in s tr u m e n t . B e c a u s e  

h ig h  c o s t s  w e r e  in c o n s is te n t  w ith  one o f the r e s e a r c h  o b je c t iv e s ,  

e f fo r ts  w e r e  d ir e c te d  to w a rd  m a k in g  a c e l l  w h ich  d e v e lo p e d  it s  ow n  

good  m ix in g  p a tte r n  m e r e ly  by th e  a c t io n  o f th e  c a r r ie r  g a s  p a s s in g  

th ro u g h  it .  B e s id e s  add ing to th e  c o s t  o f th e  in s tr u m e n t , an e x te r n a l  

s t ir r e r  a ls o  adds to  i t s  b u lk --a n o th e r  u n d e s ir a b le  fe a tu r e .

In M ark  I, e le c t r o d e s  w e r e  s e a le d  in  so ft  g la s s - - a g a in  P y r e x  

w a s u n s a t is fa c to r y .  No g la s s  o r  p o r o u s  m a te r ia ls  w e r e  u s e d  b e ­

tw e e n  c h a m b e r s .

P r o b le m s  w ith  th is  c e l l  w e r e  n u m e r o u s . T h e m o s t  s e r io u s

on e in v o lv e d  th e  liq u id  r e tu r n  lin e  fr o m  th e  ex p a n s io n  c h a m b e r . T h e

so lu t io n  e n te r in g  th e  b o tto m  o f th e  e le c tr o d e  "chamber w a s  not th e

sa m e  c o m p o s it io n  a s  th a t in  th e  ch a m b e r  i t s e l f .  S in c e  th e  liq u id

v o lu m e  in  th e  e le c tr o d e  c h a m b er  w a s  so  s m a ll ,  e v e n  a l i t t le  liq u id

fr o m  th e  r e tu r n  w ou ld  a p p r e c ia b ly  ch a n g e  c o n c e n tr a t io n s . T h u s, in

s p ite  o f good  m ix in g  in  th e  e le c tr o d e  c h a m b er  i t s e l f ,  o v e r a l l  m ix in g  
\

w a s p o o r  and a h ig h  n o is e  le v e l  r e s u lte d .

S t i l l  it  w a s  f e l t  th a t a s m a ll  v o lu m e o f e le c t r o ly t e  w ould  g iv e  

g r e a te r  s e n s i t iv i t y  and l e s s  n o is e .  T h ou ght w as a ls o  g iv e n  to ch a n g ­

in g  e le c tr o d e  le n g th s ;  in  p a r t ic u la r , sh o r te n in g  th e  c o u n te r  e le c tr o d e  

so  th a t " la rg e"  a m o u n ts  o f b r o m in e  w ou ld  not c lin g  to  it .  If b r o m in e
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did  c lin g  to th e e le c tr o d e ,  it  w ou ld  e v e n tu a lly  be b ro k en  lo o s e  by th e  

bubbling  o f g a s  th ro u g h  th e c e l l .  T h is  w ou ld  g iv e  a s l ig h t  e x c e s s  o f  

b r o m in e  to  th e  so lu tio n , th e r e b y  ch an g in g  th e  e q u ilib r iu m  co n d itio n s

and p ro d u c in g  u n d e s ir a b le  n o is e  " p e a k s" .
/

M ark  II (F ig u r e  6)

T h is  c e l l  w a s  a ls o  s m a ll  v o lu m e , but, u n lik e  M a rk  I, i t  had  

a sh a llo w  e le c tr o d e  c h a m b e r . F u r th e r m o r e , a l l  e le c t r o d e s  w e r e  in  

th e  sa m e  c h a m b er  and th r e e  w e r e  m a d e  o f sh o r t  le n g th s  o f p la tin u m  

w ir e .  (S ee  T a b le  II. ) T h e g a s  in le t  tube w a s  a sh o r t p ie c e  o f g la s s  

c a p il la r y  tu b in g . T h e c e l l  w a s  m a d e  ra th e r  h a s t i ly  and in  a cru d e  

m a n n e r . T h e r e  w a s  no r e a l  o u tle t  fo r  th e  g a s - - i t  ju s t  le a k e d  out 

arou n d  th e  r e f e r e n c e  e le c tr o d e .  N e ith e r  w a s th e r e  any p r o v is io n  fo r  

add ing  n ew  e le c t r o ly t e .  T h e e le c t r o d e s  w e r e  m e r e ly  " sea led "  in to  

th e  w a lls  o f  th e  c e l l  w ith  so ft  ru b b er  s e p tu m s . S t i l l ,  th e  d e s ig n  

sh o w ed  r e m a r k a b le  s ta b i l ity  and good  s e n s i t iv i ty .

M a rk  111 (F ig u r e  7}

T h is  m o d e l w a s  s im p ly  a m o r e  s o p h is t ic a te d  v e r s io n  o f M ark  

II. It w a s  m a d e  o f p le x ig la s  w ith  in d iv id u a l g a s  o u t le t  and t itr a n t  in ­

le t  p o r t s .  A lth ou gh  th e  d e s ig n  w a s  v e r y  s im ila r  to  th a t o f  M ark  II, 

p e r fo r m a n c e  w a s q u ite  in f e r io r .  ■ N o is e  l e v e ls  w e r e  u n u su a lly  h igh  

e v e n  w hen  no n ew  t itr a n t  w a s ad d ed  o v e r  a o n e -h o u r  p e r io d . (R e c a ll
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th a t so m e  n o is e  i s  to be e x p e c te d  w hen  f r e s h  t itr a n t  i s  added  b e ­

c a u s e  th e t itr a n t  d o es  not h ave  th e  s a m e  B ^ / B r  c o n c e n tr a t io n  a s  

th e  so lu t io n  in  th e  c e l l .  ) A dding f r e s h  e le c t r o ly te  o n ly  m a d e  th in g s  

w o r s e .  One c u r e  fo r  th e  h igh  n o is e  w a s  p h y s ic a lly  sh a k in g  the c e l l .  

C o n c lu s io n : M ix in g  w a s  in c o m p le te .  C hanging  th e g a s  in le t  fr o m  a 

c a p il la r y  tube to  a " m u lt i-h o le "  p la s t ic  tube c o i le d  arou n d  the b o ttom  

o f th e c e l l  r e d u c e d  th e  n o is e  so m ew h a t but not s u f f ic ie n t ly .

A n o th er  fa c to r  w h ich  a f fe c te d  th e  n o is e  le v e l  w a s  th e se a lin g  

o f th e  r e f e r e n c e  e le c tr o d e  in  th e  l id  o f th e  c e l l .  W hen th e  r e fe r e n c e  

w a s p r o p e r ly  s e a le d ,  n o is e  l e v e ls  w e r e  to le r a b le .  B ut w hen  a le a k  ' 

d e v e lo p e d , n o is e  l e v e l s  im m e d ia te ly  in c r e a s e d .

S o m e w o rk  w a s done w ith  th is  c e l l  stu d y in g  th e  e f f e c t s  of 

e le c tr o d e  le n g th s  and p la c e m e n t . In g e n e r a l, a sh o r te r  co u n ter  

e le c tr o d e  ( I / 4 - in c h  to  l / 8 - in c h )  r e d u c e d  n o is e ;  a lo n g e r  g e n e r a to r  

( 1 - 1 / 2 - in c h  to  2 - in c h )  g a v e  fa s t e r  r e s p o n s e ;  and le t t in g  th e  gas  

s tr e a m  sw e e p  th e  s e n s o r  g a v e  a m o r e  s ta b le  r e s p o n s e ,  i .  e . , sm o o th  

r a th e r  than  ja g g e d  p e a k s .

M ark  IV (F ig u r e  8}

T o a c h ie v e  b e t te r  m ix in g , d e s ig n s  a g a in  r e tu r n e d  to  the ta l l  

th in  e le c tr o d e  c h a m b e r . A s  b e fo r e , a l l  e le c tr o d e s  w e r e  in  the sa m e  

c h a m b e r . N o p r o v is io n  w a s  m a d e  in  th is  m o d e l fo r  th e  p e r io d ic
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a d d itio n  o f e le c t r o ly t e .  It w a s b u ilt  p r im a r i ly  to  e ith e r  v e r ify  or  

r e fu te  th e  p r o p o se d  " s m a ll  v o lu m e  - lo w  n o ise "  th e o r y . T h is  t im e  a 

p o ro u s  p o ly v in y l c h lo r id e  (PV C ) rod  w a s u se d  fo r  th e  g a s  in le t  tube  

an d jw as s e a le d  in ,th e  b o tto m  o f th e c e l l .  It w a s f e lt  th a t u s in g  a p o r ­

ou s m a te r ia l  fo r  th e  g a s  in le t  w ou ld  c r e a te  m o r e  d is p e r s io n  o f g a s e s  

in  th e  e le c t r o ly te  and h en ce  r e s u lt  in  b e t te r  m ix in g .

A s p r e d ic te d , n o is e  l e v e ls  w e r e  u n b e lie v a b ly  lo w . H o w ev er , 

to  g e t a good  r e s p o n s e  u s in g  th is  c e l l ,  g a s  flo w  r a te s  had to be r a is e d  

to  400  c c /m in u te  c o m p a r e d  w ith  th e  200  to  250 c c / m in u te  ra te  u s e d  in  

o th er  c e l l s .  In a l l  p r e v io u s  c e l l s  th e  c a r r ie r  g a s  had  b e e n  n itr o g e n  

so  a t f i r s t  it  w a s  a ls o  u s e d  in  M ark  IV . T h is  h igh  f lo w  r a te  o f n it r o ­

g en  p ro m p ted  th ou gh ts  o f  u s in g  c o m p r e s s e d  a ir - - p r o p e r ly  d r ie d  and  

f i l t e r e d - - a s  th e  c a r r ie r  g a s . S w itch in g  fr o m  n itr o g e n  to c o m p r e s s e d  

a ir  sh o w ed  a b s o lu te ly  no d e te r io r a t io n  in  th e c e l l ' s  p e r fo r m a n c e  e ith e r  

fr o m  a n o is e  o r  a s e n s i t iv i t y  s ta n d p o in t. A v o id in g  th e  u s e  o f n itr o g e n  

a s  a c a r r ie r  w a s  in d e e d  a p lu s fo r  th e  c o m p le te d  a n a ly z e r  b e c a u s e  now  

no b o ttle d  g a s  w ou ld  h a v e  to  be m o v e d  arou n d  w ith  th e  in s tr u m e n t .

U s in g  th is  p a r t ic u la r  c e l l  d e s ig n , so m e  w o rk  w a s  done to d e t e r ­

m in e  th e b e s t  d ia m e te r  fo r  th e e le c tr o d e  c h a m b e r . F o r  th e 400 c c /  

m in u te  g a s  f lo w  r a te  th e  b e s t  ch a m b e r  d ia m e te r  a p p e a r e d  to  be 3 / 4 -  

in c h . (L en g th s  r e m a in e d  c o n sta n t a t 4 in c h e s . )  L a r g e r  d ia m e te r s
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in c r e a s e d  n o is e  b e c a u s e  o f  in c o m p le te  m ix in g  and s m a lle r  d ia m e te r s  

c a u s e d  liq u id  d r o p le ts  to  hang up b e tw e e n  th e c e l l  w a ll  and r e fe r e n c e  

e le c tr o d e .  W hen th e s e  d r o p le ts  f e l l  b a ck  in to  so lu tio n , a ta l l  but 

v e r y  n a r r o w  p ea k  a p p e a r e d  on th e  r e c o r d e r  b e c a u s e  o f  th e  c o n c e n ­

tr a t io n  d if fe r e n c e  b e tw e e n  d ro p le t  and so lu tio n .

M ark  IV w a s th e  f i r s t  o f th e  p la s t ic  c e l l s  to be u s e d  w ith  a  

g a s  c h r o m a to g r a p h . T h is  g a v e  a n o th er  d e s ig n  c r i t e r ia  fo r  th e o v e r ­

a l l  in s tr u m e n t . T h e c a r r ie r  g a s  f lo w  r a te  had  to  be fa s t  enough to  

g iv e  good  c h r o m a to g r a p h ic  s e p a r a t io n s , y e t  it  a ls o  had  to  be s lo w  

en ou gh  to  g iv e  good  d e te c to r  r e s p o n s e .  R e c a ll  th a t it  had  b een  d e ­

c id e d  th a t a sa m p le  sh o u ld  be e x tr a c te d  fr o m  th e s ta c k  and a n a ly z e d  

o n c e  e v e r y  10 m in u te s .  T h is  m e a n t th at r e te n tio n  t im e s  fo r  a gas  

sa m p le  in  th e  co lu m n  sh o u ld  b e l e s s  than  10 m in u te s  to  a v o id  p o s s ib le  

o v e r la p p in g  o f p e a k s  b e tw e e n  s a m p le s .  In r e a l ity ,  th is  b e c o m e s  m o r e  

o f a co lu m n  d e s ig n  p r o b le m  than  a c e l l  d e s ig n  l im ita t io n  a lth ou gh  

th e r e  I s  so m e  in te r a c t io n .

E a r ly  lab  w o rk  w a s done u s in g  a c o m m e r c ia l  A e r o g r a p h  M o d el 

200  c h r o m a to g r a p h . R e s u lts  o b ta in ed  u s in g  d if fe r e n t  co lu m n  p ack in g  

m a t e r ia ls  a r e  d is c u s s e d  in  a la te r  s e c t io n .  U sin g  a s ix  foo t lon g , 1 /4 -  

in c h  te f lo n  c o lu m n  p a ck ed  w ith  P o r a p a k  Q -S  and a c o m p r o m is e  flo w

V
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r a te  o f  300 c c / m in u te  w ith  M ark  IV g a v e  a c c e p ta b le  s e p a r a t io n s  and  

a p r e t ty  good  c e l l  r e s p o n s e .

M ark  V (F ig u r e  9}

M ark  V w a s an  a ttem p t to o v e r c o m e  th e tw o fa u lts  o f M ark  

IV . T h e c o m m e r c ia l  r e fe r e n c e  w a s  r e p la c e d  by on e m a d e  fr o m  

p le x ig la s .  T h e n ew  r e fe r e n c e  w a s  s t i l l  th e  c a lo m e l e le c tr o d e  ( r e ­

c ip e s  fo r  m a k in g  th e m  ca n  be found in  any te x t  on e le c t r o - a n a ly t ic a l  

c h e m is tr y )  and w a s a tta c h e d  p e r m a n e n tly  to  th e  s id e  o f  th e  e le c tr o d e  

c o m p a r tm e n t. S in c e  th e  r e f e r e n c e  w a s  now  c o n ta c tin g  th e  so lu tio n  

th ro u g h  th e  s id e  o f  th e  c h a m b e r , it  w a s  o ccu p y in g  a lm o s t  no v o lu m e  

w ith in  th e  r e a c t io n  p o r tio n  o f th e  c e l l .  T h e r e fo r e , it  w a s  f e lt  that a 

s m a l le r  d ia m e t e r - - l e s s  than  3 / 4 - in c h -  -c h a m b e r  c o u ld  b e u se d . T h en  

a lo w e r  g a s  f lo w  r a te  w ou ld  s t i l l  g iv e  good  m ix in g  and p o s s ib ly  b e t te r  

c h r o m a to g r a p h ic  s e p a r a t io n s . M o st b r o m in e  c e l l s  e ith e r  on th e m a r ­

k e t o r  d e s c r ib e d  in  th e  l i t e r a tu r e  sh o w  th e b e s t  c e l l  r e s p o n s e  w hen  

th e  f lo w  r a te  th ro u g h  th em  i s  200  to 250  c c / m in u te . E v en  though c e l l  

c o n fig u r a t io n s  fo r  th e  M ark  s e r ie s  a r e  q u ite  d if fe r e n t  fr o m  the c o m ­

m e r c ia l  o n e s , d e s ig n s  w e r e  m a d e  to  g iv e  op tim u m  p e r fo r m a n c e  a t 

th is  f lo w .r a te .

A s a s ta r t in g  p o in t, a ch a m b e r  d ia m e te r  o f  5 / 8 - in c h  w a s  u se d .  

I n it ia l  r e s u lt s  lo o k e d  v e r y  p r o m is in g , but a fte r  f iv e  to  s ix  h o u rs ' u s e ,
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n o is e  in c r e a s e d  m a r k e d ly  and s e n s i t iv i t y  d e c lin e d  ra p id ly . T he  

s e e m in g ly  o b v io u s  a n sw e r  w a s th e  " hom em ad e"  r e f e r e n c e  e le c tr o d e  

h ad  c e a s e d  to  fu n ctio n  p r o p e r ly . T h e in g r e d ie n ts  fo r  it  w e r e  p r e ­

p a r e d  s e v e r a l  t im e s  but th e sa m e  p h en o m en o n  o c c u r r e d  ea ch  t i m e - -  

good  in it ia l  p e r fo r m a n c e  but s e r io u s  d eg ra d a tio n  w ith  t im e . E v e n ­

tu a lly  m o d if ic a t io n s  w e r e  m a d e  on th e  c e l l  so  th e  c o m m e r c ia l r e f e r ­

e n c e  co u ld  be u s e d  (in a ch a m b er  p h y s ic a l ly  s e p a r a te d  but tu b e -  

c o n n e c te d  to M ark  V ). Q u ite  s u r p r is in g ly  the sa m e  th in g  h ap pened  

a g a in . A fte r  m an y  fr u s tr a t in g  h o u rs  o f stu d y in g  th e  c e l l ,  an e x p la n ­

a tio n  w a s found.

W hen th e  c e l l  i s  s ta r te d  up, th e  in s id e  w a lls  a r e  c le a n . A fte r  . 

it  h a s  b een  o p e r a tin g  fo r  a t im e , w a te r  d r o p le ts  b e g in  to  c o l le c t  on  

th e  w a lls  ab o v e  th e  e le c t r o ly t e .  W hen su ff ic ie n t  t im e  h a s  p a s s e d  the  

b u b b les  b e c o m e  la r g e  enough  to  b r e a k  aw ay  fr o m  th e  w a lls  and f a l l  

b a ck  in to  so lu tio n . T h is  u p se ts  th e  e q u ilib r iu m  and c a u s e s  n o is e .

T he e f fe c t  co u ld  be m a g n if ie d  by p a s s in g  a c o n c e n tr a te d  su lfu r  sa m p le  

- - s a y  800 ppm  H ^ S --Ih ro u g h  th e  c e l l .  N ot a l l  th e  sa m p le  g e ts  a b ­

so r b e d  in  th e  liq u id . Some" p a s s e s  up th e  c e l l  and i s  a b so r b e d  by 

liq u id  d r o p le ts  on th e w a ll .  W hen th e s e  d r o p le ts  f a l l  b a ck  in to  s o lu ­

t io n  th e r e  i s  a h u ge in c r e a s e  in  n o is e  fo r  a lm o s t  30 m in u te s  a fte r  th e  

sa m p le  w a s  in je c te d .



- 3 1 -

T h is  d e te r io r a t io n  w ith  t im e  w a s but one s e r io u s  fau lt o f  

M ark  V . A n o th er  w a s  th e  r e fe r e n c e  e le c tr o d e . O nce th e  e le c t r o ­

ly te  had  b een  d ra in ed  out o f  th e  c e l l ,  it  w a s  d if f ic u lt  to  k eep  a ir  b u b ­

b le s  fr o m  fo r m in g  in  th e  a r m  c o n n e c tin g  th e  r e f e r e n c e  to  th e  e l e c ­

tr o d e  ch a m b er; th e s e  a ir  b u b b les  p r e v e n te d  e l e c t r ic a l  co n ta c t w ith  

th e  r e f e r e n c e  w hen  th e c e l l  w a s  s ta r te d  up a g a in . C o n s is te n c y  in .  

m a k in g  up th e  c e l l s  w a s  a n o th er  p r o b le m . T h e r e a s o n  w hy w as n e v e r  

d e te r m in e d , but so m e  w e r e  v e r y  s e n s i t iv e  to su d d en  v ib r a t io n s , w h ile  

o th e r s  w e r e  not n o t ic e a b ly  a ffe c te d  a t a l l .

J u st  a p o in t o f  in t e r e s t - - w h e n  e le c t r o ly te  w a s  added  to  the  

c e l l  (at 10 -m in u te  in te r v a ls )  a p ea k  m u ch  lik e  th at o f an H^S peak  

w ou ld  a p p ea r  on th e  r e c o r d e r .  T h e p en  r e tu r n e d  to  i t s  n o r m a l b a s e ­

lin e  about 30 s e c o n d s  a fte r  th e e le c t r o ly te  a d d itio n  w a s  stop p ed .

In sp ite  o f i t s  a b ove  m e n tio n e d  fa u lts , M ark  V w a s U sed  fo r  

about s ix  h o u rs  w o rth  o f  a c tu a l p lan t data in  a K ra ft m i l l .  T h is  w a s  

done to  d e te r m in e  w hat p r o b le m s  m ig h t d ev e lo p  a t a p la n t s ite  th at 

w ou ld  not o c c u r  in  any la b o r a to r y  t e s t .  In su ch  a sh o r t  t im e  in te r v a l  

no u n e x p e c te d  p r o b le m s  did  a r i s e ,  so  th e  c e l l  w a s b rou gh t b a ck  to  th e  

la b  fo r  fu r th e r  s tu d ie s  and m o d if ic a t io n s .
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M ark  VI (F ig u r e  10)

M ark  VI in tr o d u c e d  s e v e r a l  n ew  ch a n g es  o v e r  p r e v io u s  

m o d e ls .

1) T h e e le c t r o ly te  ch a m b er  w a s  c o n c e n tr ic  w ith  a 

la r g e r  c o m p a r tm e n t u s e d  a s  th e  g a s  o u t le t  p o r tio n  

o f th e  c e l l .  T h is  e s s e n t ia l ly  m a d e  th e  e le c t r o ly te  

c h a m b er  w ith  no w a lls  fo r  liq u id  d r o p le ts  to  c lin g  

to . It a ls o  g a v e  a c o n sta n t v o lu m e  e le c t r o ly te  

c h a m b er  s in c e  any e x c e s s  w ou ld  m e r e ly  o v e r f lo w .

2) T he c a lo m e l e le c tr o d e  w a s  a g a in  m a d e  o f  p le x i -  

g la s  but in  a s ty le  v e r y  m u ch  lik e  th e c o m m e r c ia l  

g la s s  one u s e d  e a r l ie r .  T h rea d in g  th e  body o f ' 

th e e le c tr o d e  p r o v id e d  an  e a s y  m eth o d  o f s e a lin g  

it  in to  th e  c e l l  b lo ck .

3) T he th r e e  p la tin u m  e le c t r o d e s  w e r e  s e a le d  in  a 

r e m o v a b le  b lo c k  in  th e  b o tto m  o f th e c e l l .  T h is  

e le c tr o d e  a r r a n g e m e n t  g r e a t ly  s im p lif ie d  c le a n ­

in g  a n d /o r  r e m o v a l o f th e  e le c tr o d e s  i f  th e y  b e ­

c a m e  c o n ta m in a te d . T o o , th e s e  e le c t r o d e s  w e r e

' m u ch  e a s ie r  to  k eep  s e a le d  th an  th o se  e n te r in g  

th e  s id e  o f th e  w a ll .

I
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T he e n t ir e  b o tto m  o f th is  c e l l  w a s  a ls o  r e m o v a b le  so  e l e c ­

tr o d e  c h a m b e r s  o f d if fe r e n t  h e ig h ts  and in s id e  d ia m e te r s  cou ld  

e a s i ly  be in s e r te d  in  th e c e l l .  B y t r ia l  and e r r o r  it  w a s  found that 

an e le c tr o d e  ch a m b e r  1 1 / 16-in ch  in  d ia m e te r  by on e  in ch  h igh  w as  

b e s t  to  a c c o m m o d a te  th e d e s ir e d  g a s  f lo w  ra te  o f 200  to 250 c c /  

m in u te . L a r g e r  v o lu m e s  ten d ed  to  g iv e  s l ig h t ly  m o r e  n o is e  and  

lon g  t a i l s  on p e a k s . S m a lle r  v o lu m e s  r e s u lte d  in  enough  o f the  

e le c t r o ly t e  b e in g  b low n  out th a t e l e c t r ic a l  co n ta c t w ith  th e r e fe r e n c e  

w a s lo s t .

T he p e r fo r m a n c e  o f th is  c e l l  w a s  q u ite  s u p e r io r  to  any p r e -  - 

v io u s  m o d e ls .  A  co n tin u o u s la b o r a to r y  t e s t  o f 48 h o u r s  sh ow ed  no 

d eg ra d a tio n  in  i t s  p e r fo r m a n c e . B e c a u s e  it  w a s p u r p o se ly  d e s ig n e d  

so  th a t p a r ts  co u ld  be e a s i ly  in te r c h a n g e d , th e  c e l l  w a s  c o n s id e r e d  

too  b u lk y  fo r  a p o r ta b le  in s tr u m e n t . A fte r  the " best"  e le c tr o d e  d e ­

s ig n  and sp a c in g  a s  w e l l  a s  the " best"  e le c tr o d e  c h a m b e r  s iz e  had  

b e e n  d e te r m in e d , a s m a lle r  m o d e l c a l le d  the " M in i-M a r k  VI" w as  

b u ilt  to  b e  th e c o m p a c t un it u s e d  in  p la n t t e s t s .  T h e o n ly  m a jo r  d e ­

s ig n  ch a n g e  w a s  th e  d isc a r d in g  o f th e  p le x ig la s  r e f e r e n c e .  T hough  

m an y  d if fe r e n t  th in g s  w e r e  tr ie d , le a k a g e  o f f lu id  out o f th e  sa lt  

b r id g e  c o m p a r tm e n t o f  th e  r e fe r e n c e  co u ld  not b e  s to p p ed . A fter  a 

48 to  60 h ou r p e r io d  th e  c o m p a r tm e n t had  to be f i l le d  in  o r d e r  to
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m a k e  it  o p e r a b le . R e p la c e m e n t o f th e  p o ro u s  PV C  ro d  in  the b o t­

to m  o f th e r e fe r e n c e  w ith  e ith e r  an a s b e s to s  th r e a d  o r  a n y lon  . 

th r e a d  d id  not s ig n if ic a n t ly  d e c r e a s e  th e  le a k a g e  r a te .

T he c o m m e r c ia l  r e f e r e n c e  w a s  a g a in  u s e d  in  " M in i-M a rk  VI" 

but w a s  c o v e r e d  by a s p e c ia l ly  b u ilt  p le x ig la s  h o u sin g  to  m a k e  it  

l e s s  s u s c e p t ib le  to  b r e a k a g e . T h e r e fe r e n c e  w a s  s e a le d  in  the h o u ­

s in g  and th e h o u sin g  in  tu rn  s e a le d  in  th e  c e l l  b lo c k . P e r fo r m a n c e  

o f th e  " M in i-M a rk  VI" w a s  in  e v e r y  w ay c o m p a r a b le  to  th at o f the  

o r ig in a l M ark  VI. C o n seq u en tly , it  w a s  c h o se n  to  be th e d e te c to r  

fo r  th e  p o r ta b le  su lfu r  a n a ly z e r  b e in g  d e v e lo p e d .

E le c tr o n ic s

M ic r o c o u lo m e te r

E a r ly  w o rk  in  th is  p r o je c t  w a s  done by u s in g  th e c o m m e r c i­

a l ly  a v a ila b le  D ohrm ann  M o d el C -2 0 0 -A  M ic r o c o u lo m e te r . T he  

fu n c tio n  o f th is  e le c t r o n ic s  i s  d e s c r ib e d  in  D o h rm a n n 1 s M anual (8) 

and s u m m a r iz e d  b e lo w .

A ny ch an ge in  th e t itr a n t  io n  c o n c e n tr a t io n  w ith in  the c e l l  i s  

d e te c te d  by th e r e f e r e n c e / s e n s o r  e le c t r o d e s  a s  a p o te n t ia l d if f e r ­

e n c e . T h e d if fe r e n c e  b e tw e e n  th e v o lta g e  output o f  th e  r e f e r e n c e /  

s e n s o r  e le c tr o d e  p a ir  and th e o p p o sin g  v o lta g e  fr o m  th e  BIAS SET  

(a c o n tr o l knob on  the fro n t o f  th e  in s tr u m e n t)  i s  th e  input to th e



- 3 6 -

c o u lo m e te r  a m p lif ie r .  C hanging e ith e r  'titrant io n  c o n c e n tr a tio n  

o r  BIAS SE T  v o lta g e  w il l  c a u se  a p o te n t ia l to be s e e n  by the a m ­

p l i f ie r .  W hen th e s e  tw o v o lta g e s  a r e  eq u a l, th e  a m p lif ie r  r e c e iv e s  

a z e r o  s ig n a l. A ny sh ift  in  th e r e f e r e n c e / s e n s o r  v o lta g e  i s  s e n s e d  

by th e a m p lif ie r  w h ich  p r o d u c e s  a c u r r e n t  flo w  b e tw e e n  th e  g e n ­

e r a to r  anode and ca th o d e  (co u n ter) in  th e  t itr a t io n  c e l l .  T h is  

c u r r e n t  g e n e r a te s  o r  r e m o v e s  t itr a n t  io n s  th ro u g h  an o x id a tio n /  

r e d u c tio n  at th e  an o d e.

W hen s u ff ic ie n t  t itr a n t  h a s  b e e n  p ro d u ced  by th e g e n e r a to r  

p a ir  to  r e - e s t a b l i s h  th e  o r ig in a l t itr a n t  c o n c e n tr a tio n , th e  v o lta g e  

to  th e  a m p lif ie r  w i l l  be z e r o  and th e  s y s t e m  w il l  a g a in  be at e q u il­

ib r iu m . D urin g  th e  c o u r s e  o f th e  r e g e n e r a t io n , th e  c u r r e n t  p a s s e s  

th ro u g h  a s e r i e s  o f r e s i s t o r s  and c a p a c i to r s .  A  s tr ip  c h a r t  r e ­

c o r d e r  m e a s u r e s  th e  v o lta g e  drop  a c r o s s  one o f th e  c a p a c i to r s .

T h is  r e c o r d e d  v o lta g e  (show n  a s  an  a lm o s t  tr ia n g u la r  peak) can  be  

r e la te d  to  th e o r ig in a l c o n c e n tr a t io n  o f su lfu r  com p ou n d  w hich  

c a u s e d  th e  ch a n g e  in  t itr a n t  io n  c o n c e n tr a tio n .

F o r  a l l  th e  t it r a t io n  c e l l s  ju s t  d e s c r ib e d  e x c e p t  M ark  VI 

and " M in i-M a r k  VI" th is  D ohrm ann  c o u lo m e te r  w a s  u se d . B e c a u s e  

th e M o d e l C - 2 0 0 - A  i s  r a th e r  la r g e  and w ould  be im p r a c t ic a l  in  a 

p o r ta b le  in s tr u m e n t , a c ir c u it  w a s  a s s e m b le d  in  th e  la b  to  p e r fo r m
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th e  sa m e  fu n ctio n . T h e c ir c u it  d ia g r a m  fo r  it  i s  sh ow n  in  F ig u r e  

11. W hen th is  u n it w a s  a s s e m b le d  it  o c c u p ie d  l e s s  th an  one ten th  

o f th e  sp a c e  o f th e  c o m m e r c ia l  m o d e l and it  f it  q u ite  n ic e ly  in to  th e

c a s e  fo r  th e  p o r ta b le  a n a ly z e r .

T h e o n ly  e x te r n a l a d ju stm en t (th ink ing now  in  t e r m s  o f the

f in a l in s tr u m e n t)  on  th e  c ir c u it  i s  th e  R A N G E sw itc h . T h is  i s  an  

I ! - p o s i t io n  s in g le  p o le  sw itc h  w h ich  ch a n g e s  th e r e s is t a n c e  in  the  

path  to  ground . A s th e  r e s is t a n c e  i s  in c r e a s e d , m o r e  o f th e  c u r ­

ren t i s  fo r c e d  th ro u g h  th e c a p a c ito r  a c r o s s  w h ich  th e  r e c o r d e r  i s  

c o n n e c te d . N ow , c o n s id e r  s e v e r a l  s a m p le s  o f id e n t ic a l  c o n c e n ­

tr a t io n  p a s s in g  in to  th e  c e l l  at p r e s e t  in t e r v a ls .  T h e s e  w i l l  ea ch  

g iv e  th e  sa m e  v o lta g e  input to  th e  a m p lif ie r  and a ls o  th e  sa m e  v o l ­

ta g e  output. But i f  th e  R A N G E se tt in g  i s  ch an g ed  b e tw e e n  s a m p le s ,  

d iffe r e n t  v o lta g e s  w i l l  a p p ear  on th e  r e c o r d e r .  T h u s, th e  RANG E  

sw itc h  i s  m e r e ly  a m e a n s  o f ch a n g in g  th e s e n s i t iv i t y  o f th e  in s t r u ­

m e n t.

D urin g  th e d e v e lo p m e n t o f  th e  c ir c u it  a c o m p r o m is e  had to  

be m a d e  b e tw e e n  s e n s i t iv i t y  and s ta b il ity .  T he r a th e r  a r b itr a r y  

c r i t e r ia  fo r  a good  c ir c u it  w a s  c h o s e n  to be one w h ich  g a v e  a fu ll  

s c a le  d e f le c t io n  fo r  a I ppm  H->S sa m p le  (70 m l but not p a s s in g  

th rou gh  a p a ck ed  co lu m n ) at an in te r m e d ia te  s e n s i t iv i t y  ra n g e  s e t -
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tin g  o f  100. A t th e  sa m e  t im e , n o is e  l e v e ls  sh o u ld  b e v e r y  low . 

U sin g  th e r e s i s t o r  and c a p a c ito r  v a lu e s  show n in  F ig u r e  11, th is  

g o a l w a s  a c h ie v e d .

T he m o s t  c r i t i c a l  co m p o n en t fr o m  a s ta b i l ity  sta n d p o in t w as  

th e c a p a c ito r  in  th e fe e d b a c k  path  on th e  a m p lif ie r .  L o w e r in g  the  

v a lu e  to  10 p ic o fa r a d s  in c r e a s e d  s ta b il ity  g r e a t ly  and s im u lta n e ­

o u s ly  r e d u c e d  s e n s i t iv i t y  but to  a l e s s e r  d e g r e e . B e t te r  s e n s i ­

t iv i t ie s  c o u ld  be a c h ie v e d  by d e c r e a s in g  e ith e r  th e  r e s is t a n c e  o r  

th e  v a lu e  o f c a p a c ita n c e  in  th e path  to  ground  w h e r e  th e  r e c o r d e r  

w a s c o n n e c te d . H e r e  th e  n o is e  l e v e l s  d id  in c r e a s e  in  d ir e c t  p r o ­

p o r tio n  to  th e  g a in  in  s e n s i t iv i ty .

C o n tr o l C ir c u it  (F ig u r e  12}

T h e fu n ctio n  o f th e  c o n tr o l c ir c u it  i s  to  d e te r m in e  th e s e ­

q u en ce  o f e v e n ts  ta k in g  p la c e  w hen  th e  in s tr u m e n t  i s  o p e r a tin g  c o n ­

t in u o u s ly . T h e e v e n ts  h a v e  a lr e a d y  b e e n  d e s c r ib e d  in  th e  O p era tio n  

p o r tio n  o f  th is  s e c t io n  and w il l  not b e  r e p e a te d  h e r e .  N ote  fro m  th e  

c ir c u it  d ia g r a m  th a t w h e n e v e r  th e  m a in  p o w er  s w itc h  i s  on, p o w er  

i s  d e l iv e r e d  to th e  c o u lo m e te r , t im e r ,  and e x te r n a l p o w e r  p lu g . 

C u r ren t f lo w s  th ro u g h  th e o v en  h e a te r s  u n til th e  te m p e r a tu r e  c o n ­

t r o l l e r  b r e a k s  th e  c ir c u it .
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T he h e a r t  o f th e  c o n tr o l c ir c u it  i s  the co n tin u o u s m u lt i­

c a m  t im e r .  C y c le  t im e  can  be a lt e r e d  by a s im p le  g e a r  ch an ge  

b e tw e e n  th e  d r iv e  m o to r  and c a m  sh a ft . T h e c a m s  a r e  a d ju sta b le  

and can  be s e t  to  any d e s ir e d  " p e r c e n ta g e  o f c y c le  tim e"  (b etw een  

1% and 9-9%) th a t a g iv e n  m ic r o s w itc h  i s  to  be op en  o r  c lo s e d .  T he  

m ic r o s w it c h e s  a r e  th e s in g le -p o le -d o u b le - th r o w  ty p e  w h ich  m e a n s  

th a t th e y  can  c lo s e  one c ir c u it  and s im u lta n e o u s ly  o p en  an oth er  on e . 

In th e in s tr u m e n t , t im in g  o f th r e e  i t e m s  i s  q u ite  im p o r ta n t. W hen  

th e  v a cu u m  pum p i s  on, th e  sa m p le  v a lv e  m u st  op en  so  th a t a s a m ­

p le  can  be draw n in to  th e  sa m p le  lo o p . M o re  im p o r ta n t i s  th e  fa c t  

th a t th e  s o le n o id  v a lv e  c o n tr o ll in g  th e  c o m p r e s s e d  a ir  u s e d  fo r  

b lo w b a ck  be c lo s e d  th en  and not o p en ed  u n til th e  s ix -w a y  v a lv e  

c l o s e s .  T h e e a s ie s t  w ay  to  e n su r e  th a t th is  h ap p en ed  i s  i l lu s tr a te d  

in  F ig u r e  12. A ll  th r e e  i t e m s  a r e  c o n tr o lle d  by a s in g le  sw itch .

T he v a cu u m  pum p and s ix -w a y  v a lv e  a r e  e s s e n t ia l ly  w ir e d  in  s e r i e s  

so  th a t both  a r e  on  and o ff to g e th e r . T h e c o m p r e s s e d  a ir  v a lv e  i s  

w ir e d  to th e  o th er  p o le  o f th e  sw itc h  so  th at it  i s  o ff  w hen  th e pum p  

i s  on and v ic e  v e r s a .

One m ic r o  sw itc h  i s  u s e d  to  c o n tr o l a so lu tio n  so le n o id  v a lv e  

w h ich  a d m its  e le c t r o ly t e  to th e  c e l l  fo r  about 30 s e c o n d s  o f ea ch  

c y c le .  E x a c t ly  w hen  th e a d d itio n  o c c u r s  i s  not c r i t ic a l .



- 4 2 -

T he r e m a in in g  m ic r o s w itc h  a c t iv a te s  a s o le n o id  o p e r a te d  

s tep p in g  sw itc h  in  th e  m u lt i - s t a c k  sa m p lin g  a c c e s s o r y .  T h is  unit 

i s  d e s c r ib e d  la t e r .  H e r e  th e s tep p in g  sw itc h  sh o u ld  b e a c t iv a te d  

a s  c lo s e  a s  p o s s ib le  to  th e  sa m e  t im e  th at th e  v a cu u m  pum p is  

tu rn ed  on . T h e sw itc h , h o w e v e r , i s  not e n e r g iz e d  w hen  the pum p  

sh u ts  o ff  but g e ts  a c t iv a te d  a g a in  o n ly  a t th e  b eg in n in g  o f the n ex t  

c y c le .

R e c o r d e r

In e x p e n s iv e , n o n -c o n tin u o u s , lo w  im p e d a n c e  r e c o r d e r s  w e r e  

t r ie d  but p r o v e d  u n s a t is fa c to r y  b e c a u s e  th ey  o v e r lo a d e d  th e  m ic r o -  

c o u lo m e te r  c ir c u it .  A ls o , th e  n o n -c o n tin u o u s  t r a c e  m a d e  data  

in te r p r e ta t io n  q u ite  d if f ic u lt .  A  b e t te r  u n it i s  th e  V a r ia n  G - I l A  

p o te n t io m e tr ic  r e c o r d e r  w ith  f iv e - in c h  ch a rt p a p er .

C a lib r a tio n  D e v ic e

S e v e r a l d e v ic e s  e x is t  fo r  p r e p a r in g  a c c u r a te  g a s  s a m p le s .  

T h e s e  in c lu d e  M y la r  b a g s , sp in n in g  s y r in g e s ,  s c r e w -d r iv e n  

s y r in g e s ,  and p e r m e a t io n  tu b e s .

S a m p le s  in  M y la r  b a g s a r e  p r e p a r e d  by in j e c t in g - - u s u a l ly  . 

w ith  a g a s - t ig h t  s y r in g e - - a  know n v o lu m e  o f the p u re  g a s  in to  the  

b ag . T h en  a m e a s u r e d  am ou n t o f d ilu en t g a s  i s  p u m p ed  in . F u r ­

th e r  d ilu t io n s  a r e  m a d e  by add ing m o r e  d ilu en t g a s .  R e p r o d u c i-
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b ili ty  u s in g  th is  m eth o d  w a s g iv e n  a ran g e  o f 12 - 16% by- 

A d a m s (5).

P e r m e a t io n  tu b es  a r e  a v e r y  a c c u r a te  w ay o f p r e p a r in g  g a s  

s a m p le s  p r o v id e d  th a t a c o n sta n t te m p e r a tu r e  can  be m a in ta in e d . 

T h is  l im ita t io n  a lo n e  d ic ta te s  th a t th e y  be u s e d  o n ly  in  a  la b o r a ­

to r y  w h e r e  a m b ien t te m p e r a tu r e s  do not v a r y  m u ch  and a c o n sta n t  

te m p e r a tu r e  bath  w il l  in d e e d  s ta y  a t a c o n sta n t te m p e r a tu r e . A n ­

o th e r  s e r io u s  l im ita t io n  i s  th e  r e la t iv e ly  s lo w  r a te s  o f p e r m e a tio n  

g e n e r a l ly  e n c o u n te r e d . P r o d u c in g  sa m p le  c o n c e n tr a t io n s  in  th e  

100 ppm  ra n g e  on  a  co n tin u o u s b a s is  w ou ld  b e  n e a r ly  im p o s s ib le  

w ith  any r e a s o n a b le  le n g th s 'o f  p e r m e a t io n  tu b e s .

S c r e w -d r iv e n  s y r in g e s  h a v e  b e e n  us.ed  fo r  q u ite  so m e  t im e  

(12) but so m e  c o m m e r c ia l  u n its  do not g iv e  a tr u ly  c o n sta n t d e ­

l iv e r y  r a te  o f g a s  b e c a u s e  th e s y r in g e  p lu n g er  i s  not s e c u r e ly  f a s ­

te n e d  to  th e  s c r e w - d r iv e n  sh a ft . T h is  p e r m its  th e  p lu n g er  to  s t ic k  

in  th e  b a r r e l  and r e s u l t s  in  n o n -u n ifo r m  d e liv e r y  r a t e s .  W hen a 

m o d if ic a tio n  i s  m a d e  and th e  p lu n g e r  s e c u r e ly  fa s te n e d  to  th e sh a ft, 

th is  m eth o d  i s  c o n s id e r e d  a f a ir ly  r e l ia b le  m eth o d  o f  p r e p a r in g  ga.s 

s a m p le s .  It i s  about a s  a c c u r a te  a s  th e  m eth o d  u s e d  to  m e a s u r e  th e  

f lo w  r a te  o f d ilu en t g a s  p a s t  th e  d e l iv e r y  tip  o f th e  s y r in g e .
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A  m o r e  r e c e n t  d e v e lo p m e n t in  p r e p a r a tio n  o f g a s  s'am ples  

i s  th e  sp in n in g  sy r in g e  (F ig u r e  13). T h e s y s te m  i s  b a se d  on the  

f r ic t io n le s s  b e a r in g  fo r m e d  by c a r e fu l ly  p o lis h e d  s u r fa c e s  o f a 

g la s s  b a r r e l  and a r o ta tin g  p lu n g e r . T h e a ir  b e a r in g  a llo w s  a 

c o n sta n t lo a d  to  be p la c e d  on th e  a ir  co lu m n . R e g a r d le s s  o f le a k ­

a g e  p a s t  th e  b e a r in g - - g e n e r a l ly  in s ig n if ic a n t - - t h e  d e liv e r y  ra te  o f  

th e  g a s  m ix tu r e  i s  s a id  to  be c o n sta n t a s  lon g  a s  th e  p is to n  i s  s p in ­

n in g . C o n v e r sa t io n  w ith  s e v e r a l  d if fe r e n t  in d iv id u a ls  in  the a ir  

p o llu tio n  f ie ld  r e v e a le d  v a r y in g  d e g r e e s  o f s a t is fa c t io n  w ith  th is  

d e v ic e .  In r e a l ity ,  th e  fa ll in g  r a te  o f th e  sy r in g e  i s  d ep en d en t to  

a c e r ta in  d e g r e e  on  how  fa s t  it  s p in s . T h u s, to  e n s u r e  tr u ly  r e ­

p r o d u c ib le  d e l iv e r y  r a te s ,  th e  sp in n in g  ra te  o f th e  s y r in g e  sh ou ld  

be th e sa m e  ea ch  t im e  th e un it i s  u se d . A m ong  u s e r s  o f sp in n in g  

s y r in g e s  it  i s  g e n e r a l ly  a g r e e d  th a t th e se tu p s  u s in g  a s m a ll  fan  a s  

th e  a ir  s o u r c e  to  sp in  th e sy r in g e  a r e  r e l ia b le  enough  to  be u se d  a s  

c a l ib r a t io n  s ta n d a r d s . A ga in , th e  a c c u r a c y  o f th e  sa m p le  c o n c e n ­

tr a t io n  i s  about th a t o f  th e  m eth o d  u s e d  to  m e a s u r e  th e  d ilu en t gas  

f lo w . T h is  w a s th e  c a lib r a t io n  m eth o d  u se d  d uring  c o n s tr u c t io n  

and t e s t in g  o f  th e  co n tin u o u s a n a ly z e r .
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M u lt i-S ta c k  S a m p lin g  A c c e s s o r y

A  u n it w h ich  e l e c t r ic a l ly  p lu g s  in to  th e  m a in  a n a ly z in g  in ­

s tr u m e n t h as b een  b u ilt  to allow" sa m p lin g  o f th r e e  d iffe r e n t  lo c a ­

t io n s  in  s u c c e s s io n .  A  s lig h t  m o d if ic a t io n , ta k in g  l e s s  than  f iv e  

m in u te s  to  c o m p le te , m u st  be m a d e  to  th e  m a s te r  u n it. It in v o lv e s  

d isc o n n e c t in g  a tube a t a t e e ,  a tta ch in g  th e tube to  a bu lk h ead  

un ion , and p lu g g in g  th e  op en  b ra n ch  o f  th e  t e e .  If a l l  sa m p le  l in e s  

h a v e  b een  stru n g  and end in  th e v ic in ity  o f th e  a n a ly z e r , th e  to ta l  

t im e  r e q u ir e d  to  ch a n g e  fr o m  s in g le  s ta c k  to  th r e e  s ta c k  sa m p lin g  

o r  b a ck  a g a in  i s  l e s s  th an  10 m in u te s .

A  w ir in g  d ia g r a m  fo r  th e  s a m p le r  i s  sh ow n  in  F ig u r e  14. 

T h e f ig u r e  d o es  not r e p r e s e n t  th e  a c tu a l w ir in g  la y o u t in  the a c c e s ­

s o r y , but r a th e r  sh o w s th e  c ir c u it  a fte r  th e  un it i s  p lu g g ed  into  th e  

m a in  a n a ly z e r . T h e c a m  t im e r  in  th e  m a in  u n it a c t iv a te s  th e  r o ­

ta t in g  sw itc h  o n ce  d u rin g  ea ch  c y c le .  T h is  sw itc h  th en  o p en s one  

and o n ly  one (of th e  th r e e ]  m id g e t  s o le n o id  v a lv e s  in  th e  a c c e s s o r y .  

It r e m a in s  open  fo r  on e c o m p le te  c y c le ;  i .  e . , fo r  b oth  th e  sa m p le  

d raw in g  and th e  b lo w b a ck  p h a s e s .  A t th e b eg in n in g  o f  th e  n ex t  

c y c le  th e  sw itc h  a d v a n c e s  and a d if fe r e n t  s o le n o id  v a lv e  o p en s - - 

th e  p r e v io u s  one c l o s e s .
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T he tub ing  d ia g r a m  (F ig u r e  15) aga in  d o es  not sh ow  p h y s i­

c a l  la y o u t but w a s  done to i l lu s tr a t e  m o r e  c le a r ly  th e  r e la t io n s h ip s  

to  i t e m s  in  th e m a in  a n a ly z e r . N e ith e r  th e  c o m p r e s s e d  a ir  v a lv e  

n or th e  s ix -w a y  sa m p le  v a lv e  a r e  in  th e  a c c e s s o r y  u n it. T he o p ­

e r a t io n  o f  th e s e  tw o v a lv e s  i s  id e n t ic a l  to  s in g le  s ta c k  o p e r a tio n . 

N o te: w hen  sa m p lin g  fr o m  th r e e  d if fe r e n t  lo c a t io n s , a sa m p le  w il l  

b e e x tr a c te d  fr o m  a g iv e n  s ta c k  o n ly  o n ce  e v e r y  30 m in u te s , a s s u m  

in g  th e  t im e r  i s  s t i l l  s e t  fo r  a 1 0 -m in u te  c y c le  t im e .

M is c e lla n e o u s  •

• B e s id e s  th e  m a jo r  i t e m s  d is c u s s e d  ab o v e , s m a lle r  i t e m s  

w h ich  e ith e r  im p r o v e d  p e r fo r m a n c e  o r  s im p lif ie d  i t s  o p e r a tio n  

a r e  m e n tio n e d  now .

W hen th e  in s tr u m e n t  w a s  f i r s t  b u ilt  th e r e  w a s  no c o n tr o l  

d e v ic e  to  r e g u la te  th e  c a r r ie r  g a s  f lo w . It w a s  c o n tr o lle d  o n ly  by  

th e  p r e s s u r e  reg u la to r ' at th e  s o u r c e  o f th e  a ir  su p p ly . L a te r , a 

s t a in le s s  s t e e l  m ic r o m e te r in g  v a lv e  and c h e c k  v a lv e  w e r e  in s ta l le d  

in  th e  g a s  l in e  le a d in g  to  th e  d e te c t io n  c e l l .  T h e c h e c k  v a lv e  w a s  

in s e r t e d  to  e n su r e  th a t no e le c t r o ly t e  fr o m  th e  c e l l  w ou ld  be draw n  

in to  th e  m e te r in g  v a lv e  w hen  th e  in s tr u m e n t  w a s  sh ut down.

■ A n in d ic a tin g  d ia l th e r m o m e te r  w a s  s tu c k  in to  th e  o v en  so  

th a t a c tu a l o v en  te m p e r a tu r e  c o u ld  be s e e n  and a p p r o p r ia te  a c t io n
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ta k en  i f  th e  s e t  p o in t on th e te m p e r a tu r e  c o n tr o l le r  i s  a c c id e n t ­

a l ly  m o v ed .

T hought w a s  g iv e n  to in s ta l l in g  a r o ta m e te r , but b ea r in g  in  

m in d  th at on e o f  th e  o b je c t iv e s  o f  th e  p r o je c t  w a s  to  k eep  c o s t s  

dow n, it  w a s d e c id e d  to  u s e  th e  d e te c t io n  c e l l  i t s e l f  a s  th e  r o ta ­

m e te r .  In o th e r  w o r d s , by o b s e r v in g  th e bubb ling  a c t io n  in  the c e l l  

one c o u ld  r e a d ily  ju d ge w h e th e r  th e  g a s  flo w  r a te  w a s  to o  h igh  or  

to o  lo w . T h is  w a s  a c tu a lly  a m u ch  m o r e  s e n s i t iv e  " m eter"  than  

th e  r e a d e r  m ig h t th in k . C h a n g es o f  a s  l i t t le  a s  20 c c / m in u te  in  

th e  f lo w  r a te  c a u s e  n o t ic e a b ly  d if fe r e n t  bubb ling  p a tte r n s  in  the  

c e l l .  T h e c e l l  c o u ld  e a s i ly  be s e e n  w h en  a p le x ig la s  w indow  w a s  

in s ta l le d  in  th e  fro n t fa c e  o f th e  in s tr u m e n t .

C o n tr o l o f  th e  c a r r ie r  g a s  flo w  r a te  b e c a m e  im p o r ta n t w hen  

i t  w a s  d e c id e d  to  u s e  p ea k  h e ig h ts  a s  an  in d ic a t io n  o f c o n c e n tr a ­

t io n s .  W hen g a s  flo w  r a te s  ch a n g e  (+_ 20%) th e  p ea k  a r e a s  r e m a in  

co n sta n t but p ea k  h e ig h ts  w i l l  ch a n g e . T o g e t  m e a n in g fu l r e s u lt s  

u s in g  p ea k  h e ig h ts ,  f lo w  r a te s  m u st  r e m a in  c o n s ta n t.

■v



R E SU L T S

A ll o f  th e  r e s e a r c h  o b je c t iv e s  a s  s ta te d  h a v e  b e e n  s a t i s ­

f ie d . A  co n tin u o u s su lfu r  a n a ly z e r  h a s  b een  b u ilt w h ich  i s  s e n s i ­

t iv e  to  o n ly  su lfu r  co m p o u n d s. It w il l  e a s i ly  s e p a r a te  and a n a ly z e  

fo r  H^S and SO^ in  c o n c e n tr a t io n s  found in  th e  K raft m i l l .  CH^SH, 

h o w e v e r , i s  o n ly  d e te c te d  at v e r y  ir r e g u la r  in te r v a ls  b e c a u se  of 

i t s  r e la t iv e ly  lo w  (c o m p a r e d  to  H^S and SO^)  c o n c e n tr a t io n s  at 

th e  m i l l .

A t th e  t im e  o f th is  w r it in g  it  had  b e e n  o p e r a tin g  c o n tin u o u s­

ly  in  a K raft m i l l  fo r  fiv e , w e e k s  w ith  a lm o s t  no a tte n d a n c e . T he  

o n ly  m a lfu n c tio n  to  date w a s  a fa u lty  r e c o r d e r  c o m p o n en t. T he  

o n ly  " m ain ten a n ce"  r e q u ir e d  h a s  b e e n  p e r io d ic  r e m o v a l of the  

ch a r t p a p er  and f i l l in g  th e  r e c o r d e r  p en  w ith  ink . E v e r y  fou r  to  

f iv e  d ays th e  p ro b e  (if  in  a h igh  s o l id s  co n ten t a r e a )  h a s  b een  

s c r a p e d  o ff e v en  though  it  i s  f e l t  th at it  co u ld  be le f t  u n atten d ed  fo r  

a s  lon g  a s  te n  d a y s .

A fte r  th e f i r s t  th r e e  w e e k s  o f u s e ,  th e  e le c t r o ly t e  r e s e r v o ir  

w a s r e f i l le d .  C o n su m p tio n  i s  about 1 .5  l i t e r /w e e k  o f con tin u ou s  

o p e r a t io n . A lth ou gh  th e  un it w e ig h s  o n ly  50 pounds and can  be r e a d ­

i ly  m o v e d  fr o m  p la c e  to p la c e , th is  h a s  not b e e n  n e c e s s a r y  b e c a u se  

sa m p le  l in e s  to  a l l  th e  s ta c k s  o f in t e r e s t  a r e  v e r y  c lo s e  to th e

lo c a t io n  o f  th e  a n a ly z e r .
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 ̂ T he m u lt i - s t a c k  s a m p le r  w a s  o p e r a te d  s u c c e s s f u l ly  fo r  

about 18 h o u r s . D e sp ite  th e s h o r tn e s s  o f th is  t e s t  it  d id  d em o n ­

s tr a te  th a t th e id e a  w a s  sound  and o p e r a b le .

T he in s tr u m e n t  w a s c a l ib r a te d  tw ic e  at th e  p la n t s i t e .  

T h is  w a s  done to  c h e c k  fo r  any d e g r a d a tio n  in  p e r fo r m a n c e  w ith  

t im e .  N one w a s  n o t ic e a b le  a fte r  th r e e  w e e k s  o f co n tin u o u s  

o p e r a tio n .

•>=



DISCUSSION O F R E SU L T S

A lb e it  th e  o v e r a l l  p e r fo r m a n c e  o f th e  c h ro m a to g ra p h ic  

su lfu r  a n a ly z e r  w a s  q u ite  s u c c e s s f u l ,  th e r e  w e r e  p r o b le m s  w h ich  

cro p p e d  up. S o m e w e r e  e a s i ly  so lv e d ;  o th e r s  s t i l l  h a v e  no s a t i s ­

fa c to r y  s o lu t io n s .

C o lu m n  P a c k in g

S in c e  m o s t  o f th e  c e l l  d e s ig n  p r o b le m s  and s o lu t io n s  h a v e  

b e e n  d is c u s s e d  in  th e  E Q U IPM E N T  s e c t io n , th is  d is c u s s io n  w ill  

c o n c e r n  o th er  p o r t io n s  o f th e  f in a l c h r o m a to g r a p h ic  a n a ly z e r  u n it.

P e r h a p s  th e  m a jo r  fa u lt w ith  th is  in s tr u m e n t  l i e s  in  the  

p a ck ed  co lu m n  u s e d  fo r  s e p a r a tin g  th e  g a s  m ix tu r e s .  F r o m  th e  

c a l ib r a t io n  curves''" in  F ig u r e  16 i t  w i l l  b e  n o ted  th a t s a m p le s  o f  

H 2S b e lo w  5 ppm  e v e n  on th e m o r e  s e n s i t iv e  r a n g e s  w e r e  d iff ic u lt  

to  d e te c t . A ls o ,  a t th e  lo w e r  c o n c e n tr a t io n s  th e r e  w a s  no lin e a r  

r e la t io n s h ip  b e tw e e n  p ea k  a r e a s  and c o n c e n tr a t io n s ;  e . g .  , a s a m ­

p le  o f 20 ppm  m ig h t g iv e  an a r e a  o f 100 a r b itr a r y  u n its  but a sa m e  

s iz e d  sa m p le  o f 10 ppm  w ou ld  g iv e  an  a r e a  o f  10 o f th e s e  a r b itr a r y  

u n its . T h is  p h en o m en o n  w a s b e lie v e d  to  be c a u s e d  b y  a d so rp tio n  

o f so m e  o f  th e  su lfu r  g a s e s  on th e  p ack in g  m a te r ia l .  I f  th e  g a s e s  *

*M ad e u s in g  a 1 0 -m l sa m p le  and a s ix  fo o t lo n g  b y  1 / 4 -  
in ch  co lu m n  p a ck ed  w ith  P o r a p a k  Q -S  in  la b o r a to r y  t e s t s .
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did d e s o r b  at a l l  i t  w a s  at su ch  a s lo w  ra te  that no p e a k s  a p p e a r ­

ed. A t h ig h e r  c o n c e n tr a t io n s  (above 50 ppm  H-,S) th is  a d s o r p t io n  

i s  o n ly  a s m a l l  p e r c e n t a g e  o f  the  to ta l  su lfu r  com p o u n d  and i s  not 

r e a d i ly  n o t ic e a b le .  T h e r e f o r e ,  a t  in t e r m e d ia te  c o n c e n tr a t io n s  

(b e tw een  50 and 300 ppm  H^S), th e r e  i s  a v e r y  n e a r ly  l in e a r  r e ­

la t io n s h ip  b e tw e e n  p ea k  a r e a  and c o n cen tra t io n ,  o f  H ^S; i .  e . , i f  a 

100 ppm  s a m p le  g a v e  a p e a k  a r e a  of 20 a r b i t r a r y  u n it s ,  the  s a m e  

s i z e  s a m p le  o f  200  ppm  H S w ou ld  g iv e  a p ea k  a r e a  o f  40 o f  t h e s e  

u n its .

A t c o n c e n tr a t io n s  m u c h  a b o v e  300 ppm , not a l l  o f  the H^S 

w i l l  g e t  a b s o r b e d  in  th e  t i t r a t io n  c e l l  and a g a in  n o n - l in e a r i t i e s  

w e r e  o b s e r v e d  but in  the  o p p o s i te  d ir e c t io n .  T h at i s ,  i f  a 300 ppm  

s a m p le  g a v e  an a r e a  o f  50 u n its ,  a 600 ppm  s a m p le  m ig h t  g iv e  an  

a r e a  o f  o n ly  75 u n it s .  T h is  p h en o m en o n  m a d e  r e s u l t s  quite  d i f f i ­

cu lt  to  in t e r p r e t ,  at l e a s t  by e y e ,  at the  v e r y  h igh  c o n c e n tr a t io n s .

In o r d e r  to d e te c t  su lfu r  c o n c e n tr a t io n s  b e lo w  5 ppm  H2 S, 

th e  s e p a r a t io n  c o lu m n  had to be r e m o v e d  and r e p la c e d  w ith  a sh o r t  

le n g th  o f  c l e a n  te f lo n  tub ing . S a m p le  s i z e  w a s  i n c r e a s e d  to  70 m l .  

T h en  c o n c e n tr a t io n s  o f  H^S b e lo w  0. 2 ppm  co u ld  be d e te c te d  on th e  

m o r e  s e n s i t i v e  R A N G E  s e t t in g s .  (See  F ig u r e  17. ) A g a in ,  at c o n ­

c e n tr a t io n s  b e lo w  I p p m  n o n - l in e a r i t i e s  b eg a n  to  a p p e a r .  T h is  w a s
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b la m e d  on a d s o r p t io n  on th e  tubing in  th e ' in s tr u m e n t .  T h is  c o n ­

c lu s io n  w a s  r e a c h e d  a f te r  th r e e  th in g s  w e r e  t r ie d .  F i r s t ,  the  tu b ­

in g  w a s  ch a n g ed  f r o m  p o ly p r o p y le n e  to n y lon . N y lo n  w a s  e x p e c te d  

to  a d s o r b  m o r e  of th e  H^S and SO^, and did e x a c t ly  that.  Second ,  

th e  p o s s i b i l i t y  o f  a le a k  c a u s in g  th e  n o n - l in e a r i t i e s  w a s  r u le d  out  

w hen  a s m a l l  h o le  w a s  p u nched  in  the  tub ing  to a l lo w  a le a k .  R e ­

s u l t s  R e r e  w e r e  m u c h  d if fe r e n t  f r o m  p r e v io u s ly  o b s e r v e d  data. 

P r i m a r i l y  th e r e  w a s  no r e p r o d u c ib i l i t y  e v e n  though th e  le a k  sh ou ld  

h a v e  b e e n  f a ir ly  c o n s ta n t .  T h ir d ly  w a s  the  p o s s i b i l i t y  that the d e ­

t e c t o r  sh o u ld  h a v e  the  r e f e r e n c e  and c o u n ter  e l e c t r o d e s  in  s e p a r a te  

c o m p a r t m e n t s .  Such  a c e l l  w a s  b u ilt  and t e s t e d  in  th e  lab  but the  

s a m e  n o n - l in e a r i t i e s  e x i s t e d  a t  th e  lo w  c o n c e n tr a t io n s .

S im i la r  c a l ib r a t io n  r e s u l t s  w e r e  o b s e r v e d  fo r  SO-,. T he d i f ­

f e r e n c e  w a s  the c o n c e n tr a t io n s  at w h ic h  th ey  o c c u r r e d .  C o n d en s in g  

th e  d i s c u s s i o n  g iv e n  a b o v e  fo r  H^S and ta lk in g  now  about SC^, the  

fo l lo w in g  th in g s  w erd  o b s e r v e d .  W ith the p a ck ed  c o lu m n  in s ta l le d ,  

c o n c e n tr a t io n s  b e lo w  40 ppm  w e r e  d if f ic u l t  to d e te c t .  I n te r m e d ia te  

l in e a r  r a n g e  w a s  150 - 450  ppm . H igh  n o n - l in e a r  end s t a r t e d  about  

500 ppm . . W ithout the  p a c k e d  c o lu m n , c o n c e n tr a t io n s  o f  SO^ b e lo w  

2 ppm  w e r e  d if f ic u l t  to d e te c t .  N o n - l in e a r i t i e s  w e r e  s ig n i f ic a n t  f r o m

%
10 p p m  dow nw ard .



S in c e  SO^, g e n e r a l ly  sp ea k in g , a d s o r b s  m o r e  r e a d i ly  than  

H^S, t h e s e  r e s u l t s  w e r e  not too a la r m in g  but c e r t a in ly  did sh ow  

a v e n u e s  fo r  im p r o v e m e n t .  T h is  o b s e r v e d  a d s o r p t io n  o f  SO^ c o n ­

t r a d ic t s  an e a r l i e r  f in d in g  by W o h le r s  (26) that SO^ did  not a d so rb  

on p o ly p r o p y le n e  tub ing . No a ttem p t w a s  m a d e  h e r e  to  g e t  q u anti­

ta t iv e  m e a s u r e s  of th e  am ount, but it  w a s  found to b e  s ig n if ic a n t  

w h en  SO^ c o n c e n tr a t io n s  in  the  tube d rop p ed  b e lo w  ,10 ppm .

C hanging  th e  in s tr u m e n t  tub ing  to t e f lo n  tubing w a s  one  p o s ­

s ib le  s o lu t io n  to thevp r o b le m .  T h is  w a s  not done b e c a u s e  te f lo n  

tub ing  i s  qu ite  "soft"  by c o m p a r is o n  and it  w a s  f e a r e d  that le a k s  

m ig h t  d e v e lo p  at the f i t t in g s  in  th e  in s tr u m e n t .

U s in g  s t a i n l e s s  s t e e l  tub ing  i s  a n o th er  a n s w e r ,  but i t  i s  r a th e r  

d if f ic u lt  to bend  and w i l l  c o r r o d e  a f te r  ex ten d ed  p e r io d s  o f  u s e  in  a 

s u lfu r o u s  - H^O atrrios p h e r e .

T he a d s o r p t io n  p r o b le m  w ith  the  p a ck ed  c o lu m n  i t s e l f  can  

o n ly  be  s o lv e d  w hen  a n ew  p ack in g  m a t e r i a l  i s  found. S e v e r a l  th in g s  

w e r e  t r i e d  in  the  lab  but P o r a p a k  Q -S  s t i l l  s e e m e d  to be  the b e s t  

m a t e r i a l  a v a i la b le .  A  s i x  foot le n g th  o f  te f lo n  p a c k e d  w ith  T r i to n  

X - 3 0 5  on C h r o m o s o r b  T g a v e  p o o r e r  s e p a r a t io n  and v e r y  b ro a d  SO^ 

p e a k s  at the d e s i r e d  and n e c e s s a r y  f lo w  ra te  o f  200 ,- 250 c c / m in u te .
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I n c r e a s in g  the le n g th  of the tube w o u ld  g iv e  b e t te r  s e p a r a t io n  but 

th e  SO^ p ea k  w ould  s t i l l  not be sh a rp  enough.

A  l i t e r a t u r e  a r t i c l e  found r e c e n t ly  (20) r e p o r t s  a c o lu m n  

p a ck in g  good  fo r  s e p a r a t io n  o f  SC^, H^S, and CH^SH in  the sub  

p a r t / m i l l i o n  r a n g e .  It i s  p r e p a r e d  u s in g  a 5% s o lu t io n  o f  p o ly  

m - p h e n y l  e th e r  (5 -r in g )  and 0. 05% H^PO^ on a p o w d e r e d  p e r f Iu o r -  

e th y le n e  su p p ort .  O nly  one a t tem p t  w a s  m a d e  h e r e  to m a k e  the c o l ­

u m n  but m e t  w ith  l i t t l e  s u c c e s s .  E v e n  w ith  a 16 foot by l / 4 - i n c h  

co lu m n , s e p a r a t io n s  w e r e  not a d eq u a te .  T he a r t i c l e  r e c o m m e n d s  

a 36 foot by  l / 8 - in c h  c o lu m n  but th is  i s  e x c e e d in g ly  d if f ic u l t  to p ack  

p r o p e r ly .

A  fr e q u e n t ly  e n c o u n te r e d  p r o b le m  at the p lant r e s u l t e d  f r o m  

th i s  a d s o r p t io n  p r o b le m .  B e c a u s e  o f  SO ^'s b e in g  m o r e  s tr o n g ly  

a d s o r b e d  than  th e  in s t r u m e n t  g a v e  m u c h  la r g e r  p e a k s  for  H^S

than  fo r  SO^ w hen  c o n c e n tr a t io n s  o f  th e  tw o g a s e s  w e r e  th e  s a m e .  

C o n s e q u e n t ly ,  in  a r e a s  o f  h ig h  H^S c o n c e n tr a t io n ,  the  R A N G E  on the  

in s t r u m e n t  had  to be  s e t  lo w  enough  to  k eep  th e  H^S p e a k s  on s c a le .  

T h en  no SO^ w ou ld  be d e te c te d .

In s ta c k s  w ith  h igh  SO^ c o n c e n tr a t io n  the R A N G E  w a s  s e t  so  

that m o s t  o f  th e  p e a k s  f e l l  about m id s c a l e  o r  s l ig h t ly  h ig h e r .  T hen  

an H^S p e a k  o f  o n ly  about 1 /5  th e  c o n c e n tr a t io n  of SC>2 w o u ld  b e  off
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s c a l e .  T h is  w a s  the o n ly  r e a l  c o m p la in t  about the in s t r u m e n t ' s  

p e r f o r m a n c e  during  th e  p lan t t e s t s .  R e p e a t in g - - t h i s  p r o b le m  shou ld  

be s o lv e d  w hen  a p a ck in g  m a t e r i a l  i s  found w h ich  d o e s  not a d so rb  

SO^ and s t i l l  g iv e s  good  s e p a r a t io n .

A  f in a l  n ote  on  c o lu m n  p a c k in g s - - p e r f o r m a n c e  of d if fere n t  

P o r a p a k  Q -S  c o lu m n s  p r e p a r e d  in  the  lab  w a s  s ig n i f ic a n t ly  d if fere n t  

f r o m  c o lu m n  to c o lu m n  in  t e r m s  o f  r e te n t io n  t im e s  and am ount of  

g a s e s  a d s o r b e d .  T h is  in d ic a te d  in c o n s i s t e n t  c o lu m n  p a ck in g  p r o ­

c e d u r e s . .  T he a b o v e  d i s c u s s i o n  and F ig u r e  16 a p p lie d  to the c o lu m n  

u s e d  in  th e  p lan t  t e s t s .  T he s a m p le  s i z e  w a s  10 m l .  I n c r e a s in g  the  

s a m p le  s i z e  w i l l  g iv e  la r g e r  p e a k s  fo r  the s a m e  c o n c e n tr a t io n  o f  s u l ­

fur  com p ou n d . T h is ,  in  e s s e n c e ,  i s  a m e th o d  o f  in c r e a s i n g  the s e n ­

s i t iv i t y  o f  the  in s t r u m e n t .

I n te r p r e ta t io n  o f  Data

It h a s  a lr e a d y  b e e n  s ta te d  that c o n c e n tr a t io n s  o f  su lfu r  c o m ­

pounds i s  p r o p o r t io n a l  to  the a r e a  o f  the p eak  on the r e c o r d e r .  W ith  

the  P o r a p a k  Q -S  co lu m n , p e a k s  fo r  both  H^S and SO^1 a r e  n e a r ly  t r i ­

a n g u la r  in  sh ape  e x c e p t  fo r  v e r y  s h o r t  p e a k s .  T h e r e f o r e ,  a c c u r a te  

c a l ib r a t io n s  ca n  be m a d e  in  t e r m s  o f  p ea k  h e ig h ts .  T h is  b e c o m e s  a 

r e a l  t i m e - s a v i n g  fe a tu r e  w hen  la r g e  a m o u n ts  o f  data a r e  to be a n a ly z ­

ed .
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A fte r  s o m e  e x p e r ie n c e  i s  a c q u ir e d  w ith  the in s tr u m e n t ,  c o n ­

c e n tr a t io n s  can  u s u a l ly  be g u e s s e d  w ith in  jr 10-15%  by  v i s u a l  i n ­

s p e c t io n  o f  the p ea k  s i z e s .  C o m p a r is o n  o f  the p e a k  h e ig h ts  w ith  a 

c a l ib r a t io n  c u r v e  w i l l ,  o f  c o u r s e ,  g iv e  the e x a c t  c o n c e n tr a t io n s .

A  s a m p le  o f  s o m e  ty p ic a l  p lan t  data fo r  a 2 4 -h o u r  p e r io d  i s  

show n  in  F ig u r e  18. B e c a u s e  of a s e c r e c y  a g r e e m e n t  w ith  the m i l l ,  

a c tu a l  c o n c e n tr a t io n s  a r e  not show n  but the e x t r e m e  v a r ia t io n  is  

i l lu s t r a t e d .  T h is  v a r ia t io n  w a s  b o th e r s o m e  un til  it  w a s  d i s c o v e r e d  

that an u p s e t  had o c c u r r e d  in  the r e c o v e r y  a r e a  s h o r t ly  b e fo r e  the  

su lfu r  e m i s s i o n s  b e g a n  to c l im b .

M u lt i -S ta c k  S a m p lin g  A c c e s s o r y

W hen th is  unit w a s  f i r s t  put on l in e ,  le a k s  th ro u g h  th e  s o l e ­

n o id  v a lv e s  w e r e  d e te c t e d  a lm o s t  im m e d ia t e ly .  R e p la c in g  the e x i s t ­

ing  h a r d  ru b b er  s e a t s  w ith  a so ft  s i l i c o n e  rubber s o lv e d  th is  p r o b le m .

A lth ou gh  th e  unit w a s  running fo r  four d a y s ,  o n ly  about 18 

h o u r s  w o r th  o f  m e a n in g fu l  data w e r e  ob ta in ed  b e c a u s e  o f  r e c o r d e r  

p r o b le m s .  S t i l l ,  th is  w a s  s u f f ic ie n t  t im e  to d e m o n s tr a te  the  o p e r a ­

b i l i ty  of the  s y s t e m .  U s in g  s u c h  a d e v ic e  w ith  the c h r o m a to g r a p h ic  

a n a ly z e r  (a s e m i - c o n t in u o u s  in s tr u m e n t)  p r e s e n t s  no p r o b le m s .  W ith  

co n tin u o u s  a n a ly z e r s  l ik e  the B a r to n ,  p r o b le m s  c o u ld  be e n c o u n te r e d  

w hen  s w itc h in g  f r o m  s ta c k  to s ta ck .
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M e r i t s  o f  B lo w b a c k  F ea tu re

F o r  about fou r  m in u te s  o f  e a c h  I O-m in u te  c y c l e ,  c o m p r e s ­

s e d  a ir  i s  f o r c e d  th rou gh  the s a m p le  l in e s  and p r o b e .  T h is  p r o ­

c e d u r e  not o n ly  h e lp s  to c l e a n  s o l id  p a r t i c l e s  c l in g in g  to the p rob e ,  

but i t  a l s o  c l e a n s  the  l in e  o f  any w a te r  that m a y  h a v e  c o n d e n s e d  in  

the  l in e s  to the s ta c k .

W hen s a m p le s  a r e  draw n co n t in u o u s ly  (as in  th e  B arton )  

w a te r  b e g in s  to c o l l e c t  in  the l i n e s .  W ater  w i l l  a b s o r b  s ig n if ic a n t  

a m o u n ts  o f  both  H^S and SO,,. T hen , a s  the a m b ie n t  t e m p e r a tu r e  

c h a n g e s ,  the  p a r t ia l  p r e s s u r e  o f  t h e s e  g a s e s  in  H^O w i l l  ch an ge  and  

su lfu r  g a s e s  ca n  be  r e l e a s e d  into  the  l i n e s .  W hen c o n c e n tr a t io n s  

a r e  lo w  th is  ca n  c a u s e  s e r io u s  e r r o r s  in  the a n a ly s i s  o f  s ta c k  g a s e s .



SUM M ARY

T he co n tin u o u s  c h r o m a to g r a p h ic  su lfu r  a n a ly z e r  d e v e lo p e d  

h a s  s u r v iv e d  a f i v e - w e e k  plant, s i t e  t e s t  and h as  g iv e n  s o m e  quite  

m e a n in g fu l  data. It e a s i l y  d e te c t s  and s e p a r a t e s  the  H^S and SO^ 

c o n c e n tr a t io n s  found in  the  s ta c k .  P e r i o d i c a l l y  s o m e  CH^SH p ea k s  

h a v e  a l s o  a p p e a r e d  on  the r e c o r d e r .  T h e  on ly  m a in te n a n c e  r e ­

q u ir e d  i s  r e p le n is h in g  the  r e c o r d e r  c h a r t  p a p e r  and ink  fr o m  t im e  

to  t im e .  A ls o ,  the  p r o b e  i s  c l e a n e d  o n c e  e v e r y  four  to  f iv e  days i f  

in  a s ta c k  w ith  h igh  s o l id s  con ten t .  ,If a tw o - g a l lo n  e l e c t r o ly t e  r e s ­

e r v o ir  i s  u s e d ,  it  w i l l  h ave  to be f i l l e d  e v e r y  th r e e  to  four  w e e k s .

T he m a in  im p r o v e m e n t  n e e d e d  i s  a d if fe r e n t  s e p a r a t io n  

c o lu m n  w h ich  d o e s  not a d s o r b  SO^- T h en  H^S and SO^ s a m p le s  o f  

the  s a m e  c o n c e n tr a t io n  w i l l  g iv e  m o r e  n e a r ly  equa l p ea k  a r e a s .

A  d ig ita l  in t e g r a to r  w ou ld  be h e lp fu l  i f  a l a r g e  am ount o f  

e m i s s i o n  data w a s  to  be u s e d  fo r  c o r r e la t io n  p u r p o s e s .
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Of im m e d ia te  im p o r ta n c e  i s  the  d e v e lo p m e n t  o f  a co lu m n  

w h ich  w i l l  not a d s o r b  SO-, or  H^S. H op efu lly ,  one  can  be m ad e  

w h ich  w i l l  a l lo w  s e p a r a t io n s  o f  c o n c e n tr a t io n s  w e l l  b e lo w  I ppm .

F u r th e r  s tu d ie s  sh ou ld  be m a d e  to d e te r m in e  w hy d e te c t io n  

l i m i t s  e v e n  w ith  the c h r o m a to g r a p h  c o lu m n  out of the  unit w e r e  so  

m u c h  h ig h e r  than  th o s e  r e p o r te d  by A d a m s  and A p p le b u r y . E v i ­

d en ce  p o in ts  to w a r d  a d s o r p t io n  on th e  tubing in  th e  in s tr u m e n t  but 

th e r e  e x i s t s  a p o s s i b i l i t y  that the fau lt  l ie s ,  in  the d e te c to r  i t s e l f .  

O ther  c e l l  d e s ig n s  sh o u ld  be t r i e d  in  o r d e r  to im p r o v e  d e te c t io n  

l i m i t s .

If the  e m i s s i o n  data i s  to be u s e d  la t e r  fo r  c o r r e la t io n  p u r ­

p o s e s ,  data a c q u is i t io n  d e v ic e s  o th e r  than  the s t r ip - c h a r t  r e c o r d e r  

sh o u ld  be e m p lo y e d  at l e a s t  on a t r i a l  b a s i s .  E v en  a d ig ita l  in t e ­

g r a to r  w ou ld  be h e lp fu l .  No doubt c o s t  w i l l  be the d e c id in g  fa c to r

in  the  s e l e c t io n  o f  an a l t e r n a te  to th e  r e c o r d e r .
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R e la te d  In fo r m a t io n

T he fo l lo w in g  su p p le m e n t  i s  an o p e r a t io n s  m a n u a l  fo r  the  

in s t r u m e n t  w h o s e  d e v e lo p m e n t  w a s  d e s c r ib e d  in  th e  body o f  th is  

r e p o r t .  It i s  p r e s e n t e d  h e r e  p r im a r i ly  a s  an a id  to anyone u s in g  

th e  in s t r u m e n t  who i s  not a lr e a d y  f a m i l ia r  w ith  i t s  o p e r a t io n .

X
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S e c t i o n  I.
G e n e r a l  In fo r m a t io n  

I . I P r o d u c t  D e s c r ip t io n

T he C ontin uou s  C h r o m a to g r a p h ic  Su lfur  A n a ly z e r  i s  an  

in e x p e n s iv e  e a s y - t o - o p e r a t e  su lfu r  a n a l y z e r ' d e v e lo p e d  fo r  ' 

u s e  in  K raft p a p e r  m i l l s .  T h e  in s tr u m e n t  i s  d e s ig n e d  to  e x ­

t r a c t  a g a s  s a m p le  f r o m  th e  s ta ck ,  s e p a r a te  the su lfu r  c o m ­

pounds p r e s e n t ,  a n d - - u s in g  an e l e c t r o ly t i c  b r o m in e  t i t r a t io n  

c e l l  a s  a d e t e c t o r - - g i v e  a q u a n tita t iv e  in d ic a t io n  of the  am ount  

of  e a c h  com p ou n d  p r e s e n t .  T h e  in s tr u m e n t  d e s c r ib e d  can  

s e p a r a t e  and a n a ly z e  m ix t u r e s  o f  H^S, SO^, and CHgSH in  

the  fo l lo w in g  r a n g e s :

H 2S - 1 -1 5 0 0  

SO2 - 1 0 -2 0 0 0  •

C H 3 -  5 - 1 5 0 0

T h e  lo w e r  end i s  l im i t e d  by th e  s e p a r a t io n  te ch n iq u e  u s e d .  

If no s e p a r a t io n  i s  m a d e ,  a g a s e o u s  e ff lu en t  w ith  0. 2 ppm  

to ta l  s u lfu r  co m p o u n d s  ca n  be e a s i l y  a n a ly z e d .  T e c h n iq u e s  

w i l l  so o n  be a v a i la b le  that a l lo w  s e p a r a t io n s  in  the s u b -p a r t s  

p e r  m i l l io n  r a n g e .
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1. 2 O p e r a t io n  D e s c r ip t io n

T h e  s e q u e n c e  o f  e v e n ts  tak in g  p la c e  during the a n a ly t ic a l  

p r o c e s s  i s  c o n tr o l l e d  by a co n t in u o u s  m u lt ic a m  t im e r  s e t  for
, i

a c y c l e  t im e  o f  t e n  m in u te s .  C y c le  t i m e s  can  be v a r ie d  by  

m a k in g  a s im p le  g e a r  ch a n g e  b e tw e e n  the m o to r  and c a m  

sh a ft .

F i r s t  the v a c u u m  pum p i s  s w itc h e d  on and d ra w s  a gas  

s a m p le  f r o m  th e  s ta c k  into  a s a m p le  loop  a t ta c h e d  to a s i x ­

w ay  l in e a r  s a m p l in g  v a lv e .  S im u lta n e o u s ly  c a r r i e r  gas  i s  

p a s s in g  th rou gh  a c h r o m a to g r a p h  c o lu m n  into  th e  d e te c to r .  ' 

B oth  the s a m p le  loop  and c o lu m n  a r e  in  a c o n s ta n t  t e m p e r a ­

tu r e  o v en .

S ix  m in u te s  l a t e r  th e  v a c u u m  pum p i s  s w i tc h e d  off, the  

v a lv e  c l o s e s , and the  c a r r i e r  gas  s w e e p s  the  g a s  s a m p le  i n ­

to th e  p a c k e d  c o lu m n . T h e  c o lu m n  s e p a r a t e s  the  v a r io u s  

s u lfu r  co m p o u n d s  and a d m its  th e m  one by one  in to  the d e -  

teptqs-j^wShw.rd'eteetd'l-■ (p lus a s s o c i a t e d  e l e c t r o n ic s )  w i l l  g iv e  a 

p e a k  on a s t r ip - c h a r t  r e c o r d e r  fo r  ea ch  su lfu r  com p ou n d  p a s ­

s in g  th rou gh  it .  T h e  a r e a  u n d ern ea th  a g iv e n  p ea k  i s  d ir e c t ly  

r e la t e d  to th e  c o n c e n tr a t io n  o f  that com pound. B e c a u s e  the

1 - 2
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p e a k s  a r e  s c  n e a r ly  t r ia n g u la r  in  sh ap e ,  c o n c e n tr a t io n s  can  

be m o r e  c o n v e n ie n t ly  r e la t e d  to p ea k  h e ig h t s .

W hile  a s a m p le  i s  b e in g  a n a ly z e d ,  tw o p o r t s  on the s i x ­

w a y  v a lv e  a r e  c l o s e d  to any  g a s  f lo w . T h is  p e r m i t s  a b lo w -  

b a ck  p h a s e  w h e r e  c o m p r e s s e d  a ir  i s  f o r c e d  th ro u g h  the s a m ­

p le  l in e ,  out the p r o b e ,  and into  the  s ta c k .  T h is  p r o c e d u r e  

not o n ly  h e lp s  to c l e a n  s o l id  p a r t i c l e s  o ff  the  p r o b e ,  but a l s o  

b lo w s  any w a t e r - - t h a t  m a y  h a v e  c o n d e n s e d  w h i le  the  s a m p le  

w a s  b e in g  d r a w n - - o u t  o f  th e  s a m p le  l in e .

In ad d it ion ,  at the b e g in n in g  o f  e a c h  c y c l e  a s o le n o id
/

v a lv e  o p en s  and a l lo w s  a s m a l l  am ou n t of e l e c t r o ly t e  to f lo w  

by g r a v i ty  in to  th e  d e te c to r .  T h is  e n s u r e s  th at  a " fresh"  

e l e c t r o ly t e  s o lu t io n  i s  a lw a y s  p r e s e n t .

I. 3 S e p a r a t io n  C h a m b e r

T he te c h n iq u e  u s e d  to s e p a r a t e  the s u lfu r  co m p o u n d s  i s  

s im p ly  p a s s i n g  th e m  th rou gh  a p a c k e d  c h r o m a to g r a p h  c o lu m n .  

T h e c o lu m n  p r e s e n t ly  in  u s e  i s  a l / 4 - i n c h  t e f lo n  tube s ix  f e e t  

lon g  and p a c k e d  w ith  P o r a p a k  Q -S  1 0 0 -1 2 0  m e s h .

1 -3
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T h e  p a c k e d  c o lu m n  and a 1 0 - m l  s a m p le  loop  a r e  both  

e n c l o s e d  in  an in s u la te d  c h a m b e r  w h ich  i s  m a in ta in e d  at a 

c o n s ta n t  t e m p e r a t u r e .  K e ep in g  the  s a m p le  loop  at co n sta n t  

t e m p e r a t u r e  a s s u r e s  a c o n s ta n t  s a m p le  v o lu m e  i s  a lw a y s  

p a s s e d  th rou gh  the co lu m n .

4 D e te c t io n  C e l l

T he d e te c t io n  c e l l  i s  a s m a l l  c o m p a c t  un it  b u ilt  o f  d u r ­

a b le  p l e x i g la s .  T h e  p le x ig la s  i s  t r a n s p a r e n t  so  l iq u id  l e v e l s  

and bubbling  a c t io n  can  be o b s e r v e d ,  and any m a lfu n c t io n s  

q u ick ly  sp o tted .

Su lfur  g a s e s  s e p a r a te d  b y  th e  p a ck ed  c o lu m n  en ter  the. 

d e te c t io n  c e l l  th ro u g h  a p o r o u s  g la s s  p la te  or  p o ly v in y l  

c h lo r id e  rod . T h e  p r im a r y  e l e c t r o c h e m i c a l  r e a c t io n s  w h ich  

o c c u r  for  H^S a re :

4 H^O + HgS -----SO^ + 1 0  H+ + S e - o x id a t io n

4 H B rg  + S e - -----8 B r - r ed u c t io n

4 HgO + 4 B rg  + H g S -----8 B r~ + SO^ o v e r a l l

S im i la r  r e a c t io n s  o c c u r  fo r  SOg and CHgSH. T h u s the ch a n g e  

in  b r o m in e  c o n c e n tr a t io n  g iv e s  a q u a n tita t iv e  m e a s u r e  of th e

1 - 4
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am ount o f  su lfu r  com p ou n d  e n te r in g  the c e l l .  A s  soon  as  the  

b r o m in e  io n  c o n c e n tr a t io n  c h a n g e s ,  the  ch a n g e  i s  s e n s e d  by  

th e  s e n s o r / r e f e r e n c e  p a ir  o f  e l e c t r o d e s .  T h is  ch an ge  i s  in  

r e a l i t y  a p o te n t ia l  d i f f e r e n c e  w h ic h  i s  th en  an input to  the  

a m p l i f i e r  of a m ic r o c o u lo m e t e r .  T h e  a m p l i f i e r  a lm o s t  i n ­

s ta n ta n e o u s ly  s u p p l ie s  a v o l ta g e  to th e  g e n e r a to r  c o u n te r /  

e le c t r o d e  p a ir .  T h is  b a la n c in g  v o l ta g e  g e n e r a t e s  t i t  rant to  

r e s t o r e  th e  e l e c t r o ly t e  to  i t s  o r ig in a l  c o n c e n tr a t io n .  T he  

b a la n c in g  v o l ta g e  su p p lie d  by  the a m p l i f i e r  a p p e a r s  a s  a c u r ­

r e n t - t im e  p ea k  on a r e c o r d e r  c h a r t .  T he a r e a  b en ea th  the  

p ea k  i s  d ir e c t ly  r e la t e d  to the  c o n c e n tr a t io n  o f  th e  su lfu r  c o m ­

pound w h ic h  e n te r e d  th e  c e l l .

T he c e l l  i s  s e l e c t i v e  to su lfu r  co m p o u n d s  on ly .  It g iv e s  

no r e c o r d e r  r e s p o n s e  to o th e r  g a s e s , s u c h  a s  GO^ and H ^O1 

th at  a r e  a lw a y s  p r e s e n t  in  K raft  e f f lu e n ts .

E l e c t r o d e s - - e x c e p t  the r e f e r e n c e - - a r e  s e a l e d  in  a r e ­

m o v a b le  b lo c k  in  the b o ttom  o f  the  c e l l .  W hen the  b lo ck  i s  

r e m o v e d ,  the  e l e c t r o d e s  a r e  e a s i l y  a c c e s s i b l e  fo r  c le a n in g  

in  c a s e  o f  c o n ta m in a t io n .

- 7 6 -
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W a ste  g a s  i s  v e n te d  out the  s id e  of the  c e l l  and c a r r i e s  

w ith  it  an y  sp en t  e l e c t r o ly t e  that m a y  o v e r f lo w  fr o m  the  

e l e c t r o d e  c h a m b e r .

1 - 6
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S ection  2 S p ec ifica tio n s

2.1 General:

E lectrolyte 0.216 g KBr/liter + 1.8 ml C o n e . E gSO ^ /liter  
consum ption rate (approx. 200 c c /2 4  hr con  
tin u o u s  operation)

Range 1 , 2 , 5 , 10, 2 0 , 5 0 , 100 , 500 
Numbers are arbitrary but g iv e  in d ication  
o f proportional in crea se  in s e n s it iv ity .  
Higher numbers g iv e  larger peaks for sam e  
sam ple con cen tration . S e lec tio n  made 
u sin g  rotary sw itch  on front p an el.

Carrier gas — filtered  com pressed  a ir-25  p s i source  
needed

Flow rate 
regulator

2 0 0 -2 5 0 cc /m in
216 s ta in le s s  m icrom etering v a lve

Tubing con n ection s Yq" z y te l Sw agelok brand

Internal tubing Yb" polypropylene ex cep t for Y4" te flon  
chromatograph column and sam ple loop

Power 115 v o lts  A C , 60 c y c le  , 1800 w atts m ax , 
<1000  average

Power C onnection  
I AC o u tle t -  3 amp -

3 conductor c a b le , 3 prong plug can be 
u sed  as external power source

Sam ples analyzed/hour standard is  6 — an y  more is  not recom ­
m ended. C hanges can be made to an a lyze  
few er.

S ize  H eight
W idth 
Depth  
W eight

24 in  
30 in  
18 in
50 lb s (approx.)

2 -1
/
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Recorder:
continuous recording potentiom etric; 
10 mv range 
floatin g  input 
5" chart paper
4 chart sp eed s  — ch o o se  from many

Chromatograph Oven:

Temperature range 
Column

Sample loop

am bient to 2 OO0 C
1/4 in x  6 ft teflon  tube packed with  
Parapak Q-S
V4" te flo n  tube — 10 ml volum e

Separation: low er lim it — 
reten tion  time (other 
p ack in gs w ill be a v a il­
ab le  soon  for separation  
in  sub parts per m illion  
range)

H2 S I ppm — 1 1/2 min
SO2 10 ppm — 3 min
CH3SH 5 ppm — 4-5  min

Temperature monitoring D ial thermometer 0 - 2 OO0 C

D etectio n  Cell:

Lower lim it (u sin g  70 ml) 
sam ple

H3S 0.08 ppm
SO3 0.25 ppm
CH3SH 0.1 ppm

O ptions and A ccesso r ies:

I) Air m anifold I in le t  2 ou tlet ports
I ou tlet filtered  and dried 
Both o u tlets  regu latab le

2) M u ltistack  sam pler for 2 or 3 stack  sam pling

3) Gear s e ts to change c y c le  time

4) Larger sam ple loop s for in crea sed  s e n s it iv ity  — should be 
u sed  on ly  when concen trations are be 
low  100 ppm

2 - 2



5) S t a in le s s  s t e e l  probe e s p e c i a l l y  e f f e c t iv e  in  s ta c k  g a s e s  w ith
high  s o l id s  con ten t

6) W ater trap s o m e t im e s  n eed ed  for s ta c k s  w ith  very  
high  w ater  con ten t



- 8 1 -  •

S e c t io n  3 I n s ta l la t io n  and O perating  In stru ct io n s

3.1 I n s ta l la t io n

3.1a In sta lla tio n  o f c e l l

1) Remove sm all panel door in front o f instrum ent.

2) P lace  c e l l  in r e c e s s e d  portion o f styrofoam  b lock  in  
bottom o f a n a lyzer .

3) C onnect tube from ch eck  v a lv e  to gas in le t  port.
4) C onnect tube com ing through s id e  o f instrum ent to gas  

o u tle t port.
5) C onnect tube from so len o id  v a lv e  to e lec tr o ly te  in le t port
6) Open sto p co ck  type v a lv e  on s id e  o f e lec tro d e  b lock .

. 7) C onnect e le c tr ic a l m ale connector to fem ale ou tlet on 
c e l l .

3.1b L ocation
1) Instrum ent w ill work b e s t  and la s t  longer i f  in an area 

where there are no large temperature ch an ges . In w inter  
it  should  not be u sed  in  areas ex p o sed  to tem peratures 
b elow  30°F b eca u se  e lec tro ly te  w ill f r e e z e .

2) Sheltering it  from du st and debris w ill in crea se  it s  l ife  
e x p ec ta n cy .

3.1c C onn ection s ju st  prior to start-up  (a ll l in e s  should be inert ■
p la s t ic s  or s ta in le s s  s t e e l , e . g . polypropylene)
1) C onnect a filtered  and dried com p ressed  air lin e  to 

carrier gas port.
IMPORTANT: The carrier gas a b so lu te ly  m ust be dried and 
filtered  to ensure proper operation .

2) C onnect unfiltered  air lin e  to com pressed  air port.
3) C onnect sam ple lin e  from stack  probe to stack  gas port.
4) C onnect a lin e  from vacuum  pump (a rotating vane type is  

recommended: rubber diaphragm typ es are not adequate  
e s p e c ia l ly  i f  the sam ple lin e  is  long) to vacuum port.

5) C onnect e lec tr o ly te  reservoir  to e lec tr o ly te  port. (S ince  
the e lec tr o ly te  feed  i s  by gravity, an 8 - l i t e r  N algene

3-1
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carboy w ith its  own sp ig o t is  recom m ended. NOTE: Under 
NO circu m stan ces should any kind o f m etal v a lv e  be used  
to regu late the e lec tro ly te  flo w .)

6) M anually d epress plunger on so lu tion  so len o id  in sid e  in ­
strument and a llow  e lec tro ly te  chamber of c e l l  to f i l l .  
When chamber is  a lm ost fu ll adjust e lec tr o ly te  flow  (u sin g  
extern al p la s t ic  va lve) so  the le v e l is  m oving so  s lo w ly  it  
i s  ju st  n o t ice a b le . Later adjustm ent m ight be n e c essa ry  i f  
i t  i s  obviou s the e lec tro ly te  addition is  too s lo w  or too  
fa s t .

7) R eplace sm all panel door on front o f  instrum ent.
8) Plug power cord into grounded 3 prong 115 v o lt AC o u tle t .
Instrument is  ready for operation .

3.2 Operation

3.2 a Start-up
1) Turn RANGE sw itch  to 2 .
2) Turn MAIN POWER sw itch  o f instum ent on .
3) Turn recorder power sw itch  on and s e le c t  d esired  chart 

sp e ed .
4) Plug vacuum pump into proper e le c tr ic a l o u tle t on s id e  o f  

instrum ent. (It is  important that the pump be plugged in  
here b e c a u se  the o u tle t is, connected  to the tim er in s id e , 
and the pump is  autom atica lly  shut o ff at period ic  in ter­
v a ls  .)

5) Open air v a lv e  on main air supp ly . O utlet pressure should  
not e x ce e d  30 p s ig .

6) O bserve bubbling action  in the c e l l .
7) Adjust gas flow  rate u sin g  m icrom etering v a lv e  on s id e  o f  

instrum ent w hile  ob serv in g  the bubbling actio n  in s id e  the  
c e l l .
Flow rate should be s e t  so  gas is  bubbling quite v igor­
o u s ly . At the beginning o f a c y c le  the liqu id  le v e l should  
be yg" above bottom o f reference e lec tro d e  tip .
Subsequent adjustm ents can be made by oberving retention  
tim es and sh ap es o f peaks out o f recorder. Refer to

3 - 2
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"S p e c if ic a t io n s "  for appropriate reten tion  t im es* .  If t h e s e  
do not ap p ly  a s p e c ia l  su pp lem en t w i l l  be g iv e n  w ith the  
in strum ent g iv in g  e x p e c te d  reten tion  t im e s  . R etention  
t im es  too  long  mean f lo w  rate too s lo w .  R etention t im es  
too  short m ean f lo w  rate too  h igh .

8) A llow  instrum ent to operate  4 5 -6 0  m inutes  before making  
further a d ju s tm e n ts . This a l lo w s  colum n oV en'to reach  
proper temperature — sh ou ld  be 9 0°C  for Parapak Q -S  
c o lu m n .

3.2b A djustm ents a fter  start up.

1) C heck  to s e e  that o v en  temperature i s  9 0 °C  ±  2 ° C .  If not 
ch a n g e  s e t  point on tem perature co n tro ller .  Refer to  
M a in ten a n ce  s e c t io n  4.2 g .

2) O b serv e  p e a k s  on recorder . If th ey  are l e s s  than 50% of  
fu ll s c a l e  d e f le c t io n  in c r e a s e  RANGE s e t t in g  until p eak s  
rea ch  th is  v a l u e .

3) If a sm a ll  peak  appears w hen  the s o lu t io n  s o le n o id  i s  
open  e le c tr o ly te  a d d it ion  i s  too f a s t .  Adjust v a lv e  on  
e le c t r o ly t e  re ser v o ir .

* R etention  tim e i s  d e f in ed  a s  tim e in terva l b e tw e e n  start o f  
sam ple  in je c t io n  — a sm a ll  sp ik e  appears on recorder w hen v a lv e  
c l o s e s  — and b eg in n in g  o f  sam p le  p ea k .

3 -3
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4.1 Routine M aintenance

4.1a Every two or three days

1) Remove chart paper so  tak e-up  roll d oes not start b inding.
2) Check amount o f chart paper rem aining.
3) Check ink le v e l in recorder pen and rep len ish  a s  n e c e s ­

sary .

4.1b W eekly

1) Remove probe from stack  and c lea n .
Times betw een  c lea n in g s  w ill vary depending on type o f  
probe and so lid s  con ten t o f stack  g a s .

2) C heck e lec tro ly te  le v e l .
R ep len ish  a s  n e c e ssa r y  w ith  so lu tion  contain ing 0.216 g 
KBr and 1.8 ml co n e . H gSO ^/liter HgO.
If consum ption rate is  over 300 c c /d a y , rate o f addition is  
too fa s t . C lo se  v a lv e  s lig h tly  on e lec tro ly te  reservoir.

S e c t i o n  4 s Ma i nt en a n c e

4.2 Instrument Repair and Adjustment 

4.2a Recorder
1) For m alfunction o f any kind con su lt Recorder manual.
2) If not operating at start up be sure it  is  p lugged into re­

c ep ta c le  in s id e  instrum ent. Then check  to  s e e  that its  
power sw itch  is  on.

4.2b D etec tio n  c e l l
A. C leaning

1 . Turn o ff both MAIN POWER sw itch  and main air supply  
v a lv e .

2 . Remove sm all front panel o f instrum ent.
3 . Shut stop cock  v a lv e  (on electrod e block) o ff.
4 . D isco n n ec t a ll tubing and e lec tr ic a l con n ection s from 

c e l l .  Then remove c e l l .
5 . To avoid  breakage rem ove reference e lectrod e  from top

' o f  c e l l .
4 - 1



I

6 . D is c o n n e c t  e le c tr ic a l  w ires  from c e l l  stand  to  e l e c ­
trode b lo c k .

7 . Rem ove e le c tr o d e  b lo ck  from c e l l .
8 . If no b la ck  co a tin g  i s  v is ib le  on th e platinum  w ires  , 

c le a n in g  w ith  an eyedropper and co n cen tra ted  HNO3 
i s  g e n e r a lly  s u f f ic ie n t .  R insing  im m ed ia te ly  w ith  
d is t i l l e d  H2 O' i s  im p era tive  .
CAUTION: A void p ro lon ged  or rep ea ted  co n ta c t o f  the  
HNOg w ith  the p le x ig la s  b lo ck  or th e b lo ck  w ill  be 
deform ed by the a c id .

9 . If any o f  the e le c tr o d e s  h ave a b la ck  co a tin g  th ey  
m ust be h ea ted  w ith  a torch  to burn th e im purity o f f .  
The torch  u sed  burns natural g a s  and o x y g en  and has

' an u ltra fin e  tip  — flam e is  in v is ib le  u n le s s  room is  
d a rk .
EXTREME CARE m ust be u sed  to  k eep  from m elting  th e  
e le c tr o d e  b lo ck  or ig n it in g  the s e a la n t  around the  
platinum  w ir e s .

1 0 . If th e  body o f th e  c e l l  i s  to be c le a n e d  a m ild d e te r ­
g en t u sed  w ith  a s o ft  brush and fo llo w e d  by a d i s ­
t i l le d  w ater r in se  i s  u su a lly  s u f f ic ie n t .  N eith er  
stron g  a c id s  nor org a n ic  s o lv e n ts  sh ou ld  be u s e d .

1 1 . R ea sse m b le  c e l l  and rep la ce  in  the in stru m en t.

B . S e a lin g  le a k s  around e le c tr o d e s
I . This i s  a tr ick y  procedure and the ordering o f  a n ew  

e le c tr o d e  b lock  i s  recom m en d ed .

C . S e a lin g  le a k s  around threaded  f it t in g s  
el . Wrap th read s w ith  te f lo n  ta p e .

4 .2c C hanging chrom atograph co lum ns

1) Shut both  MAIN POWER sw itc h  and m ain a ir  su p p ly  v a lv e  
o ff .

2) O pen lid  on top o f  in stru m en t.

3) Rem ove colum n from red u cin g  union (NOT at s ix -w a y  
sam p le  v a lv e )  and bu lk h ead  union c o n n e c t io n .

4) R ep lace  w ith  new  or fa ls e  colum n and c lo s e  l id .

4.2d C hanging sam p le  lo o p s

1) Shut o ff  MAIN POWER and m ain air su p p ly  v a lv e .

2) O pen lid  on top o f  in stru m en t.
4 -2
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 ̂ 3) Rem ove both en d s o f  sam p le  loop  a t the red u cin g  union —
not a t s ix -w a y  v a lv e  ports .

4) R ep lace  w ith  n ew  loop  and c lo s e  l id .

4 .2e R ep lacin g  O -r in g s  in  6-w a y  sam ple  v a lv e .

1) Rem ove b ack  co v er  o f  in stru m en t (a fter sh u ttin g  in strum ent 
o f f ) .

2) D is c o n n e c t  the three w ires  to  the s o le n o id  v a lv e  a t lo w er  
term inal strip  — p o s it io n  o f  th e  w ires  i s  im portant so  tak e  
n ote  (th ey  sh ou ld  be co lo r  c o d e d ) .

3) O pen lid  on top o f  in stru m en t.

4) Rem ove a ll  tubing from v a l v e . Mark p o s it io n s  a s  you do 
so  th e c o n n e c t io n s  w il l  be m ade properly  w hen  the v a lv e  
i s  in s t a l l e d .

5) W h ile  h o ld in g  th e v a lv e  w ith  on e h a n d , u n screw  th e  s o l e ­
n o id  from the v a lv e  b od y . The stem  co n ta in in g  the  
O -r in g s  sh ou ld  rem ain a tta ch ed  to the s o le n o id .

6) Pull v a lv e  body free o f  stem  and rem ove a ll  o ld  O -r in g s .

7) C lea n  v a lv e  body and stem  i f  n e c e s s a r y .

8) A s p e c ia l  to o l i s  required  to  put new. O -r in g s  o n . One 
su p p lier  i s  Varian Aerograph o f  W alnut C r e e k , C a lifo r n ia .

•Avoid g e tt in g  p ersp ira tio n  or o il  on th e s e a lin g  e d g e s  o f  
th e O -r in g s  w hen p la c in g  them  on the s h a ft .

9) O nce th e O -r in g s  h ave  b een  r e p la c e d , r e a sse m b le  th e  
v a lv e  by rev e rs in g  th e ab o v e  p r o c e d u r e s .
W arning: Each o f  three w ires  m ust be a tta ch ed  to the  

' sam e p lace , i t  w a s rem o v ed . O th erw ise  th e v a lv e  w il l  
e ith er  not o p e n , or the s o le n o id  w ill  burn ou t d ep en d in g  
on w h ich  w ires  are im properly c o n n e c te d .

4:2f R epairing or c le a n in g  co m p ressed  air s o le n o id  v a lv e .

1) Shut in stru m en t o ff  (very  im portant here to  k eep  so le n o id  
from burning u p ) .

2) Rem ove back  p a n el o f  in stru m en t.

3) Rem ove red cap from s o le n o id  v a lv e .

4) L ift o ff  s o le n o id  c o i l .

5) Rem ove p lu n ger co v er  from v a lv e  body u s in g  a spanner  
w r e n c h .

4 - 3
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' 6) C lean  v a lv e  body ( s t e e l  w o o l u su a lly  w orks fin e) or r e ­
p la c e  O -r in g  or r e p la c e  rubber s e a t  in  p lu n ger — w h ich ev er  
i s  n e c e s s a r y .

7) R ea sse m b le  v a lv e .

4.2g C hanging s e t  p o in t on tem perature co n tro ller .

1) Can be done w ith  in stru m en t running i f  care  is  e x e r c is e d .

2) Rem ove b ack  p a n e l on in stru m en t.

3) L o o sen  lo c k  nut on s e t  sc r e w  for a d ju stm en t. Xv

4) Turn s e t  sc r e w  o n ly  a sm a ll fraction  o f  a turn in  th e d e ­
s ired  d ir e c tio n  — d ire c tio n  for in c r e a se  in d ic a te d  on  
c o n tro ller .

5) T ighten  lo c k  nut but be ca re fu l not to  m ove s e t  sc r e w .

6) W ait about 2 0 -3 0  m in u tes to  s e e  i f  d e s ir e d  tem perature i s  
a tta in ed  — i f  not rep ea t s te p s  3 -5  a b o v e .

4.2h A djustm ent o f  BIAS on m icr o co u lo m eter .
The BIAS h as b een  p r e - s e t  a t 0.73 v o lt s  and sh o u ld  n ever be  
ch an g ed  from th is  v a lu e .  Before attem pting  to  a d ju st i t ,  
m ake cer ta in  th e m ercury c e l l  ( s e c t io n  4.2i) i s  d e liv e r in g  i t s  
rated  v o l t a g e .
If th e  BIAS m ust be a d ju sted  p ro ceed  a s  fo llo w s  (instrum ent 
on  or o f f ) .

1) Rem ove b ack  c o v e r .

2) L ocate  m id d le le a d  on BIAS p o ten tio m eter . C on n ect p o s i ­
t iv e  le a d  o f  a v o lt  m eter to  th is  le a d .

3) C o n n ect n e g a t iv e ,le a d  o f  v o ltm eter  to  any good  ground in ­
s id e  the in strum ent — p referab ly  on th e cou lo m eter  c ir c u it .

4) A djust BIAS pot u n til v o ltm eter  read ing  i s  +0.73 v o l t s .

4.21 R ep lacem ent o f  b attery  in  BIAS c ir c u it .

1) Turn in stru m en t o ff .

2) Rem ove back  c o v e r .

3) Rem ove c ir c u it  board n e a r e s t  the front o f  the in stru m en t.

4) R ep lace  o ld  m ercury c e l l  w ith  n ew  1 .3 4 v o lt  c e l l .

5) R ep lace  c ir c u it  b o ard .
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4.2 j C hanging o f  c y c le  tim e .
(T im es l e s s  than 10 m in u tes are NOT recom m ended i f  a ch ro­
m atograph colum n i s  b e in g  u s e d .)

1 )  . Rem ove back  c o v e r .

2) L ocate  tim er m otor.

3) L oosen  sc r e w  ab ove m otor w h ich  s e c u r e s  a p la te  ho ld in g  
tw o g e a r s .

4) R ep lace p la te  w ith  another to  g iv e  d e s ir e d  c y c le  tim e.

4.2k F u se rep la cem en t.

1) Shut MAIN POWER sw itc h  o ff .

2) Rem ove b ack  p a n e l.

3) L oca te  fus,e o f  fa u lty  com ponent (ch eck  chart in s id e  in ­
strum ent) .

4) R ep lace w ith  fu se  o f  id e n t ic a l r a t in g .

4.21 M icrocou lom eter  rem oval and repair.

1) Shut in stru m en t o ff .

2) Rem ove back  c o v e r .

3) Rem ove a ll  le a d s  to term inal strip  on co u lo m eter  and m ake 
n o te s  o f  p o s i t io n s .

4) L oca te  and rem ove the tw o b o lts  secu r in g  the cou lom eter  
to  the c r o s s  brace ju s t  U nd erneath  the term inal s tr ip .

5) C oulom eter un it sh ou ld  s l id e  out fr e e ly .

6) Refer to c ir c u it  diagram  — is o la t e  w eak  com ponent — and  
r e p la c e  or ch eck  for lo o s e  c o n n e c t io n s .

4.3m R ep lacem ent o f  in tern a l sa m p le -g a s  f i lte r .

1) Rem ove back  co v er  — instrum ent can  s t i l l  be o p e r a tin g .

2) L oca te  I in ch  d iam eter p la s t ic  f ilte r  h o ld er  c lo s e  to 
record er .

3) N ote  w h ich  end i s  a tta ch ed  to w h ich  l in e .

■ 4) Rem ove both l in e s .

5) D is a s s e m b le  f ilte r  by u n screw in g  i t .

6) R ep lace o ld  f ilte r  w ith  n ew  g la s s  fib er  f i l t e r .

4 - 5



8) If a sm a ll w ad o f  a n g e l hair i s  a v a ila b le  in s e r t  it  in  f ilte r  
end w ith ou t the sc r e e n  support — th is  g iv e s  the filter  
paper support i f  a s l ig h t  flo w  o f  air g o e s  backw ards  
through th e f ilte r  a t th e  b eg in n in g  o f  a c y c l e .

9) R ea sse m b le  f ilte r  u s in g  te f lo n  tape to s e a l  threaded  b od y .
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S e c tio n  5 C a lib ra tion  ■

5.1 Instrum ent C o n n ec tio n s
A ssu m in g  the in strum ent i s  s e t  up for s ta c k  sam p lin g  
—Refer to  in s ta lla t io n  in s tr u c tio n s  .

1) Rem ove s ta c k  g a s  l in e  from in stru m en t.

2) Rem ove co m p ressed  a ir l in e  from instrum ent and turn th is  a ir  o ff  
i f  sep a ra te  v a lv e  i s  p r e se n t .
— NOT carrier g a s  l in e  — ju s t  co m p ressed  a ir .

3) A ttach o u t le t  l in e  o f  ca lib ra tio n  d e v ic e  to s ta c k  g a s  port —le a v e  
c o m p ressed  air port op en  w ith  th e l in e  a t ta c h e d .

4) B egin  c a l ib r a t io n . N ote: O nly  on e  c a lib ra tio n  sam p le  w il l  be  
a n a ly z e d  ev er y  10 m in u tes — a ssu m in g  the in stru m en t o p era tes  
on a ten  m inute c y c le  t im e .

5.2 R ecom m ended C a lib ration  D e v ic e s  ' ‘

1) C om m ercial sp in n in g  sy r in g e  w ith  sm a ll fan  a s  a ir so u rce  for 
sp in n in g  th e sy r in g e  and rotam eter for m easu rem en t o f  d ilu en t  
air f lo w . For b e s t  r e s u lts  th is  ca lib ra tio n  d e v ic e  sh ou ld  be o p ­
era ted  in  a sh e lte r e d  area so  d u st w il l  n ot p lu g  d e liv e r y  tip  or 
p reven t free  ro ta tion  o f  sy r in g e  p lunger in  b a r r e l.

2) S crew  driven  sy r in g ,
M o d ified  so  sc r e w  driven  sh a ft  i s  r id g id ly  a tta c h e d  to  sy r in g e  
p lu n ger .
A gain a rotam eter to m easu re d ilu en t air f lo w  is  n e e d e d .
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Trouble Shoot ing

T his s e c t io n  i s  sh ow n  in  tabu lar form and l i s t s  m any problem s  

th at m ight be en cou n tered  in  o p era tin g  th e in stru m en t. L isted  w ith  

e a c h  problem  is  at l e a s t  one p o s s ib le  c a u se  and a su b seq u en t  

rem edy.

U nder norm al op era tin g  c o n d it io n s  sm a ll s p ik e s  w il l  appear on ' 

th e recorder a t the b eg in n in g  o f  e a c h  c y c le  b e c a u s e  o f  th e  pow er  

drain on the sy s te m  w hen  the vacuum  pump and sa m p le  v a lv e  are 

sw itc h e d  o n . At h igher range s e t t in g s ,  a sm a ller  sp ik e  w ill  a ls o  

appear w hen  the pump i s  shut o ff  and th e v a lv e  c l o s e d .

At h igh  range s e t t in g s  (100 and above) som e n o is e  in  the b a s e ­

lin e  i s  to  be e x p e c te d . The le v e l  w il l  in c r e a se  a s  th e range s e t t in g  

in c r e a s e s .  E x c e s s iv e  n o is e  — more than 3% o f fu ll s c a le  d e f le c t io n  

at any s e t t in g  — in d ic a te s  prob lem s . Read on —
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S ym p tom P o s s ib le  C a u se C h eck s  a n d /o r  R em ed y

I. N o p ea k s la .  L e a d s  fr o m  c o u lo m e te r  
not p lu g g ed  in to  r e ­
c o r d e r

la . R e p la c e  banana p lug le a d s  in  
r e a r  o f r e c o r d e r

in je c t io n
b . ' N o c a r r ie r  g a s  flo w b. C h eck  fo r  bubbling a c tio n  in

I
t im e  ---- >-

c e l l
I) be su r e  gas in le t  v a lv e  i s  

c o n n e c te d  to  c e l l

2 ) op en  m ic r o m e te r in g  v a lv e  
on  s id e  o f in stru m en t

3) op en  m a in  a ir  supp ly  v a lv e

4) c h e c k  ch ro m a to g ra p h  o v en  ■ 
fo r  le a k s  or  m e lte d  tub ing

c . M ic r o c o u lo m e te r  not 
o p e r a tin g

c . I) c h e c k  fu s e s  (I in  in s tr u m e n t  
fu se  p a n e l and I on p ow er  
su p p ly

2 ) be c e r ta in  a ll  c ir c u it  b o a rd s  
and ch o p p ers  f it  t ig h tly  in  
th e ir  c o n n e c to r s

6 - 2
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S ym p tom
I P o s s ib le  C a u se C h eck s a n d /o r  R em ed y

3) c h e c k  a ll  le a d s  to  te r m in a l  
s tr ip  on  c o u lo m e te r  board; 
b e su r e  a l l  a r e  co n n ected  
and tig h t

_4) r e m o v e  m ic r o c o u lo m e te r  
(P a r a g r a p h  4 . 21)

- a. T im e r  h a s  sto p p ed d. O b se r v e  s m a ll  w indow  on  
t im e r  m o to r
- - i f  no m o v in g  d isc , ch eck  

t im e r  fu se
- - i f  fu se  or  t im e r  a re  fa u lty , 

r e p la c e

e . R e c o r d e r  d e fe c t iv e e . C h eck  r e c o r d e r 'm a n u a l

- f. C o n n ec tio n s  lo o s e  on  
6 -w a y -sa m p le  v a lv e

f. T ig h te n  co n n ec tio n s

g- D e te c to r  c e l l  not c o n ­
n e c te d  to  c o u lo m e te r

g- P lu g  m a le  e le c t r ic a l  c o n ­
n e c t io n  in to  c e l l

' h . S tack  p ro b e  i s  p lu g g ed h. C lea n  a s  p er  m a n u fa c tu r e r 's  
in s tr u c t io n s
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S ym p tom P o s s ib le  C a u se C h eck s  a n d /o r  R em ed y

i .  V acu um  pum p not 
o p era tin g

i .  C h eck  to  s e e  i f  it i s  p lu gged  
in to  s id e  o f in s tr u m e n t . 
C h eck  fu se  in s id e  in s tr u m e n t  
and r e p la c e  if  n e c e s s a r y .  
P lu g  in  so m e  o th er  o u tle t  to  
s e e  i f  it  h a s  fr o z e n  up. If so , 
r e p a ir  a s  p e r  m a n u fa c tu r e r 's  
in s tr u c t io n s .

2 . P o o r  s e n s i t iv i t y  
w ith  n o r m a l r e te n -

2a . R A N G E s e tt in g  too  lo w 2a . I n c r e a s e  RANGE se tt in g

tio n  t im e b . BIAS se t t in g  w ron g b . R e s e t  BIAS to  . 73 v o lts  
(P a r a g r a p h  4 . 2h)

|. A.- A
c . R e c o r d e r  not s e t  at 

10 m v  ra n g e
c . C o n su lt r e c o r d e r  in s tr u c t io n  

m a n u a l to  r e s e t '

d. C a r r ie r  g a s  le a k d. C h eck  c o n n e c t io n s - - in  .,chrom ­
a to g ra p h  o v e n - -a t  c h e c k  v a lv e  
- -a t  en tra n ce  to c e l l

e . .S tack  p ro b e  i s  p lu g ­
g ing

e . C lea n  a s  p er  m a n u fa c tu r e r 's  
in s tr u c t io n s

f . F i l t e r  in s id e  in s t r u ­
m en t i s  d ir ty

6 -4

f. R e m o v e  f i l t e r  and r e p la c e  w ith  
new  f i l t e r  p ap er  
(P a ra g r a p h  4. 3m)
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S ym p tom P o s s ib le  C a u se C h eck s  a n d /o r  R em ed y

3. P o o r  s e n s i t iv i t y  
.w ith  in c r e a s e d  
r e te n t io n  t im e

\ A^.

3a. C a r r ie r  g a s - f lo w  ra te  
too  low

3a. I n c r e a s e  c a r r ie r  g a s  f lo w  u s ­
in g  m ic r o m e te r in g  v a lv e . If 
l in e s  h a v e  b eco m e  p lu gged , 
lo c a te  and re m o v e  o b str u c tio n  
or r e p la c e  tub ing.

b. L e a k s  d o w n str e a m  of 
sa m p le  v a lv e

b . L o c a te  and c o r r e c t

4 . R e v e r s e d  p ea k s

4 U  LT

4a* L ea d s  to  r e c o r d e r  
a r e  b a ck w a rd s

4a . R e v e r s e  le a d s

5. I r r e g u la r  b a s e ­
lin e

5a . In str u m e n t not
p r o p e r ly  grou n d ed

b. C a r r ie r  g a s  le a k

c . C o u lo m e te r  ch o p p ers  
not fu n ctio n in g  
p r o p e r ly

5a . M ake su r e  in s tr u m e n t and  
r e c o r d e r  a r e  co n n ected  to 
good  ea r th  ground

b. L o ca te  le a k  and c o r r e c t ''5

c . If th ey  a r e  s e a te d  w e ll  in  
s o c k e ts  and s t i l l  don't w ork , 
sh ou ld  b e r e p la c e d .

d. R e c o r d e r  d e fe c t iv e  

6 -5

d. C h eck  r e c o r d e r  m anual



S y m p tom P o s s ib le  C a u se C h eck s  a n d /o r  R em ed y

e . O ven  te m p e r a tu r e  
too  lo w

e . If not s e t  at 90o C fo r  Q -S
co lu m n  ch an ge c o n tr o lle r  s e t  
p oin t (P a ra g r a p h  4 . 2g ). F o r  
o th e r  co lu m n s te m p e r a tu r e  
s e tt in g  w il l  change; c o n su lt  
data sh e e t  fo r  c o lu m n .

6 . B a s e l in e  d r ift  
up w ard

6a . D e te c to r  h a s  b e c o m e  
c o n ta m in a te  d

6a . R em o v e  c e l l  and c le a n  
(P a ra g r a p h  4. 2b)

— -

b . ' B a tte r y  in  BIAS c i r ­
cu it  i s  w eak

b. C h eck  b a tte r y  in  c o u lo m e te r  
and r e p la c e  if  n e c e s s a r y  
(P a ra g r a p h  4. 2i)

c .  C o lu m n  co n ta m in a ted c .  R e p la c e  c o lu m n - - s o m e t im e s  
o n ly  th e g la s s  w o o l in  end of ■ 
c o lu m n  n eed  be r e p la c e d

d. S a m p le  loop  o r  in s t r u ­
m en t l in e s  a r e  d ir ty

6 - 6

d. L o ca te  co n ta m in a tio n  and  
c le a n  or  r e p la c e  tubing

If l in e s  a r e  d ir ty  b eyond  f i l t e r ,  
f i l t e r  in s id e  in s tr u m e n t has  
f a i l e d - - r e p la c e  im m e d ia te ly .  
R e p la c e  o r  c le a n  d ir ty  l in e s



S ym p tom P o s s ib le  C a u se C h eck s  a n d /o r  R em ed v

7. B a s e l in e  s tep p in g  
- - d o e s  not r e tu rn  
to  z e r o , and p ea k s  
a r e  f la t- to p p e d

7a. R e c o r d e r  ga in  a n d /o r  
dam ping c o n tr o l im ­
p r o p e r ly  s e t ,

7a . R e fe r  to  r e c o r d e r  in s tr u c t io n  
m an u a l

b . In str u m e n t im p r o p e r ly  
grou n d ed

b . M ake su r e  in s tr u m e n t i s  c o n ­
n e c te d  to  good earth  ground

8 . B a s e l in e  can n ot  
b e z e r o e d

8 a . D e te c to r  h a s  b e c o m e  
co n ta m in a ted  •

8 a . R em o v e  c e l l  and c le a n  
(P a ra g r a p h  4. Zb)
C h eck  in s tr u m e n t l in e s  fo r  
co n ta m in a tio n  b e fo r e  r e ­
in s e r t in g  c e l l

b . R e c o r d e r  d e fe c t iv e b . R e fe r  to r e c o r d e r  in s tr u c t io n  
m an u al

c .  B a tte r y  w ea k  in  
c o u lo m e te r

c . C h eck  and r e p la c e  if  n eed ed  
(P a ra g r a p h  4. 2i)

d. R e c o r d e r  Zero not 
p r o p e r ly  s e t

d. R e fe r  to  r e c o r d e r  in s tr u c t io n  
m a n u a l

e . No o r  low  le v e l  
e le c t r o ly te  in  c e l l

■6-7

e . F i l l  c e l l  w ith  e le c tr o ly te  and  
a d ju st e le c tr o ly te  flo w  ra te  
(P a ra g r a p h  3. 2a, b)
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P r o b a b le  C a u se C h eck s  a n d /o r  R em ed y

9. H igh  b a ck grou n d  
n o is e  on lo w  
R AN G E s e t t in g s

9a . C e ll  i s  b e c o m in g  
co n ta m in a ted

9a . R em o v e  and r in se  w ith  d i s ­
t i l le d  w a te r . C on tam in ation  
h a s n ot b e c o m e  s e r io u s  . 
enough  to  m e r it  c le a n in g  
e le c t r o d e s .
C h eck  tubing fo r  ob v io u s  
co n ta m in a tio n .

b. E le c tr o ly te  h a s  im ­
p u r it ie s  in  it

b,- D ra in  e le c tr o ly te  r e s e r v o ir ,  
c le a n , and f i l l  w ith  f r e s h  
e le c t r o ly te .
A ls o  d ra in  e le c tr o ly te  tu b in g .

c . C a r r ie r - g a s  f lo w  ra te  
. too  h ig h -  - so lu tio n  i s  

not c o n ta c tin g  r e fe r - '  
en c e  e le c tr o d e  (p a r - • 
t ic u la r ly  n o t ic e a b le  
at end  o f c y c le )

c . R ed u ce  g a s  flow  ra te

. d. C a r r ie r - g a s  flo w d. L o ca te  le a k  and c o r r e c t ^
le a k

e. B ad  ground  c o n n e c ­
tio n

6 - 8

e . E n su r e  a l l  ground c o n n ec tio n s  
a r e  tig h t and co n n ected  to  
good  ea r th  ground
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S ym p tom P r o b a b le  C a u se C h eck s  a n d /o r  R em ed y

f. C o n n ec tio n s  a r e  lo o s e  
on te r m in a l s tr ip  by 
c o u lo m e te r

f . ■ C h eck  and tig h ten  if  n e c e s s a r y

1

g. D e fe c t iv e  r e c o r d e r g . S h ort input t e r m in a ls  - - i f  
n o is e  p e r s i s t s ,  c h eck  r e ­
c o r d e r  m an u a l

'h. E le c tr o ly te  ad d ition  
too  s lo w  o r  s to p p e d - - 
sto p p ed  i f  n o is e  
th rou gh ou t c y c l e - - t o o  
s lo w  if  ju s t  at end o f 
c y c le

h . F i l l  e le c tr o ly te  r e s e r v o ir  or  
op en  v a lv e  s lig h t ly  on e l e c ­
tr o ly te  r e s e r v o ir .

B e su r e  so lu tio n  so le n o id  is  
o p e n in g - -c h e c k  fu se  f i r s t - - 
i f  s t i l l  in o p e r a b le  ch eck  
c o n n e c tio n s .

R e p la c e  i f  v a lv e  s t i l l  in ­
o p e r a b le .

10. F a d in g  p ea k s

f \  K

10a. G as f lo w  r a te  too  low 10a. I n c r e a s e  gas flow  w ith  m ic r o ­
m e te r in g  v a lv e

b. C o lu m n  o v en  te m p e r a ­
tu r e  too  low

b. C hange te m p e r a tu r e  c o n tr o l  
s e t  p o in t (P a ra g ra p h  4 . 2g)

11. U n r e s o lv e d  
p ea k s

I la .  C o lu m n  o v en  t e m p e r a ­
tu r e  too  h igh

6-9

I la .  L o w er  co lu m n  oven  te m p e r ­
a tu re  (P a ra g ra p h  4. 2g)

-9
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C olu m n  to o  sh o r t  

G as f lo w  r a te  too  h igh

C h eck s a n d /o r  R em ed y

b. U s e  lo n g e r  co lu m n

c . L o w er  g a s  flo w  ra te  u s in g  
m ic r o m e te r in g  v a lv e

d. L iq u id  p h a se  h a s  baked  
o ff c o lu m n  su pp ort  
m a te r ia l

d. R e p la c e  co lu m n

12. R ound top p ed  
p e a k s  (u su a lly  
h ap p en s o n ly  on  
lo w  ra n g e  s e t ­

t in g s )

12a . C o lu m n  a n d /o r  m ic r o -  
m ic r o c o u lo m e te r  ■ 
sa tu r a te d -  - sa m p le  
s i z e  to o  la r g e

12a. R ed u ce  sa m p le  s iz e

b. R e c o r d e r  ga in  too  low b. A d ju st r e c o r d e r  ga in  to
p r o p e r  se tt in g ; s e e  r e c o r d e r  
m an u a l

13. J a g g ed  p ea k s 13a. R e c o r d e r  p en  s t ic k in g 13a. C lea n  s l id e  w ir e  o r  bar a s
p er  m a n u fa c tu r e r 's  in s t r u c t ­
io n s

b . M ic r o c o u lo m e te r  ch o p ­
p e r s  a r e  d e f e c t iv e - - 
w il l  a ls o  g iv e  ir r e g u ­
la r  s p ik e s  on  b a s e ­
lin e

6-10

b. R e p la c e  ch o p p ers
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I

P r o b a b le  C a u se ■ C h eck s  a n d /o r  R em ed v

14. W ater  h a s  c o l - 14a. C o m p r e s s e d  air- v a lv e 14a. D is a s s e m b le  so le n o id  v a lv e
le c t e d  in  sa m p le i s  s t ic k in g  and p r e - '(P aragrap h  4. 2f) and c le a n
l in e - - c h r o m a t o - . v en tin g  b low b ack o r  r e p a ir  a s  n e c e s s a r y .
g r a m  n ot p r e -
d ie ta b le C h eck  fu se  fo r  so le n o id  v a lv e .

b . S a m p le s  a r e  b e in g  w ith - b . A d ju st v a cu u m  pum p su c tio n
draw n too  fa s t  fr o m so  sa m p le  draw ing r a te  is
s ta c k s lo w e r

c . W ater co n ten t o f g a s e s c . I n s ta l l  so m e  typ e o f w a ter
i s  so  h igh  a c o n d e n se r tra p  and co n d en sin g  c o i l s
m u st  b e  u s e d  by the if  n e c e s s a r y
p rob e

-
6 -1 1
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* F inal N o tes:

W hen ch eck in g  th e in strum ent for g a s  le a k s  , i f  a l l  tub ing c o n n e c ­

t io n s  w ere tig h t le a k s  m ay be occu rrin g  in  e ith er  the s ix - w a y  sam ple  

v a lv e  or co m p ressed  air v a lv e .

6.1 C h eck in g  6-w a y  V alve for L eaks

1) L eave in stru m en t running, but sh ut recorder pow er o ff .

2) U nplug vacuum  pump .

3) D is c o n n e c t  sam p le  loop  from ports on 6 -w a y  v a lv e .

4) If the v a lv e  stem  i s  s t ic k in g  ab o v e  v a lv e  b o d y , air sh ou ld  be 
flo w in g  out o f  on e o f  the p o r t s .

5) W ait u n til v a lv e  o p en s and stem  i s  about f lu sh  w ith  v a lv e  
b od y .

6) If any g a s  i s  com ing out o f  th e  p o r t s , then  th e O -r in g s  in s id e  
are le a k in g .

7) R ep lace  O -r in g s  (Paragraph 4 .2 e ) .

8 ) If no le a k  i s  n o tic e d  h e r e , c o n n e c t  sam ple  loop  to  s ix -w a y
v a l v e ., ... .

9) Plug vacuum  pump in .

10) D is c o n n e c t  tub ing  on carrier g a s  port o f  6-w a y  v a lv e .

11) D isc o n n e c t  tub ing on p a ck ed  colum n port o f  6-w a y  v a lv e .

12) A llow  vacuum  pump to  sw itc h  o n .

13) If any su c t io n  i s  n o tic e d  a t e ith er  p ort, r e p la c e  O -r in g s .

14) If no le a k s  w ere d e te c te d  in  e ith er  s te p s  6 or 13 , a ssu m e v a lv e  
i s  not le a k in g  and c o n n e c t tub ing  to  a ll p o r t s .

6.2 C h eck in g  C om p ressed  Air V alve for L eaks

1) L eave in stru m en t ru n n in g .

2) D isc o n n e c t  tub ing  from co m p ressed  air port on s id e  o f in s tr u ­
m ent.

- 1 0 2 -
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3) W hen the vacuum  pump i s  o p e r a t in g , ch eck  th e co m p ressed  air  
port for any s u c t io n .

4.) If any su c tio n  i s  f e l t ,  repair v a lv e  (Paragraph 4 .2 f) .

5) If no su c tio n  i s  f e l t ,  c o n n e c t  co m p ressed  a ir l in e  to it s  appro­
p ria te  port.

6) S e le c t  a tim e w hen  the vacuum"pump h as ju s t  begun to operate.

7) D is c o n n e c t  tub ing from vacuum  port on s id e  o f  in stru m en t.

8) C heck  port for any air f lo w .

9) If there i s  a ir f lo w , the co m p ressed  air v a lv e  i s  le a k in g .

10) The le a k  m ay be c a u s e  by tw o th in gs:

a) P ressu re  a t co m p ressed  air port e x c e e d s  2 5 p s i .
If s o ,  red u ce  p ressu r e  and c h eck  for le a k s  a g a in .

b) It i s  d irty  and s t ic k in g  or rubber s e a t  i s  worn o u t.
If s o ,  repair i t  (Paragraph 4 .2 f) .

6 -1 3



MARK Vl

Plexiglas Reference (Calomel) 

■Plexiglas Lock Nut

Porous PVC Rod

-Gas and Liquid Outlet 
■Electrode Chamber ('Constant* 
-Generator. Volume).
-Sensor
-Counter
-Porous PVC Sparger 
■ Silicone Rubber Seal for Electrode 
-Stopcock Type Valve 
Electrolyte Inlet 

-Gas Inlet 
-Connector 
■Plexiglas Stand
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REFERENCE
J -----O ANODE (GENERATOR)

------- O  CATHODE (COUNTER)

SENSOI
TO RECORDER

MICROCOULOMETER SCHEMATIC
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II1S V  A C  l

3 A  fV -

2 A  - vr —

Power
ODC

:%&H
vi-

Ej

Tempe-'ature
Controller

aCAM
iTlmer

-Oven H eater

,-External Power 

[-Micro Coulometer 

!-Recorder.

^-Compressed Air 
Valve.

!-Six-Way 
Sample Valve. 

'Vacuum Pump.

, -Solution Solenoid.

J-MuItI-StacH 
Sampling A ccessory

CONTROL CIRCUIT DIAGRAM
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P A R T  II

A  p u r e ly  s t a t i s t ic a l  te ch n iq u e  (m u ltip le  l in e a r  r e g r e s s io n )  
h a s  b een  u s e d  to  r e la te  su lfu r  e m is s io n s  fr o m  a K ra ft p a p er  m il l  
to  p la n t o p e r a tin g  v a r ia b le s  in  th e  r e c o v e r y  a r e a .

S u lfu r e m is s io n s  w e r e  r e c o r d e d  c o n tin u o u s ly  e ith e r  b e fo r e  
th e  b la c k  liq u o r  v e n tu r i o r  a fte r  th e b la c k  liq u o r  c y c lo n e . V a lu e s  
o f p r o c e s s  v a r ia b le s  w e r e  c o p ie d  fr o m  lo g  s h e e ts  m a in ta in e d  at 
th e  m i l l .

Of th e  tw o lo c a t io n s  sa m p le d , g a s e s  out o f th e  b la ck  liq u o r  
c y c lo n e  a r e  m o s t  in d ic a t iv e  o f w hat w i l l  be go in g  out th e  s ta ck . 
T e m p e r a tu r e  o f a ir  e n te r in g  th e  fu r n a c e , liq u o r  flo w , p r im a r y  a ir  
f lo w , v e n tu r i h e a d e r  p r e s s u r e ,  and s a lt  cak e  f lo w  w e r e  a l l  show n to  
h a v e  a d ir e c t  e f f e c t  on H^S le v e ls  out th e c y c lo n e . On th e  o th er  
hand, c o n c e n tr a t io n s  w e r e  show n to  v a r y  in v e r s e ly  w ith  se c o n d a r y  
a ir  flo w , I. D. fan  d ra ft, and liq u o r  s o lid s  co n ten t.

S o m e u n r e a so n a b le  c o r r e la t io n s  d id  o c c u r , but co u ld  g e n e r ­
a l ly  be a ttr ib u te d  to  q u e s tio n a b le  data . One o r  tw o u n lik e ly , but 
p o s s ib le ,  c o r r e la t io n s  w e r e  e x p la in e d  a s su m in g  u n u su a l fu rn a ce  
c o n d it io n s  e x is t e d  fo r  p a r t o f th e  t e s t  p e r io d . A ll  th in g s  c o n s id e r e d ,  
th e  c o n c lu s io n s  w e r e  fe lt  to  be a s  r e l ia b le  a s  th e  data th a t w a s u se d .
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B e fo r e  any p la n t o p e r a tin g  data can  be m e a n in g fu lly  a n a ly z e d , 

a f a m il ia r ity  w ith  th e p la n t's  p r o c e s s  m u st  be a tta in ed .

K raft pulp  i s  m a d e  by co o k in g  w ood  c h ip s  in  d ig e s t e r s  w ith  

a co o k in g  liq u o r  (" w h ite liq u o r" ) w h ich  co n ta in s  th e  a c t iv e  c h e m i­

c a l s ,  so d iu m  h y d r o x id e  (NaOH) and so d iu m  su lf id e  (Na^S) (4). (A 

f lo w  s h e e t  fo r  th e  p r o c e s s  b e in g  d e s c r ib e d  i s  sh ow n  in  F ig u r e  20. ) 

T h is  a c t io n  s e p a r a te s  l ig n in s  fr o m  th e  c e l lu lo s e  o f w ood . L ig n in s  

a r e  th e  b in d er  m a te r ia l  w h ich  h o ld s  c e l lu lo s e  f ib e r s  o f  w ood  t o ­

g e th e r . T h e  c e l lu lo s e ,  upon s e p a r a t io n  fr o m  th e  l ig n in s ,  p r o v id e s  

th e  pulp  fo r  m a n u fa c tu r e  o f p a p e r . T h e  r e s id u a l liq u o r  (b lack  

liq u o r ) co n ta in in g  sp en t c h e m ic a ls  and d is s o lv e d  b in d er  i s  draw n  

o ff p r im a r i ly  to  p e r m it  r e c la m a t io n  o f c h e m ic a ls  to  m a k e  new  c o o k ­

in g  liq u o r , and a ls o  to  p r o v id e  fu e l fo r  th e  r e c o v e r y  u n it. D uring  

th e  d ig e s t in g  p r o c e s s ,  c h e m ic a ls  in  th e  " w h ite  liq u or"  u n dergo  

ch a n g e . S od iu m  h y d ro x id e  b e c o m e s  p r im a r i ly  so d iu m  ca rb o n a te  

(N aC O g), and th e Na^S fo r m s  so d iu m  su lfa te  (Na^SO^) and o r g a n ic  

co m p o u n d s. F o r  e a c h  ton  o f p ap er  p ro d u ced , b la c k  liq u o r  r e m a in ­

in g  c o n ta in s  about 3000 pounds of s o l id s  of w h ich  1300 pounds a r e

r e c la im a b le  c h e m ic a ls .
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I

D ilu ted  b la c k  liq u o r  or  " w eak  liq u or"  (about 15% s o lid s )  

le a v in g  d ig e s t e r s  o r  pulp  w a sh e r s  m u st  b'e c o n c e n tr a te d  to  6 5 -7 0  

p e r c e n t  s o l id s  b e fo r e  b ein g  f ir e d  in  th e  fu rn a ce  so  it  w i l l  su s ta in  

c o m b u st io n . C o n c e n tr a tio n  i s  a c c o m p lis h e d  by p a s s in g  liq u o r  

th ro u g h  m u lt ip le - e f f e c t  e v a p o r a to r s .  In m o s t  p la n ts , fu r th e r  c o n ­

c e n tr a t io n  i s  o b ta in ed  in  a d ir e c t  c o n ta c t  e v a p o r a to r  o r  ven turi, 

s c r u b b e r  u s in g  s e n s ib le  h ea t o f th e  r e c o v e r y  un it f lu e  g a s  to e v a p ­

o r a te  so m e  o f th e  w a te r  in  th e  b la c k  liq u o r . S in c e  th e r e  a r e  u n ­

a v o id a b le  l o s s e s  o f c h e m ic a ls  in  th e  pulp  m ak in g  p r o c e s s ,  c h e m ic a l  

su p p ly  i s  r e p le n is h e d  by a d d itio n  o f so d iu m  su lfa te  ( s a lt  cak e) to  th e  

l iq u o r  in  th e  m ix in g  tan k . B la c k  liq u o r  i s  p u m p ed  th ro u g h  th e l in e  

h e a te r  (w h ere  te m p e r a tu r e  i s  in c r e a s e d  to  th at d e s ir e d  fo r  burn in g)  

and th en  b la c k  liq u o r  i s  sp r a y e d  in to  th e  fu r n a c e .

In th e  r e c o v e r y  fu r n a c e , s o l id s  a r e  d eh y d ra ted , h ea t i s  o b ­

ta in e d  fr o m  c o m b u stio n  of liq u o r  c o n s t itu e n ts  d is s o lv e d  fr o m  w ood, 

and c h e m ic a ls  a r e  s m e lte d  out. In th e sm e lt in g  p r o c e s s ,  sod iu m  

c a r b o n a te  i s  u n ch an ged , but so d iu m  su lfa te  i s  r e d u c e d  by hot ca rb o n  

in  th e  fu e l b ed  to  so d iu m  su lf id e .

S m e lte d  c h e m ic a ls  f lo w  in to  a s m e lt  d is s o lv in g  tank w h ere  

th e y  a r e  t r e a te d  w ith  l im e  (c a lc iu m  h y d r o x id e - -C a(O H )^) to  c o n v e r t  

so d iu m  c a r b o n a te  to so d iu m  h y d r o x id e . T h is  " w hite liq u o r " , c o n -
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ta in in g  both  Na^S and NaOH is  now  rea d y  fo r  r e - u s e  a s  coo k in g  

liq u o r  in  th e d ig e s t e r .  C a lc iu m  ca rb o n a te  s lu d g e  r e c la im e d  fr o m  

th e  c a u s t ic iz in g  o p e r a tio n  i s  reb u rn ed  in  a lim e' k iln  to  y ie ld  c a l ­

c iu m  o x id e  w h ich  ca n  th en  be r e - u s e d  to  c o n v e r t  g r e e n  liq u o r  to  

w h ite  liq u o r .

In th e  p a s t , th e  r e c o v e r y  fu r n a c e  and i t s  a u x il ia r y  eq u ip ­

m e n t h a v e  b e e n  c o n s id e r e d  th e m a jo r  s o u r c e  of m a lo d o r o u s  e m is ­

s io n s  (7). A bout 8 8 % to 90% o f th e  to ta l r ed u ced  su lfu r  e m is s io n s  

in  a ty p ic a l  pulp p la n t a r e  g e n e r a l ly  a ttr ib u te d  to  th e  r e c o v e r y  fu r n a c e .  

S e v e r a l  m e th o d s  h a v e  b een  s u g g e s te d  fo r  r e d u c in g  p o llu tio n  fr o m  

th e  r e c o v e r y  a r e a  (6 ). M o st o f t h e s e  in v o lv e  m a jo r  eq u ip m en t  

c h a n g e s . L it t le  w o rk  h a s  b een  done to  r ig o r o u s ly  d e te r m in e  q u an ­

t i ta t iv e ly  th e e f f e c t s  o f o p e r a tin g  v a r ia b le s  on su lfu r  e m is s io n s ,  a l ­

though  so m e  in v e s t ig a t io n s  have' b e e n  r e p o r te d  (2, 7 ). U n til r e c e n t ­

ly , su ch  in v e s t ig a t io n s  w e r e  n e a r ly  im p o s s ib le  b e c a u s e  r e l ia b le  

in s tr u m e n ts  fo r  co n tin u o u s m o n ito r in g  o f su lfu r  e m is s io n s  h a v e  b een  

w id e ly  a v a ila b le  fo r  o n ly  about a d e c a d e .

An o v e r a l l  p ic tu r e  o f w h e r e  th e r e c o v e r y  fu r n a c e  f it s  in to  

th e  p u lp in g  o p e r a tio n  h a s  ju s t  b e e n  g iv e n . In o r d e r  to  m a k e  w o r th ­

w h ile  s tu d ie s  in  th e r e c o v e r y  a r e a , a m o r e  d e ta ile d  k n o w led g e  of 

i t s  o p e r a t io n  i s  n e e d e d . (R e fer  to  F ig u r e  2 1 . )



Figure 21= Block Liquor Piping System  D irect Contact Evaporator 
To Furnace.
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C o n s id e r  f i r s t  th e  b la c k  l iq u o r  v e n tu r i  e v a p o r a t o r - s c r u b b e r . 

B la c k  l iq u o r  f r o m  the m u l t ip l e - e f f e c t  e v a p o r a to r s  i s  not o f  s u f ­

f i c i e n t ly  h igh  s o l id s  co n ten t  fo r  s ta b le  c o m b u st io n .  F u r th e r  c o n ­

c e n tr a t io n  of l iq u o r ,  o r  r e d u c t io n  o f  m o is t u r e  con ten t ,  i s  a c c o m ­

p l i s h e d  in  the b la c k  l iq u o r  v e n tu r i  e v a p o r a to r - s c r u b b e r .

In ad d it ion  to  r e c o v e r in g  a l a r g e  p e r c e n ta g e  o f  c h e m ic a l s  

in  the f lu e  g a s ,  th e  v e n tu r i  s c r u b b e r  r e d u c e s  ex it  g a s  t e m p e r a tu r e  

by e v a p o r a t io n  of w a te r  f r o m  p a r t ia l ly  c o n c e n tr a te d  b la c k  liqu or  

w h ic h  i s  th e r e b y  c o n c e n tr a te d  (I ) .  T h is  e v a p o r a to r  - s c r u b b e r  i s  

b a s e d  on the p r in c ip le  of im p a c t io n  of th e  fu m e p a r t i c l e s  w ith  f in e ly  

a to m iz e d  l iq u id  d r o p le ts  in  a h igh  v e l o c i t y  g a s  s t r e a m .  F in e  p a r t i ­

c l e s  o f  c h e m ic a l s  e n tr a in e d  in th e  f lu e  g a s  a r e  w e t te d  by  f in e ly  

a t o m iz e d  l iq u o r ,  and t h e s e  d r o p le ts  a r e  th en  s e p a r a te d  f r o m  the g a s  

s t r e a m  by c e n tr i fu g a l  f o r c e  in  th e  c y c lo n e  s e p a r a to r  w h ic h  fo llo w s ,  

the v e n tu r i .  T h e  v e n tu r i  i t s e l f  h as  a th ro a t  d a m p er  w h ich  p r o v id e s  

a m e a n s  o f  m a in ta in in g  v en tu r i  th r o a t  d i f f e r e n t ia l  at lo w  lo a d s  by  

v a r y in g  th e  e f f e c t iv e  f lo w  a r e a  o f  th e  v en tu r i  th ro a t .

In s o m e  p la n ts  the  g a s e s  out the  c y c lo n e  a r e  fu r th e r  scru b b e d  

w ith  a b r in e  s c r u b b e r  to r e c o v e r  s t i l l  m o r e  o f  th e  p a r t ic u la te  m a t ­

t e r  in  the s ta c k  g a s e s .
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A f t e f  le a v in g  th e  c y c lo n e ,  the  b la c k  l iq u o r  is. p u m p ed  to 

the s a l t  ca k e  m ix in g  tank to e n s u r e  that the s o l id s  co n ten t  i s  h igh  

enough  to s u s ta in  c o m b u st io n .  F r o m  h e r e  it  i s  p u m p ed  th rou gh  a 

s e c o n d a r y  l iq u o r  l in e  h e a te r  to an o s c i l l a t in g  s p r a y  n o z z le  w h e r e  

it  i s  s p r a y e d  onto th e - fu r n a c e  w a l l s  fo r  d eh yd ration .

L iq u or  on fu r n a c e  w a l l s ,  w h ich  h a s  b e e n  p a r t ia l ly  d e ­

h y d r a te d  in  f l ig h t ,  i s  d r ie d  on the w a l l s  and f a l l s  onto a b ed  of 

s m e l t  on the  fu r n a c e  f lo o r .

O nly about 60% of  the  to ta l  a ir  r e q u ir e m e n t  i s  su p p lied  to 

th e  lo w e r  fu r n a c e  (3). T h is  i s  done b e c a u s e  a r e d u c in g  a t m o s ­

p h e r e  i s  r e q u ir e d  to r e d u c e  so d iu m  s u lfa te  and o th e r  so d iu m  s u l ­

fur co m p o u n d s  to so d iu m  su lf id e .  O x y g en  r e l e a s e d  in  th e  r ed u c t io n  

p r o c e s s  p r o v id e s  p a r t  o f  the  to ta l  o x y g e n  r e q u ir e d  fo r  burn ing  c o m ­

b u s t ib le  c o n s t i tu e n ts  o f  the  c h a r .  S m e l t e d  ch a r  d r a in s  down the  

s lo p in g  fu r n a c e  f lo o r  to a s m e l t  spout th rou gh  w h ich  it  d i s c h a r g e s  

in to  a d i s s o lv in g  tank. Hot g a s e o u s  p ro d u cts  f r o m  p a r t ia l ly  c o m ­

p le te d  c o m b u s t io n  o f  ch a r  p a s s  u p w ard  in  the fu r n a c e ,  w h e r e  they
j

a r e  m ix e d  w ith  a d d it io n a l  a ir  f r o m  s e c o n d a r y  and t e r t i a r y  a ir  p o r ts  

to c o m p le te  c o m b u s t io n  and to dry  l iq u o r  on fu r n a c e  w a l l s .  G a s e s  

th en  p a s s  th ro u g h  c o n v e c t io n  s e c t io n s  o f  the  unit w h e r e  t h e ir  s e n s ib le  

h ea t  i s  u s e d  to fo r m  s t e a m .
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In the fu r n a c e  i t s e l f ,  it  h a s  b e e n  r e p o r te d  (6) that o d o ro u s  

su lfu r  co m p o u n d s  at the fu r n a c e  o u t le t  can  be r e d u c e d  to n e g l i ­

g ib le  a m o u n ts  i f  the  fu r n a c e  i s  o p e r a te d  w ith in  d e s ig n  c a p a c i ty  

w ith  enough  e x c e s s  a ir  to p r o v id e  about 3% in  the  f lu e  g a s ,  and  

i f  s u f f ic ie n t  tu r b u le n c e  i s  o b ta in ed  in  th e  o x id a t io n  zo n e  o f  the  

fu r n a c e .  In o r d e r  to m a in ta in  s u f f ic ie n t  e x c e s s  o x y g e n  at the f u r ­

n a c e  o u t le t ,  the  b la c k  l iq u o r  f ir in g  ra te  m u s t  be c o n t r o l l e d  at an  

o p t im u m  a i r /  s o l id s  r a t io .  If the  fu r n a c e  b e c o m e s  o v e r lo a d e d ,  

h ig h  l e v e l  su lfu r  e m i s s i o n s  w i l l  r e s u l t .  ■ ■

T he p r im a r y  s o u r c e  o f  s u lfu r  e m i s s i o n s  in  the  r e c o v e r y  

o p e r a t io n  i s  the  b la c k  l iq u o r  v e n tu r i  e v a p o r a to r  - s c r u b b e r . With  

u n o x id iz e d  b la c k  l iq u o r ,  ca r b o n  d io x id e  in  the f lu e  g a s  d is p la c e s  

h y d r o g e n  s u lf id e  and m e th y l  m e r c a p ta n  f r o m  the b la c k  l iq u o r ,  in ­

c r e a s i n g  o d o ro u s  gas  c o n c e n tr a t io n  at th e  e v a p o r a to r  o u t le t .  E m i s ­

s io n s  o f  t h e s e  g a s e s  f r o m  b la ck  l iq u o r  i s  r e p o r te d  (6) to be fa v o r e d

by h igh  su lf id e  co n ten t  in  the l iq u o r ,  lo w  pH l e v e l ,  and lo w  r e d u c e d  
\

su lfu r  co n ten t  in  the f lu e  g a s .  A b s o r p t io n  of H^S f r o m  the f lue  g a s  

ca n  ta k e  p la c e  i f  th e  l iq u o r  h a s  b e e n  p r e v io u s ly  o x id iz e d  to low  s u l ­

f id e  con ten t ,  and i s  at h igh  pH. F u l ly  o x id iz e d  b la c k  l iq u o r  w i l l  

a b s o r b  H^S at a l l  o p e r a t in g  l e v e l s  of pH.
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D ata C o l le c t io n

T h e  con tin u ou s  c h r o m a to g r a p h ic  su lfu r  a n a ly z e r ,  w h o s e

d e v e lo p m e n t  w a s  d e s c r ib e d  in P a r t  I o f  th is  r e p o r t ,  w a s  u s e d  to

r e c o r d  su lfu r  e m i s s i o n s  f r o m  tw o d if fe r e n t  lo c a t io n s  in  the  r e -

*
c o v e r y  a r e a  of M i l l  X . T h e  tw o s a m p l in g  p o in ts  w e r e  ( s e e  F ig u r e  

21): P o in t  I - - ju s t  b e fo r e  the b la c k  l iq u o r  v e n tu r i ,  and P o in t  2 - -  

out th e  top of th e  c y c lo n e  s e p a r a to r .  A  th ir d  lo c a t io n  P o in t  3 - -  

b ey o n d  an a d d it io n a l b r in e  s c r u b b e r  (not sh ow n  in  F ig u r e  21) w a s  

a v a i la b le  fo r  s a m p l in g ,  but at the t im e  o f  th is  w r it in g  no u s e fu l  

data had  b e e n  o b ta in ed  th e r e .  S a m p le s  w e r e  ta k en  f r o m  the o th er  

tw o s ta c k s  at a ra te  o f  s ix  s a m p le s  p e r  hour on a con tin u ou s  b a s i s .

O th er  p lan t data ta k en  in c lu d e d  o p e r a t in g  c o n d it io n s  in  the  

r e c o v e r y  a r e a .  T h is  data w a s  c o p ie d  f r o m  the lo g  s h e e t s  m a in ­

ta in e d  at the m i l l  and r e c o r d e d  on an h o u r ly  b a s i s .

'''Mill X i s  a K raft  m i l l  w h o s e  lo c a t io n  w i l l  not be d i s c lo s e d  
b e c a u s e  of a v e r b a l  s e c r e c y  a g r e e m e n t  w ith  the  p lan t  p e r s o n n e l .  
L ik e w is e ,  no a c tu a l  p lan t  data w i l l  be show n  fo r  f e a r  o f  m i s ­
in t e r p r e ta t io n  by u n in fo r m e d  p e r s o n s  who m a y  r e a d  th is  rep o r t .  
T he "data" p r e s e n t e d  w i l l  be  o n ly  th e  s t a t i s t i c a l  p a r a m e t e r s  
c a lc u la t e d  f r o m  a c tu a l  p lan t data.
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D ata A n a ly s i s

A l l  o f  the  data ta k en  at the  p l a n t - - e m i s s i o n s  and lo g  s h e e t  

fo r  a f i v e - w e e k  p e r i o d - - w a s  t r a n s f e r r e d  to .punched c a r d s  and  

a n a ly z e d  on a d ig ita l  c o m p u te r  u s in g  m u lt ip le  l in e a r  r e g r e s s i o n  

te c h n iq u e s  (5). A  b r ie f  d e s c r ip t io n  o f  the  p r o g r a m  a s  w e l l  a s  a 

c o m p le te  l i s t i n g  a r e  show n  in  the A p p en d ix  o f  th is  s e c t io n .

<

t



R E SE A R C H  O B JE C T IV E S

T h e p u r p o s e  o f  th is  in v e s t ig a t io n  w a s  to ap p ly  s t a t i s t i c a l  

m e th o d s  o f  data in t e r p r e ta t io n  to r e la t e  o p e r a t in g  c o n d it io n s  of a 

K raft  r e c o v e r y  unit to su lfu r  e m i s s i o n s .  Not a l l  o f  the  p r o c e s s  

v a r ia b le s  w e r e  e x p e c te d  to a f fe c t  the e m i s s i o n s .  T h u s ,  the  r e a l  

g o a l w a s  to d e te r m in e  w h ic h  o p e r a t in g  v a r ia b le s  do h a v e  an e f fe c t  ■ 

and rank  th e m  a s  to th e  am ount th e y  w i l l  in f lu e n c e  o d o r o u s  e m i s ­

s io n s .  It w a s  f e l t  that su ch  a d e te r m in a t io n  w ould  p r e s c r i b e  a s e t  

of  o p e r a t in g  c o n d it io n s  w h ic h  ought to  m in im i z e  the  am ou n t of p o l ­

lu tan ts  e m it te d  f r o m  the  r e c o v e r y  a r e a .

A  s e c o n d a r y  o b je c t iv e  w a s  to k eep  a l l  the  c o n c lu s io n s  d i r ­

e c t ly  in  t e r m s  o f  th e  a c tu a l  p lant o p e r a t in g  v a r i a b l e s .  T h en  no 

te d io u s  c a lc u la t io n s  w ou ld  b e  n e c e s s a r y  to  r e la t e  the  c o n c lu s io n s  

to  a c tu a l  o p e r a t in g  c o n d it io n s .

I

\



R E SU L T S

T h e  fo l lo w in g  o p e r a t in g  v a r i a b l e s  haveV s o l e l y  by s t a t i s t i ­

c a l  m e th o d s ,  b e e n  found to  a f fe c t  s u lfu r  e m i s s i o n s  in  th e  r e c o v e r y  

a r e a  o f  a K raft  p a p e r  m i l l .  (Only H^S and SO^ w e r e  s tu d ie d  b e ­

c a u s e  e m i s s i o n s  o f  CH^SH w e r e  r e c o r d e d  l e s s  than  5% of  the  to ta l  

t im e  p e r io d  s tu d ied .  O ther  o r g a n ic  s u l f id e s  w e r e  n e v e r  d e te c te d .  ) 

B e fo r e  th e  b la c k  l iq u o r  v e n tu r i  fo r  SO?

T o ta l  a ir  f lo w  ( - .  60)* ( - . 6 0 )
S a lt  ca k e  f lo w  (+. 67) (+• 67)
L iq u o r  te m p ,  at n o z z le (-• 62)
G r e e n  l iq u o r  a lk a l in ity 0 -. 54)
N o z z le  p r e s s u r e (+• 42)
W ater  f lo w (-• 50)
T e r t i a r y  a ir  f lo w ( - . 38)
L iq u or  f low (+. 42)
L iq u o r  s o l id s  co n ten t (+• 34)

B e f o r e  the  b la c k  l iq u o r  v e n tu r i  fo r  H^S

T o ta l  a ir  f low (-• 8 8 )
V e n tu r i  h e a d e r  p r e s s u r e ( - . 82)
T e r t i a r y  a ir  f lo w ( - . 6 8 )
S e c o n d a r y  a ir  f lo w (-L  07)
N o z z le  p r e s s u r e (+. 63)
I. D. fan  draft ( - . 6 8 )
P r i m a r y  a ir  f lo w (- . 52)
T e m p ,  of a ir  in to  fu rn a ce (+• 33)
C y c lo n e  ex it  g a s  te m p . ( - . 34)

^ F or  an e x p la n a t io n  of w h e r e  th e  v a r ia b le s  a r e  m e a s u r e d ,  
r e f e r  to th e  D i s c u s s i o n  of R e s u l t s  s e c t io n .

'lcT he n u m b e r s  in  p a r e n t h e s e s  a r e  fr o m  a n o r m a l i z e d  s c a le  
(ran ge  - I  to +1) b a s e d  on the T - s t a t i s t i c .  T he n u m b e r s  sh ow  the  
r e la t iv e  q u a n tita t iv e  e f f e c t  o f  any  v a r ia b le  c o m p a r e d  w ith  o th er
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A fte r  the b la c k  l iq u o r  c y c lo n e  fo r  H 7S

T e m p  of a ir  e n te r in g  fu r n a c e (+• 90}
L iq u o r  f lo w (+• 64}
P r i m a r y  a ir  f lo w (+• 58)
S e c o n d a r y  a ir  f lo w (-• 56)
I. Do fan draft (-• 54)
E c o n o m iz e r  e x it  g a s  t e m p . C- • 38)
V en tu r i  h e a d e r  p r e s s u r e (+• 50)
L iq u o r  s o l id s  con ten t C-. 48)
S a lt  c a k e  f low C+. 35).
S te a m  te m p e r a tu r e (+. 84)

v a r i a b l e s  in  the l i s t .  V a r ia b le s  w ith  v a lu e s  n e a r e s t  + I h ave  the  
m o s t  e f f e c t  on su lfu r  e m i s s i o n s .  N e g a t iv e  n u m b e r s  m e a n  that a s  
th e  v a lu e  of the o p e r a t in g  v a r ia b le  i n c r e a s e s ,  su lfu r  e m i s s i o n s  
w i l l  d e c r e a s e ,  and v i c e  v e r s a .



I

DISCUSSION O F R E SU L T S  

M a th e m a t ic a l  T e c h n iq u e  U se d

T he m a t h e m a t ic a l  te c h n iq u e  u s e d  in  th is  in v e s t ig a t io n  i s  

that of m u lt ip le  l in e a r  r e g r e s s i o n  (5). F o r  th is  s tudy  it  b a s ic a l l y  

in v o lv e s  find ing  m u l t ip l i e r s  fo r  an  eq u ation  o f  the typ e

S -  M q + M jV-̂  + M^V^ + -------+ M nV n

w h e r e
S = c o n c e n tr a t io n  of th e  su lfu r  gas  

Vĵ  = p lan t  o p e r a t in g  v a r ia b le  

M^ = m u lt ip l i e r  fo r  v a r ia b le  V i ^

One r e a s o n  fo r  u s in g  m u lt ip le  l in e a r  r e g r e s s i o n  i s  that it  w i l l  g iv e  

q u a n tita t iv e  in fo r m a t io n  about the v a r i a b l e s  b e in g  a n a ly z e d .  A n o th er  

i s  th at  th e  c h o ic e  o f  v a r i a b l e s  a n a ly z e d  can  b e  q u ic k ly  and e a s i l y  

ch an ged .

G e n e r a l ly  sp ea k in g ,  th o s e  v a r ia b le s  w ith  w e l l  d e f in ed  m u l t i ­

p l i e r s  a r e  the  o n e s  w h ic h  w i l l  h a v e  th e  g r e a t e s t  e f f e c t  on the am ount  

of  su lfu r  e m it te d .  W hen the v a lu e  o f  the m u lt ip l i e r  i s  g iv e n  a s ,  s a y  

10, and the' ran ge  (+ or  -)  i s  l e s s  than  I. 5, it  i s  c o n s id e r e d  w e l l

v In s t a t i s t i c a l  t e r m in o lo g y  th e  m u lt ip l i e r  i s  th e  e s t im a t e d  
r e g r e s s i o n  c o e f f i c i e n t  and the ra n g e  i s  th e  e s t im a t e d  s ta n d a rd  devi-. 
a t io n  o f  the e s t im a t e d  r e g r e s s i o n  c o e f f i c ie n t .  T he m u l t ip l i e r s  m e a ­
s u r e  th e  e x p e c te d  ch a n g e  in  S w hen  the a s s o c i a t e d  V c h a n g e s  by one  
unit, a l l  o th er  V s  r e m a in in g  u n ch an ged .
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definech On the o th e r  hand, i f  the  v a lu e  of the m u lt ip l i e r  i s  10 and  

th e  r a n g e  (+ o r  -). i s  8, th is  m u lt ip l i e r  i s  not w e l l  d ef in ed , and  

c h a n c e s  a r e  that the  v a r ia b le  a s s o c i a t e d  w ith  that m u l t ip l i e r  w i l l  

not s ig n i f ic a n t ly  a f f e c t  e m i s s i o n s .  In a l l  c a s e s ,  the  v a lu e  o f  a 

s t a t i s t i c a l  p a r a m e t e r - - c a l l e d  the t -  s t a t i s t i c  - - sh o u ld  b e  c h e c k e d  to  

s e e  i f  th e  p a r t ic u la r  v a r ia b le  in  q u e s t io n  r e a l ly  d o e s  h a v e  an e f f e c t  

on  the  su lfu r  e m i s s i o n s .  T h e  output f r o m  the  c o m p u te r  p r o g r a m  

w i l l  sh ow  I) th e  m u lt ip l i e r ,  Z). i t s  r a n g e - -  g iv e n  a s  a + or  - va lu e ,  

and  3) th e  v a lu e  o f  th e  t - s t a t i s t i c .  F o r  th o s e  not f a m i l ia r  w ith  

s t a t i s t i c s ,  i t  i s  s a f e  to  sa y  fo r  r e s u l t s  in  th is  r e p o r t ,  that any m u l ­

t i p l i e r  w ith  an a s s o c i a t e d  t - v a lu e  w h o s e  m a g n itu d e  i s  g r e a t e r  than  

I . 7 d e s ig n a t e s  that the  c o r r e s p o n d in g  v a r ia b le  w i l l  h a v e  an e f fe c t  

on  s u lfu r  e m i s s i o n s  at l e a s t  95% o f  the  t im e .  A  n e g a t iv e  v a lu e  for  

th e  t - s t a t i s t i c  m e a n s  that an in v e r s e  r e la t io n s h ip  e x i s t s  b e tw e e n  the  

v a r ia b le  and the  su lfu r  b e in g  e m it te d .  T he la r g e r  th e  t - v a lu e ,  the  

g r e a t e r  th e  e f f e c t  of that v a r ia b le .  v *

* T h is  c r u d e  e x p la n a t io n  of m u lt ip le  l in e a r  r e g r e s s i o n  h a s  
b e e n  a d e l ib e r a te  o v e r s im p l i f i c a t i o n  to a v o id  undue c o n fu s io n  to 
t h o s e  r e a d e r s  w ho h a v e  no b a ck g ro u n d  in  s t a t i s t i c s  but a r e  fa m i l ia r  
w ith  K raft  r e c o v e r y  u n it s .  T h o s e  i n t e r e s t e d  in  a m o r e  d e ta i le d  
m a t h e m a t ic a l  d i s c u s s i o n  a r e  r e f e r r e d  to a lm o s t  any  tex tb o o k  on  
s t a t i s t i c s  (5),.
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(

C aution s

A n a ly s i s  o f  data u s in g  any s t a t i s t i c a l  p r o c e d u r e  m u s t  be  

done w ith  s o m e  c a r e .  It r e q u ir e s  a k n o w led g e  o f  both  th e  n a ture  

of th e  data b e in g  ta k en  and the s t a t i s t i c a l  p r o c e d u r e  b e in g  u se d .

F o r  e x a m p le ,  i t  i s  q u ite  p o s s i b l e  that the  am ount o f  r a in  fa l l in g  in  

V ie tn a m  c o u ld  s t a t i s t i c a l l y  show  a s tr o n g  d ep en d en ce  on the am ount  

of  i c e  c r e a m  s o ld  in  the  U n ited  S ta te s .  H o w e v e r ,  no one w ould  

c o n c lu d e  that s top p in g  the  s a le  o f  i c e  c r e a m  h e r e  w o u ld  d e c r e a s e  

th e  r a in fa l l  in  V ie tn a m . In a pulp m i l l  the  am ount o f  SO^ b e fo r e  

th e  b la c k  l iq u o r  v e n tu r i  m ig h t  sh ow  a m a t h e m a t ic a l  d ep en d en ce  on  

the b r in e  f lo w in g  to th e  s e c o n d a r y  s c r u b b e r  b eyond  the  v e n tu r i .

But it  w ou ld  be m o s t  d if f ic u lt  to c o n v in c e  a r e c o v e r y  f o r e m a n  that- 

lo w e r in g  the b r in e  f lo w  r a te  w ould  r e d u c e  e m i s s i o n s  b e fo r e  the  

b la c k  l iq u o r  v e n tu r i .  A  c a u s a l  r e la t io n s h ip  s im p ly  d o e s  not e x i s t  

in  e i th e r  of the ab ove  e x a m p le s .

T h e  p o in t  of th e  ab o v e  d i s c u s s i o n  i s  that the v a r ia b le s  to be  

u s e d  in  a s t a t i s t i c a l  a n a ly s i s  m u s t  be  c h o s e n  c a r e f u l ly .  S o m e  s i m ­

p le  q u a n tita t iv e  e x a m p le s  w i l l  h e lp  sh ow  o th e r  p r o b le m s  w h ich  co u ld  

a r i s e  f r o m  an  u n w is e  c h o ic e  of v a r i a b l e s .
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E x a m p le  I '

C o n s id e r  the fo l lo w in g  s e t  o f  data u s in g  Y a s  the d e ­
p en d en t v a r ia b le  and X 1 s a s  the  in d ep en d en t o n e s .

Y_ ■ J ? ! • - X 2

102 I 2
304 3 •4
506 5 ...6
708 7 8

If both  X^ and X^ a r e  c o n s id e r e d ,  the Y ,v a lu es  f i t  the  
eq u ation

Y = IOOX1 + ZX2 + 0 

If o n ly  X 1 i s  c o n s id e r e d

Y = I O lX 1 + I

In th is  e x a m p le ,  o m it t in g  X 2 f r o m  the eq u ation  d o es  not  
g r e a t ly  ch an ge  th e  c o e f f i c i e n t  on X 1 b e c a u s e  Y dep en d s  
m u c h  m o r e  on X 1 than  it  d o es  on X 2 .

E x a m p le  2

A g a in  c o n s id e r  Y as  the  d ep endent and X 1 s a s . t h e  i n ­
d ep endent v a r i a b l e s .

Y X 1 ii2

8 I 2
18 3 4
28 5 6
38 7 8
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U s in g  both  and X^: Y = ZX^ + 3Xg + 0 
U s in g  o n ly  X^ : Y = SX^ + 3
U s in g  o n ly  X^ : Y = SX^ - 2

T h is  e x a m p le  sh o w s  that o m i s s i o n  of a v a r ia b le  w h ich  
a c tu a l ly  d o e s  h a v e  a s ig n i f ic a n t  e f f e c t  on Y w i l l  c a u s e  
c o n s id e r a b le  ch an ge  in  the  m u lt ip l i e r  on the o th e r  
v a r ia b le .

In r e a l i t y ,  w hen  10 o r  m o r e  v a r ia b le s  a r e  b e in g  a n a ly ze d ,  

o m i s s i o n  o f  one s ig n if ic a n t  v a r ia b le  w i l l  not ch an ge  m u l t ip l i e r s  of  

the  o th e r  v a r i a b l e s  a s  s e r i o u s l y  a s  in d ic a te d  in  E x a m p le  2. T h e  

p r im a r y  po in t o f  the  e x a m p le s  i s  to sh ow  that th e  m u lt ip l i e r  on a 

g iv e n  v a r ia b le  w i l l  ch an ge  w hen  th e  to ta l  n u m b e r  o f  v a r ia b le s  b e in g  

a n a ly z e d  v a r i e s .  T h is  w i l l  happen  e v e n  i f  a l l  the  v a r i a b l e s  o m it te d  

had  l i t t l e  o r  no e f f e c t  on th e  d ep endent v a r ia b le .

A  f in a l  ca u t io n  i s  to .avoid e x tr a p o la t io n  of th e  c o n c lu s io n s  

f r o m  a r e g r e s s i o n  a n a ly s i s .  F o r  e x a m p le ,  i f  H^S e m i s s i o n s  a r e  

show n  to d e c r e a s e  w hen  the t e r t i a r y  a ir  f lo w  ra te  i s  i n c r e a s e d  f r o m  

10 to  15 a r b i t r a r y  u n it s ,  th e r e  i s  no g u a r a n te e  that th e y  w ould  c o n ­

t in u e  to d e c r e a s e  i f  th e  t e r t i a r y  f lo w  w e r e  in c r e a s e d  to  20 a r b i t r a r y  

u n it s .

' V a r ia b le s  C o n s id e r e d

,For s im p l i c i t y  in  in t e r p r e ta t io n  of r e s u l t s ,  o n ly  th e  v a r ia b le s

sh ow n  on lo g  s h e e t s  at M i l l  X w e r e  u s e d  for  th e  r e g r e s s i o n  a n a ly s i s .  

A  c o m p le te  l i s t  i s  show n  in  T a b le  III.
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C o m m e n ts  A bout Data

A l l  -of the data u s e d  in  th is  in v e s t ig a t io n  w e r e  c o p ie d  fr o m  

e i th e r  lo g  s h e e t s  m a in ta in e d  at th e  m i l l  o r  the su lfu r  a n a ly z e r  r e ­

c o r d e r  c h a r t s .  No a t tem p t  w a s  m a d e  to g e t  e m i s s i o n  data by  o p e r ­

a t in g  the  r e c o v e r y  unit at a s e t  of p r e - d e te r m in e d  c o n d it io n s .  It 

w a s  d e c id e d  that th e r e  w a s  enough  v a r ia t io n  o c c u r r in g  during  

'n o rm a l'  o p e r a t io n  o f  th e  unit to g iv e  m e a n in g fu l  r e s u l t s .  D uring  

the  t e s t  p e r io d  (4 w e e k s  to ta l)  s o m e  u p s e t s  (su c h  a s  fu rn a ce  

'b lackou t' o r  o th e r  m a lfu n c t io n  o f  th e  r e c o v e r y  tr a in )  o c c u r r e d  and  

w e r e  n o ted  on  th e  lo g  s h e e t s .  B e c a u s e  no n u m b er  ca n  be a s s ig n e d  

to su c h  p h en om en on , e m i s s i o n  data ta k en  during t h e s e  u p s e t s  w as  

e x c lu d e d  f r o m  the r e g r e s s i o n  a n a ly s i s .

An. im p o r ta n t  a s s u m p t io n  in  d e v e lo p m e n t  of r e g r e s s i o n  e q u a ­

t io n s  i s  that the v a lu e s  o f  the in d ep en d en t  v a r ia b le s  a r e  known  

' e x a c t ly ' .  F o r  n e a r ly  a l l  t e m p e r a tu r e  or  s ta t ic  p r e s s u r e  m e a s u r e ­

m e n t s ,  th is  a s s u m p t io n  i s  v a l id .  H o w e v e r ,  for  s e v e r a l  o f  th e  f lo w  

m e a s u r e m e n t s ,  th e  data r e c o r d e d  w a s  an ' e y e b a l l  a v e r a g in g '  o f  a 

ra p id ly  and c o n t in u o u s ly  f lu c tu a t in g  m e t e r  r ea d in g .  T h e  l e a s t  r e ­

l ia b le  r e a d in g s  w e r e  the p r im a r y ,  s e c o n d a r y ,  and t e r t i a r y  a ir  draft  

r e a d in g s .  D i s c u s s i o n  w ith  p e r s o n n e l  at the m i l l  r e v e a le d  that the  

p r o b e s  u s e d  to  ge t  th e  ab ove  draft  r e a d in g s  w e r e  s u b je c t  to freq u en t



T a b le  III. P r o c e s s  V a r ia b le s

V a r ia b le L o c a t io n U nits

I. S te a m  d ru m  p r e s s u r e C o n v e c t io n  s e c t io n
of fu r n a c e p s i

2 . S te a m  te m p e r a tu r e S a m e 0 F
3. S te a m  f lo w S a m e 1000# /h r
4. W ater  p r e s s u r e S a m e p s i

W ater  f lo w S a m e 1000# /h r
6 . P r i m a r y  a ir  f lo w B o tto m  of  ch a r  bed  in

lo w e r  fu r n a c e  a r e a 1 0 0 0 # /h r
7. S e c o n d a r y  a ir  f lo w Top o f  c h a r  bed 1000# /h r
8 . T e r t i a r y  a ir  f lo w U p p er  fu r n a c e  s e c t io n 1 0 0 0 # /h r
9. T o ta l  a ir  f lo w T o e n t ir e  fu r n a c e 1 0 0 0 # /h r

10 . A ir  t e m p e r a t u r e B e fo r e  e n te r in g  furn . ° F
11 . L iq u o r  s o l id s  con ten t B e fo r e  the  n o z z le wt %
1 2 . L iq u o r  te m p  at n o z z le S a m e  ■ < ° F
13. L iq u o r  f lo w T h ro u g h  the  n o z z le 1000# /h r
14. N o z z le  s i z e A t n o z z l e no u n its
15. N o z z le  p r e s s u r e S a m e p s i
16. S a lt  c a k e  f low To s a l t  c a k e  m ix  tank # /  m in
17. G r e e n  l iq u o r  a lk a l in ity D is s o lv in g  tank ex it # N a ?0 / f t
18. B o i l e r  e x it  g a s  te m p Out fu rn  c o n v e c  s e c o p
19. C y c lo n e  e x it  g a s  te m p Out b la c k  l iq u o r  eye 0 F
2 0 . E c o n .  e x it  g a s  te m p J u s t  b e fo r e  b la c k

liq u o r  v e n tu r i ° F
2 1 . P r i m a r y  a ir  d raft P r i m a r y  a ir  duct in . H 2O
2 2 . S e c o n d a r y  a ir  draft S e c o n d a r y  a ir  duct in .  H2O
23. T e r t i a r y  a ir  draft T e r t i a r y  a ir  duct in . H2O
24. F u r n a c e  draft A c r o s s  e n t ir e  fu rn a ce in . H2O
25. S c r e e n  and s u p e r - B o i l e r  s e c t io n  of.

h e a t e r  d raft fu r n a c e in .  H 2O
2 6 . F a n  s p e e d Shaft o f  I. D. fan R PM
27. E c o n .  diff. draft A c r o s s  E co n .  in  furn

c o n v e c t io n  s e c t io n in . H 2O
28. V e n tu r i  d iff. draft A c r o s s  b la c k  Iiq v e n tu r i in .  H2O
29. C y c lo n e  d iff. draft A c r o s s  b la c k  Iiq c y c lo n e in .  H2O
30. I. D. fan  draft B e tw e e n  in le t  and o u t le t in . H2O
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T a b le  III. P r o c e s s  V a r ia b le s  (continued)

V a r ia b le L o c a t io n U nits

31. B r in e  C y c lo n e  draft
32. B r in e  pH

A c r o s s  b r in e  c y c lo n e  
A t b r in e  s c r u b b e r  
S a m e
A t I. D. fan  b e a r in g  
A t b r in e  s c r u b b e r  
At b la c k  Iiq v en tu r i  
T op  b la c k  Iiq c y c lo n e  
W ater  in  b o i l e r

in . H2O 
pH un its  
g / c c  
I. R. D.

33. B r in e  d e n s ity
34. V i b r . of fan  shaft
35. B r in e  v e n tu r i  p r e s s .
36. V e n tu r i  h e a d e r  p r e s s .

p s i
p s i
p s i
ppm

37. C y c . h e a d e r  p r e s s .
38. T D S in  b o i l e r  w a te r

p lu g g in g  so  l i t t l e  fa ith  co u ld  be put in  t h e s e  v a lu e s .  F o r  t h e s e  

r e a s o n s ,  the  draft  r e a d in g s  w e r e  g e n e r a l ly  o m it te d  f r o m  the  r e ­

g r e s s i o n  a n a ly s e s .

A n o th er  data i t e m  w ith  o n ly  l im i t e d  a c c u r a c y  i s  th e  H^S 

c o n c e n tr a t io n  b e fo r e  th e  b la c k  l iq u o r  v e n tu r i .  H e r e ,  c l o s e  to 20% 

of  th e  r e c o r d e r  p e a k s  had gone o ff  s c a l e  and h e ig h ts  c o u ld  on ly  be  

a p p r o x im a te d .  H o w e v e r ,  o v e r  95% of  the H2S r e a d in g s  a f te r  the  

b la c k  l iq u o r  c y c lo n e  w e r e  on s c a le  and sh ou ld  be qu ite  a c c u r a te .

L o g  s h e e t  v a lu e s  fo r  g r e e n  l iq u o r  a lk a l in ity ,  b la c k  l iq u o r  

s o l id s  con ten t ,  b r in e  pH, b r in e  d e n s ity ,  and TDS b o i l e r  w a te r  w e r e  

not r e c o r d e d  on an h o u r ly  b a s i s  but u s u a l ly  th e r e  w e r e  at l e a s t  4 - 6  

v a lu e s  e a c h  day. M i s s in g  v a lu e s  for  t h e s e  v a r ia b le s  w e r e  r e c o r d e d  

a s  in t e r m e d ia t e  v a lu e s  b e tw e e n  th e  two c l o s e s t  r e c o r d e d  p o in ts .
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C o m p u te r  Output

W hen the u s e r  s p e c i f i e s  that a l l  c h e c k  c o d e s  a r e  'on', a 

s e r i e s  o f  data c h e c k  m e s s a g e s  w i l l  be p r in te d  out to in d ic a te  i n ­

c o n s i s t e n c i e s  in  th e  input data. W hen a n ew  s e t  o f  data i s  b e in g  

a n a ly z e d ,  i t  i s  a d v is a b le  to h a v e  a l l  t h e s e  c o d e s  'on '.  In r a r e  

in s t a n c e s  s o m e  v a l id  data w i l l  g e n e r a te  an e r r o r  m e s s a g e .  A fte r  

a l l  the  'bad' data i s  c o r r e c t e d ,  the  c h e c k  c o d e s  can  be  s e t  to ' o f f  

to  s u p p r e s s  p r in t in g  o f  the  e x tr a n e o u s  e r r o r  m e s s a g e s .

F o r m a l  output g e n e r a te d  by th e  r e g r e s s i o n  p r o g r a m  c o n ­

s i s t s  o f  the  fo l lo w in g  i t e m s :

1) T h e  date and t im e  p lu s  su lfu r  e m i s s i o n  at 
d e s ig n a te d  s ta ck .

2) A  l i s t  o f  a l l  the  v a r ia b le s  c o n s id e r e d  in  a 
g iv e n  r e g r e s s i o n  a n a ly s i s ,  t h e ir  m e a n  v a lu e ,  
s ta n d a r d  d ev ia t io n , s u m  of  s q u a r e s ,  m a x im u m  
and m in im u m .

3} A  ta b le  of c o r r e la t io n  c o e f f i c i e n t s  fo r  e a c h  
v a r ia b le  w ith  e v e r y  o th er  v a r ia b le .

4} A  ta b le  g iv in g  m u l t ip l i e r s  to fit  an equation ,

S = M q  + M 1V 1 + M 2V 2 + -------- + M nV n (page 125)

the  ra n g e  (+ o r  - )  o f  e a c h  m u lt ip l i e r ,  and a t - s ta t i s t ic  
to  judge  the s ig n i f ic a n c e  o f  the m u lt ip l i e r .

2
O ther  s t a t i s t i c a l  p a r a m e t e r s  R, R , and F  to c h e c k  
th e  o v e r a l l  c o r r e la t io n  s ig n i f ic a n c e .

5 }
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I t e m s  I) and 2) a r e  not show n  in  th is  r e p o r t  b e c a u s e  th e y  a r e  

a c tu a l  p lant o p e r a t in g  c o n d it io n s  and p r e s e n t in g  th e m  w ould  v io la te  

a p r io r  s e c r e c y  a g r e e m e n t .  I te m  3) i s  o m it te d  f r o m  th is  d i s c u s ­

s io n  b e c a u s e  v a lu e s  fo r  the c o r r e la t io n  c o e f f i c i e n t s  do not v a r y  

w hen  th e  n u m b e r  o f  v a r ia b le s  b e in g  a n a ly z e d  i s  ch a n g ed . T h ey  

ch a n g e  o n ly  w ith  the  n u m b e r  o f  o b s e r v a t io n s .  A f te r  e x a m in in g  

s e v e r a l  s e t s  and m a n y  s u b s e t s  o f  data, it  w a s  d e c id e d  that c o n ­

c lu s io n s  b a s e d  on the t - s t a t i s t i c  w e r e  m u c h  m o r e  r e a s o n a b le .  

E x p la n a t io n  o f  R e s u l t s  -

T he p u r p o s e  o f  th is  s t a t i s t i c a l  study  h a s  b e e n  tw ofo ld .  T he  

f i r s t  o b je c t iv e  w a s  to d i s c o v e r  w h ich  o p e r a t in g  v a r ia b le s  r e a l ly  do 

a f fe c t  s u lfu r  e m i s s i o n s .  T h e  s e c o n d  and m o r e  im p o r ta n t  g o a l w a s  

to  ra te  th e  v a r i a b l e s  in  o r d e r  of t h e ir  im p o r ta n c e .

In an ' id e a l '  r e g r e s s i o n  p r o b le m  a l l  in d ep en d en t  v a r ia b le s  

(V) w o u ld  in d iv id u a l ly  a f fe c t  th e  d ep endent one (S) the  s a m e ,  r e g a r d ­

l e s s  o f  th e  v a lu e s  o f  the  o th er  v a r ia b le s  ( V s ) .  T y p ic a l ly ,  h o w e v e r ,  

w hen  a la r g e  n u m b e r  o f  v a r ia b le s  a r e  c o n s id e r e d ,  th e r e  i s  a c o r ­

r e la t io n  b e tw e e n  the V s  a s  w e l l  a s  b e tw e e n  the V s  and S. T hen  

th e  e f f e c t  o f  e a c h  V on  S i s  u n d e r e s t im a t e d .  B y  r e d u c in g  the  n u m ­

b e r  o f  in d ep en d en t v a r i a b l e s  a n a ly z e d  a m o r e  in d ic a t iv e  m e a s u r e  of  

t h e ir  r e l a t iv e  c o n tr ib u t io n s  c a n  be  ob ta in ed . T h e  s t a t i s t i c a l  m e th o d s
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fo r  c h o o s in g  w h ich  v a r ia b le s  to e l im in a te  a r e  quite  t im e  c o n ­

su m in g ,  e v e n  w ith  d ig ita l  c o m p u t e r s .  In th is  study, v a r ia b le s  

w e r e  e l im in a te d  by e x a m in in g  the  r e c o v e r y  o p e r a t io n  and d ec id in g  

w h ic h  o n e s  co u ld  not l o g i c a l l y  a f fe c t  s u lfu r  e m i s s i o n s .  H igh ly  

q u e s t io n a b le  data w a s  a l s o  e l im in a te d  f r o m  fu r th e r  c o n s id e r a t io n .  

A ll  r e s u l t s  and c o n c lu s io n s  w e r e  b a s e d  on the 17 or  22 v a r ia b le s  

b e l i e v e d  m o s t  l ik e ly  to be in d ep en d en t  of one a n o th er  and to a f fe c t  

p r o d u c t io n  o f  o d o r o u s  g a s e s .  T h u s ,  no c o n c lu s io n s  h a v e  b een  

b a s e d  on  the  r e s u l t s  sh ow n  in  T a b le s  V a, V ia , and V ila ,  s in c e  a l l  

38 v a r ia b le s  w e r e  e x a m in e d  in  t h e s e  t a b le s .

T h e  r e a l  v a lu e  o f  th e  r e s u l t s  o f  th is  s tudy  l i e s  not so m u ch  

in  th e  fa c t  th at  i t  h a s  show n  w h ic h  v a r i a b l e s  a f f e c t  su lfu r  e m i s s i o n s  

but that it  a l s o  sh o w s  q u a n t i ta t iv e ly  the e f f e c t  of e a c h  v a r ia b le  

r e la t iv e  to th e  o t h e r s .

T h e  r e s t  of th is  s e c t io n  w i l l  a t tem p t to  e x p la in  in  t e r m s  of  

th e  a c tu a l  r e c o v e r y  p r o c e s s  the  c o n c lu s io n s  that h a v e  b e e n  r e a c h e d  

by m a t h e m a t ic a l  m e th o d s .  E a ch  v a r ia b le  show n to h a v e  an e f fe c t  

on su lfu r  e m i s s i o n s  i s  l i s t e d  and an ex p la n a t io n  o f  w hy  it  sh ou ld  (or, 

how  it  cou ld) a f f e c t  o d o ro u s  e m i s s i o n s  f r o m  the  fu r n a c e  i s  g iven .
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M o r e  a ir  to the  fu r n a c e  m e a n s  m o r e  c o m p le te  c o m b u st io n  

and t h e r e f o r e  l e s s  e m i s s i o n s .

I. D„ F a n  D raft

T h is  i s  an in d ic a t io n  of to ta l  a ir  b e in g  s u p p lie d  to the  f u r ­

n a c e ,  so  the  r e a s o n  g iv e n  ab ove  a p p l ie s .

P r i m a r y  A ir  F lo w

A s  th e  p r im a r y  a ir  f lo w  i s  in c r e a s e d ,  m o r e  c o m b u st io n  and  

l e s s  r e d u c t io n  ta k e s  p la c e  in  the  lo w e r  fu r n a c e .  T h e r e f o r e ,  l e s s  

B^S i s  s e e n  b e fo r e  the  b la c k  l iq u o r  v e n tu r i .  O ther  s tu d ie s  (6) h a v e  

show n  that H^S e m i s s i o n s  f r o m  the  v e n tu r i  e v a p o r a to r  a r e  fa v o r e d  

by lo w  c o n c e n tr a t io n  o f  r e d u c e d  s u lfu r  in  the f lu e  g a s .  T h is ,  then ,  

e x p la in s  the  d ir e c t  d ep en d en ce  of H-,S out the b la c k  l iq u o r  c y c lo n e  

on p r im a r y  a ir  f low .

S e c o n d a r y  A ir  F lo w

O r d in a r i ly  an in c r e a s e  in  s e c o n d a r y  a i r  f lo w  w o u ld  m e a n  

b e t te r  c o m b u s t io n  and l e s s  su lfu r  e m i s s i o n s .  T h is  w a s  found to be

T o t a l  A i r  F l o w

th e  c a s e  a f te r  th e  b la c k  l iq u o r  c y c lo n e .
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>}c
Y et, during  a n o th er  t im e  p e r io d  ' H^S l e v e l s  b e fo r e  the  

b la c k  l iq u o r  v en tu r i  w e r e  found to i n c r e a s e  a s  the s e c o n d a r y  a ir  

f lo w  in c r e a s e d .  T h is  ap p aren t  c o n tr a d ic t io n  can  o n ly  be ex p la in e d  

i f  w e  a s s u m e  s o m e  u n u su a l  c o n d it io n s  e x i s t e d  in  th e  fu r n a c e  during  

p a r t  o f  th e  t im e  p e r io d  in v o lv e d .  T h e  B^S l e v e l s  c o u ld  i n c r e a s e  

w ith  s e c o n d a r y  a ir  i f  a v e r y  th ic k  b la n k et  of ch a r  had  bu ilt  up t e m ­

p o r a r i ly  on the  fu r n a c e  w a l l s .  W ith an e x c e s s  o f  c h a r  p r e s e n t ,  a 

r e d u c in g  a t m o s p h e r e  c o u ld  e x i s t  in  m o r e  of the  fu r n a c e  than  i s  

n o r m a l .  T h e n  the  i n c r e a s e  in  s e c o n d a r y  a ir  w ou ld  p ro d u c e  m o r e  

H^S in s t e a d  o f  d e c r e a s in g  i t s  l e v e l .  If th is  e x c e s s  c h a r  e x i s t e d  

fo r  a s  m u c h  a s  10% of the  to ta l  t e s t  p e r io d ,  i t  co u ld  e x p la in  the  

in d ic a te d  c o r r e la t io n .

T e r t i a r y  A ir  F lo w

A s  th e  am ou n t of t e r t i a r y  a ir  i s  in c r e a s e d ,  c o m b u st io n  e f ­

f i c i e n c y  in  th e  u p p er  p o r t io n  o f  th e  fu r n a c e  i s  in c r e a s e d  and su lfu r  

e m i s s i o n s  sh ou ld  d e c r e a s e .  *

*
D ata  tak en  b e f o r e  the b la c k  l iq u o r  v en tu r i  w a s  ta k en  during  

one t w o - w e e k  p e r io d ,  w h i le  data a f te r  the  b la c k  l iq u o r  c y c lo n e  w a s  
ob ta in ed  at a d if fe r e n t  t im e ,  so  fu r n a c e  o p e r a t in g  c o n d it io n s  had  
c h a n g ed  so m e w h a t .
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I n c r e a s in g  the  s a lt  ca k e  ad d ed  to the b la ck  l iq u o r  e f f e c ­

t iv e l y  r a i s e s  th e  su lf id ity  of the l iq u o r .  W hen b la c k  l iq u o r  s u l -  

f id ity  i s  in c r e a s e d ,  both  H^S and SO^ l e v e l s  a r e  e x p e c te d  to i n ­

c r e a s e .

L iq u o r  T e m p e r a tu r e

W hen the  l iq u o r  t e m p e r a tu r e  at the n o z z le  i s  in c r e a s e d ,  the  

s p r a y  i s  f in e r  and s o m e  c a r r y - o v e r  o f  b la c k  l iq u o r  d r o p le ts  into  

the  u p per  or  p o o r  c o m b u st io n  zon e  o f  th e  fu r n a c e  w i l l  o c c u r .  T h e s e  

t in y  d r o p le ts  a r e  c a p a b le  o f  a b so r b in g  SC^ f r o m  th e  f lu e  g a s ,  so  

i t s  c o n c e n tr a t io n  w i l l  d e c r e a s e .

N o z z le  P r e s s u r e  and L iq u or  F lo w

A s  the n o z z le  p r e s s u r e  i s  in c r e a s e d ,  m o r e  l iq u o r  i s  f o r c g d  

in to  th e  fu r n a c e .  T h e  m o r e  l iq u o r  that i s  burned , th e  m o r e  e m i s ­

s io n s  th at  w i l l  r e s u l t , '  e s p e c ia l ly  i f  the  fu r n a c e  i s  o p e r a t in g  c l o s e  

to  o r  a lr e a d y  ab o v e  d e s ig n  c a p a c i ty .

S te a m  D ru m  P r e s s u r e  and S te a m  T e m p e r a tu r e

A n i n c r e a s e  in  e i th e r  o f  t h e s e  q u a n tit ie s  i s  an in d ica t io n  

that th e  fu r n a c e  i s  b e in g  o v e r lo a d e d .  T h is  m e a n s .a  p o o r  a i r / s o l i d s  

r a t io ,  and an i n c r e a s e  in  m a lo d o r o u s  e m i s s i o n s  i s  to be ex p e c te d .

Sa l t  C ake  F l o w
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W ater  f lo w  to th e  b o i l e r  i s  not a s  s e n s i t iv e  an in d ic a to r  to  

fu r n a c e  o v e r lo a d in g  a s  e i th e r  s t e a m  te m p e r a tu r e  or  p r e s s u r e ,  

but in  an e x t r e m e  c a s e  i t  co u ld  b e .  T h is  s e e m s  to be  the only  

l o g i c a l  r e a s o n  w hy SO-, e m i s s i o n s  w ou ld  c o r r e la t e  w ith  w a te r  f low .  

A ir  T e m p e r a tu r e

T h is  t e m p e r a t u r e  i s  m e a s u r e d  ju s t  b e fo r e  th e  a ir  e n te r s  

th e  r e c o v e r y  fu r n a c e .  A s  th e  a ir  t e m p e r a tu r e  i s  in c r e a s e d ,  it  

w i l l  s t r ip  m o r e  o f  the  H^S out of th e  b la c k  l iq u o r  d ry in g  on the
V

w a l l s  and su lfu r  e m i s s i o n s  sh ou ld  i n c r e a s e .

L iq u o r  S o l id s  C onten t

T he l iq u o r  s o l id s  con ten t  i s  a d ir e c t  m e a s u r e  of th e  s u l -  

f id ity  o f  the b la c k  l iq u o r .  T h is  m e a n s  that an i n c r e a s e  in  e m i s ­

s io n s  b e fo r e  th e  v e n tu r i  s c r u b b e r  i s  to  be a n t ic ip a te d .  A  w o rd  of  

ca u t io n  h e r e - - i f  th e  fu r n a c e  i s  o p e r a t in g  s l ig h t ly  b e lo w  d e s ig n  

c a p a c i ty ,  an i n c r e a s e  in  s o l id s  con ten t  w ould  not n e c e s s a r i l y  r a i s e  

e m i s s i o n  l e v e l s .  T h e  e m i s s i o n  i n c r e a s e  o c c u r s  o n ly  if  the  fu rn a ce  

i s  o p e r a te d  at o r  ab o v e  c a p a c i ty .

E x p la in in g  how  an in c r e a s e  in  s o l id s  co n ten t  w ou ld  r e la te  

to  a d e c r e a s e  in  H^S e m i s s i o n s  out th e  b la c k  l iq u o r  c y c lo n e  i s  m o r e  

c o m p lic a te d .  F i r s t ,  r e c a l l  that the s o l id s  con ten t  i s  m e a s u r e d  ju s t

W ater  F l o w
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b e fo r e  the  n o z z l e .  T h en  a s s u m e  that the  in c r e a s e  in  s o l id s  c o n ­

ten t  i s  due to the  ad d it io n  o f  m o r e  than  th e  n o r m a l  am ou n t of sa lt  

c a k e .  Next,, a s s u m e  that the e x c e s s  s a l t  ca k e  had  to b e  added  

b e c a u s e  b la c k  l iq u o r  out th e  v e n tu r i  e v a p o r a t o r - s c r u b b e r  w a s  of 

lo w e r  than  u s u a l  s o l id s  con ten t .  O ther  th in g s  b e in g  n o r m a l ,  th is  

w ould  m e a n  that the  s o l id s  co n ten t  o f  the  l iq u o r  e n te r in g  the v e n ­

tu r i  w a s  lo w e r  than  n o r m a l;  c o n s e q u e n t ly  the lo w  H^S l e v e l s . 

A d m it te d ly ,  th is  e x p la n a t io n  d ep en d s  on  s e v e r a l  a s s u m p t io n s ,  

but th e y  a r e  not e n t i r e ly  u n r e a s o n a b le .

V en tu r i  H e a d e r  P r e s s u r e

T h is  v a r ia b le  g iv e s  a d ir e c t  in d ic a t io n  o f  th e  f lo w  ra te  of  

d ilu te  b la c k  l iq u o r  to  the  v e n tu r i  e v a p o r a t o r - s c  r u b b er .  A s  the f lo w  

i n c r e a s e s ,  th e r e  i s  m o r e  c o n ta c t  b e tw e e n  f lu e  g a s  and l iq u o r .  C o n ­

s e q u e n tly ,  m o r e  H^S w ou ld  be e x p e c te d .

T h e r e  i s  no o b v io u s  r e a s o n  w hy H^S l e v e l s  b e fo r e  the b l a c k / 

l iq u o r  v e n tu r i  sh ou ld  sh ow  an i n v e r s e  r e la t io n s h ip  to th is  h ea d er  

p r e s s u r e .  T h e  e r r o n e o u s  c o r r e la t io n  h e r e  can  o n ly  b e  a ttr ib u ted  

to th e  fa c t  that s o m e  20% of  th e  H^S l e v e l s  at th is  lo c a t io n  w e r e  

e s t im a t e d  v a lu e s .  T h e  v a lu e s  had to  be e s t im a t e d  b e c a u s e  peak s  

on the  su lfu r  a n a ly z e r  had gone o ff  s c a l e .
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C y c lo n e  E x it  G as T e m p e r a tu r e  .

T h is  v a r ia b le  sh o w e d  a s tr o n g  e f f e c t  on ly  on  H^S b e fo r e  

the  b la c k  l iq u o r  v e n tu r i .  A g a in  no p r a c t i c a l  ex p la n a t io n  can  be 

o ffe r e d ,  and th is  c o r r e la t io n  i s  a l s o  c o n s id e r e d  a c o n s e q u e n c e  of  

the q u e s t io n a b le  H^S data.

G r e e n  L iq u o r  A lk a l in i ty

T h is  i s  a m e a s u r e  o f  th e  su lf id e  and ca r b o n a te  con ten t  of 

the  l iq u o r  le a v in g  the  s m e l t  tank  a f te r  th e  r e c o v e r y  fu r n a c e .  T h is  

g r e e n  l iq u o r  i s  th en  u s e d  in  the  pulp d ig e s t in g  s tep  b e fo r e  b e in g  r e ­

tu r n e d  a s  b la c k  l iq u o r  to th e  r e c o v e r y  fu r n a c e .  It s e e m s  u n lik e ly  

that the s u lf id ity  h e r e  w ou ld  b e a r  any s tr o n g  r e la t io n s h ip  to su lfu r  

e m i s s i o n s .  R e c a l l ,  h o w e v e r ,  that v a lu e s  fo r  th is  v a r ia b le  w e r e  

r e c o r d e d  o n ly  4 to 6 t i m e s  d a ily .  O ther  v a lu e s  w e r e  ta k en  as  i n t e r ­

m e d ia te  b e tw e e n  any tw o g iv e n  p o in ts .  O nce a g a in  'bad' data i s  c o n ­

s id e r e d  to  be  th e  c a u s e  of th e  c o r r e la t io n .

E c o n o m iz e r  E x it  G as T e m p e r a tu r e

H y d ro g e n  s u lf id e  e m i s s i o n s  a f te r  th e  b la c k  l iq u o r  c y c lo n e  

w e r e  sh ow n  s t a t i s t i c a l l y  to v a r y  i n v e r s e l y  w ith  th is  v a r ia b le .  T he  

t e m p e r a tu r e  i s  m e a s u r e d  out at the  fu r n a c e  but b e fo r e  the  v en tu r i  

s c r u b b e r .  R e c a l l  that th is  gas  th en  c o n ta c t s  the b la c k  l iq u o r  at the  

v e n tu r i  and w i l l  s t r ip  out H^S. P r e v io u s  in v e s t ig a t io n s  (6) have  show n
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that the va p o r  p r e s s u r e  o f  KL,S in  b la c k  l iq u o r  i n c r e a s e s  w ith  i n ­

c r e a s i n g  t e m p e r a t u r e .  T h is  m e a n s  that i f  any c o r r e la t io n  d oes  

e x i s t ,  it  sh ou ld  be d ir e c t .  H o w e v e r ,  the  e x p e r im e n t s  ju s t  m e n ­

t io n e d  a l s o  sh o w ed  that th is  t e m p e r a t u r e  e f f e c t  w a s  d w a rfed  by the  

e f f e c t  o f  pH on th is  s tr ip p in g  a c t io n .  A lth ou gh  the  i n v e r s e  c o r r e l ­

a t io n  i s  m e a n in g le s s ,  it  m ig h t  h a v e  a r i s e n  b e c a u s e  of th e  t e m p e r a -  

t u r e -p H  in te r a c t io n .  U n fo r tu n a te ly ,  th e  pH of  th is  l iq u o r  s t r e a m  

w a s  not m e a s u r e d ,  so  i t s  e f f e c t  h e r e  r e m a in s  unknown. T h is  a r g u ­

m e n t  i s  p r e s e n t e d  on ly  a s  a p o s s i b l e  ex p la n a t io n . O th erw ise  the  

c o n c lu s io n  w o u ld  h a v e  to be tak en  a s  e r r o n e o u s  fo r  in e x p l ic a b le  

r e a s o n s .

F in a l  C o m m e n ts

D uring  th is  in v e s t ig a t io n  it  b e c a m e  a p p a ren t  that the m a t h e m ­

a t ic a l  c o n c lu s io n s  a r e  o n ly  a s  r e l ia b le  a s  the data u s e d  to  c a lc u la te  

th e m .  T h e  on ly  'q u e s t io n a b le '  c o r r e la t io n s  o b ta in ed  co u ld  be a t t r i ­

buted  to  e i th e r  in s u f f ic ie n t  or  u n r e l ia b le  data. In adequ ate  r e l ia b i l i t y  

w a s  a lr e a d y  m e n t io n e d  a s  th e  ju s t i f i c a t io n  for  om itting , p a r t  of the  

o r ig in a l  38 v a r ia b le s  f r o m  m o s t  of th e  r e g r e s s i o n  a n a ly s e s .

It sh o u ld  be n o ted  h e r e  that s e p a r a te  c o n c lu s io n s  h ave  b e e n  

r e a c h e d  fo r  e a c h  g a s  at e a c h  lo c a t io n .  S o m e  v a r i a b l e s  ( s a lt  cake  

f low , l iq u o r  t e m p e r a t u r e  at n o z z le )  m ig h t  d e c r e a s e  SO^ e m i s s i o n s
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but s im u lta n e o u s ly  i n c r e a s e  the H^S l e v e l s  (or v i c e  v e r s a ) .  S t i l l  

o t h e r s ,  ( t e m p e r a tu r e  o f  a ir  in to  the  fu r n a c e ,  p r im a r y  a ir  flow ,  

s e c o n d a r y  a ir  f low , s a l t  c a k e  f low , v e n tu r i  h e a d e r  p r e s s u r e )  m ig h t  

in c r e a s e  H^S l e v e l s  b e fo r e  the b la c k  l iq u o r  v e n tu r i ,  but d e c r e a s e  

th e m  out the b la c k  l iq u o r  c y c lo n e  (or v i c e  v e r s a ) .  T h u s ,  d e c i s io n s  

w i l l  h ave  to be m a d e  about w h ich  e m i s s i o n s  a r e  l e a s t  d e s ir a b le  at 

w h ic h  lo c a t io n .  T h e n  fu r n a c e  v a r i a b l e s  can  be a d j u s t e d - - u s in g  the  

r e g r e s s i o n  r e s u l t s  a s  g u id e l in e s  - - to  r e d u c e  e m i s s i o n s  o f  the  s p e c i ­

f ie d  su lfu r  com p ou n d . T he n u m e r ic a l  v a lu e s  a s s o c i a t e d  w ith  ea ch  

v a r ia b le  sh ow n  in  the  R e s u l t s  s e c t io n  in d ic a te  w h ic h  o p e r a t in g  p a r ­

a m e t e r s  w i l l  h a v e  th e  m o s t  s ig n i f ic a n t  e f f e c t  on r e d u c in g  e m i s s i o n s .  

F o r  e x a m p le ,  r e d u c in g  s e c o n d a r y  a ir  f lo w  (+1. 07)' w o u ld  be a m o r e  

e f f e c t iv e  w a y  o f  r e d u c in g  H^S e m i s s i o n s  b e fo r e  the b la c k  l iqu or

v e n tu r i  than  w ou ld  d e c r e a s in g  t e m p e r a tu r e  o f  a ir  in to  the fu rn a ce  

*
(+. 38) .

V a lu e s  ta k en  f r o m  R e s u l t s  s e c t io n ,  p age  123.

X



CONCLUSIONS

T h is  in v e s t ig a t io n  h a s  sh ow n  that m u lt ip le  l in e a r  r e g r e s s i o n  

d o e s  in d e e d  le a d  to r e a s o n a b le  c o n c lu s io n s  about w h ich  p lant v a r i ­

a b le s  do a f fe c t  su lfu r  e m i s s i o n s .  W ith few  e x c e p t io n s ,  the  c o n ­

c l u s io n s  ca n  lo g i c a l l y  be e x p la in e d  in  t e r m s  of w hat i s  a c tu a l ly  

h ap pen in g  in  th e  fu r n a c e .  No s p e c ia l  fu r n a c e  o p e r a t in g  c o n d it io n s  

a r e  n e e d e d  to  a r r i v e  at the c o n c lu s io n s .  T h e  c o n c lu s io n s  a r e  d i r ­

e c t ly  in  t e r m s  o f  v a r i a b l e s  r e c o r d e d  on lo g  s h e e t s  at th e  m i l l .

U s in g  c o n c lu s io n s  f r o m  th e  r e g r e s s i o n  p r o g r a m  a s  g u id e l in e s ,  it  

sh ou ld  be  p o s s i b l e  to a p p r e c ia b ly  r e d u c e  e m i s s i o n s -fro m  th e  f u r ­

n a c e  a r e a .  It sh ou ld  be p o in ted  out h e r e  that ju s t  the  r e g r e s s i o n  

r e s u l t s  sh ow n  in  th is  r e p o r t  a r e  not s u f f ic ie n t  to s p e c i f y  a s e t  of 

o p e r a t in g  c o n d it io n s .  O th er  in fo r m a t io n  c a lc u la t e d  by the p r o g r a m ,  

but c o n s id e r e d  c o n f id e n t ia l ,  i s  a l s o  n e e d e d  to put a. n u m e r ic a l  v a lu e  

on the  o p e r a t in g  v a r ia b le .

U s in g  s t a t i s t i c a l  m e th o d s  to  a n a ly z e  p lan t  data s t i l l  r e q u ir e s  

a fa ir  k n o w led g e  o f  w hat the o p e r a t in g  v a r ia b le s  a c tu a l ly  m e a s u r e ,  

w h e r e  th e y  a r e  m e a s u r e d ,  and how  r e l ia b le  the m e a s u r e m e n t s  a r e .  

T h is  k n o w led g e  i s  n e c e s s a r y  in  o r d e r  to  m a k e  a r e a s o n a b le  c h o ic e  

of  the  v a r i a b l e s  to  be s tu d ied . U n l e s s  a good  c h o ic e  i s  m a d e ,  s o m e  

e x tr a n e o u s  and e r r o n e o u s  c o n c lu s io n s  can  a r i s e ,  v
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A lth ou gh  th e  m a t h e m a t ic a l  t e c h n iq u e s  h a v e  g iv e n  s e e m in g ly  

l o g i c a l  c o n c lu s io n s  about how  to r e d u c e  su lfu r  e m i s s i o n s ,  th e ir  

r e a l  v a lu e  can  be ju d g ed  o n ly  by a p lan t  s i t e  im p le m e n ta t io n  of the  

r e c o m m e n d a t io n s .  T h is  m a t h e m a t ic a l  a p p ro a ch  h a s  m a d e  no a t te m p t  

to p r e d ic t  what w i l l  happen  to s t e a m  p r o d u c t io n  or  c h e m ic a l  r e c o v ­

e r y  i f  th e  fu r n a c e  i s  o p e r a te d  so  a s  to  r e d u c e  su lfu r  e m i s s i o n s .  

R ep ea t in g ,  on ly  an in -p la n t  study  c a n  sh ow  th e  r e a l  w o r th  of the  

r e s u l t s .
-  >'

If fu r th e r  r e g r e s s i o n  s tu d ie s  a r e  m a d e ,  s o m e  a ttem p t sh ou ld  

b e m a d e  to lo o k  at a fe w  v a r i a b l e s  not l i s t e d  d ir e c t ly  on the  log  

s h e e t s .  T h e s e  w ou ld  in c lu d e  I) pH of  the b la ck  l iq u o r  at the f u r ­

n a c e  a n d /o r  at the v e n tu r i  s c r u b b e r ,  2) su lf id ity  o f  th e  b la c k  l iq u o r  

e n te r in g  th e  fu r n a c e ,  and 3) p e r c e n t  e x c e s s  in  th e  f lu e  gas  in  the  

c o n v e c t io n  s e c t io n  o f  th e  fu r n a c e .  T h en  c o n c lu s io n s  c o u ld  be m o r e  

e a s i l y  c o m p a r e d  w ith  e x p e r im e n ta l  f in d in g s  o f  o th e r  in v e s t ig a t o r s  

(6, 7). F r e q u e n t  c h e c k in g  o f  in s tr u m e n ta t io n  (p a r t ic u la r ly  the s u l ­

fur a n a ly z e r )  during a s e c o n d  study  w ou ld  r e s u l t  in  m o r e  o f  the data  

b e in g  r e l ia b le  enough  fo r  a n a ly s i s .  In s o m e  c a s e s ,  a s l ig h t  ch an ge  

of  in s t r u m e n ta t io n  o r  at l e a s t  in s tr u m e n ta t io n  lo c a t io n  (e .  g. , the  

draft  p r o b e s )  m ig h t  im p r o v e  the a c c u r a c y  of the v a r i a b l e s  b e in g

m e a s u r e d .
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P r o g r a m  D e s c r ip t io n

A  d e ta i le d  ex p la n a t io n  of th e  p r o g r a m  w i l l  not be g iven  h e r e  

b e c a u s e  m u c h  o f  the  p r o g r a m  i s  s im p ly  'bookkeep ing ' to get  the  

data a r r a n g e d  p r o p e r ly  fo r  m u lt ip le  l in e a r  r e g r e s s i o n  a n d /o r  for  

w e l l  la b e l l e d  output. T he p r o g r a m  w i l l  handle  e m i s s i o n  data fr o m  

e i th e r  th e  B a r to n  t i t r a to r  (w hich  g iv e s  a con tin u ou s  l in e )  or  f r o m  a 

c h r o m a to g r a p h ic  a n a ly z e r  (w hich g iv e s  d i s c r e t e  p ea k s  fo r  ea ch  

s a m p le ) .  It i s  s e t  up to  h an d le  a m a x im u m  of  38 p lan t  o p era t in g  

v a r i a b l e s ,  but w i l l  a c c e p t  any n u m b e r  b e tw e e n  2 and 38,

T h e  fo l lo w in g  data i s  r e a d  in  by th e  co m p u ter :

1) L a b e ls  - -a lp h a b e t ic  t i t l e s  fo r  the p lan t o p e r a t in g  v a r ia b le s ,  s a m ­
p lin g  lo c a t io n s ,  and g a s e s

2) C h e ck  c o d e s  - - to  s u p p r e s s  p r in t in g  o f  c e r t a in  e r r o r  m e s s a g e s

3) T o l e r a n c e s - - I o g i c a l  bounds for  the  o p era t in g  p a r a m e t e r s - - 
u s e d  to  c h e c k  fo r  e r r o r s  in  p u nched  data

4) C a l ib r a t io n  d a t a - - p e a k  h e ig h ts  and c o n c e n tr a t io n s  fo r  v a r io u s  
r a n g e s  o f  e a c h  su lfu r  gas

5) L og  s h e e t  d a t a - - v a lu e s  fo r  a l l  p lan t o p era t in g  v a r i a b l e s  r e ­
c o r d e d  on lo g  s h e e t s  at the m i l l

6) E m is s io n  d a t a - - p e a k  h e ig h ts  fo r  e a c h  su lfu r  s a m p le

7) V a r ia b le s  to be a n a ly z e d - - o n ly  I dependent (a lw a y s  the  c o n c e n ­
tr a t io n  o f  su lfu r  com pound) and up to 38 in d ep en d en t v a r ia b le s .  
O nly the  v a r ia b le s  s p e c i f i e d  w i l l  b e  run th rou gh  th e  r e g r e s s i o n  
p a rt  o f  the p r o g r a m .
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T he p r o g r a m  p e r f o r m s  th e  fo l lo w in g  f u n c t io n s :

1) C h e c k s  to s e e  i f  th e  lo g  s h e e t  data i s  r e a s o n a b l e - - e r r o r  m e s ­
s a g e s  ca n  be  p r in te d  out, but bad  data d o e s  not h a lt  th e  o p e r a ­
t io n .

2) C a lc u la te s  eq u a tio n s  fo r  v a r io u s  c a l ib r a t io n  c u r v e s  f r o m  the  
c a l ib r a t io n  data.

3} C a lc u la te s  e m i s s i o n  c o n c e n tr a t io n s  f r o m  p eak  h e ig h ts  u s in g  
a b ove  c a l ib r a t io n  data

4) M a tc h e s  up e m i s s i o n s  w ith  lo g  s h e e t  d a t a - - d e f i c i e n c i e s  ig n o r e d

5) P e r f o r m s  m u lt ip le  l in e a r  r e g r e s s i o n  on ly  w ith  v a r ia b le s  
s p e c i f i e d

6) L o o k s  fo r  a n o th er  s e t  o f  v a r ia b le s  - - i f  none, s to p s .

A  l i s t i n g  o f  th e  e n t ir e  p r o g r a m  i s  show n  b eg in n in g  on the

n e x t  p a g e .



P r o g r a m  L i s t i n g

The  e n t i r e  p r o g r a m -  - m a i n l i n e  and s u br o u t i n e s  - - i s  l i s t e d  

on the  f o l l owi ng  p a g e s .

T a b l e  IV.  P r o g r a m  L i s t i n g



T a b l e  IV.  P r o g r a m  Li s t i n g .

I : REAL MAXIiMIWI
2 :  OIMEMSiav I v D (38 ) i  INTX (38.)'
3!  DIMENSJ0M R ( S O ^ O )

' 4!  DIMENSION P K H T O ) i C 8 N C ( 9 ) i C U R V ( 3 0 i 5 )  i i f  EM { 5 ) i C ( 3 )
5 :  COMMON A (24 JiOATU ( ^ S O i S O i L I M E
6! COMMON MAXI( 3 3 ) , M I N I (39)  *
7 :  C6MM9N /WORDS/ LABEL ( 4 2 , 5 ) ;  NSTA( 3 ; 5 ) i NGAS( 6 , 5 )
s :  COMMON /HI  LOW/ DMIN(3S) i  DMaX(3S)
9 : COMMBN/REGtf/ NR, N C ' ROViNOBS

3 0:  NAME LIST DMINNDMAX
11:  INTEGER CK1,CK2;  CK3; DA, HR, GASi RANGE
12:  INTEGER PKS '
131 MAX  ̂ 50
14!  NVT= 39
15:  LAST = 33
16:  NDUM = 46
17 :  NLNE = 550
i s :  C read LABELS FOR VARIABLES; .STACKS; GASES 
19:  DO 361 1 = 1 , LAST .
2 0 :  361 READ( 1 0 5 , 3 6 ? )  ( LABEL( I ; J ) ; J= I ; 5 )
21 : DO 333 1 = 1 , 3
2 2 :  333 READ ( 1 0 5 , 3 6 2 )  ( NSTA( I , J ) ,  J  = I , 5)
2 3 :  DO 3333  I= 1 , 6
2 4 :  3333 READ( 1 0 5 , 3 6 2 )  (NGAS( I , J ) ,  J  = I , 5)
2 5 :  362 F 8 D:'!AT (5A4 )
2 6 :  C FIND CHECK CODES 1= YES O=NO
2 7 :  READ ( 105, 1000,ERR = 991) CKl,CK3,CK4

-O
S
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2 6 :  
2 9 :  
3 0 :  
3 1;  
3 2 :  
3 3 :  
3 4:  
3 5:  
3 6:  
3 7 :  
3 2:  
39 :  
4 0 : 
4 1:  
42 :  
43 :  
4 4;  
4 5:  
4 6 : 
4 7:  
48 :  
4 9 :
s o :
5 1 :  
5 2 :  
5 3 :  
5 4 :  
5 5 :  
5 6 :  
5 7 :  
5 8 :  
Sg:  
6 0 :

1000  FORMAT ( H 3 )
C READ TOLERANCES DATA ITE-S ----- NAMELIST INPUT

INPUT
N=O

218 READ( 1 0 5 ;  1 0 0 4 , EWD = ] 62 , ERR = 881)GAS,RANGE,NPNTS,{PKHT( I ) , CONC( I ) ,  
1 1 = 1 , NPNTS)

Nsv -!-1
1004 F ORMAT ( I I ,1 3 , 1 2 ,  1 S F 4 . 0 )

C GET FQKlS F6R CALlBATIfiN DATA JUST READ IN 
CALL CURVES (PKRT,C8NC, 'C, NPNTS)
CUR^(N, l )=f iAS 
CURV(WfZ) = RANGE 
DB a V  K = 3,6"

247 CURV(N,K)=C(K-2)
Gfi Tfi 218 

152 NT= N
Dfi 243 1 = 1 , NLNE 
Dfi 243  J=1,MAX

243 D A T U ( I , J ) = 0 .  }
LIME = O 
NCARO= c
Dfi 2000 I=I fLAST +1 .
MAXI( I ) = O-  

2000  M I N I ( I )  = IOOOC 
Gfi Tfi S

5 Dfi 55 15 = I , LAST
I F ( DATU( L I N E , 15 + 3 ) . G T pMAX I ( 1 5 ) )  MAXI( 15 ) =DATU( L I NE, I  5 + 3)
IF (p A T 'y ( L I \  E, 15 + 3) . LT pMINI ( 15 )  ) MINK 15 ) =D ATU ( L I NE, J 5+3 )

5-5 CONTINUE
C READ L&G SHEET DATA AND CHECK f 6 SEE I F IT IS REASONABLE

6 R E A O d O ^ , lC01,END = 98 f  EER = 9 99)  (A( D f  I = I f  24)
1001 FfiRMAT ( P I , 0 , 3 F 2 , 0 , F 4 . O f  3F 3 , Of  3 ( F3* 0 ,  F 4 . 0- ) ,2  ( F 4 . 0 ,  F 3 . 0  ) ,  F 4 , 0 ,

I F 2 . O, F 3 «O , F 4 » O 2 F-3, O )

-1
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61
62
63
64
65
66
67
65
69
70
71
72
73
74
75
76
77
78
79
SO
81
82
83
S 4
85
86
87
88
89
90

NCa^D = 4 C 4 R O +1 
CKE = Ad)
I F ( C K 2 , 2 0 , 1 . 9 % ,  CK? . [ G '  2 ) Q8 1 S8 
WRITE( ICS,1 0 0 2 ) MCARD 
G3T0 5

1002 FSRMATt!HO** ILLEGAL CARD NS, QN C A R D 15 )
8 I R ( C:< I ? \ 'E, I ) GO T6 9 

MQ = A(P)
DA = At 3)
HR a At 4)
CALL TI-vECKt MS, DA, HR, CKg, NCARD)
CALL DLSGCK (CK2)

9 GQ T©( 10,20), CK2 
10 LINE = LINE +1

DQ 19 ID = 1 , 2 3
19 DATU (LINE,ID)= A(ID+1)

GQ TQ §  *
20 DQ 13 M= I,LINE
13 IF ( A(2 ) ,E Q,BATU (M,1) ,AND *A(3) ,E Q,D ATU( M, 2) , AND,  A (4 ) «EQ , DATU( M,3)  

I )  G6  TG 30 "
-IFtCKloN.E, I ) G B T© 2 7 , '
WR I TE(I OS, 1003) ( AtI), 1 = 1,24)

1003 FORMAT ('N© DATE MATCH FQR CARD',24 F 5 " 0  )
27 LINE =LINE-I

GQ T@ E
C READ-RECORDER DATA, CALCULATE CONCS, MATCH UP WITH LQG DATA 

30 L I N i 2 =M
DB 29 ID = 1 , 1 8

29 DATUtLlNER,IC+23) = A(ID+4)
GO T0 E
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91: 98 NC=O
92: 99 READ ( 1 0 5 , 1 0 0 7 ,  ENO= 599, ERR=995 ) ( A U ) ,  I
93: NC = NlC + !
94: 1007 FORMAT( 2 0 F 4 , 0  )

9 5 : I F ( A(I)) 4 0 0 , 4 0 1 , 4 0 1
9 6 : 400 LQC= A(S)
9 7 : PKS =C
9 8 : GAS= At.;)
9 9 : XGAS= A(3)

loo: RANGE =A(A)
ioi; XRAN = A<4).
102: XM0 =A(S)
loss DAY =A (6)
i04: XHR =4(7)
los: NSSTA=A(S)
106; 69 T6  9 9
107: 401 L = O
los: DO 302 N=1;NT
log: 302 IF(XGA5«E©. CURV(N>I)»AND»XRAN»EGo CURV(N,2)
lio:' W R I T E U c S U 0 0 8 ) GAS,RANGE '
ill: O O :» FORMATUHOUNQ CALIBRATION DATA FOR G A S ' , 13,
1 1 2 : I'RANGE1>14/'FEAK DATA IGNORED')
U3.; 303 READ U O S U 007 ,EMD = 599,ERR = 9 9 8 ) (A(I) ,1=1,20)
114: NC= NC+I
115: IF(AU) .[Q. "I U  S© T© 400
life: Ga T8 303
117: 399 NCUR=N
118: 402 L = L+l
1 19 : IF (L - 2 0  ) 4 0 3 / 4 0 3 ,  99
iso: 403 IF (A-(L) .E^. - 9 ?  ) && T9 99
121 : PKS = PlCS + 1
lss: IF(PKS , G T , 6 /W8 STA)PKS = i
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1 53 :
1 2 4 :
1 25 :
1 26 :
1 27 :
1 2 &;
1 2 9 :
1 3 0 :
131 I
132 :
1 3 3 :
1 3 4 :
1 3 5 :
1 36 :
1 3 7 ;
1 28 :
1 3 9 :
140.:
1 4 1 :
142 :
1 4 3 ;
1 4 4 :
1 4 5 :
1 4 6 :
1 4 7 :
1 48 :
1 4 9 :
iso:
1 5 1 :
1 5 2 :
1 53 :

C6 N =0
DS 404 J= 1 , 3  
K = 4-J

404 CPN = CDN x4(L) + CURV(NCUFO K + 2)
I F M ( L )  ,OT- U  0MND. CK4.  EQ»1) WRITE ( 108 ,  2003  ) XMS, DAY, XHR, ( NGAS (GAS, 

I W 5 ) , N 5 = l , 5 ) ' ( N S T A ( L 8 C , N 5 ) , N 5 = l , 5 )  , C 8 N 
2003  FBRMATflH , F 4 * 0 , ' / ' , F 4 ^0 , V , F 4 o0 ,  » PEAK SFF SCALE FBR i , 5 A 4 , 2 X ,  

I 5 A 4 , F l 2 - ' 2 )
IF (PKS-EQ-I ) AVCgN =0«
AVCSN = AVCON + COv /6 /N9STA 
IF(PKS-NE»6/N9STA) G d  TB 402 
DQ $ 1 2 "  J 2  = I . L I N E

512 IF( XMB,jeq.DATUt J2j 1)«AN0. DATU (J2,2) »EQ« DAY ,AND, XHR «EQ«
I DAtU ( J E f 3 ) )  GS TO 409 
IF(CKl-NE,I) Ga TB 4090 
WRITE ( 108, IOim X H9, DAY, XHR

1010 FORMAT ( IHO' NB LGG SHEET FSR EHISSON DATA 0Ni F 4 * 0 , F 4 » 0 ,  V ,  
1 F 4 . 0  )
GS TS 4090

409 I F (DATUtJ2,MAX).NE'L0C,AND*DATU(J2,MAX).NE'0)G8 TB 4009
4008 DATU ( J 2 , MAX-GAS) = AVCGN 

DATU(J2,MAX) = L0C
GO TO * 1 0 3 0

4009 LINE *. LINE +1
DB 4007 1 3 = 1 , LAST 

4007 DATU CL I ME, 13 ) =- DATU ( J2, I 3 >
DATOCLINE, MAX-SAS) = AVCGN
DATV(LINE,MAX) =LBC 

4090 XHR = XHP+I
IF(XMR -24) 402,402,408 

4 08 XHR =X|+R-24
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1 5 4 : DAV=DAY+!
155: NDY=DAY
"156 5 NMW=XMp
157 : CALL DMCK(MDY^hTN)
158: XMp=NMW
159: DAY =NDv
160 J IF(XMQ-IZ)402,402,411
161: 411 XMQ = XMjQ-12
i&2: G8T@ 402
162: 599 ITEM(I) =1
164: - ITfK|(2)=2
165: ITEM(3)=3
166: ITEKK 4 ) =MAX
167: C CHECK FR Du p poLICATE DATES QN SAME STACK
168: L I M f l  = LIWE- I
169: DQ 1005 L L = I , LIMEl
170; L U  = L L +1
171: DQ IOC5 LM = LLl'LINE
172: DB 2220 IL= I U
173: 2220 IF(DATU(LL, ITEU ID ) • NE»DATU ( CM, I TEM { ID )
174: DQ 2221 J=LAST,MAX
175: 2221 IF(DATU(LM,J)•NE * O) DATU(LL,J)=DATU(LM,J)
176: DB 2222J J= I,MAX
177: 2222 DATU(LN),JJ)=0
178: 1005 CBMTINUE
179: C ARRANGE DATA ACCORDING TQ STACK
I  s o : CALL RANK(I,LINE,MAX)
181: DB 276 I = IDINE
182: 276 IF (DATU( I , KAX ).E0, 0) GQ TB 277
183: I = I-I
184; 277 NLINF =I
l s s : IF (ML HW-ESf--LrNE) G* TQ 208

Te 1005

-1
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186
187
188  
189 
I SC
191
192
193
194

206 DS 207 I=WUNE, L U E  
DS c07 J= I,MAX ■

207 DATU(IU) =0 
LIME = Ng. INF

20S IF(CK3 . N E , I )  OS T9 726
WR I TE(108,1011)

1011 FSRMATf 15X, 'CHECK SN DATA'/
IAXPHMS,AXPHDa , I5XpHHR,AXgHSTACK,4X3HH2S', 8X3HSS2 ,IsXgHBRlNE PH 
DS ! ! C l  I = U N 1LINE

195
196
197
198

210
211
212
213
214
215
216
217
218

1101 WRITE (108, I 012) DATU ( U  I UDATUf U  2), DATUf 1,3), DATUf U  50) 
IDAT1Jf I, 49 DATUf U  48 )
2,DATUf1,35)

1012 F8%MAT(4F6,0,3F1U2,20X, F9*2 )

199 C
200 C CBDES FAR DEPENDENT VARIABLE'S
201 C IY = 49 =H2S = NGAS I
202 C IY = AS = SC2 = NGAS 2
203 C IY = 47 =CHSSH = NGAS 3
204 C IY = 99 = H2S/SS2 = NGAS 4
205 C IY = 98 = H2S/CH3SH = NGAS 5
206 C IY = 97 = S92/CH3SH = NGAS 6
207  ̂C
208 • KN = O
209 726 OS 7755 IA= UMLINE

7755 DATUf I A,^DUM) =0,
IF(KN'EQ'O) GS T9"I 
DS 2 IA = I , NLINE
DB 3 J=UKN

2 DATUf I A,LAST +J + 3) =O 
KN = D

.1 RBAPf log,727,[MD =51) IY, IN, (IND ( 11 U  J I = U  IN) 
727 FSRKfAT (4012)

R E / #  (I 0 5 ,  7 2 7 )  I NX, (INTXf I IU II  =UINX )

)
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2 1 9 :  
2 2 0 : 
2 2 1 : 
2 2 2 ; 
2 2 3 :  
2 2 4 :  
2 2 5 :  
2 2 6 :  
2 2 7 :  
2 2 8 :  
2 2 9 :  
2 3 0 :  
2 3 1 :  
2 3 2 :  
2 3 3 :  
2 3 4 :  
2 3 5 :  
2 3 6 :  
2 3 7 :  
2 3 8 ;  
2 3 9 :  
2 4 0 :  
2 4 1 :  
2 4 2 :  
2 4 3 :  
2 4 4 :  
2 4 5 :
2 4 6 :  
2 4 7 :  
2 4 8 :  
2 4 9 :  
2 5 0 :  
2 5 1 :

CALL YNfKN,LAST,HAXfNLINEf 5726)
CALL C t f m ( IMTXf! N X , KNf LAST,MAX,NLINEf5726)

7717 IF ( IV,LI-100 ,AND. IY ,GT,96 ) CALL RATIBtIYfNDUMfNLlNEfMAX,NG, 
15777 )

7727 FORMAT (IHOf ' ILLEGAL DEPENDENT VARIABLE ', 13)
I F d Y . L I .  4 7 . P R . l Y . G T / 4 9 )  G8 TB 7737 
GB TB 7738

7737 WRITEt IQSf7727) TY 
GP TB 726 

7733 NG=MAX-JY.
DB 737 JL =IfNLINE
IF (DATUt JL fI Y)»GT * MAX ItLAST + 1))MAX I(LAST + 1) =DATU(JLfIY) 
IFtDATUtJLfIY),LT-m INI(LAST+I)) MINI(LAST+1)= DATU(JLfIY)

737 DATU(JL^WDUM) =DATU(JLfIY)- 
7 7 7 . L l = I
728 CALL FNDLNtUf L2, MAX)

IF ( L 1 . E 0 . L 2  ) GB TQ 726 
CALL RANK (LI, LEfNDUM)
CALL FNpO (LlfLSfLSfNDJH)
IF(D#TV(L3f NOUM)) 328,829,828'

822 NBBS = L3*L. i+l
NS = DATU(L3fMAX)
CALL RF_6 (NDUMfWGfNS,INDfINTXfIWfINX, LAST ,LlfKN)
NDUM = 46 

829 LI= L2+1
IFtLl-fvlLINF) 728, 726, 726 

C DIAGNOSTICS
988 WR I TE(I CS, 1020) NCARD 
1020 FBrTMAT ( !BAD L 80 IjATA BEFORE CARQd 15 )

GB TB 5
998 WRITEdCSf 1021 ) NC
102.1 FORMAT ('Ba d EMISSION DATA ©W CARD', 14 )

GB TB
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252: 991 WRITE (108,992)
253: 99? FBRMAt( 'BAD CHECK CARD 1)
254: CKI=I
255: CK? = I
256: G9T2216
257: 881 WP.ITE( 108,882)
258: 882 FORMAT('BAD CALIBRATION DATA')
259 2 G9 TO 218
260: 51 CAU, EXIT
261: END

I t  SUBROUTINE: CHEKI (FaKE*FK,KNA-AST^ MAX, NLINE,*)
2 S INTEGER FAXF(SS),FK
2: CdMMeN A DATA (550, 50), L I NE
42 C9MM0N/W0RDS/ LABEL (42,5), NSTA(3,5), NGAS(6,5)
52 DIMENSION VEND(S)
62 IF(FK9 FQ, 0) RETURN
72 D6 3032 I= I,FK
2 : IF(FAKEd) „ GJ» 46 .AND, FAKEfIO .LI, 50) GO- TB 9033
92 IF ( F A K F d )  'GT,  50) .G9 TO 9934

1 0:  G8 T9 9032
1 1 : c
12:  c SPECIAL CASFd--GAS C6NC IS INDEPENDENT VARIABLE 
13 :  9033  KN=KN+!'
14: NOl =FAKE(I)
15: FAKE(I) =LAST +KN
16 :  DS 9031  J 2 = l , 5
17: 9031 LA8EL(FaKE<I),J2) =NGAS I MAX-NO I,J2)
IS: NStK = OATA(I,MAX)
19: IFfN1STK , L E '  I) G9 TB 9130
20: L l - I
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2 1 :
2 2 :
23:
24:
25;
2 6 :
27:
28:
2 9:
30:
3 1 :
32:
33:
34:
3 5:
36:
37:
38:
39;
4o:
4 1:
42:
4 3:
4 4 :
45:
46:
47:
48:

L P  = NLTNE
OS 9036  MM= I / NSTK ■
CAL L F MOL Nt  L 1 ' L 2 , M A X  )
LI = L2+1

9 0 3 6  N E N p t M M + ! )  = L S  
N E W D ( I )  =O 
N S T K l =  MSTK *■ I 
DQ 1 0 0  NK = I / N S T K l  
KUO * NEND' ( N S T K - N K )
KLo = Kuy +1
K U l  = NEND CNSTK - N K t D
KLl = KUl +1
KU 2 = M E N D ( N S T i O M K t g )
OS I OC  KA = K L D K U ?
OS 10O KB= KLCfKUl
IFt DATAtKAD.) «EQ« DATA (KB,I) .AND. DATA (KA, 2 ) «EQ« DATA (KB,2)

1 ,AND. DATAtKA,3) ,[Q, DAjAtKB,3)) DATA(KR,FAKE(I)t3)
2 =DATAtKA , N G l )

100 C O N T I N U E
9 0 3 ?  C Q N T I N U E  

RE TURN
9130  W R I T E d C S , 1002)
1002 FSRNATt IHOD ONLY SNE STACK-T-NO CORRELATION POSSIBLE')

REt URMI -
9 9 3 4  W R I T F ( 1 C B , 1 C 0 3 ) F A K E ( I )
1003 FSRNaT ( IHOD ILLEGAL INDEPENDENT VARIABLE D  14)

R E T U R N I
END
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I : S U B R O U T I N E  FKDO ( L 1 , L 2 ' L 3 , N )
2: CSrtMBN A(24),DATA(550,50),LINE
3? . DB 1 0  I = L 1 , L 2
4: IQ IF (p ATA ( I , Kl) .EQ.O ) GB TB 20
5 !  2 0  L 3  = I - I
6: 'IF (L3.&g.O) Ll=I
7 :  R ETURN
8 : END

S U B R O U T I N E .=r N D L M ( L l j L O z N )
FINDS LINE WHERE DATA PB I NT N CHANGES VALUE 

C 9 N t w  A (24), Data (550, 50), L I NE 
L3 =LINE-I 
DB 20 I= LI/L3

20 IF (DATA(IzM) .NE. DATA(I+1,N ))GB TB 30 
30 LO =I 

RETURN
END

I: SUBROUTINE CURVrQ (XCAL, YCaL/ Az NPjS)
25 C RETURNS CGfFF SNLV FGR LEAST SgS FIT OF CALIB POINTS 
3: C SET UP F0R SECOMD BRDER CURVE 
4; C MULTIPLE R E G R E S S I O N  PBR UP Te 50 VARIABLES 
5! DIMENSION XMTXOz 4), AO), YCAL ( 9 ) z XCAL ( 9 )
6J NGRDR =P
7! WRBW= NGRDR+.I
S I  NC9L =NR@W+I
9: w  10 I = IzIxiReW

I :
2 ; c 
3:
4:
5:
6 ;
7 J 
g:
9:  ,

-
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i o :
l l :
1 2 :
13:
14:
15:
16:
17:
i s :
19:
2 0 :
S i :
2 2 :
23:
2 4:
2 5 ;
26:
27:
28:
29:
30:
31.:
3 2 ;
33:
3 4:
3 5 :
36:
37:
3 2:
39:
4 0:

D6 10 J = IjiNjCrL 
10 XMTX( I , J ) =C .

De 20. K= IjNPTS 
VAL =I» C 
YVAL= YCAL(K)
XVAL= XCAL(K)
D d 30 I= I,IXlRew 
XMTX(1,%) = XMTX(1, I ) +  VAL 
XMTX ( I,-MCeD = XMJX(IfNCeL) +YVAL 
VAL =VAL * XVAL 

3 0  YVAL = YVAL *XVAL 
D8 40 I= 2f i W U
XMTx (I, WR0W) = XMTX(I^NReW) +VAL

40 VAL. = VAk * XVAL 
20 CSklTIMUE

IF(NQROA-I) 41z41f 51 
51 DB 50 1= 2 i N6RDR

DB 5$ J= IfNORDR 
50 XMTX(IfJ) = XMTX U-If J+l)
41 DB 60 I=RfNiReW

DB 6 0  J= I.MCOL 
DB 6 0  K=2,I

60 XYTX(I;J)= XMTX(IfJ) - XMJX(K~IfI)*XMTX(K-Ij J) 
A(NROW) = XMjTX(NRBWf NCBL ) /XhJX (NReWf NRBW) 
DB 70 I= ?f NRGW 
K=NCGL -I
VAR = XMTX(K.» NCSD 
DB SC J =2,I 
L= MRSW +2 -J

80 VAR = VAPx - A(L) * XMjX (KfL)
A(K) = VAR/ XMTX(KfK)

/XMTX(K-IfK-I)
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4 1:
42:
4 3:

70  C O N T I N U E
RETURN
end

I: SUBROUTINE TiMECK (M,D ,H,IC,N)
2 : C CHECKS F O R ILLEGAL TIME SPEClFlCATIQN
3 : INTEGER Df H
4: IF! M = Lf»I .BR= M =ST* 12 •) wri t e (108,100) Da H , N
5: IF(DoLT * 1 =6R. D.GT, 31) WRITE!108,200) M,H, N
6: IF(H =LT.I =QR= H=GT= 24) WRITE(108,300) M,D, N
7: 100 FQRMAT( 'SAP MONTH FSR 't 13, 'DAY 1,13,  'HOUR ” -h-card '
s; 200 FORMAT{ ’RAD pA? F d R ' , 13, 'MONTH', 13,'HOUR”"°CARD'#15
9: 300 FQRMAT(igAB MgUR FBR', 13, 'MONTH',- 13, 'DAY-H=-H-CARD', J5)

1 0 : RETURN
i n END

I : 
2 : 
3:
k : 
5: 
6 : 
7: 
8 : 
9 :
1C:
1 1 :

SUBROUTINE RATr 8 ( IY,NDUM,KLINE,MAX,NG, * )
CQKlMgN A(24),DATA (550,50),LINE
NUM = I Y / ?
MDfCN = n v + i )  / p  «p
MG = a Hf MAX H-IY + 3
pe 10 I=I^NtLINE
.IF(BATA(I,NUn).EQ«0 .BR.DATA(IzNDEN) =EQ. 0) G9 TQ 10 
DATA 11 r- NDUM) = DATA ( I, NUM ) /DATA(ItNDEN)

10 C m r i N U E
RETUKNl
W

-
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i : 
2 $ 
3!  
4:  
5:  
6 : 
7:  
8 • 
9:  

105 
i l :  
1 2 : 
13:  
145 
155 
16:  
I?:  
18:  
19:  
20:  
2 1 : 
2 2 :
2 3 :
2 4 :
2 5 :
2 6 :
2 7 :
28:
2 9 :
30:
3 1 : 
3 2 :
33:

SUBROUTINE 1V5050 
DIMENSION A(S O * % Q ) j JNT(50)
CBMMgN /RESV/ts!, r\ t LL, LLL 
O B I I = V N

1 I N T ( I ) = I  
I W = I

2 IF(IW-N) 101,5,101
C FIND TtfE LEAST I GREATER THAN QR EQUAL TB IW SUCH THAT A < I, IW )
C IS GREATER THAN BR EQUAL TB A(J,IW) FBR ALL J GREATER THAN
C BR £E?UAL T# IN,

101 I=IW 
K=IW+!
DB 4 J=K,N
I Ft ABS ( A( J UI U) ) - ABS ( A U , IW)' )) 4 , 4 , 3

3 I=J
4 CBNT INUE 

IF(I-IN) 7,5,7
C INTERCHANGE RBWS

7 DB 8 J= O M  
Z = A ( I V y J )
A ( I w , J ) =A( I , u )

5 A(IyJ)=Z.
K = I N T ( I W )
I NT( IW ) = I NT( I )
INT(I)=K

5 I F ( A ( I W , IW)) 9 , 6 , 9
6 PRINT gt?2

202 FORMAT ( 18 W J R I X IS SINGULAR)
RETURN

9 Z = I % 0/A (IWJlW)
IFt IW-I)- 13,13,10

1 0  K = I W - I
DB 11 1 = 1 , K
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49  
SC
51
52
53
54
55
56
57
58

60
61
62
63
64
65

C

11  A ( ! W,  I ) =A ( I M  I W  
IF (N-IW)IZ,12,13

12 IF(M-N)15,IS,13
13 K=IW+I

05 14 I=K,M
14 A ( IW, I ) =A ( JtV, I ) *Z
15 IF(%W-N)16,23,23
16 DB 22 I =K,IV 

W=A( I , IW)
IF(W) 17,22,17

17 IF (IW"I)20,20,I S 
13 JU=JW-I

DG 19 J= I>JJ
19 A( ! , J)=A<I,J)-W*A(IN, J)
20 JJ=IW+I

06 21 J=JJ,M '
21 A(I,J)=A(I,J)-W*A(IW,J)

A(i,IW)=e=W+Z.
22 CdNT UJVB
23 A(IW,IW)=Z

IF (W-IW) £5,25,24
24 I W = IW+1 
. GS TS a

BEGIN WGRK Q N  UPPER BF DI AGQNAU ELEMENTS
25 DB 32 IW=2,W 

K=IW-I
DB 32 I=1,K 
W=A(IilW)
IF(K) 26, 32, £6

26 OS 27 J=1,K
2 7 A(JiJ)=AtIiJl-W*A (IWiJ)

IF (N-XW) ES *281 29

-
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6 6 : 28 ! FtM-M> 2 9 . 3 V 29
6 7 :  2 9  L =  I h / + 1
6 5 :  DS 3 0  J  = U M
6 9 :  30 A(f,j)=A(I,J)-W*A(lW,j)
7 0 :  3 J A t l ,  I W ) = - W + / 4 ( T W ; % W )
7 1 ;  3 2  C 8 N T I W U E
7 2 :  C if R g w s  WERE I N T E R C H A N G E D  INTERCHANGE THE CBLUMNS
7 3 :  J J = M - I
7 4 :  P B 3 7  1 = 1 * J J
7 5 :  I F ( J M T U ) - D  3 3 , 3 7 , 3 3
7 6 :  C FIWD A J  G R E A T E R  THAN I SB THAT I N T ( J ) = I
77 5 33 P B 34 J=UfV
7 8 :  I F t I W T ( J ) - J ) 3 4 , 3 5 * 3 4
79: 34 CSNTINUE
so: C I N T E R C H A N G E  THE ! T H  a n d  JTH COLUMNS
s i :  3 5  DG 3 6  K = V W
8 2 :  Z = A t K , ! )
S3 ;  A ( K , I ) = A t K , J )
84:  ■ 36 A ( (V J ) =2
8 5 :  J N T ( J ) = X N T ( J )
86:  37 CONTINUE
8 7 :  R E T U R N
88: EKfp

I •* SUBROUTINE DLDGCK (K)
c :  C SEES IF DATA POINTS ARF REASONABLE 
3:  ^COMMBN A ( 2 4 ) , DATA ( 5 5 0 ,  5 0 ) ,  LINE
4:  CBMrlQN /HILOW/ DMINt 38 > , DMAX ( 3S )
5 :  GB T6( .10,20), K
6: 10 DB 2 I =1,20
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2 IF(A(1+4),LTaDMIW(I) ,BR. A(I+4),GT" DMAX(I)) WRITEt108,100)
I I,A(2), A (3), At 4)
RETURN

20 DB 4 I= 21,38
4 IF(A( 1-16)-LI« Dm IN(I) 'BR, A(I-U) .GT« DMAX(I)) WR I TE(108, 100) 
11,A(2), A ( 3 ) ,  A( 4)

100 FORMAT (IHO ' L d Q  SHEET ITf M NB;,13,'EXCEEDS LIMITS BN', F4*0,
I F4.  o,  ' /  ' j F4»0 )
RETURN
END

SUBROUTINE RE0( I Y , N G, N S, I  ND, INTX, IN, I NX,LAST,L I , KM ) ■
REAL MJWI j-MfiX I , MI ,MA 

. INTEGER S I , B I ,  V 1 , S 2 , 0 2 ,  S 3 ,  0 3 , V3 
INTEGER SSWl
DlMEWSleW I Wp( 3 8 ) , I NTX( 38 )
DTMENSieN V ( S O ) , S V ( S O ) /  S S V ( 5 0 , 5 0 )  , R ( 5 0 , 5 0 ) ,  C ( 5 0 ) ,  STD(BO),  

I VB AR ( 5 o ) ,  SS (50)  , IU ( 4 9 )  -
PIMEWSIeN M I ( 3 % ) , MA(391 
OBMMBW A ( 2 4 ) , DATA( 5 5 0 , 5 0 ) , LINE 
CQMMeW MAXI( 3 9 ) , M I N I (39)
COMMON /WORDS/ LABEL ( 4 2 , 5 ) ,  NSTA( 3 , 5 ) ,  NGAS( 6 , 5 )
C9MM9N/REGV/ NR,WC,R , NV , NQBS
EQUIVALENCE ( S S , S S V ) ,  (V/VBAF) ,  (C,STD) ,' ( S V, R )
DATA S i , 6 1 , Vi ,  S 2 , 0 2 , S 3 , 0 3 , V 3  / !DUE « , 'TB R ' , 'EG f ,  ' ABQU',

I ’T R', ' ' TBTA' ,'L '/
NS= LAST-I  
LS= L I - 1 
NS =IY-Z
NV = IN) + IWX/2 +1
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2 0 :
2 1 :
2 2 :
2 3 :
2 4:
2 5 :
2 6 :
2 7 ;
2 2 :
2 9:
3 0 :
3 1 :
3 2 :
3 3 :
3 4:
3 5 :
3 6 :
3 7 :
3 8 :
3 9:
4 0 !
4 1 :
4 2 :
4 3:
4 4 :
4 5 !
46 ?
4 7 :
48:
4 9 :
5 0:
5 1 :

WX = NV i-l
IF ( NV«31»50  ) OB TB 729 
DB 7 I= I , NV 
SV(T) = 0«
DB 7 J a I ,  NV 

7 S S V ( I , J )  =0«
NC =0
NBB2 =NBBS
INDV = LAST +KiV +3
DB 700 K= I , WBBS
IF(DATA(K + L 3 . f  INDV) *EG$0) Ge TB 699 
Pd 701 I = I f  IW 
MA(I) = HAXH IWD(I ) )
M I ( I ) = M I N I ( IND( I ))

701 V ( I )  * DATA( K + L 9 f 3 + I N 0 ( I ))
I F ( INX . EQ' O)  Ge TB 703
DB 702  1= 2f I|VXf2
MA ( I N+I / 2  ) =HAXI ( I N T X d - D  DHAXl ( I N T X ( I ) )
MI U  W + t / 2 ) =MI NI ( I N T X ( I - I )  >*MINI ( INTXU ) )

702 VUfV+ l / Z  ) = PATA ( K + L9f I/VJX ( I -  I ) +3 ) * DATA ( K + L9f 3 + 1 NTx ( I  ) )
703 V(NV) = QATA( K + L9/  IV)

MA(iVV)= MAXI (LAST + 1)
MI(NV) =MINICLAST + 1 )
I F (NO ) 7 0 5 , 7 0 5 , 7 0 7

705 DB 706 I= I , NV
706 C(I) = V(I)

NC = I
707 DB 708 I = I , NV 

V ( I )  = V ( I )  - C U  )
70S S V ( I )  =SV( I ) + V(I)

DB 7 09 I = HlVV 
DB 709 J =Hi JV
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5 2 :  
5 3 :  
5 4:  
5 5:  
5 6 :  
5 7 :  
5 8 :  
5 9:  
6 0 :  
6 1:  
6 2 :  
6 3 :  
6 ^:  
6 5 :  
66  ? 
6 7 :  
6 8: 
6 9:  
7 0:  
7 1:  
7 2 :  
7 3 :  
7 4 :  
7 5 :  
7 6 :  
7 7:  
7 8:  
7 9 :
s o :  
s i :

7 q9 S S V ( I , J )  = S S V ( I , J )  + V ( I ) *  V ( J )
GS TO 700699 mez = fV©B2~ I

7 0 0  CONTINUE
IF ( N682  , L T ,  3)  GO TQ 967 

C RON SUMS COMPLETE
K R I T E d O S , 7 0 0 0 )  NVf NQB2

7000 FORMAT (1H1,'MULTIPLE REGRESSION WITHd 13,' VARIABLES AND' ,15 , 
I '  BBSERVAT l e w s ' )

W R I T E ( ! O S ,  7 1 0 0 ) ( W S T A ( W s , W 4 ) f  U 4 = 1 , 5 )
WRITE (,.I OBf ' 7 2 0 0 )  (NGASt NGf N4)f  N4 = 1 , 4 )
WRITE ( I O S f 3 63)363 FQRtnATtiHOf • v a r iables asso c i a t e d with c o r r e l a t i q n c o e f f i c i e n t s!/)

365 F9 R MA T  ( 1H , ' V A R ' ,  1 3 , ' = 5 A 4 )
D9 364 IZ =1» NX 
I F t  1 7 - IN ) 3 3 6 5 ,  3 3 6 5 ,  3364  

33-65 NRTTEdOSf  365)  I Zf ( LABe L d  I ND ( I Z ) ,  L U  , LL = 1 , 5  }
GB T 9  364

3364 KKK = 2* (IZ -IN) -I
WRITEt ! O S ,  3 6 5 ) I Z ,  ( L A B E L  (INTXtKKK) , L U ,  L L  = I , 5 )
WRI TEdCSf  3366)  ( LABEL < I NTX ( KKK+1 ) ,  LL ) ,  LL = I ,  5 )

3366 FQRMAT ( 9 X , < * d 5A4 )
364 CSNTINU£' KRITEdOS,3665) WV

3665 F B R M A T t  IH , ' V A R ' ,  13,  ' = CQNC Qp SULFUR GAS’ )
KR JTEdC-R, 7001 )

7001 FQRMATdHO,ZXlHIfSX 4HHEaN,7X, 13HST• DEVIATION , 5X8HVARIANCE , 
13XHHSUM QF SSUARES , 4X, ' MAXIMUM «, 7X, « MINIMUM ' )

756  FW =NeBR 
RN = 1 » / F N
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8 2 :  
8 3 :  
84: 
8 5 :  
8 6 : 
8 7 :  
8 8 : 
8 9 :  
9 0:  
91-: 
9 2 :  
9 3 :  
9 4 :  
9 5 :  
9 6 :  
9 7 :  
9 8 :  
9 9 :

loo:
ioi:
1 0 2 :
1 0 3 :
1 0 4 :
ios:
1 0 6 :
107.:
i o.8 :
1 0 9 :
lio:
i n ;
11 2 :
1 13 :
1 1 4 ;

FNl = WPB2-1
RNil = I . /FNh 
D9 757 1=1; WV
SS(L) = SSV(IfI) ” SV(I) * SV(I) * RN 
VBAR(I) = SV(I) * ON + C(I)
VAR * S S ( I )  *RN1 
S TD( I )  = SQRTF(VaR)
WRITE ([OS, 7003) If VBAR(I), STD(I)/ VAR, S3(I),MA(I),MI(I)

757 CBNTINWE
7003  FORMAT (.IH , 13,  2X 6 E l 5 ' 8  )

c COMPUTE c o r r e l a t i o n s  and s t b r e  i n  s s v  array
WRITE!1 0 2 , 7 0 0 4 )

7004  FORMAT(!HO,  BH I J  K, 4 X 'CORRELATIONS BF VARIABLES I WITH VAR
Iiasl es j t h r s v g h k •)

7009  NR = NV-I
OS 719 I =1,NR 

■IP = 1+1
DB 71.6 J =IP., NV
SCp = BSV(1., J) M, SV(I)* SV(J) * RN 

716 SSV(IfJ) = SCP /SQpTF(SS(I) * SS(J))
KS =IP
DB ?19 K = I P ,  MV, S '
KL = KS +7
J F ( KL -NV) 7 1 8 , 7 1 8 , 7 1 7

. 717 KL = NV
718 WRITE( 1 0 2 , 7 0 0 5  ) I,KS, «L,  ( S S V ( j , J )  ,  J=KS,KL )

7005  FQRNATdH , 1 2 ,  2 1 3 ,  8 F 1 1 . 6 )
719 KS =KL +1 

WRITE(109,7000) NV, NBE2 
WR I TE(108,7100) (NSTA (NS,N4),N4=I,5)

7100  FBqMAT( ' H O , 3 0 % , 'RESULTS »,5A4)
WR I TE( I  O S , 7 2 0 0 )  ( N6 AS(N0 , N4) ,  N4 = 1 , 4 )

7200 FBRMAT( IH , 3 5 X , 'FQP GAS «,5A4 / )
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H o :
1 16 :
1 1 7 :
1 1 8 :
1 1 9 :
1 2 0 :
i  2 1 S
1 2 2 :
1 2 3 :
1 2 4 :
1 2 5 :
1 2 6 :
1 2 7 :
1 2 8 :
1 2 9 :
130:
1 3 1 ;
1 3 2 :
1 3 3 :
1 3 4 :
1 3 5 :
1 3 6 :
1 3 7 :
1 3 8 :
1 3 9 :
1 4 0 :
U K
1 4 2 :
1 4 3 :
144 5
1 4 5 :
1 4 6 :

721 IF(MX +1 - MV) 7 3 3 , 7 3 0 ,  729
729 IVRITEdQg.,  728)  A/X
728 F6'RM/tT ( 1HQ> 1T68 MANY INDEPENDENT VARIABLES ' , 1 3  )

RETURN
730 J  =1

I Y = W V
DQ732 I= I ,  WV 
I F ( I -  I Y ) -  7 3 1 , 7 3 2 , 7 3 1

7 3 1  I U ( J )  = I  
J s J +  I

7 3 2  C DW T I W Ut
733 P8 738 J= I , JVX

IF ( IU(U) - 1Y) 7 3 4 , 7 3 6 , 7 3 7
734 IR = I V ( J )

R f  I ,  J + 1 )  = S g V ( I R ,  I Y )
R ( J d d )  = SSV ( I R ,  IY)
G B  TB 738

736 WRITE ( 1 0 8 , 7 3 5 )  IY, J
735 FORMAT( ! H O , 'DEPENDENT AND INDEPENDENT VARIABLES ARE SAME' , 1 3 , 1 4 ,  

I / 1M , 'PROBLEM IGNORED' J
RETURW

737 IC s I V ( J )
F d ' J + l )  = S S V ( I Y d C )
R U + 1 , I ) .  = S S V ( T Y d C )

738  c©Mri Nue  
R ( I d ) =  1 .
K -WX -1 
D@739 I =  1 , <
IR = IU(I)
I R = I + I 
R( I P ,  IP)  = 1,
IF(NYd) 899,899, S98

-1
7

0
-



1 4 7 ;
1 4 8 :
l 4 g :
iso:
1 5 1 :
1 5 2 :
1 5 3 :
154 ;
1 5 5 !
1 5 6 :
1 5 7 :
1 5 8 :
1 5 9 :
1 6 C :
1 6 1 :
1 62 :
163 :
164 :
165.;
1 6 6 ;
1 67 :
1 68 :
1 6 9 :
170:
1 7 1 ;
17 2:
1 7 3 :
1 7 4 ;
1 7 5 ;
1 7 6 :
1 77 :
1 7 8 :
1 7 9 ;

8 9 g Da- 739 J  NX
IC = I U ( J )
R d p V J + l  ) = S S V d t ? ,  I O  
R ( J  + 1 v IP ) = GSV ( IR,  I O

739 CONTINUE 
899 NR=WX+!

NC=MR
R(NRvNR) = 1 - 
CALL I Vg©50
IF ( R ( 1 , 1 ) )  7 4 Ov 7 4 Cv 741

74 0  I=I 
8 8  T8  7 if 4

7 4 1  R l  = R ( I f l )
. CSO = t . -  I */ Al

CM = S Q f c T  (CSQ)
, D=MeB2"N%-l

SE= STD(IY)  * s g % T F ( ( F N " l ) / ( C * R l ) )
I^RITl ( I OBv VBi  T >

7611 FORMAT( I MO, » INDEPENDENT VARIABLE = CONC 9F SULFUR GAS' )
WRITE< 1 0 | ,  7 6 0

766 F&RMATdW , RS Xd  MULTIPLIER' ,  6 X, 'RANGE (+OR” ) ' , 3 X ,  ' T^STATT ST I C ' )
6  N = VBARdY.)
@C= -STD(IY)ZRl 
DO 747 I  = 2 1NR 
J  = I U ( I - I )
B= Sc  ifcRdv I IASTD(J)
IF ( R d d ) )  7 4 4 , 7 4 4 ,  745

744 WRITE( 1 0 8 , 7 4 3 ) I 
743 FORMAT(!HO) ' C l  AGONAL ELEMENT' ,12,  ' I S  NEGATIVE BR ZERO * PROBLEM IQ

I W E D '  )
KEt URM

745 RP = - R ( U l ) /  S Q R T F ( R d d )  *R1)
S3 * B* S ^ R T F (( I -  RP » « P ) / b ) / R P
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i s o :
1 8 1 :
1 82 :
1 83 :
1 8 4 :
1 8 5 :
1 8 6 :
1 87 :
1 8 8 :
1 8 9 :
1 9 0 :
1 91 :
192?
1 9 3 :
1 9 4 :
1 9 5 :
1 96 :
1 9 7 :
1 98 :
1 99 :
2 o o :
2 0 1 :
2 0 2 ;
2 0 3 :
2 0 4 :

T = B/  $8
I F ( J  , GT. IM ) Gd T9 7772
WRITE ( 108, 778 ) (LABEL ( IWD(J) , J4 ), J4 = I 5 ), B, S3/T 

772 FORMATtIH , 2 X / 5 A 4 ,  2E1 6 .& ,  F I Q , 2)
08 T@ 7 u7

7772 KK a 2 * ( J - I K ) - I
WRITE( 1 0 8 / 7 7 2 )  (LABELd^TX( KK) /  L D  / LL = 1 , 5 ) / B , S B / T  
WR I T E(lag/7 7 8 2 ) (LABEL(INTXtKK+!)/ LL ),LL = l / 5 )

7782 FGRMATfiH / I X , ' *  ' , 5A4 )
747 6N = Bhl -B * VSAR(J)

J  = O
WRITE ( 1 0 8 / 8 7 2 )  SM

872  FORMAT (Hi  /2X, 'CONSTANT C 6 E F F ' / 6 X / E 1 6 , 8 )WRITE (I OS/77«5) CM/CSO/SE
775  FORMAT ( IH / ^ l  HfMULT I PLE R= F 6 . 4 / 1 1 H ,  R SQUARE =

I F6 » 4 / 3 X 16HST ERROR OF EST= E 1 6 , 8 )
WRITE( 1 0 8 , 7 7 6 )

776 F G R W T d H  / 2X6MSSURCE/6X, 2HDF/. 8X2HSS, 14X2HMS, 13X1 HF )
SSR = CSS * S S ( I Y )
XM= NX
RM5 = 5SR/XN 
SSA a SS(IY) - SSR 
AMS = SSA /D
FR ? T C / AMS
WRITE ( 1 0 8 ,  7g0)  S I / B I /  V)./ NX, SSR/ RMS, FR
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205: OCOP- F d R M A T t i H  , BA4» Ag, 16, 2 E 1 6 . 8 /  F 1 0 . 2  )206: K = N 0 B % - I  - N X
207: W R T T E t 102,780) 5 2 , 8 2 , VI ,  K, SSAi AMS
2 0 8 : K = 2 - 1
2 0 9 ! W R I T E t 1 0 8 , 7 8 0 )  S3 ,  8 3 ,  V3,  K, SS ( I Y)
2 io: GQ T6 9g9
2 u : 967 W R I T E  ( 1 0 8 , 9 7 7 )
2 1 2 : 977 FORMAT( ' MG ©BSERVATI8NS--N0 R E G R E S S I B N  ANALYSIS'  )
2 1 3 : 98=i R E T U R N
2 1 4 ;  - END

/

I: SUBROUTINE OMCKtND, Md)
2: C CHECK Da-TE F d R  MSNTH CHANGE -WSNT WORK QN LEAP YEAR
3: i f (Md ,LE, 28) r e t u r n
4: IF(MD.ST*20 .AND. Me.EO'2) G8 T9 10
5: IF (ND» CT,3 0» ANCM MG.EG•4,QR« MQeEQ.6 ,SR, M@.EQ,9 ,OR.MB,EQ,11))
6 2 1G8 T& 29
7: IF(WD , G T , 3 1 )  60  TO 30
8: RETURN
9: 10 ND =ND-28

io; GQ 16 4q
11: 20 WD=ND-SO
12: GQ Tb 40
13: 30 MD=WO-Sl
14: 40 M0=M&+1
15: RETURN
16: END

-1
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I :
2 :
3:
b :
5 S
61
7:
8 :

ioi
1 1 :
12 S
13:
14;
35;
14:
17:

SUBRSlfT IME RAltk (L.>LO/ M)
C SeRTS DATA ACCsRDItVS T@ ITEM SPECIFIED BY W 

D IAlEMS I SM DUM(SO) .
CQMWeM A ( 2 4 w D a t a ( 5 5 0 * 5 0 WLINE
L3 = LO »1
I F ( L e 67» 1 3 JRETURtf
DQ 290  K =L*L3
L2 = K+l ' "
D5 800 J=LZzLO
IF ( OATA(KzIV) .GE' DATA (Jztf) ) Gd TQ 8,00
DdSOl J= 1*50
DUM (I) * DATA (KzI)
DATA (KzI) = PATA (JzI)

BD3 DATA (JzI) = PUM (I)
80D CQtfTJMUE 

RETURtf 
EWD
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P r o g r a m  Output

T he output sh ow n  in  th e  fo llo w in g  ta b le s  i s  o n ly  a p art o f  

th e  output g e n e r a te d  by th e  c o m p u ter  p r o g r a m  ju s t  sh ow n . T he  

r e s t  i s ,  h o w e v e r , c o n s id e r e d  c o n f id e n t ia l and i s  o m itte d  fr o m  

th is  r e p o r t .

T a b le  V . R e s u lt s  B e fo r e  th e B la c k  L iq u or  
V e n tu r i fo r  G as SO^

N



T a b le  V a .  F o r  a l l  39 V a r i a b l e s .

MULTIPLE REGRESSION Wj t H 39 VARIABLES AND 121 OBSERVATIONS

RESULTS BEFORE B - L I Q e VENTRI 
FOR GAS S02

DEPENDENT VARIABLE = CQNC QF SULFUR GAS
MULTIPLIER RANGE (+OR.)  TmSTATISTIC

steam drum p r e s s w, 2 3 G 62 g 4IE Ol o 27 s 54 1 1g E Ql - « 8 5
STEAm TEMP--DEG F , 1 4 9 6 9 9 0 2 E Ol # 1 7 74 3 2 0 62 01 #84
steam  Fuew »349Q5577E Ol # 3 4 33 0 0 8 22 Ol 1 , 0 2
WATER PRESS ms 13116875E Ol # 1 3 8 20 3 9 1 2 01 - a 95
WATER FLOW ", .5 69 0 4 9 55 E Ol , 3 0 9 5 0 2 6 0 2 Ol " 1 , 8 4
PRIM AIR FLOW . 4 4 3 5 7 8 7 2 E Ol » 9 8 44 6 2 9 32 01 , 4 5
SEC AIR FLOW #70 3 6 9 5 49 2 Ol # 9 8 24 3 2 4 62 01 , 7 2
TEPT AIR FLOW • 4 5 9 9 6 15 1 E Ol = 1 5 3 5 41 4 4 2 , 02 , 3 0
TOTAL AIR FLOW - . 9 3 1 S 5 1 7 4 E Ol , 5 2 1 2 4 1 3 8 2 Ol - 1 , 7 9
AIR TEMR • 2 6 4 1 99 6 4 E Ol , 3 8 9 3 5 3 0 8 2 Ol »68
LIQUOR SOLIDS CONTNT * 4 7 14R697E 02 # 3 2 13 4 7 9 62 02 1 , 4 7
LIQUOR TEMP AT NOZ - • 1 S 8 2 R 58 3 E 02 , 8 q6336Q2E Ol * 2 , 3 4
LIQUOR FLOW » 7 6 3 7 9 4 7 IE Ol # 7 1 40 0 2 5 12 Ol . I ' 0 7
NOZZLE SIZE * QOQQOOOQE OO # 0 0 00 0 0 0 02 OO , 0 0
NOZZLE PRESS # 1 8 6649482 02 » 2 8 84 5 0 6 25 02 «65
SALT CAKE FLOW #23 4 7 3 0 72 5 Cl # 1 1 1 17 1 7 2 2 Ol 2 , 1 1
GR LIQ ALKALINITY # 1 3 3965075 03 » 5 8 74 3 7 13 2 02 2 , 2 8
BOILER EXIT GAS TEMp #114 77 1 7 5 5 Ql » 9 6 31 9 0 44 2 OO 1 , 1 9
CYC EXIT GAS TEMP # 2 5 1 89 0 2 8 5 Ol , 8 6 9 8 7 7 8 2 6 Ol ' 2 9
ECQN EXIT GAS TEMP - » 1 1 0 4 9 4 0 4 5 Ol # 8 6 02 6 9 31 2 OO - 1 , 2 8
PRIM A f R - - I N ,  H20 . 2 2 4 0 5 6 5 5 E 02 »57 2 0 2 4 23 2 02 , 3 9
SEc A I R - I N ,  H20 - # 3 8 4 9 0 3 5 6 2 02 , 5 9 7 2 3 4 1 9 2 02 «64
TERT A I R - I N . H2 0 #112 72 2 2 8 5 02 , 4 0 1 3 4 4 3 0 2 02 , 2 8

-176-



FURNACE draft •10411888E OS «521408842 OS ,20
SCRN & S=H« DRAFT »«12B32442E 02 ,16439317E 03 ” e OS
FAN RePeMe * 12431564E Ol ,83636218E OO 1*49
ECONBMIZER DIFF DRAF ,31738739E Cl ,70168638E 01 *45
VENTURI DIFF DdAFT ,13142641E 02 ,19393219E 02 , 68
CYCLONE DIFF DRAFT .59C7S027E 02 ,64498917E OS' , = 92
I * D» FAN DRAFT .13938663E CS .21415039E OS * 65
BRINE CYC DRAFT■ -•61961746E Ol ,10607262E 02 . "*58
BRINE RH ,57490707E 02 ,152560942 03 ,38
BRINE DENSITY -,75570972E 03 *692186282 03 "1*09
v i b r a t i o n fan b ea rn g •• »804973602 Ol *137980112 02 " e 58
BRINE VENTURI pRESS "■,1376474OE 02 .225366822 02 ", 83
VENTURI HDR PRESS -*613670252 Ql .85732889E Ol ", 72
CYCLGNE HDR PRESS ',140992432 02 ,26290146E OS »54
TDS BBTLER WATER •13596606E 00 .18437016E OO ,74
c o n s t a n t CGEFF «,87612476E 03

MULTIPLE R= *8725, R SQUARE= •7613 ST ERROR BF EST =
SQURCE DF

DUE TB REG 38
ABBUT REG 82

TBTAL 120

SS
,29429940E 07
• 3?291 COOE 06
* SgSSSOtOE '07

MS
,774471872 OS 
• U255000E OS

F
6 , 8 8

,106o8954E q3

-L
L
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Table Vb. For 22 S e le c te d  V a r ia b le s .
m u l t i p l e  r e g r e s s i o n  WI TH 2 2  v a r i a b l e s  AND 1 2 1  o b s e r v a t i o n s

R E S U L T S  B E F s R E  Q e L j Q *  VE NT RJ  
F BR GAS SO?-

DEPENDENT VARIABLE = CONC OF SULFUR GAS
MULTIPLIER RANGE (+GR.») T-STATISTIC ......

STEAM DRUM PRESS TeASlSElOEEa■01 , 2 4 0 1 6 3 5 2 5 0.1 " e 02
STEAM TEMP--DEG F - , 8 R 5 8 1 2 7 6 E OO * 1 2 7 9 7 0 5 0 5 Ol - • 6 9
STEAM F L9 W •35088396E Cl . 2 9 8 7 9 1 7 9 5 Ol 1,17
wat er pre ss . . 1 1 2 4 1 3 7 0 E OO . 1 1 5 3 4 9 9 6 5 Ol " e I O
WATER PLBW " # 6 9 4 8 6 6 6 6 E Cl »277490815 Ql -2*50
PRIM AIR FLGW , 9 9 2 8 4 1 2 4 E Ol . 6 1 7 1 8 7 9 8 5 Ol 1,61 ■■
SEC AIR FLGW •37032070E Ol * 7 1 5 1 8 9 2 7 5 Ol . 5 2
TERT AIR FLBW - , 6 7 4 2 2 1 1 3 E Ol . 1 1 6 4 1 6 7 3 5 02 - »58
TBTAL AJR FLBW - . S 3 1 6 3 4 2 4 E Ol , 2 7 5 3 3 1 5 0 5 Ol **3»02
AIR TEMP . 1 1 3 9 6 6 0 1 E Ol , 2 5 0 2 4 3 7 6 5 Ol , 4 8  I
LIQUOR SBLlDS CBNTNT «41930252E 0 2 . 2 4 7 9 9 5 1 5 5 02 1 . 6 9  2
L I QUBr TEMP AT NOZ - , 1 9 0 2 5 1 9 2 E 02 ■ , 6 4 1 8 2 4 2 5 5 Ol -2*96 *
LIQUOR FLOW «993225295 Ol , 5 7 5 5 0 2 3 0 5 Ol 1,73
NBZZLE PRESS . 4 4 3 0 0 3 0 8 E 02 *219985355 02 2 . 0 1
SALT CAKE FLOW «285677435 Cl . 9 5 9 1 9 2 9 9 5 CO 2 * 9 8
GR LIQ ALKALINITY * 1 3 6 2 7 2 8 1 5 03 . 5 0 5 5 7 2 2 0 5 02 2 . 7 0
BOILER EXIT GAS TEMR »837213645 OO , 7 4 1 3 3 4 3 2 5 OO 1*13
CYC EXIT GAS TEMP ”* 6413q936E Ol e7Q643o82E Ol - »91
ECGN E X I T  GAS TEMR -»»224172335 OO , 7 0 1 1 2 1 3 3 5 OO -a 32
I»D• FAN DRAFT * 1 0 8 8 5 9 3 8 5 02 . 1 7 5 4 2 7 2 5 5 02 ,6 2
VENTURI HDR PRESS - * 3 5 5 1 0 1 9 7 5 Ol , 5 7 3 6 2 8 0 4 5 Ol -*62
c o n s t a n t C6EFF - * 7 2 0 2 2 6 7 5 5 0 2MULTIPLE R= » 8 5 1 3 ,  R SQUARE? *7246 ST ERRGR BF EST= «103694675 Q3
S O URC E DF S S MS F

DUE TB REG 2 1 • 2 8 0 1 3 9 7 0 5 0 7 • 1 3 3 3 9 9 8 1 5  0 6 1 2 , 4 1
ABBUT REG 9 9 . 1 0 6 4 5 0 7 0 5 0 7 , 1 0 7 5 2 5 9 4 5  0 5

T O T A L 1 2 0 * 3 8 6 5 9 0 4 0 5 0 7

-1
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T a b le  V c .  F o r  17 S e l e c t e d  V a r i a b l e s .

MULTIPLE REGRESSION WITH 17 VARIABLES AND 121 o b s e r v a t i o n s

RESULTS BEFORE B.LIO* VENTRI 
FGR GAS SQ2

DEPENDENT VARIABLE = CGNC GE SULFUR GAS
MULTIPLIER RANGE { T0R<- ) T-STATISTIC

PRIM AIR FLGW " 8 8 9 4 1 3 8 3 E O l , 5 8 9 8 8 1 9 9 2 Ol 1 , 5 1
SEQ AIR FLGW - . 3 9 5 4 9 0 1 7 2 Ol , 5 7 1 9 2 5 0 7 2 Ol - » 6 9
TERT AIR FLQW - . 1 8 2 3 3 4 9 0 2 02 « 9 5 98 8 3 79 2 Ol => I « 90
TGTAL AIR FLGW *•*510580832 Ol «29 0 2 9 0 26 2 Ol - 1 • 76
AIR TEMP -■•421331642 OO , 2 2 8 5 0 6 6 6 2 Ol ” 9 18
LIG1JGR SGLIDS CGNTNT - 2 67 6 3 5 8 0 E 02 , 2 2 6 2 9 0 1 3 2 02 1 . 1 8
LlQUGR TEMP AT NGZ « , 1 8 7 3 7 4 8 8 2 QS , 6 0 8 7 7 7 2 4 2 Ol -  3 9 08
LIOUGR FLGW « 1 1 7 4 q944E 0 2 , 5 5 5 8 8 6 6 5 2 Ol 2*11
NGZZLE PRESS . 4 0 7 0 8 9 5 4 2 02 • 1 9 4 6 6 0 4 9 E 02 2 . 0 9
SALT CAKE FLQW * 3 1 3 0 3 9 4 9 2 Cl »93 6 6 6 8 75 2 OO 3 * 3 4
GR LIQ ALKALINITY . 12777605E 03 • 4 9 5 3 3 4 6 3 2 02 2 , 5 8
BGILER EXIT GAS TEMP , 1 0 0 0 5 8 3 6 5 Ol , 6 8 8 2 3 3 7 3 2 OO 1*45
ECGN EXIT GAS TEMP « »6 4 3 7 o 7 6"3 E OO »68 3 7 7 7 93 2 OO « ,  94 -
.VENTURI DIFF DRAFT «15 3 5 8 4 91 5 02 »15 9 8 7 0 96 2 Q2 , 9 6
r*D.  fan  draf t = , 4 1 5 0 5 6 0 4 5 Ol ■ , 1 6 5 7 3 9 5 9 2 02 « e 25
VENTURI HDR PRESS = « 6 1 8 4 0 76 3 2 Ol . 5 2 6 9 7 8 5 9 2 Ol ” 1»17
c o n s t a n t  CGEFF - . 8 5 0 8 4 4 2 4 2 03

MULTIPLE R= . 8 3 9 9 ,  R SQUARE= . 7055  ST ERRQR GE' EST= »104628302
S O URC E  DF SS MS F

DUE TG REG 16 P 7 2 7 4 0 7 0 E  07 1 7 0 46 2 9 4 2  06 15 » 57
ABgUT REG 104 H 3 S 4 9 7 0 E  07 • 10947086E 05

TOTAL 120 • 3 8 6 5 9 0 4 0 2  07

03
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T a b le  V I. R e s u lts  B e fo r e  B la c k  L iq u or V en tu r i 
fo r  G as H^S.



T a b le  V ia .  F o r  a l l  39 V a r ia b le s .

MULTIPLE r e g r e s s i o n with 39 v a r i a b l e s and 147 b b s eRVa t i q n s

.RESULTS BEFORE B . L I Q .  VENTRI 
F Q R  GAS H2S

'DEPENDENT VARIABLE = CSNC OF"SULFUR Gas
m u l t i p l i e r RANGE ( + B R -) T-STAT I STIC

s t e a m drum p re ss «AOSglsSlE OO ,204504192 CO 1*97STEAM TEMP--DEG F . 2 4 1 0 3 5 4 6 E OO ,986779335 -Ol 2 , 4 4
STEAM FLQW ",.277010442 00 »227415925 CO -1,22
WATER nRESS ,1305419SE OO ,112.45894E CO I s 16
WATER FLGW »341277602 CO 018966967E CO 1 , 8 0
PRIM. Al R  FLQW -»187657S3E Cl . 7 2 5 2 7 6 8 9 5 CO -2.59
SE.C AIR FLQW .7S3A3511E OO ,479262595 CO 1 , 6 3
T E R T  A I R  FLQW ■ - . 2 2 1 2 4 4 3 4 E Cl »10847244E Cl -2*04
TBTAL AJR FLQW -.36318332E CO . 3 3 0 0 8 8 7 9 5 OO -1*10
AIR TEMP *» »249309062 CO ,20295602E OO -1,23
L I Q U O R  S O L I D S  CQNTNT , 4 2 6 5 8 1 8 6 E Cl ,212042435 Ol 2 , 0 1
LIQUOR TEMP AT NQZ -,338B6248E CO . 4 0 5 6 4 7 9 9 5 OO -  S 84
L I Q U O R  FLOW -»6458283lE CO . 4 4 3 4 8 9 0 7 2 00 -1*46
NOZZLE SIZE -OOOOOOOOE CO ,OOOOOOOOE 00 «00
NOZZLE PRESS »1454i6o7E Ol »189448172 Ol , 7 7
SALT CAKE FLOW *l54l9l67E”'01 ,695972442'-01 9 22
GR L I Q  ALKALINITY -»6829o6?5E Ol - . 3 8 5 7 2 5 2 1 2 Ol ' » 1 , 7 7
BOILER EXIT GAS TEMP 160191S3E OO ,607926212'" 0 1 »2,64
CYC EXIT GAS TEMP - . 2 0 4 . 0 7 0 3 5 E - '02 * 4 9 2 5 8 3 5 1 5 OO - 0 0 0
ECON EXIT GAS-TEMp -.84688187E-'01 , 5 1 6 4 9 8 0 1 2 ' -Ol »1,64
P R I M  Al  R - - I N .  H 2 0 -»54037390E Ol »381547935 01 -1*42
SEC A I R - I N .  H25 ,56615772E Ol .39403419E Ol 1*44
TERT A IR - IN•H20 -*22315464E Oi ,245734695 Ol »* 91



FURNACE DRAFT ,83449764E Ol ,33376007E Ol 2 0 5Q
SCRN S S«H• DRAFT * 2 7 2 9 4 5 4 0 5 02 * 1 0 9 1 6 9 9 7 2 02 2 * 5 0
FAN R . o , M , -.36F01333E'>01 , 5 3 2 8 2 2 2 0 2 ' -Ol = , 69
ECgNBMlZER DIFF DRAF -•731773145 CO • 45928782-2 CO -1 * 59
VENTURI DIFF DRAFT• * 1 4 5 5 4 8 8 2 5 Ol * 1 2 0 5 8 5 0 6 2 Ol 1*21
C Y c l b n f  d i f f  d r a f t f»5o57611 SE Ol , 4 6 1 9 5 7 6 5 2 Ol ."1*09I'D, FAN DRAFT - * 4 1 8 3 7 3 7 5 5 Ol •140610895 Ql - 2 * 9 8
BRINE CYC DRAFT *115207775 01 * 6 1 4 9 7 6 0 5 2 OO 1 * 8 7
BRINE RH # 2 3 0 5 7 0 5 3 5 0 2 * 8 0 0 1 2 0 2 6 2 Ol 2*88
BRINE DENSITY - * 1 3 8 3 4 2 4 9 2 02 * 3 8 6 0 7 0 7 1 2 02 >9,36
V I B R A T I O N  FAN B-EARNG -•3S645244E OO , 8 8 6 9 6 6 8 8 2 OO - * 4 4
BRINE VENTURI cRESS , 6 1 4 1 5 4 8 2 5 '01 , 1 5 0 5 3 2 6 3 2 01 4 , 0 8
VENTURI HDR PRESS -•574191575 CO •372158535 OO -1*54
c y c l b n e  h d r  p r e s s - *335744095 01 • 141-459855 Ol "!■2*37
TDS BBILER WATER -»981 41059E-■02 * 9 6 1 3 4 3 9 4 2 - - 0 2 ' -1*02
CBNSTANT CBEFF - . 6 8 4 2 3 4 3 1 2 02

MULTIPLE R= ,9 3 8 2 ,  R SQUARE:= ,8802 ST ERRBR BE E S T =  , 7 4 6 2 5 8 7 4 2  O l
SOURCE DF S S MS F

d u e  TB REG 3 5 . » 4 4 l 7 p ? 6 2 E OS- ,  1 1 6 2 4 4 0 9 E  0 4  2 0 * 8 7
A B e U T  REG 1 0 5  « 6 0 l 4 5 5 0 8 E  0 4  » 5 5 6 9 0 2 7 7 2  0 2

T OTAL  1 4 6  . 5 C 1 8 7 3 1 2 E  0 5

-
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Table VTb. For 22 Se lected Var iables .
MULTIPLE R E G R E S S I O N  WiyH 22 V A R I A B L E S  AND 147 O B S E R V A T I O N S

R E S U L T S  B E F O R E  B . L l Q e  V E N T R I  
F OR GAS H 2 S

D E P E N D E N T  V A R I A B L E CQNC OF S U L F U R  Ga s  
M U L T I P L I E R  r a n g e (+ORp ) T«STATISTIC

STEAM DRUM PRESS , 3 9 4 7 6 7 6 4 E  0 0 «24 2 1 1 5 50 2  OO 1 , 6 3
STEAM1 T E M P - - D E G  F . 1 4 6 9 1 3 8 3 E  OO , 10228479E OO 1 , 4 4
STEAM FLOW- . . 1 3 2 3 8 7 2 8 E - 0 0 . 2 7 3 3 1 9 1 8 E  00 -  9 48
WATER PRESS • 5 4 5 0 5 0 2 8 E - 0 1 «12 9 1 4 7 71 2  00 »42
water flow « 2 2065  3,8 I E CO , 2 2 3 2 9 8 7 3 E  OO , 9 9
PRIM AIR FLOW - , 5 8 4 4 6 4 3 7 E  OO , 5 3 1 3 4 5 7 3 2  0 0 “ 1*10
SEC AIR FLOW . 16430674E Ol , 4 9 6 9 0 9 8 0 E  OO 3 , 3 1
TERT AIR FLOW » » 3 1 7 8 3 2 0 9 E Ol * 9 4 3 6 2 6 1 IE OO - 3 . 3 7
TOTAL AIR FLOW - • 1 0 1 7 0 5 1 7 E  O l « 2 3 0401812  00 “ 4 , 4 1
AIR TEMp ♦ 2 1 5 7 6 3 8 1 E OO 9 1892191SE 00 1 , 1 4
LIQUOR SOLIDS CPNTNT » 2 5 5 8 5 3 3 7 F Ol , 2 4 2 1 2 1 3 2 E  O l 1*06
LIQUOR TEMP AT NOZ - « 2 1 1 3 4 1 2 7 E - 0 1 , 4 6 1 4 9 1 6 4 2  OO , “ *05
L I QUOR FLOW , 7 2 3 7 9 9 6 5 2  OO * 5 o o 8 7 2 3 l E  OO I «45
NOZZLE PRESS . 5 6 3 9 2 5 6 5 2  O l , 1 8 0 0 6 1 9 1 2  O l 3 . 1 3
SALT CAKE FLOW " « I 0 ” 5 7 1 6 SE CO » 7 9 2 0 1 1 0 2 5 - 0 1 " 1 , 3 7
GR LIO ALKALINITY - , 4 9 4 5 2 2 7 6 E  O l « 4 4 7255132  Ol - 1 . 1 1

b o i l e r  e x i t  GAS TEMP . 3 3 7 6 6 0 3 1 E - 0 1 • , 6 0 4 7 2 0 5 6 2 * 0 1 »56
CYC EXIT 'GAS TEMP - « 9 4 4 5 8 4 4 9 2  CO , 5 4 8 0 6 0 7 7 2  OO - 1 , 7 2
ECON EXIT GAS TEMP - . 7 7 9 7 9 2 6 7 E - 0 1 , 6 1 5 2 1 2 2 5 2 * 0 1 *1*27
I ' D #  FAN DRAFT - , 3 3 2 2 2 7 4 2 E  Ol , 1 4 4 6 7 2 5 8 F  Ol = 2 , 6 4
VENTURI HDR PRESS - » 1 2 8 5 3 1 6 5 E  Ol , 3 7 9 6 5 2 2 0 2  OO » 3 , 3 9
CONSTANT COEFF » 0 1 4 8 6 5 0 7 lE 03

MULTIPLE R= , 8 7 2 2 ,  R SQUARE= «76Q7 ST ERROR 0F EST =
SOURCE DF S S MS F
IE TO REG 2 1 « 3 8 17 5 88 7 5  05 «18 1 7 8 9 92 5  O4  l 8 « 9 2

ABOUT REG 1 2 5  
T OTAL  1 4 6

o 1 2 0 1 1 4 2 6 E  05
, 5 C 1 8 7 3 1 2 E  0 5

« 9 6 0 9 1 4 0 0 E  0 2

> 9 8 0 2 6 1 4 2 E  Q l
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T a b le  V ic .  F o r  17 S e le c t e d  V a r ia b le s .

M U L T I P L E  R E G R E S S I O N  WI TH 1 7  V A R I A B L E S  AND 1 4 7  O B S E R V A T I O N S

- R E S U L T S  B E F G R E  B ' L I Q .  VENTRT 
FGR GAS H 2 S

DE PE NDE NT.  V A R I A B L E  = CBNC GE S U L F U R  GAS
MULTIPLIER RANGE (+GR n ) T*STATISTIC

PRIM AIR FLOW 13184738E Ol .5Q944734E OO "2.59
SEC AIR FLOW , 2 2 S 6 6 0 3 9 E Ol = 42747819E OO 5 , 3 5
TERT AIR FLOW -.28779535E Ol »8524717IE OO •>3 * 38
TOTAL AIR FLGW ••62354820E OO ,27690977E OO * 2 * 2 7
AIR TEMR *305Q5085E OO . 1 8 7 1 5 5 4 9 5 OO 1 . 6 3
LIQUGR SOLIDS CGNTNT •32561283E Ol »220983315 Ol 1 = 47
LIQUGR TEMP AT NGZ »57935345E OO , 4 3 6 4 7 0 2 7 5 OO 1 , 3 3
LIQUGR FLGW • 53382313E CO «468751855 CO I »15
NOZZLE PRESS ' 5 1 0 0 1 1 3 9 E Ol *164551735 Ol 3 = 10
SALT CAKE FLGW ” » 1 1 2 5 o532E OO ,76825440E-"01 * I = 46
GR LIQ ALKALINITY -» 4 5 5 oo6 o3E Ol =445117665 Ol *1*02
BGILER EXIT GAS TEMF »36415230E'-Ol , 5 7 4 3 1 6 9 4 5 -Ol «63
ECBN EXIT GAS TEMP . , 4 5 1 7 9 6 4 6 5 ' -Ol . 5 9 9 6 9 4 3 6 5 -Ol " *75
VENTURI DIFF DRAFT , 1 4 0 8 0 2 9 6 E Ol »142094715 Ol , 9 9
I=D= FAN DRAFT »»45514469E Ol . 1 3 4 6 2 1 9 1 5 Ql * 3 . 3 8
VENTURI HDR PRESS -.15762901E Ol . 3 8 3 6 0 0 3 5 5 OO *4*11
CONSTANT CGEFF ™»13500143E 03

M U L T I P L E  R = » 8 5 8 6 /  R SQUARE=? = 7 3 7 1  S T E RROR BF E S T =  . 1 0 Q 7 3 4 8 4 E  OS
S B U R C 5 DF y s MS F-

DUE TB REG I 6 » 3 6 9 9 5 5 3 5 5  0 5 , 2 3 1 2 2 2 0 9 5  0 4 2 2 * 7 9
A B g U T  REG 1 3 0 . 1 3 1 9 1 7 7 7 E  0 5 = 1 0 1 4 7 5 2 0 5  0 3

T OTAL 1 4 6 « 5 0 1 8 7 3 1 2 5  0 5 .

-1
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T a b le  VII. R e s u l t s  A f te r  B la c k  L iq u o r  C y c lo n e  fo r  
G a s  H^S.



T a b le  V i la .  F o r  a l l  39 V a r ia b le s .

MULTIPLE REGRESSION W ith 39 VARIABLES and i n  OBSERVATION'S

RESULTS AFTER 8*L IQ* cYcL 
FOR GAS Has

DEPENDENT VARIABLE ; CQNG SF SULFUR GAS
M U L T I P L I E R RANGE ( + S R ' a ) T - S T A T I S T I C

STEAM d r u m  p r e s s « » 1 4 A A 6 g S l E O l , 1 0 7 7 8 8 0 9 E O l - 1 , 3 4
STEAM T E M P - - D E G  F . 4 3 5 2 1 8 2 4 E C l , 1 2 3 2 3 5 3 2 E O l 3 , 5 3
s t e a m  FLSW - , 3 1 3 4 4 1 4 6 E OO . 1 7 5 7 9 8 9 9 E O l -  * 1 8
w a t e r  p r e s s , 8 1 5 1 4 5 1 I E O l , 5 1 5 0 0 0 1 5 2 O l 1 , 5 8
WATER FLSW • . • 8 2 1 2 5 7 8 3 E - 0 1 , 2 0 2 5 8 5 8 9 2 O l - » 0 4
P R I M  A I R  FLOW , 6 1 7 9 4 3 2 3 E O l , 7 6 6 4 2 3 1 3 E O l * 8 1
S E C  A I P  FLOW » , 1 6 6 5 1 0 9 3 E 0 2 , 8 8 3 6 4 5 9 2 2 O l - 1 , 8 8
XERT A I R  FLOW 6 1 9 3 3 8 7 9 2 « ' 0 1 « 7 9 4 0 7 1 4 8 2 O l - » 0 1
T OTAL  A I R  FLOW . 2 5 6 3 4 2 7 9 E O l , 1 9 3 8 2 6 9 6 2 C l I » 3 2
A I R  TEMP * 4 1 C O l 1 1 OE O l , 3 1 6 7 5 1 8 6 2 O l 1 , 2 9
L I QUSR S O L I D S  CS NT NT - • 1 8 6 2 3 7 1 5 E 0 3 , 4 9 9 1 6 4 7 3 2 0 2 * 3 , 7 3
L I Q U O R  TEMP AT N S Z » 7 7 4 1 o 1 3 S E O l , 7 3 8 9 5 9 3 1 2 O l I  » 0 5
L I G U S R  FLOW ” * 2 0 - 6 4 2 5 4 8 2 C l » 4 6 1 3 9 3 9 3 2 O l * « 4 5
N O Z Z L E  S I Z E , 9 7 7 6 1 0 7 8 E 0 2 » 4 3 3 2 2 5 7 1 2 0 2 2 . 2 6
NO Z Z L E  P R E S S * COOOOOOOE CO • OOOOOOOOE OO * 0 0
s a l t  c a f e  f l o w « , . 1 3 6 9 7 9 8 7 2 O l , 4 0 1 7 4 1 3 1 2 O l "  » 3 4
GR L I Q  A L K A L I N I T Y , 1 1 6 2 6 4 7 8 2 0 2 , 1 8 3 6 0 3 8 2 2 0 2 e 6 3
B O I L E R  E X I T  GAS TEMP » , 1 1 6 5 3 0 5 1 2 O l . 9 0 3 9 4 7 1 7 2 OO * 1 * 2 9
CYC E X I T  GAS TEMP - * 1 6 6 4 3 8 4 8 2 C l , 3 5 5 4 3 1 4 6 2 O l - ,  4 7
ECON E X T T  GAS TEMP - , 1 5 5 8 5 7 8 5 2 O l » 6 9 6 1 0 3 5 1 2 OO - 2 , 2 4
P R I M  A I R - - J N .  H 2 0 « 3 4 5 3 5 1 5 6 2 0 2 » 4 2 0 4 3 2 1 3 2 0 2 « 8 2
S E C  AIR-IN' H 2 3 - « 1 0 7 5 3 9 4 7 2 0 3 » 4 8 4 8 3 3 5 3 2 0 2 * 2 , 2 2
T E R T  A I R - I N e H S O « " ■ 5 1 9 2 2 4 8 5 2 0 2 , 3 8 2 8 2 8 2 2 E 0 2 - I « 3 6  .
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FURNACE DRAFT * 63322067E 02
SCRN S S * H .  DRAFT . 1 5 9 0 9 4 1 9 2 03
FAN R#P.M, ’ T.12096405E- Cl
E C O N O M I Z E R  DIFF DRAF . , 8 8 4 6 1 2 1 2 E - 02
VENTURI DIFF .DRAFT- « 1 3 8 75 4 7 3 2 02
CYCLONE DIFF DRAFT ' » . 4 2 S i 5 6 i 3 E 02
I »D» FAN DRAFT , , 1 2 6 6 2 4 0 9 E 02
BRINE CYC DRAFT - . 2 2 8 6 1 2 5 2 E 02
BRINE PB , 1 0 8 5 9 0 3 6 E 03
BRINE DENSITY « 1 1 37 5 3 93 2 04

VI BRAT I PN FAN SFARh G 
BRINE VENTURI '0 RESS 
VENT-UPI HDR PRESS 
CYCUtNE HDR PRESS 
TDS b o i l e r  WATER 
c o n s t a n t - COEFF

mu l t i p l e  R= . 
SOURCE DF

DUE TO REG 
ABoUT REG 

TOTAL

, 5 6 4 9 3 7 3 2 2 OH • 1 , 1 2
, 1 8 4 4 2 6 1 8 2 03 , 8 6
. 6 0 1 1 6 5 1 2 E OO p2 »Ol
, 1 2 6 9 9 4 2 8 2 03 ■ * *70
, 1 9 0 6 6 8 3 3 2 02 «73
, 2 9 4 7 1 3 4 4 2 02 “ I «45
»15946468E 02 - • 7 9
, 2 2 2 6 2 9 7 0 2 02 » 1 , 0 3
, 2 0 6 4 9 2 2 5 2 03 , 5 3
. 5 6 1 4 5 7 2 8 2 03 2 , 0 3

• 1 3 7 7 7 0 1 3 E 02 1*81
, 2 3 1 2 4 5 8 8 2 02 «64
, 4 1 3 0 4 2 8 3 2 Cl 3 . 1 2
«267oSo69E 02 »55
, 9 4 3 6 9 9 4 8 2 ' -Ol " 2 , 3 6

OF EST= , 7 0 63 1 18 0 E  q2 
F

8 , 3 9

. 2 4 9 1 6 7 0 2 E  0 2  
»1 4OO9 6 R7 E 02 
» 1 2 8 9 5 9 1 4E 0 2  ,1 4 6 * 4 9 3 5 2 02 

. , 2 2 2 8 7 5 4 8 E  OO 
» , 1 2 4 0 3 4 7 9 E  O4 

9 0 3 2 ,  R S Q U A R E -  . 8 1 5 8  S T  E R R O R

38
72

110

SS
. 1 5 9 0 6 0 0 0 E  O7 
• 3S919200E 06 
. 1 9 4 9 7 9 2 0 E  07

MS
, 4 1 8 5 7 8 9 5 E  05
. 4 9 3 8 7 7 7 3 E  04
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Table VIIb. For 22 Se l ec ted  Variables
M U L T I P L E ' R E G R E S S I O N  WlfH 2 2  V A R I A B L E S  AND 1 1 1  O B S E R V A T I O N S

RESULTS AFTER 3 «LI q ® CYCL 
FOR GAS H 2 S

DEPENDENT VARIABLE = CONC OF SULFUR GAS
m u l t i p l i e r RANGE ( + B R = ) T-STATISTIC

STEAM DRUM P R E S S  " . , 1 2 7 7 5 0 6 8 E  O l « 1 1 01 1 5 34 5  Ol = I * 16
STEAM TEMP-=DEG F , 4 8 1 6 9 4 3 2 E .  O l . 1 1 4 6 3 9 7 6 E  Ol 4 . 2 0
STEAM FLOW , 2 4 0 8 7 6 0 8 E .  OO , 1 6 1 3 7 9 8 1 5  Oi »15
water p r e s s  ' »557-33700E Ol « 4 5 17 4 4 46 5  Ol 1 , 2 3
WATER FLOW . 16446028E Ol , 1 7 7 4 2 7 2 0 5  Ol , 9 3
PRIM AIR FLOW , 1 4 0 4 9 0 5 7 E  0 2 « 5 4 32 9 0 71 5  Ol 2 . 5 9
SEC AIR FLOW , . 1 7 5 8 4 4 5 7 E  0 2 , 6 5 7 1 1 0 4 0 5  01 = 2 e 68
TERT AIR FLOW -o 407063X51E C l . 7 1 6 2 0 0 1 6 5  O l - * 57
TOTAL AJR FLOW « 1 5 8 0 5 7 3 3 5  OO * 1 7 9 8 9 5 1 1 5  O l »09
AIR TEMP « 8 2 4 6 5 5 3 4 5  C l . 2 1 1 0 7 2 2 5 5  Ol 3 » 9 1
LIQUqR S qLIDS CqnTmT - « 9 0 1 6 0 2 7 8 5  0 2 ■ « 3 8 95 1 0 50 5  02 - 2 . 3 1  -
LlQUO-R TEMP AT NOZ « 2 0 62 9 7 97 5  Ol . 5 2 9 0 0 2 1 9 5  O l , 3 9
LIQUOR FLOW « 4 7 82 2 8 09 5  Ol . 2 0 6 7 9 6 4 6 5  O l 2 . 3 1
NOZZLE P R E S S •OOOOOOOOE OO « 0 0 00 0 0 00 5  00 , 0 0
SALT CAKE FLOW , 4 6 9 5 2 1 8 1 5  Q l » 2 9 53 0 9 4 55  Cl 1 . 5 9
GR LTQ ALKALINITY « 1 5 6 60 5 2 2 5  02 , 1 8 7 2 1 2 3 7 5  0 2 9 8 4
BOILER EXIT GAS TEMP » , 1 3 3 7 3 6 8 0 5  Ol «88 2 0 0 8 85 5  00 - 1 . 5 2
CYC EXIT GAS TEMP , - . 6 5 4 2 1 9 5 7 5  OO ' . 3 5 5 5 1 4 5 3 5  O l - « 18
E CBN EXIT GAS TFMP » « 1 2 8 9 5 3 4 6 5  O l . 6 8 4 2 2 3 4 1 E  OO » 1 , 8 8
I ® D» FAN DRAFT - . 2 1 1 4 3 9 9 7 5  OS « 1 0 92 4 7 82 5  02 - 1 . 9 4
VENTURI HDR PRESS « 8 2 0 49 6 0 8 5  Ol » 3 2 63 0 0 33 5  Ol 2 , 5 1
CONSTANT COEFF » , 3 7 0 8 8 1 6 4 5  04

MULTIPLE R= . 8 5 5 0 ,  R SQUARE= «7311 ST ERRBR BF EST= . 7 t
SOURCE DE SS MS F

DUE TO REG 21
ABOUT REG 89

TOTAL HO

» 1 4 25 4 7 80 2  07 
. 5 2 43 1 4 0 0 C 06  
« 1 9 49 7 9 2 0 2  07

»67S79875E 05 
. 5 8 9 1 1 6 8 0 E  0 4

1 1 . 5 2

76753906E Q2
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T a b le  V IIc . F o r  17 S e le c t e d  V a r ia b le s .

MULtTIPLE rEGrESSI6N WJTh 17 VARIABLES AND 111 OBSERVATIONS

RESULTS AFTER B1LIQs QYCL 
F OR GAS H2S

DEPENDENT VARIABLE = CqnC BF SULFUr GAS

PRIM AIR FLOW
MULTIPLIER
. 1 5 9 0 5 5 4 2 E 02

RANGE (+OR. 
, 5 4 1 6 1 2 6 3 E

P )
Ol

T^STATISTIC
2 , 9 4

SEC AIR FLOW . , , 1 9 3 4 8 9 0 7 E 02 , 6 8 8 9 2 3 9 3 E Ol *2*81
TERT AIR FLOW •r . 2 7 4 8 l3 4 6E Ol , 7 4 3 5 6 1 3 6 E Ol - » 3 7
TOTAL AIR FLOW = 9540Q8782E 00 ■ , 1 8 9 3 3 0 4 8 E Ol «■»29
AIR TEMP . 9 6 8 6 9 5 1 6 E 01 . , 2 1 4 7 0 8 3 3 E Ol 4 , 5 1
L I Q U O R  S O L I D S  CONTNT - , 7 1 1 2 7 7 7 7 E 02 « 4 0 17 9 9 01 2 02 ” 1 , 7 7
LIQUOR TEMP AT NOZ , 8 9 2 2 4 9 6 4 E 00 • 51 735878E Ol ' 1 7
LIQUOR FLOW • •65C19943.E Ol , 2 0 1 0 8 7 5 7 E Ol 3 , 2 3
NOZZLE P R E S S , OOQOOOOOE OO pOOOOOOOOE . 0 0 * 0 0
SALT CAkE FLOW »5184221  SE Ol . 2 9 8 4 0 3 2 6 E Ol 1 , 7 4  '
GR LIQ ALKALINITY «10 3 4 0 1 35 2 02 ,19642Q59E 02 , 5 3
BOILER EXIT GAS TEMP - • 5 0 9 0 3 2 9 1 E OO , 9 1 1 6 7 4 8 6 E OO **56
ECQN EXIT GAS TEMP * * 1 3 9 8 9 9 q6E Ol , 7 2 7 7 1 9 4 9 E .00 * 1 , 9 2
VENTUR-I DIFF DRAFT • 1616'0553E 02 , 1 8 8 2 4 2 0 3 E 02 , 8 6
I * D ,  FAN DRAFT - • 3 1 2 6 9 4 8 5 E 02 • 11 421211E 02 * 2 , 7 4
VENTURI HDR PRESS , 5 8 5 4 1 8 2 2 E O l . 3 2 9 8 6 0 2 1 E Ol 1*77
CONSTANT COEFF • 20 229543E 04

MULTIPLE R= , 8 2 2 7 ,  R SQUARE- «6769 ST ERROR OF EST= , 8 1 8 6 6 8 9 8 E
SOURCE DF S S MS F

DUE Te REG 16 • -1319786CE 07 , 8 2 4 8 6 6 2 5 E  0 5 1 2 , 3 1
ABQUT REG 94 » 6 30 0 06 0 02  0 6 « 6 7 02 1 9 14 2  04

TQTAL H O » 1 9 49 7 9 2 0 2  07

0 2
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