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INTRODUCTION 

There are two recognized approaches t o  c o n t r o l l i n g  vanadic corrosion.  Both 
r e s u l t  i n  t h e  production of dry,  non-adhering and t h e r e f o r e  non-corroding s l a g s .  
The more widely accepted approach i s  t h e  formation of h igher  melting compounds i n  
t h e  s l a g  via f u e l  a d d i t i v e s .  The o t h e r  approach u t i l i z e s  low excess  a i r  opera t ing  
condi t ions  which produce higher mel t ing,  lower va lence  s t a t e  vanadium compounds 
and less SO3 which re uces  s u l f a t e  i n  t h e  s l a g .  
t h i s  s e r i e s  of papersq, we have examined magnesium, s i l i c o n ,  aluminum, and 
combinations of these  elements a s  a d d i t i v  s 
a d d i t i v e s  wi th  varying degrees of success5-6. The d i f f i c u l t y  i n  obtaining 
s u f f i c i e n t  da ta  t o  thoroughly eva lua te  an  a d d i t i v e  p a r t i a l l y  expla ins  t h e  p a u c i t y  
of information on combination systems. Our electrochemical approach t o  measuring 
cor ros ion  r a t e s  coupled wi th  t h e  stepwise l i n e a r  regress ion  a n a l y s i s  of t h e  d a t a  
he lps  f i l l  t h i s  gap and o f f e r s  a rap id  but  thorough screening of an a d d i t i v e  
system. The technology i n  t h i s  a r e a ,  p a r t i c u l a r l y  f o r  gas  turb ines ,  has  been 
toward use  of lower q u a l i t y  f u e l s  and higher  temperatures f o r  b e t t e r  e f f ic iency .  
The r e s u l t  has been a demand f o r  an  a d d i t i v e  w i t h  b e t t e r  sodium and temperature 
to le rances .  
aluminum-silicon system which showed cons iderable  promise i n  t h i s  a rea .  
paper ,  w e  a r e  present ing  d a t a  obtained on s e v e r a l  o t h e r  systems of i n t e r e s t .  

Manganese improves combustion e f f i c i e n c y  which permits lower excess  a i r  
operation''. Available commercially are combinations with magnesium and/or  s i l i c o n  
to  permit low excess  a i r  opera t ion  where p o s s i b l e  wi th  t h e  magnesium and/or  s i l i c o n  
present  to i n h i b i t  s lagging  and cor ros ion  i n  t h e  convent ional  manner. The purpose 
of t h e  s tudy  on manganese was t o  f i n d  i f  it has  any i n h i b i t i n g  e f f e c t s  i n  t h e  
conventional manner o r  i n t e r f e r e s  wi th  magnesium and/or  s i l i c o n .  
s tudying  calcium, zirconium and t h e  rare e a r t h s  was t o  eva lua te  t h e i r  e f f e c t s  on the  
cor ros ion  process  and s l a g  c h a r a c t e r i s t i c s .  

I n  e a r l i e r  s t u d i e s  presented i n  

Many elements have been t r i e d  a s  

I n  t h e  l a s t  paper i n  t h i s  series', we presented d a t a  on t h e  magnesium- 
I n  t h i s  

The purpose of 

EXPER I MENTAL 

Materials. The mel t s  were prepared from reagent  grade  chemicals obtained from 
Fisher  S c i e n t i f i c  Company wi th  t h e  exception of t h e  fol lowing.  The cerium oxide ,  
zirconium oxide and r a r e  e a r t h  oxide mixture w e r e  obtained from t h e  Davison Chemical 
Division of W.R. Grace and Company. 
mately 48% CeO , 23% La2O3, 5% Pr6011, 16% Nd2O3, 4% Sm20 
e a r t h  oxides .  lamples 
of t h e  c o n s t i t u e n t s  and thoroughly mixing t o  i n s u r e  a homogeneous sample. 

w a s  added i n  t h e  form of an  o i l - so luble  mater ia l ,  vanadium Ten-Cemtm ( 6  percent  
vanadium), obtained from Mooney Chemicals, Inc.  The sodium was added as an o i l -  
s o l u b l e  sodium-naphthenate prepared i n  t h i s  labora tory  by n e u t r a l i z i n g  an 
i n d u s t r i a l  grade napthenic ac id  with sodium hydroxide. 
4.3 percent  sodium a s  determined by atomic adsorpt ion.  The magnesium was added a s  
KONTOLm KI-15 conta in ing  1 0  percent  metal. 
conta in ing  16 percent  metal .  
conta in ing  8 percent  of each metal .  
TRETOLITE DIVISION of PETROLITE CORPORATION. The aluminum source was a s u l f o n a t e  
obtained from Witco Chemicals Company conta in ing  14.4 percent  metal .  Sulfur  was 
added a s  a s u b s t i t u t e d  1, 2-d i th io ,  3-thione (36 percent  s u l f u r )  

The r a r e  e a r t h  oxide mixture contained approx- 
and 4% of o ther  r a r e  

of  40 g s i z e  were prepared by weigging appropr ia te  q u a n t i t i e s  

The f u e l  f o r  t h e  burner test was reagent  grade hexanes and xylenes.  Vanadkum 

The f i n a l  product contained 

The s i l i c a  was added a s  KONTOLmKI-39d, 
The magnesium-silicon mixture was KONTOLW KI-18D 

These a r e  o i l - so luble  compounds from t h e  
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prepared i n  t h e  TRETOLITE D I V I S I O N ' S  p i l o t  plant .  
Electrochemical Measurements. The corrosion r a t e  measurements were made i n  

an electrochemical  ce l l  cons is t ing  of t h r e e  e l e c t r o d e s  immersed i n  a s l a g  of t h e  
desired composition. The cor ros ion  cur ren t  was determined from p o l a r i z a t i o n  
curves o r  by t h e  p o l a r i z a t i o n  admittance technique. The c e l l ,  corrosion r a t e  
measuring apparatus ,  source of m a t e r i a l s ,  and sample prepara t ion  techniques a r e  
described i n  our e a r l i e r  paper7.  

The s l a g  test cons is ted  of  burning a f u e l  containing t h e  desired 
l e v e l s  of contaminants and i n h i b i t o r s .  The flame impinges upon a coupon which i s  
adjusted to  g ive  t h e  des i red  temperature. The s l a g  c h a r a c t e r i s t i c s  a r e  evaluaeed 
by measuring t h e  amount of m a t e r i a l  t h a t  can be brushed from t h e  coupon. The tes t  
is descr ibed i n  much g r e a t e r  d e t a i l  i n  an e a r l i e r  publ icat ion8.  

Slag Test. 

RESULTS 

Corrosion r a t e  d a t a  from Na2S04-V205-Mn02 systems containing var ious 
combinations of magnesium and s i l i c o n  a r e  presented i n  Table I - 111. The 
c o r r e l a t i o n  equat ions generated by t h e  technique descr ibed e a r l i e r '  are presented 
i n  Table V. Comparisons of cor ros ion  rates found i n  t h e s e  s l a g s  with o t h e r  addi t ive  
systems at 800° and 900° a r e  given i n  Figure 1 and 2. 
CaS04-V205 system a r e  given i n  Table I V .  The c o r r e l a t i o n  equat ions f o r  t h i s  
system and those containing aluminum, s i l i c o n  and lead  a r e  given i n  Table V.  Also 
included i n  Table V a r e  equat ions f o r  t h e  systems containing 
the r a r e  e a r t h  oxide combination. The d a t a  f o r  t h e s e  a r e  not  k k d e d  $0 maintain 
a reasonable  s i z e  f o r  t h i s  paper. However, these  da ta  a r e  a v a i l a b l e  on request  
from t h e  authors .  and MgS04-Si02 systems 
a r e  included f o r  comparison with t h e  da ta  presented i n  t h l s  paper. 
L L L C ~ C  two a r e  diso iound i n  Figure i and 2. i n  a i i  cases ,  the  N a i V  c o e f f i c i e n t s  a r e  
p o s i t i v e  ind ica t ing  t h e  s t rong  cor ros ion  promoting e f f e c t  of sodium. The 
c o e f f i c i e n t  f o r  Mn/V i s  p o s i t i v e  i n d i c a t i n g  t h a t  manganese promotes corrosion.  
examined s e v e r a l  o t h e r  caseswhere  the  Mn/V + Pb r a t i o  was held a t  2 .  I n  those 
cases ,  the  Mg (+Si)/V (+Pb) r a t i o s  were negat ive i n d i c a t i n g  t h a t  the  a d d i t i v e  
inh ib i ted  corrosion.  We chose those cases  because i n  a c t u a l  p r a c t i c e ,  t h e  
manganese l e v e l  is more l i k e l y  t o  be held constant  while  t h e  Mg + S i  l e v e l  v a r i e s  
with t h e  t r a c e  metal content  i n  t h e  f u e l .  

when present  a lone,  i t  promoted cor ros ion  i n  r e l a t i o n  t o  aluminum and s i l i c o n  when 
a l l  were included. Although t h e  rare e a r t h s  had negat ive  c o e f f i c i e n t s ,  corrosion 
cur ren ts  predicted by t h e  c o r r e l a t i o n  equat ions ind ica ted  t h a t  these  mater ia l s  were 
not i n h i b i t o r s .  
they a r e  not always s t a t i s t i c a l l y  s i g n i f i c a n t .  I n  those cases i n  which t h e  F Level 
was below approximately 2.25, there  i s  l e s s  than a 95% chance t h a t  a l l  t h e  coef f i -  
c i e n t s  a r e  s i g n i f i c a n t  f o r  t h e  c o r r e l a t i o n .  However, a d d i t i o n  of these does not  
m a t e r i a l l y  e f f e c t  t h e  s tandard e r r o r  and i t  is  worthwile t o  include these  i n  our 
examination of t h e i r  e f f e c t  on t h e  cor ros ion  r a t e .  

magnesium and magnesium-silicon a r e  presented i n  Table V I .  
Na/V l e v e l s  a r e  summarized f o r  comparison. 
with the  l i n e a r  s tepwise regress ion  a n a l y s i s  technique. 
sodium, a d d i t i v e  and temperature are c l e a r l y  evident .  
compares favorably wi th  t h e  Mg-Si system. 
high Na/V r a t i o s ,  t h e  f r i a b i l i t y  decreases  very rap id ly .  

Data f o r  t h e  Na2S04- 

CeO and Reog 

The c o r r e l a t i o n  equat ions f o r  t h e  MgSO,, 
The p l o t s  f o r  

&L _ _  - 

We 

Another i n t e r e s t i n g  observa t ion  was t h a t  a l though calcium w a s  an i n h i b i t o r  

A l l  c o e f f i c i e n t s  a r e  included i n  t h e  c o r r e l a t i o n  equat ions although 

Slag f r i a b i l i t y  d a t a  f o r  the  calcium-aluminum-silicon system compared with 
The d a t a  f o r  var ious  

There were not  enough da ta  t o  eva lua te  
However, t h e  e f f e c t  of 

A t  820°, t h e  Ca-Al-Si system 
However, a t  900' and p a r t i c u l a r l y  t h e  

DISCUSSION 

Over the pas t  s e v e r a l  years ,  t h e  t r a d e  l i t e r a t u r e  has abounded with claims 
f o r  t h e  e f f e c t s  of manganese on f i r e s i d e  cor ros ion ,  s l a g  problems and cold-end 
corrosion". There now appears  l i t t l e  doubt t h a t  manganese a s  w e l l  a s  a few o ther  
metals  such a s  i r o n  and copper w i l l  reduce carbonaceous e f f l u e n t s  o r  smoke through 
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11 more e f f i c i e n t  combustion processes  . This  type of a d d i t i v e  is  known as a 
combustion improver. 

of t h e  engineering of t h e  p i e c e  of equipment. 
tu rb ine  i n  s p i t e  of an o v e r a l l  oxygen/fuel r a t i o  of 15 passing through t h e  
machine. The problem is  caused by burner t i p  malfunct ions and lack  of a v a i l a b l e  
oxygen i n  t h e  burner cans. Excess a i r  i s  used t o  a l e s s e r  ex ten t  i n  o ther  types  
of combustionequipment such a s  b o i l e r s  t o  prevent smoking. 
Of low q u a l i t y  f u e l s  under excess air  condi t ions,  pentavalent  vanadium compounds 
such a s  V205 and NaV206 with low melt ing poin ts  occur. 
increased production of SOg which leads  t o  formation of Na SO i n  s l a g s  and 2 4  H2S04 downstream. A combustion improver a l lows opera t ion  near  t h e  s toohiometr ic  
r a t i o  of a i r  t o  f u e l  e l imina t ing  t h e  problem de l inea ted  above. 
excess a i r  opera t ion  y i e l d s  considerable  f u e l  savings due t o  more e f f i c i e n t  opera t ion  
of the  burner. 

If the  equipment does not  permit good c o n t r o l  of excess a i r ,  t h e  a i r / f u e l  r a t i o ,  
p ro tec t ion  w i l l  not  be a t t a i n e d  i n  t h i s  manner. A combination a d d i t i v e  has  many 
benef i t s  f o r  equipment with poor c o n t r o l  of  a i r / f u e l  r a t i o .  
a l l  the  advantages of low excess  a i r  opera t ion  while  magnesium and/or  s i l i c o n  
gives  pro tec t ion  during per iods  of excess a i r  operat ion.  A quest ion we have 
t r i e d  t o  answer h e r e  is: 
e f f e c t s  of magnesium and s i l i c o n ?  

promote corrosion.  We f e e l  t h a t  t h i s  e f f e c t  i s  due t o  a d d i t i o n  of l i q u i d s  t o  t h e  
m e l t  by the  manganese. The e f f e c t  of manganese on t h e  i n h i b i t i n g  e f f e c t  of mag- 
nesium and magnesium-silicon are shown i n  Table I1 and I11 and Figure 1 and 2. 
Manganese d e t r a c t s  from t h e  i n h i b i t i n g  e f f e c t  of magnesium and s i l i c o n ,  a l though 
s a t i s f a c t o r y  pro tec t ion  can be a t t a i n e d  a t  800° with t h e  Mg-Si combination. 
Comparison of t h e  Mn-Mg and Mn-Mg-Si curves  with t h e  Mg and Mg-Si curves i n  Figures  
1 and 2 i l l u s t r a t e  t h i s  po in t .  

welcome experiments of t h i s  nature .  However, t h e  labora tory  d a t a  presented h e r e  
leads  u s  t o  conclude t h a t  manganese i n  combination with magnesium and magnesium- 
s i l i c o n  can be b e n e f i c i a l  a t  lower temperature. A t  h igher  temperatures, manganese 
apparent ly  c o n t r i b u t e s  t o  t h e  l i q u i d u s  phase of t h e  s l a g  and can be de t r imenta l  t o  
Mg and Mg-Si. I n  e i t h e r  case ,  the  opera tor  should apply Mn-Mg and Mn-Mg-Si 
combinations with a g r e a t  d e a l  of care  and with f u l l  knowledge of t h e  p r o t e c t i o n  
mechanism f o r  t h i s  type of a d d i t i v e .  

b o i l e r s  . We evaluated calcium and s e v e r a l  combinations with aluminum, s i l i c o n  
and lead.  The conclusion i s  t h a t  calcium is a cor ros ion  i n h i b i t o r  and i n  t h e  presence 
of aluminum and s i l i c o n  e x h i b i t s  a to le rance  t o  sodium a t  900' which is s i m i l a r  t o  
t h a t  found f o r  t h e  Mg-Al-Si combination. However, a study of t h e  s l a g  d a t a  presented 
i n  Table V I  i n d i c a t e s  t h a t  calcium produces unacceptable s l a g s ,  p a r t i c u l a r l y  a t  the  
higher temperatures and sodium l e v e l s .  The adverse s lagging behavior cance ls  
b e n e f i t s  from cor ros ion  pro tec t ion .  These r e s u l t s  a r e  c o n s i s t e n t  with p r i v a t e  
communications w e  have received from equipment manufacturers. 

In  our search f o r  b e t t e r  vanadic corrosion i n h i b i t o r s ,  we have evaluated s e v e r a l  
heavy elements. Data on zirconium, cerium and t h e  r a r e  e a r t h  mixture descr ibed above 
a r e  presented i n  Table V. A l l  of these  systems e x h i b i t  cor ros ion  r a t e s  similar t o  
those f o r  manganese and do not  i n h i b i t  corrosion.  

The minimum l e v e l  of excess  a i r  required t o  e l imina te  smoke is a func t ion  
Smoking can occur even i n  a gas  

During combustion 

Moreover, t h e r e  i s  an 

Furthermore, lower 

Use of a combustion improver does r e q u i r e  c a r e f u l  a p p l i c a t i o n  by t h e  opera tor .  

The manganese y i e l d s  

Does manganese i n t e r f e r e  with t h e  corrosion i n h i b i t i n g  

The da ta  i n  Table I r e v e a l s  t h a t  manganese i s  not  an  i n h i b i t o r  and appears  t o  

We know of no publ ished work t o  corroborate  these  f ind ings  and would 

Ca cium has been c i t e d  a s  a problem contaminant i n  f u e l s  f o r  gas  t u r b i n e s  and 3 

CONCLUSIONS 

1. 

2. Manganese i n t e r f e r e s  with t h e  corrosion i n h i b i t i n g  e f f e c t s  of magnesium 

Manganese cont r ibu tes  t o  cor ros ion  i n  NazS04-V205 mel t s  and w i l l  not i n h i b i t  
corrosion by forming higher  melting compounds. 

and s i l i c o n .  



3. Combinations of  manganese, mangnesium and s i l i c o n  a r e  probably s a f e  a t  
8OO0C (1473OF) or  lower but  no t  a t  higher  temperatures such as 850' o r  9500. 
The Mn-Mg-Si system i s  p r e f e r a b l e  t o  t h e  Mn-Mg system. 

combination has good sodium tolerance.  

i n h i b i t i n g  e f fec t iveness  . 
did not i n d i c a t e  any cor ros ion  i n h i b i t i n g  proper t ies  f o r  these systems. 

4. 

5. Calcium systems form tenacious s l a g s  t h a t  d e t r a c t  from t h e i r  cor ros ion  

Measurements on t h e  r a r e  e a r t h  oxide mixture ,  on zirconium, and on cerium 

Calcium i n h i b i t s  Na2S04-V205 corrosion and t h e  calcium-aluminum-silicon 
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TABLE 1 

CORROSION RATES OF Na,SO, - MnO, - V,O, SLAGS 

WEIGHT RATIOS CORROSION CURRENTS (Mo/Cma, )  L 

I Na/V 
I 

1 

1 1 
Y 

I 1 

1 

1 

i .1 

i .1 
t 

.1 

.1 

.1 

.01 

.01 

I 

b 

I 

I .01 

.01 

.Ol 

MnAJ 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

7000 

.0832 

6.83 

10.62 

9.20 

10.65 

7.63 

1.33 

.578 

10.69 

3.21 

6.21 

.742 

13.65 

1-.21 

1.26 

7500 8000 -- 
.1830 .3171 

10.25 12.30 

13.31 15.87 

11.96 14.73 

14.20 32.67 

8.51 10.39 

1.74 2.22 

.650 .795 

10.36 10.16 

4.49 6.89 

18.63 27.94 

1.15 1.35 

17.07 20.48 

1.60 1.46 

.762 .949 

858 908 -- 
.8423 

13.21 

17.92 

19.10 

35.51 

13.26 

2.54 

1.04 

12.03 

11.54 

27.94 

1.64 

23.55 

1.75 

1.40 

1.148 

12.52 

19.97 

20.13 

41.19 

17.91 

2.78 

1.56 

15.37 

14.43 

27.94 

2 .18 

27.31 

3.54 

1.79 

95w 

1.231 

- 

13.43 

25.34 

23.01 

42.61 

23.87 

3.33 

1.99 

16.04 

12.83 

31.04 

2.52 

35.16 

4.5 1 

2.26 
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TABLE I 1  

CORROSION RATES OF Na,SO,- MnO, - MgS0,- V,O, SLAGS 

WEIGHT RATIOS 

Na/V 
1 

1 

1 

1 

1 

.1 

.1 

.1 

.1 

.1 

.01 

.01 

.01 

.01 

.01 

- Mn/V 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

MS/V 
1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

CORROSION CURRENTS (Ma/Cma ) 

1.29 1.43 

.284 .613 

1.17 1.79 

.016 .040 

.017 .030 

. a 1  . a 3  

.0188 .0286 

.0015 .0031 

.0015 ,0015 

.0015 . O M  

.124 .350 

.059 .096 

0 0 

.oa .011 

.644 .644 

.643 .747 

1.79 2.48 

. a 1  .800 

.642 '. 984 

A11 .455 

.134 .406 

.Ow1 .io0 

.019 .026 

.019 .029 

.617 1.07 

1.11 1.32 

.OB5 . O W  

,025 .028 

900° 

1.13 

.852 

2.48 

1.634 

1.436 

. a 2  

.436 

.!37 

.a34 

. a35 
1.52 

2.18 

.011 

.029 

.122 .183 .3Q5 .427 .589 

95 OD 

1.22 

,942 

2.76 

1.96 

1.64 

2.13 

1.16 

2 1 6  

. a 9  

.106 

3 .n 
1.65 

.022 

.029 

.792 
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TABLE I l l  

CORROSION RATES OF NozSO,- MnO, - MgS0,- SiO, - VzOs SLAGS I 

WEIGHT RATIOS CORROSION C U R R E N T S  (Ma/Crna) , 

950 O - - - - - -  750° 800' 850' 900° Na/V Mnfl Mg/V s;/y 700° 

1 2 1 1 .09785 .2039 .2854 .4077 .5912 .8766 

1 2 2  2 .0245 .1116 .2232 .3794 .49W .6472 

1 2 3  3 .OW3 .0083 .2499 .3500 .4833 .6333 

1 2 4  4 

1 2 5  5 

.1 2 1 1 

.1 2 2  2 

.1 2 3  3 

.1 2 4 4 

.1 2 5  5 

! .01 2 1 1 

.01 2 2  2 

.01 2 3  3 

.01 2 4  4 

.01 2 5  5 

.0017 

.0011 

.0037 

.0008 

.om 
-0009 

.Om3 

.0023 

.0011 

.0011 

.0023 

.0016 

.0033 

.0031 

.0075 

.0008 

.0013 

.0009 

.0023 

.0023 

.0044 

.0018 

.0023 

.0016 

.IO81 

,0105 

.0125 

.0015 

.0019 

.0009 

.Om4 

.0045 

,0111 

.0022 

.Om4 

,0016 

.1829 

.1600 

.0131 

.0015 

.0019 

.0010 

.ow 

.0124 

.a313 

.0022 

. OW4 

.0016 

.3326 

.2526 

.0225 

.OM25 

.0019 

.0019 

.ooa 

.a60 

.0469 

.OM2 

.0045 

.0062 

-4823 

.4632 

.e299 

.0090 

.0085 

.0058 

.0091 

.0450 

.0603 

.0054 

.0068 

.0094 
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TABLE IV 

CORROSION RATES OF NaSO. - CaSO, - V-0. SLAGS 

WEIGHT RATIO ' - * 
1 

1 

1 

1 

1 

- 1  

.1 

* l  

.1 

.1 

.01 

.01 

.01 

.01 

.01 

.001 

.OOl 

.001 

. 001 

.001 

ca/v 
1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

COR RO S IO N CUR R E  NT S (Ma/Cma) 

3.31 

1.18 

.888 

.994 

19.9 

- am0 8500 9000 

17.1 34.1 47.8 

18.7 33.4 28.0 

65 108 81.2 

3.73 635 9.69 

6.59 7.33 14.6 

7.54 11.9 13.7 

4.72 

1.54 

1.37 

1.49 

a. 1 

3.12 3.12 3.45 

2.43 3.21 4.86 

,044 .072 ,092 

.143 .42a .M 

6.04 9.06 9.66 

2.01 2.29 2.73 

.290 .347 .463 

.0966 .c%5 ,104 

.214 .268 ,322 

4.26 

1.38 

1.05 

1.19 

4.4 

950" - 
54.2 

54.5 

32.7 

11.2 

32.3 

13.0 

5.67 

1 ,a 
1.69 

1.49 

23.7 

3.45 

6.61 

.loo 

.457 

9.66 

3.01 

.578 

.112 

.375 
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TABLE VI  

Comparison of dad Test Data From the Calcium-Aluminum System 
With Data From the Magnesium-Silicon System 

System 

Na/V = 0 
M g / V = 3  
M g / V = 6  
Mg,D = S i / V  = 3  
C a b =  .75, AI/V=2.25,Si/V=3 

Na/V = .01 
Mg /V=3  
M g / V = 6  
Mg/V = Si/V = 3 
Ca /V=  .75, AI/V=2.25, S i b s 3  

N a / V =  .1 
M g / V = 3  
Mg/V = 6 
Mg/V = S i p  = 3 
Ca/V = .75, AI/V = 2.25, S i / V  = 3 

Na/V= 1 
M & = 3  
M g / V = 6  
Mg/V = S i p  = 3 
C a D  = .75, AI/V = 2.25, S i / V  = 3 

A v e r a g e  Yo L o s s  on  B r u s h i n g  
8200 9 0 8  

1'. 9 
11.7 
58 
63 

2.7 
35 
53 
59 

2.1 
22 
35 
61 

1.5 
4 

11.2 
1.3 

10 
20 
59 
26 

8.33 
14 
6.3 
8.41 

0 
13.2 
18 
7.7 

0 
3.3 
15.3 
1.4 
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O I L  ASH CHEMISTRY I N  U T I L I T Y  BOILERS AS RELATED TO ADDITIVE TREATMENT. 
J. T. Mi t che l l .  Martin M a r i e t t a  Chemicals, R e f r a c t o r i e s  Div is ion ,  

1450 South Rol l ing  Road, Baltimore,  Maryland 21227.  

Seve ra l  hundred sets o f  ash samples from b o i l e r s  of va r i ed  des ign ,  
burn ing  heavy o i l s  have been analyzed b y  means of w e t  chemistry,  XRF, XRD, 
SEM, and pe t rographic  ana lyses .  Other  tests w e r e  performed t o  de te rmine  

, s o l u b i l i t i e s  and mel t ing  behav io r s .  Most o i l  ashes  can  be c h a r a c t e r i z e d  
on t h e  basis of four components: V20.5, Na20, MgO (or XO) ,  and SO3 which 

' c o n t r o l  t h e  chemical and phys ica l  p r o p e r t i e s  o f  d e p o s i t s  formed. O i l s  
' a r e  ca t egor i zed  i n t o  t h r e e  major groups on t h e  b a s i s  o f  q u a n t i t i e s  o f  S, 

V, and N a  and on t h e  r a t i o  Na/V. These c a t e g o r i e s  are: (1) high  V and 
S, low N a ,  ( 2 )  medium V and S, low t o  medium N a ,  and ( 3 )  low V and S, 1 medium t o  high Na. V a r i a t i o n s  i n  ash  chemis t ry  are r e l a t e d  t o  a d d i t i v e  

I rates, t o  amounts and r a t i o s  of  o i l  impur i t i e s ,  and t o  r e l a t i v e  l o c a t i o n  
i n  t h e  b o i l e r  where t h e  ash w a s  depos i t ed .  Phys ica l  p r o p e r t i e s  o f  a s h  
d e p o s i t s  a r e  dependent on t h e  p o s i t i o n  i n  t h e  b o i l e r ,  on t h e  types and 

, q u a n t i t i e s  o f  phases p re sen t ,  and on t h e  d i s t r i b u t i o n  o f  t h e s e  phases  
: wi th in  t h e  depos i t s .  

\ 
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USE OF THE DEW POINT METER AND ASH SAMPLER I N  ASSESSING 

PERFORMANCE OF FUEL OIL ADDITIVES 

J. E. Radway, Ass is tan t  t Vice President ,  Technology 

by 

and M. W. DiCarlo, Product 
Manager,. Power Chemicals 

BASIC CHEMICALS 
Cleveland, Ohio 

L 

INTRODUCTION 

Many severe problems a r e  assoc ia ted  wi th  s u l f u r i c  ac id  cor ros ion  caused 
by conversion of a por t ion  of s u l f u r  i n  heavy f u e l  o i l s  t o  s u l f u r  t r i o x i d e  by 
the combustion process i n  steam boi le rs .  I n  order  t o  evaluate  var ious p r a c t i c a l  
means of minimizing the  problem at  t h e  p l a n t  l e v e l ,  meaningful bu t  r e l a t i v e l y  
easy t e s t s  had t o  be developed. This  paper shows t h a t  ac id  dew poin t  
measurements of the  f l u e  gases  before  and a f t e r  t h e  a i r  p rehea ter  a r e  f a i r l y  
pred ic t ive  of the  ac id  condensation occurr ing and i t s  cor ros ion  poten t ia l .  
Use of f u e l  o i l  addi t ives  can complicate the  d a t a  c o l l e c t i o n  and i n t e r p r e t a t i o n ,  
n e c e s s i t a t i n g  supplemental techniques to  gauge the  n e u t r a l i z a t i o n  which can 

such supplemental technique, based on ash c o l l e c t e d  from t h e  gas  stream a f t e r  
the a i r  preheater ,  i s  described and a case h i s t o r y  presented t o  show i t s  
appl ica t ion  i n  eva lua t ing  addi t ives  i n  a modern power s t a t i o n  where more 
sophis t ica ted  techniques cannot be r e a d i l y  applied. Resul ts  of these  techniques 
quickly show i f  an addi t ive  i s  e f f e c t i v e  i n  c o n t r o l l i n g  s u l f u r i c  ac id  corrosion.  

\ take place,  both i n  t h e  gas stream and on the  hea t  exchange sur faces .  One 

I 

EXPERIMENTAL 

The b o i l e r  used f o r  the  experimental work is a 600-Mw Combustion Engineering 
u t i l i t y  b o i l e r  designed t o  burn r e s i d u a l  f u e l  o i l  and equipped wi th  t w o  
regenerat ive type a i r  preheaters .  The f u e l  o i l  throughout t h e  t e s t  per iod 
consis ted of a typ ica l  Venezuelan r e s i d u a l  o i l  containing 0.1 percent  ash,  an  
average of 2 percent s u l f u r  and 350 t o  500 ppm vanadium. 

A l l  measurements and samples included c o r r e l a t i o n  of t h e  b o i l e r  operat ing 
d a t a  which a r e  known t o  d i r e c t l y  a f f e c t  the  amount of s u l f u r  t r i o x i d e  formed 
and r e s u l t i n g  ac id  condensation. These d a t a  a r e :  r a t e  of f i r i n g  ( l o a d ) ,  excess 
a i r ,  and average metal temperature of the  h e a t  exchange elements i n  t h e  a i r  
preheaters .  Fuel o i l  flow v a r i e s  d i r e c t l y  wi th  load and is  t y p i c a l l y  h a l f  
pound per  hour per kw of load. 

Measurements were taken a t  var ious f i r i n g  r a t e s  and wi th  two chemical 
t reatments .  One t reatment  was suppl ied a s  f u e l  o i l  a d d i t i v e  and t h e  o t h e r  a s  
a "cold end" treatment by i n j e c t i o n  of chemicals i n t o  t h e  h o t  gases  ahead of 
the  a i r  preheaters. 
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To reduce the total experimental time, two cold end treatments were run 
simultaneously by treating each air preheater separately. Testing was done 
with no chemical treatment and also with the following single or combination 
of treatments : 

Injection into the fue1 oil of a commercial fuel oil additive 
consisting of a dispersion of an inorganic manganese compound. 

Injection of a commercial fuel oil additive consisting of a 
combination magnesium/aluminum in a ratio of 10:1 Mg/Al as 
magnesium oxide and aluminum hydroxide. 

Injection of the manganese fuel oil additive with concurrent 
treatment of the air preheaters. One air preheater with a 
proprietary aqueous magnesium hydroxide slurry and the other with 
a proprietary powdered additive. 

The magnesium/alumina combination fuel oil additive with the cold 
end treatments. 

Dew point measurements were taken both before and after the air preheaters 
with a Land Instruments Inc., Model 200 Dew Point Meter. This instrument was 
also used to determine the rate of acid condensation (rate of acid build-up 
or RBU) at various temperatures by controlled cooling with air of the sensor 
probe inserted into the gas stream. 

The dew point meter has been employed for many years in investigations 
of the corrosion and fouling of low-temperature heat transfer surfaces on 
both coal and oil-fired boilers. In a 1963 ASME paper, Clark and Childs 
described its use in developing a "guide" for air heater temperature control.* 
'heyshowed the importance of low excess air operation, boiler cleanliness 
and magnesia additives on flue gas corrosion potential. 
point meter has been described in previously published material. 

Operation of the dew 

Ash sampling was accomplished by collecting a "grab sample" of particulate 
from the gas stream by insertion of a proprietary aspirator type sampler 
(Figure 1) into the gas stream after the air preheater. 

The ash sample was ground and a one-gram sample was stirred into sufficient 
distilled water to make a 1 percent slurry. 
one minute after agitation was stopped using a conventional pH meter. 

The pH of this slurry was measured 

' I  

RESULTS AND DISCUSSION 

Operational history of this unit indicated a continuing degradation of 
"cold end" conditions resulting in increased sulfuric acid condensation. 
conditions caused accelerated corrosion and fouling of the air preheater, 
necessitating washing every six weeks. 

These 

* N. D. Childs, G. D. Clark, "Boiler Flue Gas Measurements Using 
a Dew Point Meter" -- ASME 63-WA-109, November, 1963. 
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This foul ing of a i r  preheaters  i s  a t y p i c a l  r e s u l t  of condensed s u l f u r i c  
ac id  permitting wet a i r  preheater  elements t o  a c t  a s  a t r a p  f o r  f l y  ash. 

Design fac tors  i n  the heat  exchange sur face  of the u n i t  encouraged p lan t  
operators  t o  s e l e c t  a manganese type fue l  o i l  addi t ive .  Dew points  with 

condensation ( h e r e a f t e r  r e f e r r e d  t o  a s  r a t e  of ac id  build-up -- RBU) measured 
1,200 t o  1,500 microamps per  minute. (F igure  2 ,  12-6-74) Clark and Childs 
reported t h a t  they found very rapid corrosion on b o i l e r s  showing an RBU i n  
excess of 500 microamps per  minute and r e l a t i v e l y  minimal problems when t h i s  
reading was below 100. 

\ the  manganese fue l  o i l  addi t ive  averaged 285°F. (141°C.) and the r a t e  of acid 

The s igni f icance  of these dew point  measurements can be seen by analyzing 
the  da ta  i n  the f i r s t  en t ry  on Table I. 
1.4 and confirms the high acid dew point  and RBU values. It i s  evident  
t h a t  the manganese f u e l  o i l  addi t ive  was doing very l i t t l e  t o  ameliorate  
severe a c i d i c  conditions. 

The pH of f l y  ash samples measured 

This dew point and pH da ta  i n  conjunction with the  foul ing frequency 
of the a i r  preheater and the  marked corrosion noted during v i s u a l  inspect ions 
convinced s t a t i o n  personnel t h a t  addi t iona l  s t e p s  had t o  be taken t o  pro tec t  
the cold end. They chose t o  evaluate  two propr ie ta ry  cold end t reatments  -- 
an aqueous magnesium hydroxide s l u r r y  and,an a l k a l i n e  dry  powder product. 
Each of these were introduced upstream of the  a i r  preheater  i n t o  a zone where 
f l u e  gas temperatures range from 600-700'F. (316-371OC.) 

These chemical treatments lowered the acid dew poin t  t o  260'F. (127°C.) 
1, and 270'F. (132°C.) respec t ive ly  and the peak ac id  condensation temperatures 

t o  220°F. (104OC.) and 240°F. (116OC.) respect ively.  The RBU values a l s o  were 
lowered t o  120 and 110 microamps per minute (F igures  2 and 3). L i t t l e  ac id  
w i l l  condense and l i t t l e  corrosion w i l l  occur even though the  e x i t  gas temper- 
a t u r e s  a r e  below the ac id  dew point. Raising the e x i t  gas temperature t o  about 
279°F. (137°C.) would have the same e f f e c t  on the  RBU value a s  the a l k a l i ,  
bu t  a t  a considerable c o s t  i n  f u e l  do l la rs .  A t  279'F. (137'C.), the  r a t e  of 
ac id  condensation would be the same a s  i t  i s  with a l k a l i  a t  t h e  present  
e x i t  gas temperature o f  245°F. (118'C.), i . e . ,  68 microamps per  minute. 

This da ta  i n d i c a t e s  the aqueous magnesium hydroxide s l u r r y  t o  be more 
e f f e c t i v e  than the  dry powdered product when compared on an equivalent  weight 
bas i s .  Both products depressed the dew point  and RBU readings but  not t o  
the same degree (Figure 4). 

F i res ide  condi t ions,  a f t e r  prolonged use of the manganese f u e l  o i l  a d d i t i v e ,  
convinced the operators  t o  rep lace  i t  with the magnesium/aluminum f r o n t  end 
treatment. Data with t h i s  treatment and no cold end addi t ive  show tha t  the  
dew point  was unchanged a t  both high and low load operat ions,  i . e . ,  285'F. 
(141°C.). However, the  p o t e n t i a l  for  cold end cor ros ion  d id  improve a s  ind ica ted  
by the r a t e  of ac id  condensation and ash pH data. 
low loads were i n  the ranges of 500 and 120 microamps per  minute and the cor res -  
ponding ash pH readings were about 3.0 and 2.5 respec t ive ly .  
with much higher peak r a t e s  of condensation (approximately 1,500 microamps 
per  minute) and lower pH values (approximately 1.4) when manganese was fed 
on the f ront  end. 

The RBU values a t  high and 

These compare 
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The need t o  supplement f r o n t  end addi t ives  i n  t h i s  p a r t i c u l a r  case i s  
evidenced by the  decreased pH a t  low load. Addition of both the powder cold 
end addi t ive  to  one a i r  p rehea ter  and the magnesium hydroxide s l u r r y  t o  the 
o ther  yielded higher  pH ash  samples. 
a t  lower magnesium-oxide equivalent  feed r a t e s .  Emphasis i s  placed on the  ash 
pH measurements a t  low load  and l o w  RBU values  because t h e  dew point  meter 
i s  l e s s  s e n s i t i v e  t o  chemical changes i n  t h i s  range. 

This work and the  d a t a  c o l l e c t e d  (Table I )  show t h a t  the  dew point  meter 

The s l u r r y  was general ly  more e f f e c t i v e  

can be very usefu l  i n  s e l e c t i n g  b o i l e r  operat ing condi t ions,  evaluat ing 
a d d i t i v e s ,  addi t ive  feed r a t e s ,  e tc .  However, one should be  aware of the 
meter ' s  l imi ta t ions .  For example, measurements should be made before  and 
a f t e r  the  a i r  preheater  because ac id  condensed on a i r  heater  exchange surfaces  
w i l l  not  be de tec ted  i f  t h e  probe is  inser ted  downstream only. 

I f  the  a l k a l i  has s u f f i c i e n t  time t o  r e a c t  with the acid before reaching 
the dew point probe, the instrument w i l l  r e f l e c t  it. However, i n  many 
cases  n e u t r a l i z a t i o n  occurs on the a i r  prehea ter  elements and cannot be 
detected by the dew point  meter. 

The r e l a t i v e l y  shor t  and f ixed  length of the dew point  probe makes i t  
d i f f i c u l t  t o  ob ta in  a p r o f i l e  of  the  acid d i s t r i b u t i o n  i n  a duct. This i s  of 
s ign i f icance  i n  assess ing  the performance of cold end chemical addi t ives  because 
gas mixing can be s u r p r i s i n g l y  poor i n  those ducts .  

Consequentiy, pH of f l y  ash  samples taken a f t e r  the a i r  hea te r  w i l l  then 
show i f  the  chemical a d d i t i v e  has  neut ra l ized  s u l f u r i c  acid. 
experience have shown t h a t  when the ash pH is  above about 3.5, s u f f i c i e n t  ac id  
has been neut ra l ized  to  minimize corrosion problems and foul ing of  the a i r  
preheaters  w i l l  not occur. 

Long years of 

The r e s u l t s  of t h i s  work demonstrate t h a t  dew point meters and f l y  ash 
sampling a r e  v iab le  t o o l s  f o r  power p lan t  operat ion t o  quickly evaluate  both 
the p o t e n t i a l  f o r  s u l f u r i c  acid corrosion and the e f f e c t  of chemical treatment. 
This can be done i n  a s h o r t  per iod of time so  money i s  not  needless ly  spent 
f o r  i n e f f e c t i v e  addi t ives  and more important ly ,  before  severe corrosion and 
a c i d i c  s tack  discharges occur. 
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F'GURE ' Probe For Collecting Oil Ash Samples For pH Determinations 
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FIGURE 3 

FIGURE 4 

Comparison of acid dew point and rate ot acid condensatlon 
on a 600-MW Oil-Fired boiler with and without 
dry powder Cold-End additive on A-Duct 
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EFFICIENT COLD-END ADDITIVES 
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INTRODUCTION 
\ 

When residual oi l  is  burned, the sulfur it contains can cause many 
These include pollution and localized problems of g a s  -side cor ros ion  problems. 

and deposition which can be especially seve re  when the fuel i s  burned in  modern 
boilers which have heat recovery equipment. The additives and t r ea tmen t  pro- 
g rams  discussed in this paper a r e  designed to  alleviate the localized problems. 

' 5  

Sulfur dioxide (SO,) and sulfur tr ioxide (SO,) a r e  considered harmful  
pollutants, and acidic rain in  which these gases  a r e  dissolved i s  aggress ive  to 
construction materials.  Recently there  has been much concern about the environ- 
mental effects of sulfates, which comprise the major  par t  of the end products of 
sulfur oxides in the environment. ( l )  It is highly unlikely that a simple additive 
approach can remove enough sulfur oxides f rom flue gases t o  effectively alleviate 
the genera l  SO, pollution problem. Approaches which a r e  now under active in- 
vestigation by various companies and agencies include fluidized-bed combustion 
i n  a bed of limestone, dry  l imestone furnace injection, fuel pre t rea tment  and wet 
sc rubbers .  (21 3, 4* 5, 

, 

, 

Localized corrosion, deposition and pollution problems can, however, 
be t rea ted  by an additive approach. 
densation and commonly occur  on the gas-side of the cold ends of boilers.  
cold end of a boiler consists of the economizer, air heater,  particle collection 
equipment and stack (Figure 1). Flue gas tempera tures  in this a r e a  typically range  
f r o m  12OOF to Z O O F .  The a i r  heater,  where flue gas tempera tures  typically range  
f rom 6 O O F  to 350F, is  the most common trouble spot. Sulfuric acid condenses on 
sur faces  which a r e  below the acid dewpoint and resu l t s  in corrosion of those sur faces :  
resultant sticky deposits and exfoliated corrosion products can block the gas  flow. 
Acid smut,  which consists of soot particle agglomerates which have absorbed su l -  
fur ic  acid, probably a l so  fo rms  on cooled sur faces .  
causes a major  local pollution problem. 
is  difficult to handle for  disposal. 

These problems a r e  a l l  caused by acid con- 
The 

' 

Emission of this ma te r i a l  
In addition, hygroscopic, acidic f l y  a s h  

The cold-end additives developed by the work described here  were de- 

They will adso rb  o r  reac t  with SO3 o r  sulfuric acid, r a t h e r  
veloped to alleviate the problems of cold-end corrosion, cold-end fouling, acidic 
fly a s h  and acid smut. 
than SO,. 

' 

By allowing boi le rs  to run at lower exit gas tempera tures  without ex- 
cessive cold-end problems, these additives should inc rease  boiler efficiency and 
help save fuel. 

The mechanism by which these mater ia l s  alleviate cold-end problems 
was investigated, and the influence of proper t ies  such as basicity, adsorptivity 
and particle size on additive effectiveness was studied. 
is necessary  to formulate and apply cold-end additives mos t  efficiently. 

Knowledge of these  f ac to r s  



ADDITIVE hUTERIALS 

Additive ma te r i a l s  havlng a wide variety of properties were  studied 
and a r e  l isted inTable I. Most were  highly alkaline, but activated alumina and 
expanded vermiculite were  moderately alkaline and were  expected to  be highly 
adsorptive; s i l ica  was expected to per form by adsorption alone. 
s i ze  of all mater ia l s  except sodium aluminate, sodium carbonate and vermiculite 
was 325 mesh o r  sma l l e r .  
t u r e s  except ammonium bicarbonate, which decomposes t o  yield ammonia, carbon 
dioxide and water. 

The particle 

All  of the mater ja l s  a r e  s tab le  a t  cold-end tempera-  

TEST METHODS 

24 

Tests  were  conducted on t h ree  utility boilers and twoindustrial  boilers,  
which ranged in capacity f rom 150, 000 to 4, 000, 000 pounds of s team per hour. 
The utility boilers were equipped with Ljungstrom air hea ters ,  and the  industrial  
units had shell-and-tube a i r  heaters.  A l l  were  fired with no. 6 oil, with sulfur 
contents between 0. 9 and 2. 5 percent. 

Additives were  fed  to points between the boiler economizers and a i r  
hea te rs  where sufficient turbulence existed to insure  even distribution ac ross  the 
duct. 
were  at  least  10 f ee t  downstream of the  injection points. Additives were  metered 
into pipes o r  headers leading to the ducts by a feeder  consisting of a vibratory 
funnel and a vibrating trough, which was calibrated periodically using each additive. 
The additives were  conveyed to the duct by gravity, beilcr draft  andw’hc,?,?ecessZry, 
compressed  air .  

Tes t  points were  e i ther  ups t ream o r  downstream of the air  hea ters  but 

Tes ts  were  conducted to l ea rn  how additives affect acid deposition on 
surfaces.  
using a probe based on the  Br i t i sh  Central  Electricity Research  Laboratories 
(CERL) acid deposition probe. ( 6 )  The probe washings were a l so  analyzed fo r  
i ron  and total solids, which indicated corrosion rate  and fouling tendency, 
respectively. Surface coverage was noted visually, An independent, indirect  
measu re  of acid deposition rate was obtained f r o m  a Land Instruments dewpoint 
me te r ,  a commerc ia l  instrument.  G a s  flow ra t e s  and sulfur trioxide and sulfur 
dioxide concentrations in the flue gases  were  determined using a Research  Appli- 
ance Corporation model 2343 s tack  sampling train.  

The r a t e  of a c i d  deposition was determined vs. surface tempera ture  

The CERL probe was a stainless s t ee l  pipe, divided by rings intoequal 

This probe was inser ted  in the boiler flue and cooled with 
a reas .  
a n  air-regulating valve. 
compressed  air. 
and recorded using the thermocouples. 
a r e a  was washed with water ,  the washings were  collected in  separa te  bottles and 
t i t ra ted a s  sulfuric acid t o  determine the r a t e  of acid deposition. 

A thermocouple was embedded in each  a rea ,  and the pipe was fitted with 

A t empera tu re  gradient along the length of the probe was obtained 
Af ter  exposure for  a certain t ime, each 

When using the  Land me te r ,  condensation of a conducting fi lm of con- 
densed acid on a controlled-temperature probe t ip was detected by the  onset of 
e lec t r ic  cur ren t  flow between e lec t rodes  embedded in the tip. 
apparent dewpoint to  be determined, and  comparative ra tes  of acid build-up (RBU) 
were  obtained f rom the r a t e  of i nc rease  in cu r ren t  with t ime at  any tip temperature.  

This allowed the 



SURFACE COATING 
25 

i) The mechanism of cold-end protection by additives was d is -  
covered accidentally. Initial t es t s  showed that additives had no effect on 
sulfur  oxide concentrations i n  the flue gases. Additives were  later found 
to  reduce acid deposition on surfaces  by coating these surfaces .  

The test unit (Unit A )  was a modern,  f ront-f i red utility boi ler  
which was rated for  950, 000 pounds of s t eam p e r  hour. It was originally 
designed to  burn pulverized coal, but was la te r  converted t o  f i r e  oil; 
specifically, it f i red  o i l  containing about 2. 2 percent  sulfur.  A s  a result ,  
the air heaters ,  which had been initially sized to handle l a r g e  amounts of 
f ly a s h  emanating f r o m  coal combustion, were improperly s ized f o r  flue 
gas f rom oil firing. 
formation and a potential f o r  acid corrosion. 

The resulting low tempera tures  caused acid smut  

Various blends of ammonium bicarbonate, adsorbents  and a lka-  
l ine solids were injected ups t ream of the air hea ters  to  t r y  to  neutral ize  SO,, 
but they had no effect on flue gas sulfur oxide concentrations o r  on the pH of 
fly a s h  f rom the precipi ta tor  hoppers. The mixing and residence t imes  a p -  
parently were insufficient to effectively remove sulfur  trioxide. 

A second t r i a l  determined the effects of the additives on acid 
deposition on cooled surfaces .  
turbulent a r e a  ups t ream of the air heater ,  and acid deposition rates were  
determined downstream of the a i r  hea ter  with the C E R L  probe. The addi-  
tives were an alumina-silica mixture and an ammonium bicarbonate-s i l ica  
mixture. At this  t i m e  the plant had switched to a low-sulfur o i l  containing 
one percent  sulfur.  

The additives were  again injected into a 

Both additives effectively reduced acid deposition over  a wide 
range of feedrates ,  as can be seen inTable 11. 
sulfur trioxide mole ra t ios  represented  by the feedra tes  inTable I1 were  
below 0. 5 : 1 f o r  both alumina and ammonia, as calculated f r o m  the measured  
flue gas  flow ra te  and sulfur trioxide concentration. Stoichiometric react ion 
with SO, would have required additive : sulfur  trioxide mole rat ios  of 0. 33 : 1 
f o r  A1,0, and 2 : 1 f o r  ammonia. 

The maximum additive: 

The additives thus essent ia l ly  eliminated acid deposition at 
dosages which were  as low as  one-fourthof s toichiometr ic ,  and reduced 
acid deposition at lower  dosages, 
on bulk SO, concentration and the observation that a brief conditioning per iod 
was needed before the additive effects were seen, indicated that protection 
was resulting f r o m  coating the probe sur face  with additive ra ther  than f r o m  
reacting with the bulk of the sulfur trioxide. 
parently maintained its integrity long enough to reach  the sur faces .  
thought that cold-end surfaces  would be protected in  the s a m e  way, and pat-  
ent coverage(') was obtained for  these additives. 

This fact, along with the negligible effect 

Ammonium bicarbonate  ap-  
It was  

There are s e v e r a l  benefits of protection by sur face  coating. 
F i r s t  and most  obvious, a minimal amount of additive is needed s ince only 
the acid which condenses on surfaces  is neutralized o r  adsorbed. 
injection points can be chosen to  solve specific problems such  as air heater  

Second, 



corros ion  o r  acidic, st icky a s h  in precipitator hoppers. Third, there  is minimal 26 
2ffect on scrubbers  o r  prec ip i ta tors  downstream since the bulk of the flue gas is 
unchanged. 

CONFIRMATION 

The beneficial effects  of the additives applied in the manner described 
above were  confirmed i n  t r i a l s  a t  two utility boilers. 
taining approximately 0.9 percent  su l fur  and produced 500, 000 pounds of s team 
per  hour;Unit  C, f i red with a blend of no. 2 and no. 6 oils containing about 1. 2 
percent sulfur, produced up to  4, 000, 000 pounds of s t eam per  hour. 

Unit B burned no. 6 oil  con- 

An ammonium bicarbonate-sil ica mixture effectively reduced acid 

An alumina-sil ica mixture reduced the acid deposition r a t e  on the CERL 
deposition on the CERL probe in unit B a t  NH,: SO, mole ratios of 1 : 1 and 0. 5 : 1 
(Figure 2). 
probe by approximately 50 percent  and the  init ial  corrosion r a t e  of the probe by 30 
percent i n u n i t  c. 

Fur the r ,  indirect  confirmation of the sur face  coating mechanism was 
provided by  a par t ia l  fa i lure  i n u n i t  D, a n  industrial  power boiler which burned 
oil containing about 2. 5 percent sulfur and produced approximately 600, 000 pounds 
of s team per  hour. The configuration of the shell-and-tube a i r  heater is  shown in 
Figure 3. Gas-side cor ros ion  was occurring at  the cold end of the air heater. An 
alumina-sil ica mixture was fed ups t ream of the a i r  heater.  
vented CERL probe t e s t s  a t  the cone, but t e s t s  with the Land me te r  ('Ihble 111) 
s h f i ~ . x ~ ~ d  that the =l:r.ina -silica ad6itiL-C depressed the apparent dewpoifit and r e -  

duced the acid condensation. CERL probe tes ts  a t  the  cold-end of the a i r  heater,  
however, showed no difference between t rea ted  and untreated flue gases.  It was 
apparent that the additive was being lost  in the  180-degree bend. 

CORROSION TEST 

Space limitations pre-  

The effectiveness of the  alumina-sil ica mixture was confirmed by cor- 
rosion rate determinations i n  the cold end of a bo i le r  producing 470,000 pounds of 
s team pe r  hour (Unit E). 
oven gas and no. 6 oil as secondary fuels. 

Unit E f i r ed  b las t  furnace gas a s  p r imary  fuel and coke 

A corros ion  specimen probe was constructed (Figure 4) and exposed 
to the flue gases af ter  the  air hea ter  f o r  30 days without additive, and then for 30 
days with the a lumina-s i l ica  mixture being fed  at a r a t e  of s ix  pa r t s  per  million 
(ppm) by weight of flue gases.  The sur face  tempera ture  was 140F; the corrosion 
r a t e  fo r  the  control,  determined by spec imen weight loss,  was 52 mi ls  per  year  
(mpy). The corrosion r a t e  f o r  the  t rea ted  gases  was 32 mpy. 

Visual inspection showed mos t  corrosion to be on the downstream 
side of the specimen, which was inser ted  perpendicular to the gas flow. 
ditive had coated the leading sur face  of the spec imen and effectively prevented 
corrosion. 

The a d -  

ADDITIVE PROPERTIES 

Once the su r face  coating mechanism was established, the effect of 
The chemical and physical p roper t ies  on cold -end additives was investigated. 
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proper t ies  considered were  alkalinity, adsorptivity and particle size. 

The additives l isted in  table I were  evaluated in a n  industrial  boiler 
(Unir F) with a capacity of 150, 000 pounds of s t eam pe r  hour. 
at this plant contained approximately 2. 2 percent sulfur, and gas-side corrosion 
had caused perforation of the air heaters.  

The oi l  burned 

Only fine mater ia l s  covered the CERL probe evenly, as visual inspec-  
t ion of the probe (Thble IV) determined. 
t ion resul ts  f o r  the coarse  materials.  F o r  example, ac id  deposition r a t e s  fo r  
sodium aluminate differed by a fac tor  of more  than three. Such uneven coverage 
of cold-end sur faces  would result  in unreliable protection f rom acid attack and 
would lead to  the danger of fouling air hea ters  before all sur faces  were  covered. 

All f ive materials provided some protection, including one which did 

This was confirmed by e r r a t i c  acid deposi- 

not neutralize the condensed acid. 

Acid deposition ra tes  on the CERL probe a r e  shown i n A g u r e s  5 and 6, 
and ra tes  of ac id  build-up on  the Land me te r  are shown inFigure  7. 

F igu res  5 and 6 show that at high feedra tes  the alkaline ma te r i a l s  
MgO and Ca(OH), were  super ior  t o  the mildly alkaline Al,O,-SiO, combination: 
a t  lower feedra tes  all  these  mater ia l s  were  roughly equivalent, It may be that 
a t  high feedra tes  the bas ic  oxides achieve some benefit f rom reacting with the  
bulk SO,, while at lower dosages surface-coating alone is  operable and the m a -  
t e r i a l s  a r e  equivalent. 

F igure  7 indicates that si l ica,  which had no effect on acid deposition 
Ad- 

The electr ic  cur ren t  increase  measured  by the dewpoint me te r ,  however, 

as measured  by the CERL probe Figure 5), did provide sur face  protection. 
sorbed  but unreacted acid could b e  t i t ra ted in the CERL probe washings a s  f r e e  
acid. 
depends on the formation of a continuous fi lm on the probe tip. Adsorption by a 
non-conducting solid would prevent this. 

Silica apparently did adso rb  the condensing acid. Such adsorption 
This was con- would protect the sur faces  by preventing contact with the acid. 

f i r m e d  i n  a n  experiment when cor ros ion  of the CERL probe (es t imated  f rom 
i ron  in the washings) was reduced 50 percent  by allowing the probe to  be coated 
by Si0,-treated flue gases  for  90 minutes before start ing the cooling air. 
adsorptive,  mildly alkaline alumina-sil ica combination looks especially good in 
Figure 7. 

The 

These additives do not cause fouling when applied properly. Analysis 
of CERL probe washings fo r  total solids showed no increase  in deposited solids 
i n  the presence  of the additives: the reduced stickiness of the t rea ted  deposits 
probably counteracted the increased  solids loading i n  the flue gases.  

All the mater ia l s  tes ted  appear practical ,  except possibly calcium 
hydroxide which fo rms  insoluble sulfates, 

21 



CONCLUSIONS 

1. 

2. 

3. 
4. 

5. 

Cold-end sur faces  may be  protected by sur face  coatings 
of ma te r i a l s  added directly to  the cold end. 
Protection by sur face  -coating offers advantages of economy 
and flexibility. 
Fine par t ic le  s ize  i s  essent ia l  in cold-end additives. 
High adsorptivity and at l e a s t  modera te  alkalinity a r e  de - 
s i r ab le  in cold-end additives. 
Aluminum oxide, ammonium bicarbonate, magnesium 
oxide and s i l ica  a r e  among the suitable mater ia l s  for  
powdered cold-end additive constituents. 

CURRENT PROGRESS 

Blends of the  various mater ia l s  investigated in  this study a r e  avail- 
able commercially.  To insure  maximum protection, suppliers must  have expertise 
in additive application. 

New mate r i a l s  now being tested include liquids, which should be 
especially convenient, and specific cor ros ion  inhibitors. 

With cooperation between boiler owners and opera tors  and experts i n  
fuel treatment,  p rog res s  in energy conservation, equipment reliability and environ- 

t o  be eliminated, prolong cold-end equipment life and increase  boiler efficiency. 
ment& q"a!ity CZfi be f,GrthPr&* Specifica!ly, co?d-end additi..r-s a!?c.:,r ac id  sm.lt 
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TABLE I : ADDITIVE MATERJALS 

I 

COMPOUND 

calcium hydroxide 

magnesium oxide 

sodium aluminate 

sodium carbonate 

ammonium bicarbonate 

activated alumina 

expanded vermiculite 

si l ica 

ALKALINITY 

high 

high 

high 

high 

high (ammonia donor)  

moderate 

moderate 

low 

PARTICLE SIZE 

325 m e s h  

325 mesh  

coa r se  

coa r se  

325 m e s h  

100 m e s h  

submicron 

TABLE 11: R A T E  OF ACID DEPOSITION : UNIT A 

Acid deposition 103x  mg HSO, 
F e e d e r  Feed  x min-1 x in-' a t  t empera tu re  

Additive Setting Rate 360F 300F 240F 180F 

2. 1 7. 4 12.2 1 5 . 4  None - - -  - - -  

Ammonium 100% 391b/hr 1. 6 2. 1 2. 7 2. 7 

70 27 1. 6 1. 6 2. 7 3. 2 

50 1 3  2. 1 2. 7 5. 3 6. 9 

40 4 2. 1 3. 2 4. 3 5. 3 

bicarbonate -si l ica 

Alumina - s i l i ca  100 1 3  2. 1 3. 2 4. 3 5 . 3  

60 8. 6 2. 1 4. 8 6 . 4  1 3 . 3  
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TABLE 111: 
ACID DEPOSITION BY LAND METER, UNIT D CONE 

Feed Rate,  Dew T e m p  of Max Rate of Maximum Rate of 
Ib  A1,05-Si0,/hr Point, F Acid Build-up, F Acid Build-up, 

l a m p t m i n  

blank 2 70 235 210 

3. 7 255 - 260 235 100 

4. 5 260 215 40 

9. 2 255 195  18 

TABLE IV :SURFACE COVERAGE 

Additive Coverage of CERL Probe 

SiO, 

MgO 

Ca(OW2 

vermiculite 

Na aluminate 

Na2C03 

A1,03 t SiO, 

even (best)  

even 

even 

spotty 

spotty 

spotty 

even 



10.88 
I \  

9.52 

8.16 

x 
t 
0 

3.08 

2.72 

1.36 

A 

0 blank 

A 
0 

15 Ibs/hr Ammonium bicarbonate: Silica 

34 Ibs/hr Ammonium bicorbanale: Silico 

0 

Temperature F 

Figure 2. Acid Deposition; Unit B 
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Figure 6. Acid Deposition, Low Feedrates, Unit F 
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Figure 5. Acid Deposition, High Feedrotes, Unit F 
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K E Y  TO FIGURES 5 and 6 

Composition 

S i 0  

MgO 

Ca(OH) 

Control  

A1,03 t SiO, 

Control Runs 

Feedrates  as shown, in pounds per  hour. 

Feedrates shown 
in pounds per hour 

4 ' I  

Figure Z Rate of Acid Build-Up, Unit F 
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CHEMICAL REDUCTION OF SULFUR TRIOXIDE AN.D PARTICULATES 

FROM HEAVY OILS 

Robert P. Bennett 

Apollo Chemical Corporation, Whippany. New Jersey  0798 

INTRODUCTION 

There has  been a significant increase in interest in the scientific 
application of fuel additives to residual fuel oils to  solve f i res ide boiler problems, 
a s  well a s  additives to  reduce a i r  pollution from burning of residual fuels. This 
interest stems from: 1) rest r ic t ions on particulate and NO, emissions imposed 
by the Environmental Protection Agency, 2) the higher pr ice  of fuel and the 
des i re  for  increased efficiency, 3) the need to  eliminate costly cold end 
corrosion, 4) community relations that require the eliminating of acid smut 
emissions and character is t ic  blue white plume caused by the condensation of 
SOg. 

These fireside problems can be reduced o r  eliminated by instituting 
improved operating procedures  plus the u s e  of one o r  more additives added to  
the fuel oil o r  to the furnace burning the residual fuel. 

a metal. However, the choice of additive for  any par t icular  boi ler  depends upon 
the needs of the boiler and the par t icular  environmental requirements.  

In general ,  fuel additives should provide boiler cleanliness,  high 
temperature  vanadium corrosion protection, prevention of loss  of operating 
capacity by maintaining design s team temperatures ,  cold end ( a i r  hea te r )  corrosion 
protection, reduction of stack emissions f rom hydrocarbon particulate mat te r  and 
sO3. and improvement in the handling character is t ics  of ash in t h  flue gas  in 
oil-fired boilers equipped with precipi ta tors  and stack collectors. The significant 
fuel additives in u s e  today usually contain MgO (with o r  without small  amounts of 
aluminum oxide o r  hydrate),  manganese, and MgO with manganese. 

The use of magnesium oxide a s  a fuel additive, pr imari ly  for  the control 
of vanadium slag, has  been known for  a number of 'years  (1). 
of MgO-based products to  the fuel oi l  or furnace will ra i se  the fusion point of 
the ash if used at  a Mg:V weight ra t io  of 1. 5 to 1 (molar  ra t io  of Mg:V of 3:l). 
Properly treated a s h  will b e  soft, but voluminous. The increased ash  burden 
on the boiler can lead to  bridging and blockage in the boiler and increased 
particulate emissions. With todays low sulfur, low ash fuels, the use of MgO, 
at least  a s  a s lur ry  added to  the f u e l  oil is no longer justified generally. 

The purpose of this paper  i s  to  review the use of chemicals added to  the 
fuel to  improve combustion, thereby reducing unburned carbon particulate,  and 
to reduce the formation of SO3 in the flue gas,  thereby reducing plume opacity 
and acid smut emissions.  

boiler, a n  alternate approach for  attacking the problems of cold end corrosion 
and acid smut emissions h a s  been developed. This  is a cold end feed of a 
properly constituted neutralizing additive, applied direct ly  into the problem a r e a s  
only and added strictly in proportion to  the amount of SO3 present  in the flue gas, 
thus minimizing the t reatment  ra te  and reducing the problem of emissions to  the 
atmosphere. 

Effective fuel additives have been shown to be limited to  those that contain 

The addition 

Additionally, because additives in the fuel add to the ash  burden of the 



F U E L  OIL TREATMENT 

Sulfur in heavy fuel oil  is oxidized readily to  sulfur dioxide. A 
portion of this sulfur dioxide is fur ther  oxidized to  sulfur trioxide. 
extent of conversion of the SO2 to SO3 is dependent upon the percent of 
excess  air and a l so  on the  p re sence  of oxidation catalysts in the fuel, 
generally vanadium o r  nickel. Additionally, the boiler iron tube sur faces  
can themselves act  a s  a catalyst  f o r  th i s  reaction. The quantities of these  
catalysts will vary  considerably i n  different fuel oils ,  so that the percent 
conversion, at  any  given leve l  of excess  air, will vary with the fuel and 
boiler cleanliness. I t  i s  difficult to predict  the SO3 content of the  combustion 
products of a given fuel so, therefore,  the  exact dew point of the  flue gas i s  
difficult to forecast. 
i n  F igure  1. 
shwn  the variation of SO3 concentration as  a function of 02 concentration. 
Fue ls  examined have var ied  f r o m  a low vanadium content of below 50 pa r t s  
p e r  million up to  fuels of 300 p a r t s  pe r  million. Obviously, the  bes t  situation 
i s  t o  obtain the data f o r  each par t icu lar  unit. However, this graph  h a s  been 
extremely useful as  a f i r s t  approximation fo r  a unit where tes t  data a re  not 
available. 

The sulfur content of the fuel oil obviously affects the  pa r t s  p e r  million 
of SO3 in the flue gas. 
so does the absolute amount of SO3 in the  flue g a s  up to  a maximum level. 
Again, a n  empirical  cor re la t ion  of p a r t s  p e r  million of s03, in relation to the 
percent excess a i r  and the sulfur in the  fuel, can be obtained as shown in 
F igure  2. This a l so  is  s imi l a r  to resu l t s  of previous workers,  such as 
Laxton (2), o r  Rendle et al. (7), both of whom used experimental furnaces. 
Note that a reduction in fuel sulfur f rom 2. 5 t o  1. 570 results in a reduction 
in dew point of only about 7 ° F  above a n  excess  a i r  of 10%. 

F r o m  these  two curves ,  it becomes obvious that in order  to reduce 
SO3 with any given fuel, t he  g rea t e s t  effect would be obtained by reducing the 
percent excess air at which the  unit i s  fired. Decreasing the excess  air a l so  
h a s  the  advantage of decreas ing  BTU losses and increasing unit efficiency. 
However, excess air genera l ly  can  only b e  reduced to  a limited extent, 
before flue gas  combustibles begin  to increase  rapidly. 
in a decrease  in efficiency or  even unsafe firing conditions, as well as 
unsightly black plumes. The use  of a combustion catalyst will reduce 
substantially the amount of combustibles i n  the flyash, and thus make it 
feasible to operate continuously at reduced o r  at low levels of excess  oxygen. 
The latter in turn  fu r the r  reduces  SO3 generation. 

An additional fac tor  is that the  use  of a combustion catalyst, which i s  a 
metal ,  will  also help t o  des t roy  the catalytic properties of the fuel meta ls  by 
chemical reaction. 
excess  air also favors  the formation of the  lower oxides of vanadium, V2O3 
and V204, which leads  to  high-melting a s h  and a minimum of cor ros ion  and 
fouling. 

Table 1. 
stantial reduction in  SO3 with treatment.  The data for Unit 1 show both the 
reduction obtained f r o m  reduction of excess  oxygen and the additional benefit 
of manganese treatment.  

EPA Method 8. 

The 

An empir ica l  correlation has  been prepared as shown 
I t  is s imi l a r  t o  the  experiences of others ( 2 , 3 . 6 )  who have 

As  expected, as the sulfur level of the fuel increases ,  

This  in turn resu l t s  

Previous  worke r s  (1) have shown that operation at low 

The use of a manganese catalyst  f o r  the reduction of SO3 i s  shown in  
Note that at given oxygen levels (Units 2 and 3) there  is a sub- 

The  S O 3  content was determined by the well known 
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Particulate emissions consist of inorganic a s h  f rom the fuel, unburned 
carbon f r o m  incomplete combustion, and cor ros ion  products. Flue gas ash  
loading f rom any particular fuel should be fair ly  constant at steady operating 
conditions. 
of combustion and on excess a i r  levels. 

can reduce particulate loadings i f  they promote m o r e  complete burning of the 
carbon portion. 
of manganese for  this purpose. It has  been found that manganese can be used 
a s  an inorganic s lur ry  (5,  10) o r  in the f o r m  of a t ruly soluble organometallic 
species. The inorganic type i s  most economical for  use  in heavy fuels where 
higher concentrations of manganese a r e  required,  a s  compared to distillate fuels. 

In a typical example, a ref inery was required to  burn heavy asphaltic bottoms 
in a package boiler producing 200,000 lbs. of s t eam per  hour at. 900°F superheat 
temperature  and 900 psi. superheat pressure.  
45 ppm Mn produced a decrease in flue gas  par t iculates  f rom 0.17 t o  0.04 mg/SCF 
with a corresponding reduction of carbon content of the particulate f r o m  72% to 
31%. 

F o r  gas turbines and package boi lers ,  the soluble fo rm often becomes the 
additive of choice because of the ease in handling, par t icular ly  since the requisite 
par ts  p e r  million of manganese i s  low enough so that the extra  cost  for supplying 
a soluble form of manganese is considered to  be economical. 

obtained by the use of a manganese combustion catalyst  and reduced excess  a i r  
level operations, there  i s  often a significant increase  in  efficiency obtained. 
can be directly translated into fuel savings and dol lars  a s  shown in Table 2. 
efficiency increase alone often justifies the u s e  of a fuel additive. 

However, the carbon content can  vary  depending on the completeness 

A number of metals  a r e  known to be effective a s  combustion catalysts. They 

A recent paper by Giammar  (4) points out the effectiveness 

Treatment  of the pitch with 

In  addition to the reduction in acidic emissions and particulate emissions 

This 
This 

COLD END TREATMENT 

So fa r ,  we have described the benefits of using fuel additives to reduce 
SO3 emissions and to  decrease unburned carbon particulate emissions.  
these t reatments ,  it h a s  been found that a number of units suffer f rom varying 
degrees  of cold end corrosion with resulting a i r  heater  blockage and wastage. 
Even with low sulfur fuels, many units experience cold end problems. 

T o  minimize these problems one can reduce SO3 content totally or  ra i se  
the exit gas  temperature above the dew point. Two methods of doing the la t te r  
a r e  available: 1) s team coils in the a i r  duct upstream of the a i r  heater  can be 
used to  ra ise  the temperature  of the incoming air for  combustion. This resul ts  
in  a higher metal  temperature  a t  the cold end of the a i r  heater.  2)  An a i r  
hea te r  by-pass damper upstream of the a i r  hea te r  can be used to  by-pass a 
portion of the incoming a i r  for combustion around the a i r  heater.  
resu l t s  in a higher temperature  a t  the cold end of the a i r  heater.  
these methods raise  the exit gas temperature  and sacr i f ice  unit efficiency. A 
40°F  change in exit gas temperature is general ly  equivalent to 1% in unit 
efficiency. 

An alternate, o r  supplementary t reatment ,  depending on boiler operations, 
i s  the injection of a cold end, free-flowing, neutralizing powder ( 8 ) ,  a process  (10) 
which has been perfected over several  years .  This  mater ia l  is usually applied 
a f t e r  the economizer and has the advantage of only being added in proportion to the 
f r e e  SO3 present.  In this  way, the acidic conditions a r e  neutralized with minimum 
burden on the system. 

Even with 

This a l so  
Both of 
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T o  il lustrate the  success  of this approach, le t  us consider severa l  case  

histories.  

EXAMPLE I 

A 220 MW pressur ized  unit with a Ljungstrom air hea te r  had both severe 
corrosion and air  hea te r  pluggage problems which required a high exit gas 
temperature of 300°F t o  pro tec t  the  cold end. The #6 fuel o i l  contained 400 pprn 
vanadium and 2. 5'7~ sulfur. Fue l  use ra te  was 302 bbl/hour or 12,684 gallons 
pe r  hour. MgO, in the f o r m  of a s lur ry ,  was  added to the fuel oil  i n  an attempt 
to  solve the cor ros ion  and pluggage problems and acid smut  emissions. This 
approach was unsuccessful because  of excess  ash and blockage within the boiler. 
It w a s  therefore decided t o  t r y  cold end feed. 
untreated unit was  300°F. whereas  the exit gas  tempera ture  was only 305°F. 
Using a feed rate'of neutralizing agent of 0.19 lbs. /bbl., the  dew point was 
reduced to  180°F o r  essentially a water dew point. This allowed a safe  
reduction in exit gas  t empera tu re  to 265°F by shutting off s team a i r  preheaters 
and closing air hea te r  by-pass ducts. The economic gain f rom these features 
alone was over $200,000 annually. Additional benefits were  reduced corrosion 
and maintenance cos ts  and improved unit performance because of no a i r  heater 
pluggage with treatment.  

that jus t  the reduction in excess  a i r  alone is not sufficient to reduce the  SO3 
to a low enough level t o  protect the cold end of the  unit. 
efiect of excess a i r  reduction on SO3 generation in the untreated unit at 
constant load. Dropping the excess  a i r  level f r o m  12 to 5% reduced the SO3 
content from 80 ppm to 30 ppm, but s t i l l  resulted in a dew point of 290°F. 
Treatment with additive a t  12% a i r  reduced the SO3 to 16 ppm and reduction 
to 5% air at t he  same  t rea tment  ra te  reduced the  SO3 to 2 ppm allowing safe 
operation at  a n  exit g a s  tempera ture  of only 265°F. 

I n  considering a safe  exit g a s  tempera ture ,  it must be  remembered that 
i t  is  not just  the  average  cold end meta l  t empera ture ,  but the minimum metal 
temperature under the  poores t  operating tempera tures  and the duration of these 
conditions against which protection must be provided. By the use  of the 
neutralizing additive, one not only stops the  cor ros ion  completely, but often 
a l so  picks up the added economic benefits of being able t o  safely tu rn  off water 
o r  s team a i r  hea t e r s  and /o r  c lose  a i r  hea t e r  by-pass dampers .  

The acid dew point of the 

During the cour se  of this investigation, we were  again able to demonstrate 

F igure  3 shows the 

EXAMPLE I1 

Even with low sulfur fuel (0. 30/0), units which cannot reduce excess  a i r  
levels have a need f o r  cold end protection. 
boiler with a Ljungstrorn air heater was  experiencing significant cold end 
corrosion. 
Excess  a i r  was 1570. Fue l  consumption was 600 bbls. /h r .  o r  25,200 gallons 
p e r  hour. The exit g a s  tempera ture  was 270°F. but the acid dew point was 
273"F, equivalent t o  10 ppm, of SO By applying the powdered neutralizing 
agent to the cold end ahead of the a i r  hea t e r s  at a ra te  of 0.033 lbs./bbl, 
t he  dew point wa's reduced to 150°F o r  0 ppm, SO3. 
dampers ,  a 30°F reduction in exit gas tempera ture  could b e  safely achieved. 
Fuel consumption alone has  been cut by 14,000 bbls. a year ,  which at current 
pr ices  is a savings of $182,000. 

For example, a 350 MW pressurized 

This  unit burned #6 oil  of about 14 pprn vanadium and 0.3% sulfur. 

3.' 

By shutting the by-pass 

i 

I 

I 
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CONCLUSIONS 

In  summary, we have reviewed the production of SO3 and unburned 
particulate f rom burning heavy oils. 
the cooler pa r t s  of the  boiler, such a s  the  a i r  hea te r  and duct work, and can  
produce a visible plume and acidic emissions. 
excessive emissions and a visible plume. 
usually a r e  not sufficient t o  eliminate these  problems. 
combustion catalyst allows operation a t  low excess  a i r  levels,  and consequently 
low SO3 levels, without the adverse formation of unburned carbon particulate 
matter.  
saves fuel. 

additive in  powder fo rm into the cold end of t he  boiler allows operation at 
lower flue g a s  tempera tures  because of the  lowered acid dew point. 
hea te rs  and cold end duct work a r e  thus protected while lower exit g a s  
temperatures improve unit efficiency. 

The combination of these two approaches: the use  of chemical in the 
hot end for combustion improvement, and chemical in the cold end fo r  acid 
neutralization, leads to  significant savings with heavy fuel o i l  units while at 
the same t ime  minimizing o r  eliminating emiss ions  problems (9). 

Formation of SO3 l eads  to, corrosion of 

Unburned particulate leads to 
Mechanical cor rec t ions  alone 

The use  of a manganese 

The use  of lower excess air levels improves unit efficiency and 

Additionally, neutralization of residual SO3 b y  application of a neutralizing 

A i r  
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FIGURE 1 

CONVERSION OF SULFUR TO SULFUR TRIOXIDE 
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FIGURE 2 

OEWPOINT RELATED TO FUEL SULFUR CONTENT 
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\ FIGURE 3 
EFFECTOF EXCESSAIRON AClDDEWPOlNTATCONSTANTLOAD 
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TABLE I 

EFFECT OF MANGANESE ON SO, GENERATION 

Unit -T 4.55 

SO3 (PPM at 3% 0 2 )  

Untreated Treated 

9.1 5.0 
14.2 8.0 
20.4 9.0 

2.5 1.7 

15.0 9.0 

Percent 
Reduction 

45.1 

43.7 

55.9 

32.0 

40.0 

ABILITY OF MANGANESE TO REDUCE SO3 CONCENTRATION IN 
DIFFERENT UNITS AT VARIOUS EXCESS AIR LEVELS. 

TABLE 2 I 
FUEL SAVINGS FROM REDUCTION OF EXCESS 

AIR ALLOWED BY USE OF MANGANESE ADDITIVES 

Unit: 

Fuel: 

FueiUseRate: 

Excess Air: 

lWMW 

=6fueloilwithaheatvalueot 18.5006TU/lb. 

Average 52,500 gallonslday 

30% Initial: 18.50 Ibs. airllb.of fuel 
8% Final: 15.73 ibs. airllb. of fuelldiff. = 2.77 ibs air 

I I Additive: I 31% Mnslurryat rateol l  galionl12,WOgallonsfuel 

I I Heat CapaClly: I 0.237BTUllb. of airl'F 

Average 
Heat Loss: 

Air to preheater = 85OF (ambient) 
Exil gas temp. - 27VF (average) 
AT = 190°F 

I 

(2.77Ibs.alrllb. fuel) (0.2376TUllb. airlOF) (190'F) - 
124.7 BTUllb. fuel oil 

Oilconsumed (avg.) = 52.500gal.lday 
@ 8 IbsJgal. 
@ 124.7 ETUllb. 

= 420,000 Ibs.lday - 52374.000 BTUlday (saved) 

I 52.374 x 10" ETUldav - 353.88 gallday (saved) 
148.0006TUlgal. = 8.42 bbl.lday 

I At current price of Slllbbl., this is worth S92.62lday. I 

I 

4 



COPING W I T H  AMMONIA SHORTAGES : PROGRESS I N  DEVELOPING COUNTRIES 

AND IMPACT ON THE U. S. 

By Kolluru Rao and I rv ing  Ske i s t  

S k e i s t  Laboratories,  Inc. 

Livingston, N. J. 07039 
112 Naylon Avenue 

Ammonia and 0 1  2 r  nitrogenous f e r t i l i z e r s  a r e  a n  e s s e n t i a l  i n s red ien t  o f  I e 
Green Revolution, which usheTed i n  high y i e ld ing  v a r i e t i e s  (HYV) oIf gra in  h ighly  
responsive t o  p l an t  n u t r i e n t  usage. 
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China and India  a r e  the  l a r g e s t  n i t rogen  (N) consumers among the  l e s s  developed 
count r ies ,  and rank t h i r d  and four th  i n  the  world. Production of N i n  India  and 
China is  2 mi l l i on  tons s h o r t  of demand; both have embarked on ambitious programs t o  
bu i ld  up domestic synthe t ic  ammonia capacity.  While China is  expected to  reach near  
se l f - suf f ic iency  by 1980, India  w i l l  continue t o  be i n  d e f i c i t  by near ly  one mi l l i on  
tons of N nu t r i en t .  

The imbalance i n  demand-supply could be  a l l e v i a t e d  by f u l l e r  u t i l i z a t i o n  o f  
ex i s t ing  capac i ty  (which i n  India  has been only 55% employed), improvements i n  
packaging and d i s t r ibu t ion ,  balanced a g r i c u l t u r a l  inputs ,  s e l e c t i o n  o f  appropr i a t e  
n u t r i e n t  form and NPK r a t i o s ,  and import of food and f e r t i l i z e r .  
include na tu ra l  and b io log ica l  means o f  f ix ing  n i t rogen  employing symbiotic o r  
a s p b i o t i c  re la t ionships  with n i t rogen-f ix ing  organisms, a s h i f t  away from g ra ins  
toward high-protein legumes (which na tu ra l ly  f i x  35 mil l ion  tons of N worldwide), and 
population planning 

Longer term measures 

Coal has l a t e l y  become the  focus of i n t e r e s t  as a r a w  material f o r  ammonia. In 
a recent  comprehensive study on Coal Chemicals by Ske i s t  Labora tor ies ,  we f i n d  t h a t  
coa l  becomes a v i ab le  alternative t o  OPEC o i l  o r  decont ro l led  n a t u r a l  gas under ce r -  
t a in  conditions.  Furthermore, the  se l ec t ion  of appropr ia te  c o a l  conversion process 
o r  technology is  c r i t i c a l  a s  i t  would lead  t o  d i f f e rence  of 20% o r  more i n  opera t ing  
r a t e  and ammonia production cos t .  As ea r ly  a s  mid-l960s, Ind ia  launched a program t o  
base a mi l l i on  tons of amon ia  on coal.  

But syn the t i c  f e r t i l i z e r  capac i ty  is  h ighly  c a p i t a l  i n t ens ive  and could be a 
huge d ra in  on the foreign exchange resources o f  a developing country. The c u r r e n t  
r a t e  of increase  i n  India ' s  population d i c t a t e s  one 1,500 tons/day amonia  p l a n t  
requi r ing  a n  investment of $200 MM, coming on s t r e a m  each year. 
paper a n  a l t e r n a t i v e  -- the  f u l l e r  and optimal exp lo i t a t ion  of a resource indegen- 
~ U S  t o  India  -- the  c a t t l e  dung. The proposed dung gas system is  designed t o  meet 
the  twin needs of a farmer; i t  y i e lds  manure r i c h  i n  NPK (3-5% of dung input )  and 
bio-gas (2,000 CF o r  1.1 MM Btu/ton dung processed) f o r  cooking and o the r  f u e l  app l i -  
cations.  I f  100 mi l l ion  tons o f  c a t t l e  dung were processed i n  dung p lan t s ,  such as 
the  ones discussed here ,  t he  output i n  terms of N a lone  would be equivalent t o  3.3 
mil l ion  tons urea (1.5 MM tons N )  o r  $900 mi l l i on  a t  cur ren t  pr ices .  The va lue  o f  
f e r t i l i z e r  plus gas approaches $2 b i l l i o n  p e r  year. 

We expound i n  t h i s  

Such a plan would br idge  the  gap between pro jec ted  demand and supply, no t  only 
i n  f e r t i l i z e r  bu t  a l s o  i n  food, and could po ten t i a l ly  support  a population growth of 
100 mi l l i on  people. 

Demand/Supply of Nitrogen 

The in t roduct ion  of HW i n  t he  l a t e  1960s accentuated the  need f o r  f e r t i l i z e r s .  
Of the  th ree  p l a n t  nu t r i en t s ,  n i t rogen ,  P2O5, and K20, t h e  n i t rogen  i s  by f a r  the  
most c r i t i c a l ,  pa r t i cu la r ly  i n  Asia because of the cropping pa t te rns .  
mostly i n  the form of urea and armnonium n i t r a t e ,  represents  two-thirds of t h e  15.5 

Nitrogen, 



mil l ion  tons n u t r i e n t  consumed i n  Asia i n  1975. 44 

Nitrogen production and demand f o r  India ,  Asia and the  world a r e  shown in  Table 

Even so, NPK usage 
1. Nutr ien t  consumption i n  India quadrupled i n  less than a decade, exceeding 2.8 
mil l ion  tons i n  1974-75, of which N made up 2 m i l l i o n  tons. 
amounted t o  only 15-16 kg/ha compared w i t h  440 i n  Japan, 82  i n  t he  U . S . ,  40 i n  China 
and 41 i n  the Punjab S t a t e  of India.  Thus, there  are wide d i s p a r i t i e s  no t  only be- 
tween t h e  developed and t h e  less-developed count r ies  bu t  a l s o  among the l a t t e r ,  and 
even i n  a country. 

As ia ' s  N consumption, cu r ren t ly  24% of the world's t o t a l ,  i s  expected t o  go up 
t o  26% i n  1980. India  and China have combined usage of 6 mil l ion  tons N -- 60% of 
Asian market. The Asian market is more o r  l e s s  i n  balance,  thanks t o  Japan's more 
than 2 mil l ion  tons of surplus production, Following massive build-up of N capacity 
over t h e  next 5 years  i n  China, Ind ia  and Indonesia as we l l  as the  Mideast, Asia's 
demand/supply should be i n  balance by 1980 even without Japan's surp lus ,  turning t h e  
cont inent  i n t o  a n e t  exporter.  But I n d i a ' s  domestic supply of N w i l l  s t i l l  be a 
mi l l i on  tons s h o r t  of demand, making h e r  a s  the  world's l a r g e s t  d e f i c i t  country. 
(The merits of domestic production vs. imports i n  dea l ing  with t h e  d e f i c i t  a r e  d is -  
cussed l a t e r ) .  

Table 1. 

19 70 
1971 
1972 
1973 
19 74 
1975 
1976 
1977 
1978 
1979 
1980 

Nitrogen F e r t i l i z e r  Production* and Demand 1970-1980 
Mil l ion  Metric Tons of Nitrogen (N) 

I n d i a  A s i a  A s i a  excl. Japan World 
Imp o r  ts / 

P D D e f i c i t  P D P D -  
0.71 1.36 0.65 5.1 6.5 3.0 5.6 30 
0.84 1.49 0.65 5.6 7.2 3.5 6.3 33 

1.1 1.78 0.68 7.7 8.2 5.2 7.4 38 
1.1 1.78 0.68 8.1 9.2 5.0 8.4 41 
1.7 2.0 0.3 9.8 10.0 6.7 9.2 42  

2.7 3.0 0.3 11.9 11.8 8.8 11.0 48 
2.7 3.3 0.6 13.3 12.8 10.2 12.0 5 1  
2.8 3.6 0.8 15.7 13.8 12.6 13.0 5 4  
3.0 4.0 1.0 17.0 14.8 14.0 14.0 57 

0.95 1.76 0.81 6.5 7.4 4.4 6.7 35 

2.2 2.7 0.5 10.4 10.9 7.3 10.0 4 5  I 

*Nonagricultural  capac i ty  ranging 10-25% excluded. Pro jec t ions  f o r  1975-1980 a r e  
based on 70% capac i ty  u t i l i z a t i o n  i n  A s i a ,  inc luding  India ,  from t h e  t h i r d  year 
of a new p lan t  opera t ion .  

Forecas ts  o f  f e r t i l i z e r  demand i n  India and o the r  'non-free market'  count r ies  
must be qua l i f ied .  Demand i s  o f t en  cons t ra ined  by supply. Demand i s  a function o f  
t he  c o s t  o f  f e r t i l i z e r ,  purchasing power o f  farmer and the  country,  crop p r i ces ,  
timing of app l i ca t ion ,  average land holding, p p u l a t i o n  growth and governmental incen- 
t i ves .  A r u l e  of thumb estimate o f  f e r t i l i z e r  requirement can be made i n  terms of 
population growth -- one ton n u t r i e n t  f o r  10-15 tons incremental food, s u f f i c i e n t  
f o r  30 people per  year. Another measure i s  the  optimum r a t e  of f e r t i l i z e r  applica- 
t ion .  The recommended r a t e  of N f o r  HYV i s  100 kg/ha VS. a c t u a l  use of 42 fo r  r i c e  
and 31 f o r  wheat i n  Ind ia ,  In the  case  of t r a d i t i o n a l  v a r i e t i e s ,  t he  recommended 
rate is 40-50 kg/ha, i n  con t r a s t  t o  a c t u a l  use of 6 f o r  r i c e  and 1 4  f o r  wheat. Over- 
a l l  n i t rogen  average i n  India has been 10 kg/ha,  bringing i n t o  focus the  s i zab le  
p o t e n t i a l  demand and e l a s t i c i t y .  
15 mil l ion  tons N i n  1980 could consequently tu rn  o u t  t o  be very much on the conserva- 
t i v e  s ide .  

The pro jec ted  demands f o r  India  and Asia of 4 and 

Measures t o  Cope wi th  Armoonia Shortages 

Short-Term measures include: 



45 - f u l l e r  u t i l i z a t i o n  o f  ex i s t ing  capac i tv ,  which has been opera t ing  i n  the  40- 
70% range in  many non-industrial  count r ies ,  and about 55% i n  India ,  owing t o  power 
cu t s ,  raw mater ia l  d i f f i c u l t i e s  and poor maintenance. N e w e r  p l an t s  a r e  opera t ing  a t  
70% o r  h igher ;  a t  90-100% India could be s e l f - s u f f i c i e n t  i n  N today. Moreover, the  
production Cost of N H 3  i s  s e n s i t i v e  t o  opera t ing  r a t e ;  increas ing  i t  from 70% t o ,  
say,  90% would r e s u l t  i n  25% lower price.  

- improvements i n  packaging, s torage ,  shipping and handling. These opera t ions  
account f o r  more than 50% of the  cos t  to  the  f a m e r .  Freight.son urea from Osaka, 
Japan t o  Bombay, India,  f o r  example, c o s t s  only $29/ton i n  bulk vs. $42 bagged. 
Fur ther ,  the  choice of high concentration nitrogenous f e r t i l i z e r s  l i k e  amon ia  and 
urea should lower d i s t r i b u t i o n  costs.  

- choice of r i g h t  f e r t i l i z e r s .  Urea o r  anonium phosphate i s  more e f f e c t i v e  
fo r  r i c e  f e r t i l i z a t i o n  than t h e  n i t r a t e  form. Liquid and gaseous f e r t i l i z e r s  includ- 
ing aqueous and anhydrous ammonia, n i t rogen  so lu t ions  and NPK so lu t ions  a r e  genera l ly  
more economical than t r a d i t i o n a l  s o l i d  forms. 

- imports; i o i n t  ventures.  

Long-term measures include: 

- ni t rogen  f ixa t ion ,  chemical o r  b io log ica l .  

- changes i n  d i e t a ry  hab i t s ,  s h i f t i n g  emphasis from ce rea l s  to  legumes capable 
of f i x i n g  nitrogen from the  a i r .  World legume production amounts t o  120 m i l l i o n  tons ,  
about 10% of  ce rea l  grains.  Worldwide, t he  a rount  of n a t u r a l l y  f ixed  N i n  high pro- 
t e i n  legumes l i k e  soybeans and peanuts i s  e s t h t e d  a t  35 m i l l i o n  tons i n  1975, com- 
parable t o  the  4 2  mi l l i on  tons of syn the t i c  N nu t r i en t .  

ers,which a t  present averages only 50% by crops. 
- development of techniques t o  improve N recovery and u t i l i z a t i o n  from f e r t i l i z -  

- population planning. 

Imports vs. Domestic Production 

Synthe t ic  ammonia i s  the  source f o r  more than 90% of  nitrogenous f e r t i l i z e r s  i n  
the  world. 
up the  remainder. 

Natural  depos i t s ,  organic waste ma te r i a l s  and coke-oven by-product make 

The most des i r ab le  feedstock fo r  ammonia synthes is  i s  na tu ra l  gas (methane), 
followed by naphtha, heavy o i l  and coal.  Among the  most populous coun t r i e s  of A s i a ,  
Indonesia and China have adequate reserves of n a t u r a l  gas and o i l  t o  form the bas i s  
of a l a rge  domestic f e r t i l i z e r  industry.  China's n a t u r a l  gas reserves, ,  according t o  
TVA es t imates ,  w i l l  support 'twenty-one 1,000 mtpd ( 7  mi l l i on  tons /yr )  ammonia p l an t s  
consuming 25% of  the reserves.  Both Japan and India  are heavi ly  dependent on imported 
high c o s t  naphtha L- the  backbone of t h e i r  f e r t i l i z e r  indus t ry .  

I n  an  attempt to  reduce dependence on imported naphtha and the fore ign  exchange 
component of NH3, India  has turned t o  coa l  recourse,  even though p lan t  investment f o r  
coa l  i s  50-60% higher than f o r  naphtha reforming. Three 900 mtpd NH3 p lan t s  based on 
Koppers-Totzek coa l  g a s i f i c a t i o n  a r e  under cons t ruc t ion ,  and could furn ish  nea r ly  one 
mi l l i on  tons of amon ia  p e r  year. In  f a c t ,  a s s l l  300 mtpd Winkler p l an t  gas i fy ing  
l i g n i t e  has been operating s ince  t h e  ea r ly  1960s. 
to  use amnoniated coa l  f o r  f e r t i l i z e r .  

Experiments are a l s o  i n  progress 

India  may a l s o  examine the  p o s s i b i l i t y  of importing LNG from Mideast. Abu Dhabi, 
separa ted  from India by no more than 2,000 miles of water,  f l a r e s  10 b i l l i o n  cubic 
meters of gas -- s u f f i c i e n t  to  produce 10 mi l l i on  tons of NH3. Importing LNG would 
of course require investment i n  cryogenic tankers and s p e c i a l  s torage  and handling 
equipment. India i s  reported t o  be a c t i v e l y  considering a $300 mi l l i on  j o i n t  ammonia 



46 venture i n  Abu Dhabi. 

A 1  t e m a  t ives  

Some of t he  a l t e r n a t i v e s  f o r  a country de f i c i en t  i n  feedstocks and food a r e  pre- 
sented i n  Table 2. 

Table 2. Relative Economics of Food vs.  F e r t i l i z e r  - Imports and Domestic 
Production (Developing country importing raw ma te r i a l s )  

Rice Wheat - - 
Cereal p r i ce ,  $/kg 0.40 0.17 
N c o s t ,  $/kg($275/ton urea mid-1975, Ind ia )  0.60 0.60 
Incremental food production, kg, by app l i ca t ion  o f  15 10-12 

1 kg nu t r i en t  (Response r a t i o )  
Value of incremental  food, $ 
FoodINutrient c o s t  r a t i o  
Population supported by 1 ton nut r ien t lyea-  

N e w  investment i n  domestic production* 
Plan t  investment, 1,000 mtpd ammonia from naphtha 
Armnonia production c o s t  
R a w  ma te r i a l  c o s t  % of n u t r i e n t  (N) c o s t  
Ammonia s e l l i n g  p r i c e  wi th  20% ROI  
Raw ma te r i a l  c o s t  % of n u t r i e n t  (N) p r i ce  

6 2 
10 3-4 
30 20-25 

$125 MM 
$175 I m t  
4 6% 
$250/mt 
32% 

* Tota l  p l an t  investment f o r  1,000 mtpd ammonia based on naphtha reforming i s  
repor ted  t o  be  $125-130 MM, and production c o s t  $175/mt a t  90% opera t ing  ra te .  
ROI. at 20% t r a n s l a t e s  tc a s a l e s  p r i ce  of $250/mt amonia  or  $305  ut. N. 
ed-naphtha is  assumed a t  $90/mt; 0.88 tons naphtha requi red  per ton NH3 o r  1.073 
tons ($97)/ton N. 

**One ton g ra in  supp l i e s  5,000 cal/day fo r  one year - s u f f i c i e n t  f o r  2 people a t  an  

Imporc- 

average 2,500 ca l lday  per capi ta .  

C lea r ly ,  i t  i s  f a r  more des i r ab le  t o  import p lan t  n u t r i e n t  than food. Typical 
r a t i o s  of foodlnut r ien t  cos t s  a r e  3-4 f o r  wheat and 10 f o r  r i ce .  The economics of 
r a w  material imports gene ra l ly  appear t o  be  more favorable than f e r t i l i z e r  imports; 
however, t he  advantage i s  no t  always dec is ive .  Feedstock makes up near ly  one-half 
N production c o s t ,  excluding ROI ,  a t  $90/ton imported naphtha. While it is reason- 
a b l e  f o r  a developing country t o  want t o  achieve se l f - su f f i c i ency  i n  f e r t i l i z e r s ,  it 
is  questionable whether a no-imports policy,  and the investment i t  e n t a i l s ,  repre- 
s en t s  optimum a l l o c a t i o n  of resources. 

Impact on U.S. Exports 

A s  a r e s u l t  o f  heavy investment i n  NH3 capac i ty  a l l  over the world, m o s t  countries 
t h a t  a r e  importers now w i l l  e i t h e r  achieve se l f - su f f i c i ency  (e.g. Latin America) o r  
become expor te rs  by 1980 (Indonesia).  In the Mideast, I r an  and Kuwait a r e  expected 
t o  have 112 mi l l i on  tons of  N f o r  export. 
markable 100% l e v e l ,  should have another  112 mi l l i on  tons f o r  export .  No s ign i f i can t  
increase  i n  capac i ty  o r  demand i s  foreseen fo r  Japan, and she  w i l l  continue to  look 
fo r  overseas markets f o r  2 mi l l i on  tons of surp lus  product. 
a l s o  reported i n  Russia, presumably with t h e  ob jec t ive  of doubling by ea r ly  1980s 
i t s  present  capac i ty  of 1 2  mi l l i on  tons of ammonia. Western Europe w i l l  probably 
have 1 mi l l i on  ton n i t rogen  surplus.  

Indonesian indus t ry ,  opera t ing  a t  a re- 

Heavy cons t ruc t ion  is 

It  appears,  t he re fo re ,  t h a t  American N exports w i l l  be fac ing  increas ingly  tough 
competit ion.  In any event,  the  oppor tuni t ies  f o r  American engineering companies for  
s a l e  o f  technology and equipment a r e  indeed impressive a s  exemplified by M. W. 
Kellogg which repor ted ly  has con t r ac t s  f o r  e igh t  1,000 tpd amonia  p l a n t s  i n  China 
alone. 

- 



C a t t l e  Dung ("Gobar") Gas Scheme 47 

The c a t t l e  dung gas p lan t ,  i l l u s t r a t e d  i n  Figure 1, is a simple bu t  ingeneous 
device t h a t  i n t eg ra t e s  and 'optimizes '  t he  production of f e r t i l i z e r  and f u e l  - the  
two e s s e n t i a l  commodities f o r  the  farmer. 

The equipment cons i s t s  of a fermentation wel l  o r  d iges to r ,  a gas holder and an 
i n l e t  tank and an  o u t l e t  tank connected by pipes. 
i s  below ground l eve l ,  l i ned  with br ick  and mortar. 
s t e e l  o r  f i be rg la s s  reinforced polyester.  

The c y l i n d r i c a l  fermentation w e l l  
The gas ho lde r  i s  made of m i l d  

C a t t l e  dung and o the r  organic mater ia l  mixed with equal volume of water and u r i n e  
i s  fed  t o  the  i n l e t  tank i n  a s lu r ry .  A n  equal amount of fermented s l u r r y ,  minus 
about one-fourth converted t o  gas,  flows ou t  i n t o  the  compost p i t  o r  o u t l e t  tank. 
I n i t i a l l y  the fermentation w e l l  i s  completely f i l l e d  with s l u r r y ;  it takes about 10 
days f o r  enough gas t o  be generated to f i l l  the holder.  The o u t l e t  tank i s  loca ted  
below the l eve l  of the  i n l e t  tank t o  achieve the  necessary pressure  balance. The 
pressure  of gas co l lec ted  i n  the  gas holder is equal t o  the  weight of the  holder .  A 
pipe connects the  gas holder  to  kitchen o r  nearby poin ts  where gas would be u t i l i z e d .  

Dung and Water 
(40-50kg 
I I, 

I I ;q -- 
, I  

J i l l  i ! LLI '1 
+-- 210 cm (7 f t . )  -> 

Figure 1. Cat le  Dung Bio-gas Scheme - 100 CF Gas/day (3 cm/d; n o t  drawn t o  
sca l e )  



Table 3. Inputs  and Products o f  100 CFD Dung Gas P lan t  48 

Inputs :  

40-50 kg/day ( f o r  100 CF Gas) 
(Ca t t l e  durgmixed with equal amounts of water and c a t l e  wine). 

Every 100 CF gas  capac i ty  requi res  dung o f  2 t  l e a s t  4-5 animals. 
a t  10 kg/day per a d u l t  cow o r  bullock and 14 kg p e r  buf fa lo  on si te.  
of  dung for  conversion may i n  f a c t  be s u b s t a n t k l l y  lower, a s  t h e  c a t t l e  a r e  n o t  
always s t ab le  bound. 

Dung averages 
The a v a i l a b i l i t y  

outputs:  

1. Gas: 1-3 CF/kg of f resh  dung 

Composition Vol. x 
50-60 
5-10 

30-45 
1-2 

a 4  
H2 
c02 
N2 
H2S Traces 

Heating Value: 550 Btu/CF 

Typical gas  requirements : 

Cooking - 12-15 CF/?erson/day 
E l e c t r i c i t y  - 22 C F / W  
Gas engines - 15-16 CF/HP-Hr 

2. Slur ry  residue/manure product 75-802 of dung input  (reFaiEdsr turns h i t o  
gas)  

Nut r ien t  Content on dry b a s i s  
Nitrogen N 1.5-2% 
Phosphate P2O5 1 - 2  
Potash K20 1 

Economics 

Cap i t a l  investment and opera t ing  cos ts  of 100 CF/day gas  p l an t  and estimated 
value of products a r e  a s  follows: 

C a p i t a  1 investment 

Equipment - s120 
Construction - $140 

$260 
Annual opera t ing  costs* 

Maintenance (pa in t )  $10 
I n t e r e s t  a t  10% on 75% 20 

of investment (25:, gov't .  g ran t )  
Depreciation (15 y r s ) -  17 

$47 
Value of Products 

G a s :  (100 CFD) x (360) = 35 YCF - 20 MM Btu/yr 
@ $1.25/MCF ($2.27/Pl Btu) 

Manure (NPK<5%) approx. 15 tons 
@ $5/ton 

To ta l  value 

= $45 

= $E 
$120/yr. 

* Excluding the  c o s t  of labor  of owner-operator. 



49 Return on Investment 

Average year ly  p r o f i t  - - 73 

Rol =Original f ixed  investment + working c a p i t a l  (260~0.75) +d 
= 37% 

The 37% ROI o r  3 year payoff period i s  a t t r a c t i v e .  But even t h e  small investment 
could s t r a i n  the resources of  an Indian farmer; the  government the re fo re  provides 25% 
gran t  as an  inducement and the  balance on loan. 

The s i z e  of dung u n i t  is determined by the  number of c a t t l e  and f u e l  and f e r t i l i -  

-- ze r  needs. A range of 100-300 CFD i s  cormnon but  t he re  i s  no reason why, say 5,000 
CFD p lan t s  cannot be b u i l t  near  c a t t l e  farms. The economics o f  s c a l e  a r e  appea l ing  
300 CFD e n t a i l s  an added investment of l e s s  than one-half t h a t  f o r  100 CFD. Even 
the  small 100 CFD un i t ,  wi th in  the  reach of an 'average' farmer, y i e lds  enough gas  
t o  support  a family of 5-6. Furthermore the  15 tons o f  manure furn ishes  225 kg of 
n i t rogen  assuming 1.5% N content.  

I f  w e  assume an average holding of 3 hec tares  per family ( ac tua l ly  75% of  some 
500 mi l l i on  holdings a r e  s a i d  t o  be 2 hec ta res  o r  l e s s ) ,  the  n i t rogen  conten t  o f  the  
manure represents  a seven-fold increase  in  the present r a t e  o f  usage of 10 kg/ha. 
In a narrow sense,  the 100 CFD p lan t  i s  thus capable o f  making the  farmer se l f - su f -  
f i c i e n t  i n  these a reas .  

Ef f ic iency  

The idea of processing animal dung t o  make manure p lus  f u e l s  i s  hard ly  new. 
Simple a s  wel l  a s  complicated devices for.producing methane from organic  waste have 
been repor ted  both i n  the U.S. and i n  South America. The d is t inguish ing  f e a t u r e  o f  
the dung gas technique is i t s  ' i d e a l '  d i s t r i b u t i o n  of f u e l  and f e r t i l i z e r  involv ing  
a simple and low cos t  device. 

One might question a s  t o  why dung should not be  used d i r e c t l y  a s  manure and N 
source,  and secondly the wisdom of d i s rup t ing  the age-old p r a c t i c e  of using dung 
cakes f o r  cooking and o the r  fue l .  ( I n  India 70 mi l l i on  tons of dry dung a r e  used 
annually f o r  fue l ) .  For 
ins tance ,  60% thermal e f f i c i ency  was repor ted  f o r  gas as opposed t o  only 11% f o r  dung 
cakes. Consequently, 20% more usefu l  hea t  is produced with only 20-25% of  dung con- 
ve r t ed  t o  gas than when the e n t i r e  dung i s  burned f o r  fue l .  S imi la r ly ,  i t  has been 
claimed t h a t  43% more manure i s  produced than i n  manure p i t ,  presumably due t o  s e l -  
e c t i v e  decomposition by bac te r i a  i n  fermentation well. 

The a v a i l a b i l i t y  of f e r t i l i z e r  near  the  poin t  of app l i ca t ion  w i l l  tend to  mini- 
mize the  considerable cos t s  and losses  assoc ia ted  with the  d i s t r i b u t i o n  of syn the t i c  
nu t r i en t s .  The dung manure i s  of course  n o t  a s u b s t i t u t e  f o r  ammonia and urea ,  bu t  
w i l l  augment them. Even by i t s e l f  the manure a c t s  a s  a good s o i l  condi t ioner ,  
enhancing f e r t i l i t y .  

A Plan 

The r a t iona le  lies i n  improved e f f i c i ency  and s e l e c t i v i t y .  

We can envision a plan fo r  India f o r  the  cons t ruc t ion  of t he  capac i ty  t o  process 
100 mi l l i on  tons of dung annually,  one-eighth the  t o t a l  production of dung. 

The po ten t i a l  values of products of the  dung gas system a r e  presented i n  t h e  
following Table. The estimated y i e ld  o f  N n u t r i e n t  alone amounts t o  3.3 m i l l i o n  
tons - more than s u f f i c i e n t  to  bridge the gap between I n d i a ' s  projected demand and 
supply through a t  l e a s t  1980. NPK output t o t a l s  4 mil l ion  tons o r  $1.5 b i l l i o n .  
( I f  imported, these would have claimed more than on-half of I n d i a ' s  fore ign  exchange 
earnings from exports).  The co-product bio-gas (200 b i l l i o n  CF; 550 Btu/CF) i s  
va luable  not only f o r  its $250 cont r ibu t ion ,  but i n  t h a t  i t  w i l l  d e t e r  d ive r s ion  of  
dung t o  s o l i d  fue l  usage. 



Table 4. Products and Value of 100 Mi l l ion  Tons/yr. C a t t l e  Dung 
Processed i n  Dung Gas Uni t s  

Product Quant i ty lvr .  Equivalent t o  E Value - 
F e r t i l i z e r  

Nitrogen N 1.5 MM tons 3.3 tons urea $275/mt $900 MM 
Phosphate P2O5 1.5 MM tons $300/mt $450 MM 
Potash K20 1 MM tons $150/mt $150 MM 
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Fuel - 
Dung gas  o r  200 b i l l i o n  CF o r  107 b i l l i o n  CF $2.27/MM Btu $250 PM 
Bio-gas 11,000 b i l l i o n  Btu n a t u r a l  gas ,  

1,030 Btu/CF 

T o t a l  $1,750 Mill ion 
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THE NATURE O F  PYROLYTIC O I L  DERIVED FROM MUNICIPAL SOLID WASTE. 
Kenneth W. Pober,  H. Fred B a u e r ,  Occ iden ta l  Research Corpora t ion ,  

1855 C a r r i o n  Road, La Verne, C a l i f o r n i a  91750. 

The Occidenta l  Research Corpora t ion  i s  developing a f l a s h  p y r o l y s i s  
p rocess  f o r  t h e  product ion  of f u e l s  and chemica ls .  The main f e a t u r e s  
of t h e  process  are near  ambient p r e s s u r e ,  n o  requirement for  added 
chemica ls ,  l o w  c a p i t a l  inves tment ,  f l e x i b i l i t y  of feeds tock  (mun ic ipa l  
r e f u s e ,  c o a l ,  r i c e  h u l l s ,  g r a s s ,  t r e e  b a r k ) ,  v a r i a b i l i t y  of tempera- 
t u r e ,  and minimum f e e d  p re t r ea tmen t .  Nunic ipa l  s o l i d  w a s t e  is sh red -  
ded;  me ta l s  and g l a s s  a r e  recovered and s o l d .  The o r g a n i c , f r a c t i o n ,  
l a r g e l y  c e l l u l o s e ,  i s  pyrolyzed. 
ash  con ten t  r e l a t i v e  t o  t h e  f eeds tock ,  and t h e  o i l  can be  burned for  
f u e l  va lue .  
analyses,  v i s c o s i t y ,  s o l u b i l i t y ,  thermal  s t a b i l i t y ,  c o r r o s i o n ,  and char 
con ten t .  

The r e s u l t a n t  p y r o l y t i c  o i l  h a s  a low 

The p r o p e r t i e s  of t h i s  o i l  w i l l  be d i scussed  i n  t e r m s  of 
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INTRODUCTION 

I n  a t y p i c a l  pulping process ,  approximately one-half of t h e  

raw material is  converted t o  pulp and t h e  o t h e r  ha l f  i s  d i s so lved  i n  

t h e  spen t  l i quor .  I n  t h e  United S t a t e s ,  n e a r l y  a l l  o f  t h e  spen t  l i q u o r  

i s  concentrated and burned t o  provide p a r t  of t h e  energy f o r  t h e  p l a n t .  

One p o t e n t i a l  method of u t i l i z i n g  t h e s e  l i q u o r s  is t o  produce gaseous 

products  f o r  f u e l s ,  chemicals,  and o t h e r  a p p l i c a t i o n s .  Th i s  sugges t ion  

i s  based on t h e  fol lowing reasons: 

b l ack  l i quor  is w e l l  d i spe r sed ,  (2) t h e  black l i q u o r  contains  consider-  

a b l e  amount of a l k a l i  metals, which are known t o  have e x c e l l e n t  c a t a l y t i c  

e f f e c t  on g a s i f i c a t i o n ,  and (3) t h e  concentrated b l ack  l i q u o r  con ta ins  

about 40 t o  60 pe rcen t  of water, which can be converted to  steam €or  t h e  

carbon-steam g a s i f i c a t i o n  r eac t ion .  

(1) the carbonaceous m a t e r i a l  of 

Because of t h e  presence of carbonaceous m a t e r i a l  and water  i n  

t h e  black l i q u o r ,  it is suspected t h a t  t he  fol lowing water-carbon reac- 

t i o n s  would predominate: 

C + H20 + CO + H2 

CO + H20 + C02 + H2 
(1) 

(2 )  

Normally, t h e  hydrogen concentrat ion i n  t h e  product gas should not  excccd 

a c e r t a i n  l i m i t  imposed b y  thermodynamic e q u i l i b r i u n .  For e-,lmi,Ic, f o r  

a t y p i c a l  sodiuni-base spent  l i q u o r ,  t he  hydrogen concen t r a t ion  i n  t hc  

py ro ly t i c  g a s i f i c a t i o n  products  a t  1000 K an$ ambient p re s su re  w i l l  not 

exceed 60 percent  i n  volume (1). However, i n  the presence of a CO - 
removal reagent ,  such as NaOH or  CaO, e t c . ,  t h e  equ i l ib r ium can be s h i f t e d  

2 
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t o  d r ive  r eac t ion  (2)  toward completion. 'This would maximize thc l ivdro-  

gen y i e l d ,  and, a t  the  same time, reduce CO and CO 

the  product gas. 

concent ra t ions  i n  2 

The f e a s i b i l i t y  of u t i l i z i n g  the  spent  l i q u o r  v i a  p y r o l y t i c  

g a s i f i c a t i o n  a t  nea r ly  atmospheric p re s su res  has been demonstrated by 

Prahacs e t  a1  (I)' (*I .  
h ighes t  y i e l d s  of hydrogen and carbon monoxide. 

i n ' t h e  product gas  was g e n e r a l l y  i n  t h e  range of 50-60 percent  by 

volume. The o b j e c t i v e  of  t h i s  paper is t o  demonstrate exper imenta l ly  

the  t echn ica l  f e a s i b i l i t y  of producing hydrogen-rich gas by p y r o l y t i c  

g a s i f i c a t i o n  of b l ack  l i q u o r .  

removal reagent f o r  convenience of handling i n  a mic ro reac to r  used i n  

t h i s  s tudy .  

They concluded t h a t  t h e  Na-base l i q u o r  gave 

However, t h e  hydrogen 

Sodium hydroxide w a s  s e l e c t e d  a s  a C02- 

EXPERIMENTAL 

The g a s i f i c a t i o n  experiments were conducted i n  a ba tch  r e a c t o r  

system as shown i n  F igu re  1. 

inch  Inconel p ipe  (I.D. 0.742", O.D. 1.050"). H e l i u m  was used as an  i n e r t  

tracer t o  provide a m a t e r i a l  ba lance  from which g a s i f i c a t i o n  y i e l d  w a s  

es t imated .  

The r e a c t o r  w a s  made of a 12-inch-long 3/4- 

I n  a t y p i c a l  experiment,  t he  r e a c t o r  w a s  brought t o  t h e  s e l e c t e d  

r eac t ion  temperature,  evacuated, and then p res su r i zed  t o  20 ps ig  with 
helium. 

t y p i c a l l y )  was loaded i n t o  t h e  sample r e s e r v o i r  through V5 b y  means of a 

hypodermic syr inge  and V5 w a s  closed. 

sample i n  the r e se rvo i r  was pressur ized  t o  300 Vsig w i t h  argon ( t o  serve  

as p i s ton  g a s )  and i s o l a t e d  by c los ing  V 4  before  thc  water w a s  €orced 

i n t o  the heated r eac to r  by opening va lve  V6 and immediatelv closinp i t .  

This provided a steam enviroivnent fo r  g a s i f i c a t i o n .  W i t h  the  same pro- 
cedurc,  a measured amount of black Liquor (2 .0  cc) was tllcn in j ec t cd  i nLo  

the  s team-f i l led  r e a c t o r ,  except t h a t  600 ps ig  o f  helium prc!.;surc ~ m s  

With va lves  V6. and V7 c losed ,  a measured amount of water (0.5 c c ,  

The f r e e  snace above the  water 
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used a s  a p i s t o n  gas. Vaporization of the  s o l u t i o n  took o l ace  almost 

instantaneously.  After the predetermined r e a c t i o n  per iod,  the products  

were co l l ec t ed  by opening va lves  V7 and V10 t o  t r a n s f e r  t h e  sample t o  

t h e  c o l l e c t i o n  cy l inde r .  The c o l l e c t e d  gaseous r e a c t i o n  products  were 

analyzed by gas chromatography and mass spectroscopy.  

A l l  expe r imen ta l  tests t o  b e  d i scussed  i n  t h i s  paper  were 

conducted a t  800 C. Two minutes  were s e l e c t e d  as t h e  r e a c t i o n  t ime. 

The sodium-base black l i q u o r  used i n  t h i s  s tudy  contained 

15.6 percent  by weight o rgan ic  carbon. To i n v e s t i g a t e  the a d d i t i o n  of 

CO -removal r eagen t ,  v a r i o u s  amounts of sodium hydroxide were added 

t o  t h e  l i quor  at  N a / C  mole r a t i o s  of 0.00, 0.38, 0.77, and 1.15, where 

N a  is moles of added s o d i m  and C is moles of o r g a n i c  carbon i n  t h e  

l i q u o r .  

2 

The r e s u l t s  from t h e  above-mentioned experiments are shown i n  
Table 1 and Figures  2 and 3. The degree of g a s i f i c a t i o n  w a s  e s t ima ted  

by assuming t h a t  hydrogen and carbon d iox ide  is  produced according t o  

the carbon steam reac t ion :  

c + 2H20 + co2 + 2R2 
Therefore ,  f o r  every t w o  moles of hydrogen produced, one mole of o rgan ic  

carbon i n  the b l a c k  l i q u o r  should be g a s i f i e d .  

formed would r e a c t  w i th  NaOH t o  form sodium ca rbona te ,  up to t h e  l i m i t  

imposed by the q u a n t i t y  of NaOH added and/or a l r eady  p r e s e n t  i n  the 

black l i quor .  The fol lowing obse rva t ions  were made: t h e  main r z a c t i o n  

products  were found t o  b e  hydrogen, methane, carbon d iox ide ,  and carbon 

monoxide; very sma l l  amounts of C,-C hydrocarbon ( r a r e l y  excecdina 1.3 - 6  
percenL toLal) w r e  observed; t h e  concenLrntion of hydrogcn L n  Llie 

gaseous products was ve ry  high i n  a l l  expcriments ,  ranging from 62 t o  

88 volume percent .  

The carbon d iox ide  t h u s  
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TABLE 1. RESULTS OF PYROLYTIC GASIFICATION 
OF BLACK LIQUOR 

Run No. PG-01 PG-02 PG-03 PG-04 

Temp (C) 800 800 

Na/C Mole Ratio in Feed‘’) 0.00 0.38 

Product Yield (g-mole/lOOO cc of as-received liquor) 

HZ 

cH4 

co 

‘ZH4 

‘ZH6 

C3H6 

‘3% 

‘6”6 

Product Composition ( X )  

HZ 

CH4 

c02 

co 

‘ZH4 

‘ZH6 

C3H6 

C3H8 
C6H6 

Percent G3s if i c a  t i o n  
(based on carbon i n p u t )  

6.85 

0.45 

1.88 

1.69 

0.008 

0.039 

0.002 

NIL 

0.005 

62.4 

4.1 

17.1 

15.4 
0.07 

0.35 

0.01 

NIL 

0.6 

100.33 

40.  n 

11.96 

0.36 

2.70 

1.30 

0.012 

0.087 

0.007 

0.005 

0.12 

72.3 

2.2 

16.3 

7.9 
0.07 

0.53 

0.04 

0.03 

0.72 

100.09 

6A. 0 

800 

0.71 

16.77 

0.40 

2.01 

1.00 

0.007 

0.012 

0.003 

NIL 

0.077 

82.7 

2 .0  

9.9 

5.0 
0.03 

0.08 

0.02 

NIL 

0.38 

100.L1 

7 2 . 5  

800 

1.15 

18.35 

0.12 

1.90 

0.42 

NIL 

0.051 

0.006 

NIL 

0.08 

87.7 

0.57 

9.1 

2.0 

NIL 

0.24 
0.03 

NIL 

0.38 

LOO. 02 

7 5 . 0  

-_ 

- 
(1) Na-content refers t o  the amount of NaOH added to the liquor. 

C-content is 15.6 w t  %. 
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There are . tk-o s t r i k i n g  e f f e c t s  of  tile added caus t i c  soda on  

t h e  g a s i f i c a t i o n  of black l i quor .  The f i r s t  i s  the  product -gas d i s t r i -  

bu t ion ,  and t h e  second is the t o t a l  g a s i f i c a t i o n  y i e l d .  As shown i n  

Figure 2,  the  hydrogen content  of t h e  gas  increased  w i t h  i nc reas ing  

N a / C  r a t i o ;  about 88 percent  of hydrogen w a s  ob ta ined  wi th  N a / C  r a t i o  

of 1.15 a s  compared t o  62 percent  when no f r e e  NaOH ( N a / C  = 0.00) was 

added t o  t h e  b lack  l i q u o r .  Also, t h e  CO and CH concent ra t ions ,  i n  

gene ra l ,  decreased p rogres s ive ly  w i t h  inc reas ing  N a / C  r a t i o .  

g a s i f i c a t i o n  y i e l d  as a func t ion  of Na/C r a t i o  i s  shown i n  Figure 3. 

S i g n i f i c a n t  i n c r e a s e s  i n  t o t a l  g a s i f i c a t i o n  y i e l d  with inc reas ing  Na/C 

r a t i o  were observed. About 76 percent  of conversion can be obtained at 

Na/C of 1.15, as compared t o  40 percen t ,  when no f r e e  NaOH was added 

t o  t h e  b lack  l i quor .  Th i s  sugges ts  t h a t  t h e  added a l k a l i  metal  g r e a t l y  

enhances t h e  g a s i f i c a t i o n  r eac t ion .  

4 
The t o t a l  

I n  conclus ion ,  t h e  production of hydrogen i n  concent ra t ions  

g r e a t e r  than 85 pe rcen t  i n  the  gas  from p y r o l y t i c  g a s i f i c a t i o n  of b l ack  

l i q u o r  i s  t e c h n i c a l l y  f e a s i b l e .  The a d d i t i o n  of c a u s t i c  soda t o  t h e  

b lack  l i quor  not  on ly  enhances the  g a s i f i c a t i o n  r e a c t i o n ,  bu t  a l s o  

inc reases  t h e  hydrogen concen t r a t ion  i n  t h e  product gas.  

such as ca lc ined  l imes tone  o r  dolomite,  may be s u b s t i t u t e d  f o r  t he  

c a u s t i c  soda. 

Other r eagen t s ,  

Thus, a waste m a t e r i a l ,  which p resen t s  a d i sposa l  problem and 

a p o t e n t i a l  p o l l u t i o n  hazard ,  can be converted t o  products  for  u s e f u l  

f u e l s ,  chemical feeds tocks .  and/or app l i ca t ions .  
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Introduct ion 

Bio-Gas of Colorado has been doing business as a company f o r  
two years deal ing with treatment and reuse of a g r i c u l t u r e  waste or-  
ganic mater ia l s .  

W e  believe a commercially v i a b l e  energy from the  a g r i c u l t u r a l  
waste conversion indus t ry  p o t e n t i a l l y  e x i s t s .  This paper attempts 
t o  i l l u s t r a t e  t h i s  statement.  

Our research and s t u d i e s  have been conducted i n  Colorado, 
Arizona, Utah and New Mexico i n  conjunction with gran ts  from the  
4-Corners Regional C m i s s i o n .  
been accumulated from p i l o t  p l a n t  operat ions and s t u d i e s  a t  the 
Monfort of Colorado Inc.  beef f e e d l o t s .  However, t h e  information 
presented i n  t h i s  paper d e a l s  with Colorado exclusively.  

Much of our design information has 

Background 

Agriculture waste m a t e r i a l  such as  steer manure has an energy 
value which ranges from 3000-8000 BTU per  pound of s o l i d  mater ia l .  
This mater ia l  cur ren t ly  i s  being used, almost exclusively,  i n  i t s  
t r a d i t i o n a l  manner as an addi t ion  t o  a g r i c u l t u r a l  croplands.  
processes,  wel l  known and reported,  are ava i lab le  t o  convert  t h i s  
manure i n t o  a form of energy product such as o i l  o r  gas.  

Various 

The most of ten reported processes a re :  
1 . )  d i r e c t  combustion 
2.) pyroly t ic  conversion 
3 . )  anaerobic d iges t ion  

Our s tud ies  have been exc lus ive ly  concerned with the process 
of anaerobic d iges t ion  f o r  reasons which w i l l  be discussed l a t e r .  

Def in i t ion  

F i r s t ,  w e ' l l  d iscuss  what w e  consider would be a g r i c u l t u r a l  

1,) Residue from animal husbandry operat ions 
2.) Food processing wastes 
3 , )  Crop residue l e f t  i n  t h e  f i e l d s  ( o r  co l lec ted)  

These mater ia l s  a re  a l l  generated i n  l a r g e  q u a n t i t i e s .  Items 

I t e m  three  i s  n e i t h e r  gener- 

wastes of  an energy producing nature .  S p e c i f i c a l l y  w e  have defined 
a g r i c u l t u r e  wastes as: 

one and two a r e  i n  a reasonably cent ra l ized  o r  co l lec ted  form and 
a r e  generated on a continuous bas is .  
a ted  continuously o r  normally co l lec ted .  
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I n  Colorado, crop res idues  a r e  not removed from the f i e l d s  and 
most a g r i c u l t u r e  state agents s t rongly  recommend leaving t h i s  mater ia l  
on the f i e l d s  f o r  e ros ion  cont ro l  i n  t h e  windy cl imate .  

Amounts 

Anderson(1) es t imates  194.5 m i l l i o n  tons of moisture and ash 
f r e e  organic m a t e r i a l  from animal husbandry operat ions a r e  generated 
year ly  i n  the-J. S .  

m a t e r i a l  ( v o l a t i l e  s o l i d s )  are c o l l e c t a b l e  from 1 7  a reas  of concen- 
t r a t e d  l ives tock  feeding i n  Colorado. The maximum dis tance  consid- 
e red  f o r  t ranspor t ing  manure w a s  15 miles .  This information was 
generated during the  summer o f  1975 and represents  approximately 52% 
u t i l i z a t i o n  o f  t h e  s t a t e  f e e d l o t  capaci ty .  

I n  Colorado, 8 areas  o r  p o t e n t i a l  s i t e s  have been located i n  
which t h e  quant i ty  of manure generated i s  la rge  enough t o  j u s t i f y  
a u t i l i t y  s i z e  methane f a c i l i t y .  

Burford (2) es t imates  t h a t  1,065,500 tons p e r  year  of dry organic 

Available Enerpy 

Before going i n t o  the amount of "deliverable" product such 
manure could generate ,  a discussion of t h e  conversion process and 
the s t a t e  of the "delivered" feedstock is i n  order .  

Manure, as del ivered ,  from an open d i r t  feed lo t  (found i n  
Colorado o r  i n  the southwest i n  general)  would be extremely var iab le  
i n  a) moisure content ,  b) d i r t  o r  g r i t  r a t i o  and c)  ex ten t  of decom- 
pos i t ion  caused by exposure during the confinement period. Figure 1 
shows decomposition and organic carbon l o s s  i n  a t y p i c a l  manure 
sample versus exposure t i m e .  Figure 2 shows a t y p i c a l  s t e e r  manure 
as received p e r  t an  breakdown. 

As mentioned earlier,  our work has been exclusively devoted 
t o  the u t i l i z a t i o n  of anaerobic d iges t ion  t o  process the manure. 
Manure as a "fuel" must be processed before  d i r e c t  combustion or 
p y r o l y t i c  decomposition could be p r a c t i c a l .  Anaerobic d iges t ion  
however, would be less af fec ted  by moisture content ,  being a pro- 
cess  whereby d i l u t i o n  with water is  accomplished before u t i l i z a t i o n .  
Di lu t ion  allows the  g r i t  t o  be removed by s i m p l e  sedimentation. The 
energy loss  is l e s s  due t o  the  water content than i n  other  mentioned 
processes .  

as the only v i a b l e  process f o r  u t i l i z i n g  the  energy value of the 
manure is  t h a t  the process allows t h e  n u t r i e n t  and humus values of  
t h e  manure t o  be ava i lab le  t o  the  farm community. 
destroyed n u t r i e n t  and humus value of manure would be found i n  
much disfavor  by t h e  a g r i c u l t u r e  community. 

decompose (ferment) the  organic f r a c t i o n  of the  waste mater ia l .  

However, the  main reason t h a t  d iges t ion  i s  viewed by the authors 

Any process which 

Anaerobic d iges t ion  i s  a process which u t i l i z e s  b a c t e r i a  t o  
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The b a c t e r i a l  ac t ion  i s  a complex process and a discussion of bac- 
t e r i a  fermentation i s  n e i t h e r  t h e  i n t e n t  of this paper o r  p r a c t i c a l  
i n  the  t i m e  allowed, however, f o r  those i n t e r e s t e d ,  a bibliography 
of exce l len t  sources f o r  t h i s  d i scuss ion  i s  included i n  the  r e f e r -  
ence sec t ion  of t h i s  repor t .  (3 ,  4 ,  5 ,  6) 

b a c t e r i a l  decomposition of organic  m a t e r i a l .  
Basical ly  the following i t e m s  a r e  of importance i n  t h e  e f f i c i e n t  

1 . )  

2.) 

3. )  

4 . )  

5.) 

Oxygen f r e e  environment - Those b a c t e r i a  known a s  methan- 
ogenic b a c t e r i a  a r e  s t r i c t  anaerobes and cease funct ioning 
i n  the  presence of  oxygen. T h i s  requi res  sealed tankage. 

Pro e r  d i  e s t i o n  time- The b a c t e r i a  functign a t  a r a t e  
proFortioEa t o  temperature bgtween 60-110 F (15.56-43.33OC) 
Mesophilic :ange, and 120-150 F (48.89-65.56OC) Thermo- 
p h i l i c  range. - 

diges tor  tank volume) must be provided t o  allow t h e  
methanogenic b a c t e r i a  t o  properly process the  organic 
mater ia l .  
Mesophilic temperature of 98'F, and 4.75 f t  
i s  generated f o r  every pound of organic mat ter  introduced 
i n t o  the system. 

Temperature uniformity - Although d iges t ion  w i l l  proceed 
a t  any of t h e  te3peratures  mentioned, temperature changes 
grea te r  than + 2 F i n  an): 24 hour period a r e  enough t o  
cause "temperature shock , a phenomena whereby the b a c t e r i a  
become r e l a t i v e l y  dormant and gas production ceases .  
requires  a temperature c o n t r o l  system and i n s u l a t i o n  of 
the  d iges t ion  vesse l .  

Nut r i t iona l ly  balanced feedstock - The b a c t e r i a  requi re  
'basical ly ,  organic carbon ( l i g n i n  o r  non-organic forms 
of carbon w i l l  n o t  d i g e s t ) ,  n i t rogen,  phosphorous and 
t r a c e  elements. Manure has enough of a l l  the  n u t r i e n t s  
required.  Increases  i n  organic carbon alone could be 
t o l e r a t e d  with a r e s u l t i n g  increase i n  gas production. 

A t  any given temperature enough time (minimum 

A minimum time of 10 days i s  reqyired a t  the  
of methane 

T h i s  

Absence of tox ic  elements - Heavy metals  and i o n i c  
mater ia l  of high concentrat ion can cause b a c t e r i a  t o  
cease functioning. 

When the proper condi t ions a r e  provided, the b a c t e r i a l  a c t i o n  
can take place and the process of degradation or fermentation can 
take place.  

The gas re leased from the  process i s  known a s  bio-gas and 
roughly cons is t s  of 50%-70% CH4, 30% C02  and a t r a c e  of H2S by 
vo lune. 

Our p i l o t  p lan t  cons is ten t ly  produced a gas-of  5 % CH4 by 
volume (at  Denver a l t i t u d e )  and v e r i f i e d  t h a t  4.75 f t 3  of C H ~  could 
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be generated f o r  every pound of organic  m a t t e r . *  

Process cons idera t ion  

Monfort Gilcrest f eed lo t .  This f a c i l i t y  i s  s i zed  t o  handle 100,000 
c a t t l e  u n i t s  of manure input .  (A c a t t l e  u n i t  is 1 animal of 1000 lbs  
weight). Again a complete desc r ip t ion  of the process (one of  many 
proposed) i s  beyond the  scope of t h i s  repor t  but bas i ca l ly ,  the 
feed-manure is: 

Figure 3 shows a bas i c  f l o w  schematic a s  proposed f o r  the 

1. mixed w i t h  water, 
2 . )  sand and g r i t  removed, 
3.) the  r e s u l t i n g  s l u r r y  i s  heated and 
4 . )  int roduced i n t o  d iges t ion  vesse ls  where d iges t ion  occurs. 
5 . )  Bio-gas removed, H S and CO removed, compressed and sen t  

i n t o  t h e  i n t e r s t a t g  p ipe l ing .  
6.)  Residue removed from diges t ion  vessels , s o l i d s  separated,  

remaining l i qu id  is  admitted t o  ae ra t ion  basin. 
7 . )  The l i q u i d  is aerated allowing aerobic  bac te r i a  t o  grow. 
8 . )  Sol ids  again separated and the remaining l i qu id  remixed 

w i t h  manure. 

P lan t  Performance 

A IOC!,r?r?O ca t t le   nit f a c i l i t y  wndd input 1,200,000 l.bs of 
dry  so l id s  pe r  day t o  t9e p lan t ,  
ves se l s  of 1,000,000 f t  capac i ty  each to  provide the required 
de ten t ion  t q e  f o r  b a c t e r i a l  ac t ion .  Methane generatcjd would be 
3,406,000 f t  /day, a t  a cos t  of $1.60 - $2.00/1000 f t  . The bio- 
gas would be cleaned to  the  ex ten t  necessary and compressed t o  a 
p ipe l ine  pressure o f  850 p s i g  f o r  s a l e .  

The p l an t  w i l l  use 4 d iges to r  

Digestor  Heating 

Judicious use o f  i n su la t ion  and hea t  exchange a re  required i n  
the process t o  keep the ne t  energy requirements a s  low a s  poss ib le .  
A coa l  f i r e d  b o i l e r  w i l l  provide a major i ty  of t he  ne t  d iges to r  
hea t ing  requirement. Augmenting hea t  sources w i l l  be waste heat  of  
compression and s o l a r  energy. A form of f l a t  p l a t e  c o l l e c t o r  using 
d iges to r  e f f l u e n t  as the  hea t ing  medium has been patented and in-  
corporated i n t o  the  system design.  

Capi ta l  Costs 

Bio-Gas of Colorado has been engineer ing on this f a c i l i t y  f o r  
2 years  and our l a t e s t  c a p i t a l  c o s t  estimate shows a $5,500,000 - 
$6,500,000 cos t  f o r  t h i s  f a c i l i t y .  ($1,610 - $1,910 c a p i t a l  cos t  
per  generated MCF) Figures 4 and 5 show c a p i t a l  cos t  f i gu res  fo r  
d iges t ion  systems of var ious sizes as explained on each f igure .  

* On a theo rg t i ca l  bas i s  the  breakgown of 1 l b  of ce l lu lose  would 
y i e l d  7 f t  o f  methane. 4.75 f t  i s  an ac tua l  y i e ld .  
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W e  have b u i l t  s eve ra l  of t he  smaller s i z e s  as  shown on f igu re  4 ,  

Figure 5 is  estimated and assumes cos t s  as  r e l a t ed  t o  an owner- 

and these f igu res  include 40% markup over cos t  f o r  the bu i lde r s .  

operator ,  however, IDC and contingency of 15% are  allowed i n  f i g u r e  5.  
A s  can be seen from 10,000-100,000 c a t t l e  u n i t s  i s  the  l e a s t  s i z e  
s e n s i t i v e  arza on the curve and 40,000-50,000 c a t t l e  u n i t s  would be 
required t o  make the deal" i n t e r e s t i n g  t o  anyone contemplating a 
manure /gas f a c i l i t y .  

Some explanation of construct ion techniques i s  i n  order  t o  
j u s t i f y  f igure 5 .  

The process flow schematic i s  r e l a t i v e l y  simple. The f a c i l i t y  
c o n s i s t s  bas i ca l ly  of l a rge  tanks and lagoons for  holding s l u r r i e s  
and allowing anaerobic and aerobic  bac te r i a  t o  process the m a t e r i a l  
feedstock. 
proper hydraulic detent ion time i s  the f ea tu re  which causes the 
l a r g e s t  increment of c a p i t a l  cos t  i n  the envisioned f a c i l i t y .  
i t i o n a l  sewage p l an t  design r e l i e s  on concrete and/or s t e e l  tanks,  
each custom engineered and f i e l d  e rec t ed .  

A f a c t y r  cost  much reported f o r  these municipal i n s t a l l a t i o n s  
i s  $2.00/ft  of d iges to r  volume. 

I n  the envisioned f a c i l i t y ,  a l l  tanks including the d iges to r  
ves se l s  themselves, the c l a r i f i e r s  and lagoons a r e  a l l  "Hypalon- 
l ined" in-the-ground-trenches, a type of construct ion f inding favor 
i n  more recent waste treatment p ro jec t s .  U s e  of t h i s  type of con- 
s t r c t i o n  has allowed keeping the  t o t a l  c a p i t a l  cos t s  under $2.00/ 
f t  f o r  t h i s  type of f a c i l i t y .  This includes the e x t r a  equipment 
such as  s l u r r y  mixing, gas cleaning and compression, and l i q u i d  
ae ra t ion  t h a t  a municipal f a c i l i t y  would not require .  

The physical  s i z e  of the tanks required t o  allow the  

Trad- 

Conclusions 

It i s  our contention t h a t  a p o t e n t i a l l y  v i ab le  energy producing 
indus t ry  could be operated i n  Colorado and i n  other  a g r i c u l t u r a l l y  
o r i en ted  s t a t e s  f o r  the following main reasons: 

1 . )  Manure i s  ava i l ab le  i n  "commercial" q u a n t i t i e s  i n  a 

2 . )  Today manure i s  ava i l ab le  a t  $2.00/ton o r  l e s s  ($.615 

3 . )  

4 . )  

co l l ec t ed  form. 

- $.705 mi l l i on  BTU). A s  a f u e l  manure today i s  cheaper 
than coal .  
The technology i s  we l l  known t o  convert the energy value 
of manure i n t o  a very des i r ab le  form. 
It appears t he  c o s t  of c a p i t a l  f o r  the canversion 
f a c i l i t y  (under $2,000 per generated MCF) i s  a l s o  
des i r ab le .  
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PIPELINE GAS FROM SOLID WASTES BY THE SYNGAS RECYCLING PROCESS. 
G. W. Felton, H. Nack. B a t t e l l e ,  Columbus Labora tor ies ,  505 King Avenue, Columbus, 

H. F. Feldmann, 

Ohio, 43201; J. Adlers te in ,  Syngas Recycling Corp., Su i t e  2120, The Thomson Building, 
65 Queen S t r e e t  W., Toronto, Ontario,  Canada M5H 2M5 

A two-stage process f o r  converting s o l i d  wastes i n t o  a methane r i ch  gas capable of 
being upgraded t o  p ipe l ine  qua l i t y  i s  described. 
are contacted with a hydrogen containing gas and are converted t o  hydrocarbon gases con- 
s i s t i n g  mostly of methane with smaller amounts of ethane, carbon oxides,  carbonaceous 
char  and less than one percent o i l .  The char  i s  used i n  a second s t age  connected r eac to r  
t o  genera te  a synthes is  gas f o r  t h e  f i r s t  s tage .  
f i r s t  s t age  as both a moving-bed and f r e e - f a l l  r eac to r  are presented and these  da t a  are 
combined with g a s i f i e r  p e r f o m n c e  ca l cu la t ions  t o  e s t a b l i s h  la rge-sca le  performance 
c h a r a c t e r i s t i c s  of the in t eg ra t ed  system. 

I n  the  f i r s t  zone, t he  raw solid wastes 

Resul t s  of continuous opera t ion  of the 
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THE GASIFICATION OF WASTES USING MOLTEN SALTS 

S .  J. Yosim and K. M. Barc lay  

Atomics In te rna t i ona l  D i v i s i o n  
8900 De Soto Avenue 

Canoga Park, C a l i f o r n i a  91304 

INTRODUCTION 

This paper descr ibes some experimental r e s u l t s  showing the  techn ica l  

f e a s i b i l i t y  o f  producing a low Btu gas (100-150 B tu /sc f )  from wastes 

us ing  molten s a l t  technology. The concept o f  molten s a l t  g a s i f i c a t i o n  

i s  described f i r s t  and i s  fo l lowed by a desc r ip t i on  o f  the  experimental 

apparatus. 

wastes a re  given. 

Then some r e s u l t s  o f  bench scale g a s i f i c a t i o n  t e s t s  o f  se lec ted  

The disposal  o f  waste x - ray  f i l m  i s  discussed. 

can be produced wi th  f i l m ,  a more impor tan t  ob jec t i ve  i s  t o  recover the 

s i l v e r  from the  f i l m .  Therefore, experiments t o  recover s i l v e r  as we l l  
as experiments producing low Btu gas a re  described. 

While low Btu gas 

The discussion o f  f i l m  t es ts  i s  fo l lowed by t e s t s  i n  which rubber 
t i r e s  and paper a re  gas i f i ed .  

Then, some t e s t s  on the  d isposa l  o f  n i t ropropane are  described. 

N02-containing compounds can be present i n  o the r  wastes and, s ince they 

a re  a source of n i t rogen  oxides emissions due t o  t h e i r  h igh  n i t rogen  
content, t e s t s  were c a r r i e d  ou t  t o  determine i f  such wastes could 
be disposed o f  w i t h  l o w  NOx emissions. 

Organic 

The experimental p b t i o n  o f  the  paper concludes w i t h  a desc r ip t i on  

o f  some g a s i f i c a t i o n  t e s t s  w i t h  sugar. 

we l l -charac ter ized  oxygen conta in ing  substance and has a composition t y p i c a l  

o f  many s o l i d  wastes. 

Sugar was tes ted  because i t  i s  a 

P 
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A discussion o f  t h e  r e s u l t s ,  inc lud ing  a comparison o f  these r e s u l t s  

wi th  those o f  coal  and o i l  g a s i f i c a t i o n  us ing  the  same technology, 

concludes the paper. 

CONCEPT OF GASIFICATION OF WASTES WITH MOLTEN SALT 

Molten S a l t  G a s i f i c a t i o n  o f  wastes i s  a process which provides f o r  

t he  removal o f  p o l l u t a n t s  dur ing  an i n i t i a l  p a r t i a l  ox ida t i on  and gas- 

i f i c a t i o n  step fo l lowed by complete burning o f  'the c lean combustible gases 

i n  a secondary combustor. 

t he  disposal o f  wastes i s  a two-step process. 

Thus, the  Molten S a l t  Gas i f i ca t i on  Process f o r  

I n  the  f i r s t  step, shredded combustible waste and a i r  a re  cont inuously I 

int roduced beneath the surface o f  a sodium carbonate-containing me1 t a t  

about l,OOO°C. 
during combist ;o~ i s  f o rced  t o  pass t h r o u ~ h  the  m e l t ;  
such as HC1 (produced from ch lo r i na ted  organ ic  compounds) and H2S ( f rom 

organic s u l f u r  compounds) a re  neu t ra l i zed  and absorbed by the a1 ka l  i ne  
Na2C03. The ash in t roduced w i t h  the combustible waste i s  a lso  re ta ined  
i n  the  melt .  Any char from the f i x e d  carbon i s  completely ox id i zed  i n  

the  s a l t .  

s i g n i f i c a n t  amount o f  NOx t o  be formed by f i x a t i o n  o f  the  n i t rogen  i n  the 
a i r .  

i.e., l e s s  than the  amount o f  a i r  requ i red  t o  ox id i ze  the  waste completely 
t o  C02 and H20. 

and completely g a s i f i e d  i n  the molten s a l t  furnace. The gas generated has 

an e f fec t i ve  heat ing va lue  which depends upon the  o r i g i n a l  waste. 
approximately 150 Btu/scf have been obtained. 

The waste i s  added i n  such a manner t h a t  any gas formed 

Any a c i d i c  gases, 

The temperatures o f  g a s i f i c a t i o n  a r e  too low t o  permi t  a 

Gas i f i ca t i on  o f  the waste i s  accomplished by us ing  d e f i c i e n t  a i r ,  

Thus, i n  the f i r s t  step, the waste i s  p a r t i a l l y  ox id ized  

Values o f  

I n  the second step, t h i s  gas flows t o  a convent ional  gas - f i r ed  b o i l e r  

i n  which i t  i s  combusted w i t h  secondary a i r ,  producing steam. 

4 

As a poss ib le  op t ion ,  a sidestream o f  sodium carbonate me l t  can be 

withdrawn cont inuously from the  molten s a l t  furnace, quenched and processed 
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i n  an aqueous regenerat ion system which removes the  ash and inorgan ic  

combustion products re ta ined  i n  the me l t  and re tu rns  the regenerated 

sodium carbonate t o  the  molten s a l t  furnace. The ash must be removed t o  

preserve the  f l u i d i t y  o f  the me l t  a t  an ash concentrat ion o f  about 

20 weight %. 

p o i n t  t o  prevent complete conversion o f  the me l t  t o  the sa l t s ,  w i t h  an 

eventual l o s s  o f  the  ac id  pol lutant-removal  c a p a b i l i t y .  

The inorgan ic  combustion products must be removed a t  some 

This concept i s  the bas is  o f  t he  Molten S a l t  Coal G a s i f i c a t i o n  Process 

which i s  c u r r e n t l y  being developed by Atomics In te rna t i ona l .  

I n  the  molten s a l t  concept f o r  s i l v e r  recovery, the  f i l m  i s  g a s i f i e d  
i n  a Na2C03 me l t  i n  the same manner as o the r  combustible waste. 

from the  f i l m  forms a l i q u i d  metal pool which i s  d ra ined from the  bottom 
of the combustor t o  form metal ingo ts  w i t h  a p u r i t y  exceeding 99.9%. 

The s i l v e r  

EXPERIMENTAL 

Mater ia 1 s 

The waste x-ray f i l m  was analyzed and was found t o  conta in  i n  weight 

carbon, 53.2; hydrogen, 5.5; ash (which was e s s e n t i a l l y  s i l v e r ) ,  2.4; %: 
and the  oxygen (by d i f fe rence) ,  38.9. 

t h a t  the  f i l m  contained 2.3% s i l v e r .  

moisture conten t  of 2.8%. No chemical analyses were c a r r i e d  out, bu t  a 

t y p i c a l  composition f o r ' p i n e  wood on a d r y  basis i s :  carbon, 51.8; hydrogen, 

6.3; ash, 0.5; and oxygen, 41.3. 
The rubber was bu f f i ngs  from an automobile t i r e  t read. No chemical analyses 

were c a r r i e d  out. The ni t ropropane was p r a c t i c a l  grade obtained from 

Eastman. The sugar consisted of pure sucrose. The Na2C03 f o r  t he  s a l t  bath 
was techn ica l  grade ma te r ia l  obtained f r o m  Kerr McGee. 

D i r e c t  ana lys is  f o r  s i l v e r  showed 
The wood was p ine  sawdust w i t h  a 

The heat ing value i s  t y p i c a l l y  9,130 Btu. 

Bench-Scale Molten S a l t  G a s i f i e r  

A cross-sect ion view o f  the bench-scale molten s l a t  g a s i f i e r  i s  shown 

i n  Figure 1. Approximately 12 l b  o f  molten s a l t  a re  contained i n  a 6- in.  I D  
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and 30- in.  h igh alumina tube placed i n  a Type 321 s ta in less  s tee l  r e t a i n e r  

vessel. This s t a i n l e s s  s tee l  vessel, i n  tu rn ,  i s  contained i n  an 8- in.  

ID, four -heat ing  zone Marsha l l  furnace. 

8 in. i n  height, and t h e  temperature o f  each zone i s  con t ro l l ed  by an 

SCR c o n t r o l l e r .  

Barber-Colman c h a r t  recorder .  

The fou r  heat ing zones are each 

Furnace and reac to r  temperatures a r e  recorded by a 12-point  

So l ids ,  p u l v e r i z e d  when necessary i n  a No. 4 Wiley m i l l  t o  4 mm 
i n  p a r t i c l e  s ize,  a re  metered i n t o  the  1/2- in.  OD cen t ra l  tube o f  t h e  i n -  

j e c t o r  by  a screw feeder.  Rotat ion o f  the screw feeder i s  provided by 
a 0 t o  400 rpm Eberback Corporat ion Con-Torque s t i r r e r  motor. In t h e  

i n j e c t o r  the s o l i d s  a re  mixed w i t h  the a i r  being used f o r  g a s i f i c a t i o n ,  and 

t h i s  s o l i d s - a i r  m ix tu re  passes downward through the  center tube o f  the  
i n j e c t o r  and emerges i n t o  the 1-1/2-in. 
feed tube i s  ad jus ted  so t h a t  i t s  t i p  i s  -1/2 i n .  above the 

bottom o f  the 6- in.  diameter alumina reac tor  tube. Thus, t h e  s o l i d s - a i r  

m ix tu re  i s  forced t o  pass downward through the  feed tube, outward a t  i t s  
bottom end, and then upward through -6 in.  o f  s a l t  i n  the  annulus between 

t h e  1-1/2-in. and the  6 - in .  alumina tubes. I n  the case o f  l i q u i d s ,  a 

d i f f e r e n t  feed system i s  used. 

pump and i s  sprayed i n t o  the  alumina feed tube. 

I D  alumina feed tube. Th is  alumina 

The l i q u i d  i s  pumped w i t h  a l abo ra to ry  

I n  order t o  p revent  the  me l t  temperature from r i s i n g  when an excessive 

amount o f  heat i s  re leased t o  t h e  melt, a coo l i ng  system (no t  shown i n  
Figure  1) cooled by a i r ,  maintained a constant temperature. I t  cons is ts  

o f  an e igh t -ho le  a i r  d i s t r i b u t i o n  r i ng ,  mounted underneath the  s ta in less  

s tee l  ceramic ' tube r e t a i n e r  vessel. A i r  a t  r a t e s  up t o  18 cfm can be 
passed upward between t h e  ou te r  surface o f  the  r e t a i n e r  vessel and t h e  

furnace wa l l .  

O f f  Gas Analyses 

Samples o f  t he  e x i t  gas, f o r  ana lys is  by gas chromatography, a re  taken 

w i t h  1-mP gas t i gh t  sy r inges  downstream o f  the C02 analyzer.  Two gas samples 
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are  taken a t  the same time. 

oxygen, and ni t rogen, us ing  a molecular s ieve  13X column a t  room temperature. 
The o ther  sample i s  analyzed f o r  carbon dioxide, methane, ethane, ethylene, 

s u l f u r  d ioxide, and hydrogen su l f i de ,  us ing  a Poropak Q column a t  130°C 

(266OF). 

the  of f -gas. 

Chemiluminescent NOx Analyzer. 

determinat ions are  made w i t h  Olson-Horiba, Inc.  un i t s .  (Mexa-300 carbon 

monoxide and Mexa-PO0 carbon d iox ide  analyzers,. respec t ive ly .  ) 
ana lys is  data a re  repor ted  on a d ry  basis.  

One sample i s  analyzed f o r  carbon monoxide, 

Often, continuous measurements o f  NO,, CO, and C02, are taken of 

The NOx analyses are made w i t h  a Thermo E lec t ron  Corporat ion 

The carbon monoxide and carbon d iox ide  

A1 1 gas 

The g a s i f i c a t i o n  steady s ta te  r e s u l t s  f o r  f i l m ,  wood, rubber, and 

ni t ropropane are  shown i n  Table 1. 

Table 2. 
The r e s u l t s  f o r  sucrose are  shown i n  

F i lm  

Two ser ies  o f  t e s t s  were c a r r i e d  ou t  w i t h  waste x-ray f i l m .  The 

purpose o f  the f i r s t  t e s t  (No. 1) was t o  show t h a t  pure elemental s i l v e r  

could indeed be recovered under g a s i f i c a t i o n  cond i t ions  a t t a i n a b l e  i n  the  

Atomics In te rna t i oFa l  p i l o t  p l a n t  which i s  capable o f  ,gas i fy ing  about 

200 lbs /h r  o f  coal  and waste. 

value (HHV) o f  100 B t u l s c f  was obtained. I n  t h i s  bench sca le  tes t ,  1 5  l b s  

o f  f i l m  were burned. A f t e r  the  tes t ,  the me l t  was cooled u n t i l  the  s i l v e r  

s o l i d i f i e d  ( A b r i g h t  p e l l e t  o f  l us t rous  s i l v e r  metal having a 

weight o f  0.34 l b s  was recovered. Th is  corresponds t o  98.6% o f  the s i l v e r  

i n  the f i l m  feed. Because o f  the successful r e s u l t s  o f  t h i s  bench scale 
tes ts ,  a t e s t  t o  recover f i l m  from 20,000 l b s  o f  waste x-ray f i l m  i s  

planned f o r  the  near fu tu re .  ( A  s i l v e r  recovery t e s t  i n  the  Atomics 

I n t e r n a t i o n a l ' s  p i l o t  p l a n t  has been c a r r i e d  ou t  i n  which 15,000 l b s  o f  

waste x-ray f i l m  were burned under excess a i r  cond i t ions  a t  a r a t e  o f  

100 lbs /h r .  

s i l v e r  metal i ngo t  weighing 230 l b s  w i t h  99.9% p u r i t y  was recovered.) 

A combustible gas w i t h  a h igher  heat ing 

960OC). 

I n  t h a t  t es t ,  which was ca r r i ed  out f o r  the Navy, a s i n g l e  
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I n  tes t  No. 2, t h e  g a s i f i c a t i o n  was c a r r i e d  ou t  under more reducing 

cond i t ions  (22% t h e o r e t i c a l  a i r ) .  

con ten t  was obtained (179 B tu /sc f ) .  Elemental s i l v e r  was recovered from 

t h i s  t e s t  a l so  b u t  t h e  y i e l d  was no t  determined. 

This t ime a gas w i t h  a much higher heat 

Wood 

Gas i f i ca t i on  o f  the  p ine  wood was c a r r i e d  o u t  w i t h  30% theore t i ca l  

Again, a gas w i t h  a h igh  heat content (181 Btu /sc f )  was obtained. a i r .  

The H2 content was somewhat h igher  and the  CH4 conten t  somewhat lower than 

was obtained w i t h  the  f i l m  a t  22% theore t i ca l  a i r .  However, i t  i s  not 

c l e a r  whether t h i s  d i f f e r e n c e  i s  r e a l .  

Rubber 

Two tes ts  were c a r r i e d  ou t  w i t h  rubber f r o m  a rubber t i r e .  Since 
the  t i r e  contained organic su i fu r  which would form Na2S i n  the melt ,  the 

Na2C03 melt  o r i g i n a l l y  contained 6 w t  % Na2S t o  s imulate steady s ta te  

condi t ions.  Sodium s u l f i d e  was a l so  added because i t  has been es tab l i shed 
a t  Atomics In te rna iona l  and o ther  l abo ra to r ies  t h a t  Na2S i s  a c a t a l y s t  

i n  acce le ra t i ng  the  g a s i f i c a t i o n  o f  char i n  molten Na2C03. 
was c a r r i e d  ou t  w i t h  33% t h e o r e t i c a l  a i r .  The r e s u l t s  i n  Table 1 are an 

The g a s i f i c a t i o n  

average o f  t he  t w o  t es ts .  

The C02 content o f  t h i s  gas was considerably lower than t h a t  from the 

oxygen-containing wastes and i s  more s i m i l a r  t o  t h a t  obtained when coal 

o r  o i l  i s  gas i f ied .  I n  s p i t e  o f  t he  l a r g e  amounts o f  Na2S i n  the melt, 

no H2S o r  o ther  su l fu r - con ta in ing  gases (<30 ppm) were detected i n  the 

o f f  gas. 

A gas w i t h  an HHV o f  156 Btu /sc f  was obtained. 

N i  tropropane 

Organic NO2-containing compounds may we l l  be present i n  small amounts 

i n  wastes which are  being g a s i f i e d  f o r  producing f u e l .  Th is  type o f  compound 

b 
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can e m i t  a g rea t  deal  o f  NO,. 
determine i f  i t  would be poss ib le  t o  minimize the  NOx emissions du r ing  

gas i f i ca t i on .  

w i t h  d i f f e r e n t  add i t i ves .  
cond i t ions  and w i t h  a s p e c i f i c  add i t i ve ,  i t  was poss ib le  t o  combust n i t r o -  

propane and produce a product gas conta in ing  on ly  6 ppm NO,. 

t h a t  the  presence of organic N02-containing wastes w i l l  no t  c o n t r i b u t e  
much NOx under gas i f y ing  cond i t ions .  

from the  tes ts  i s  shown i n  Table 1. 

I n  these tes ts ,  n i t ropropane was used t o  

A ser ies  o f  t e s t s  was run  under vary ing  cond i t ions  and 
I t was determined t h a t  under c e r t a i n  process 

It thus appears 

The composition o f  a t y p i c a l  o f f  gas 

~ Sucrose 

The g a s i f i c a t i o n  o f  sucrose i n  pure Na2C03 was s tud ied  a t  f o u r  d i f f e r e n t  

s to ich iomet r ies .  

(2.5 scfm) corresponded t o  an a i r  s u p e r f i c i a l  v e l o c i t y  i n  the  g a s i f i e r  

o f  1 f t / sec .  As expected, the  heat ing  value o f  the  gas increased as the 

percent t h e o r e t i c a l  a i r  decreased. However, when the  a i r / f u e l  r a t i o  was 

too  low, i n s u f f i c i e n t  heat  w is  re leased t o  the me l t  and a u x i l i a r y  heat ing  
was required. 

a i r  was used. 

me l t  temperature. 
was released t o  the  me l t  so t h a t  the  furnace could be turned o f f .  

a i r ,  excess heat  was generated and had t o  be removed by the  coo le r .  

r e l a t i v e l y  sho r t  experimental runs  (-I hour) d i d  n o t  permi t  a d e f i n i t e  
conclusion as t o  what minimum percent o f  t heo re t i ca l  a i r  cou ld  be used 

i n  t h i s  system and s t i l l  ma in ta in  me l t  temperature w i thou t  a u x i l i a r y  

(furnace) heat. 
a molten s t a t e  a t  l e a s t  a t  35% o f  t h e o r e t i c a l  a i r  a t  which l e v e l  a com- 

b u s t i b l e  gas w i t h  an HHV o f  154 B tu /sc f  was being generated. 

The m e l t  temperature was about 95OoC. The a i r  feed r a t e  

Th is  was the  case w i th  the  t e s t  i n  which 18% t h e o r e t i c a l  

The furnace was tu rned on du r ing  the t e s t  t o  ma in ta in  the  

However, a t  35 and 52% theo re t i ca l  a i r ,  s u f f i c i e n t  heat 
A t  72% 

The 
- 

I t  appears, however, t h a t  the s a l t  could be maintained i n  

A t e s t  i n  which the a i r  s u p e r f i c i a l  v e l o c i t y  was reduced t o  1/2 f t / sec  

y ie lded  an off-gas v i r t u a l l y  unchanged i n  composition t o  t h a t  when t h e  

v e l o c i t y  was 1 f t / sec .  Th is  suggests t h a t  residence t ime i n  the m e l t  i s  

n o t  an important f ac to r .  
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Discussion 

80 

It i s  o f  i n t e r e s t  t o  compare the heat ing  value o f  a gas produced 

from a mater ia l  con ta in ing  a g rea t  deal o f  combined oxygen w i t h  t h a t  pro- 

duced from a convent ional  fuel  such as coal and f u e l  o i l .  A comparison 

o f  the heat ing values o f  gases produced by the  oxygenated compounds which 

con ta in  40-50 w t  % oxygen, by Kentucky No. 9 coal  (7  w t  % oxygen), and 

by No. 6 fue l  o i l  ( e s s e n t i a l l y  no oxygen) us ing  the same molten s a l t  

technology i s  shown i n  Table 3. I t  can be seen t h a t  t he  d i f f e rence  i n  

heat ing  value o f  the  gas i s  r e l a t i v e l y  small i n  s p i t e  o f  the  l a r g e  
d i f f e rence  i n  Btu conten t  o f  t h e  combustible ma te r ia l  (12,000 B tu / l b  f o r  

the  coal and 19,000 8 t u / l b  f o r  the fue l  o i l  vs 7,000-9,000 B tu / l b  f o r  

t he  oxygenated m a t e r i a l ) .  The small d i f f e r e n c e  i n  heat content o f  t he  

gases probably i s  due i n  p a r t  t o  the  f a c t  t h a t  a g rea t  deal o f  the 

oxygen i s  supp l ied  by the  fuel  and t h i s  combined oxygen i s  n o t  d i l u t e d  

w i t h  atmospheric n i t rogen.  

gas were 59% i n  t h e  case o f  f u e l  o i l  a t  20% t h e o r e t i c a l  a i r  and on ly  34% 
i n  the  case o f  sucrose a t  18% t h e o r e t i c a l  a i r .  

To i l l u s t r a t e ,  t he  n i t rogen  contents o f  t he  o f f  

It has been shown tha t ,  as expected, the  Btu conten t  o f  t h e  o f f -gas  
increases as the  percent  o f  t heo re t i ca l  a i r  decreases. However, as was 

a l s o  shown ( i n  t e s t  No. 6), there  i s  a p r a c t i c a l  upper l i m i t  on the gas 

heat  content which can be obtained. Above th i s .upper  l i m i t ,  there  w i l l  
n o t  be enough heat  re leased t o  the  mel t  t o  sus ta in  the  opera t ing  temper- 

a tu re .  

process a i r  and by decreasing the  heat losses i n  the  g a s i f i e r  w i t h  improved 
i n s u l a t i o n .  

This upper l i m i t  can be increased somewhat by us ing  preheated 

The maximum waste throughput i s  a l s o  governed by the  maximum super- 

f i c i a l  v e l o c i t y  o f  the gas through the melt .  
s u p e r f i c i a l  v e l o c i t y  o f  t he  i n l e t  a i r  has been s e t  a t  2 f t / sec .  

corresponds t o  a someuhat h igher  v e l o c i t y  o f  t he  produc t  gas, depending on 

t h e  f rac t i on  of t o t a l  oxygen which i s  combined oxygen and on t h e  composition 

of the  off-gas.) Beyond t h i s  v e l o c i t y  o f  2 f t / sec ,  entrainment o f  t he  

m e l t  becomes excessive. 

waste throughput can be s i g n i f i c a n t l y  increased s ince  a t  a a g iven a i r  

Super f i c i a l  ve loc i t y ,  t he  waste throughput w i l l  be p ropor t i ona l  t o  t h e  
pressure. 

I n  general, the  maximum 

(Th is  

However, by opera t ing  a t  e levated pressures, the 
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No su l fu r - con ta in ing  p o l l u t a n t s  were observed i n  the  o f f -gas  when 
rubber was gas i f ied .  

i n  a l l  t e s t s  i n  which t h a t  type  o f  ma te r ia l  was t rea ted  i n  Na2C03 mel ts  

w i t h  excess a i r ,  there  was no t race  o f  HC1 even when the  Na2C03 content 

was as low as 5 w t  %. 
obtained i f  d e f i c i e n t  a i r  were used. 

While ch lo r ine-conta in ing  ma te r ia l  was n o t  gasi f ied,  

It i s  expected t h a t  the  same r e s u l t s  would be 

The r e s u l t s  descr ibed i n  t h i s  paper show t h a t  the g a s i f i c a t i o n  of 
wastes i n  molten s a l t s  t o  produce a low Btu gas i s  t echn ica l l y  f eas ib le .  

However, an engineer ing eva lua t ion  lead ing  t o  the  economics o f  molten 

s a l t  g a s i f i c a t i o n  o f  the  var ious wastes has no t  been done and would be 

necessary before i t  can be es tab l i shed i f  t h i s  process i s  a p r a c t i c a l  
one. 

81 
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TABLE ‘3 

A Comparison o f  the  Heating Value o f  Gas 
Produced from Sucrose and from Coal 

OXYGENATED MATERIAL CONVENTIONAL FUELS 

% Theor. HHV 
Ma te r ia l  A i r  B tu /sc f  --- 

4: Theor. HHV 
Fuel A i r  Btu/scf  

Sucrose 18 216 Fuel O i l a  20 191 

F i l m  22 179 Fuel O i l  27 155 

Wood 30 181 Coal 35 151 

Sucrose 35 154 Coal 40 138 

F i l m  51 107 Coal 50 118 

Sucrose 53 91  Coal 70 36 
Sucrose 72 37 

b 

(a) ?he f u e l  oi l  was a No. 6 o i l .  
5%; ash, 0.007%; s u l f u r ,  0.3%, hydrogen 13%. 

(b)  The coal was Kentucky No. 9 seam coal. 
on a d ry  bas is  was i n  weight %; ash, 16.4; v o l a t i l e  matter,  37.6; 
f i x e d  carbon, 46.0; and s u l f u r ,  4.5. The u l t i m a t e  ana lys is  on a 
d ry  basis was: carbon, 66.3; hydrogen, 4.6; n i t rogen,  1.4; 
su l fu r ,  4.5; ash, 16.4; and oxygen (by d i f f e rence ) ,  6.9. 

I t  was A P I  g r a v i t y  18, carbon residue, 

The proximate ana lys is  

a4 
I 

I 

r ’ l  

jca/gdd: 12 
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(on a dry basis) each year. 
beginning t o  be used t o  a s ignif icant  extent. 
dif ferent  character is t ics  and markets are  being produced. 
recovery of fuels  and energy from waste materials a re  in various stages of research, 
development, demonstration and commercialization. 
processes and fuels in order t o  provide an overview of this f ie ld  o f  energy technology. 

Organic wastes generated i n  t h i s  country a r e  estimated to  exceed 800 million tons 
This large and continually renewable energy source i s  

Solid, liquid and gaseous fuels with 

This paper will discuss these 

Numerous processes f o r  the 

/ 


