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ABSTRACT: Lower su@r emissions at a pulp mill result in higher 
sul&i ty h e h  and in the enrichment ofP0tassium in the milh liquor 
system. The suIJdity values at Scandimvim kraj milhpreviowly 
J w t e d  between 28 and35%; to&y they exceed 45%. Vucosity 
measurements show that the viscosity &creases drikalh when the 
SulJidity increasesfiom 30 mole% to 40 mob%, itspotiwsium and 
chlokne h e h  are high enough, and the char bed z i  low, the melt  
J%WS edsily and m y  penetrate the char bed approaching thefior 
tubes. In w e m e  cmes, the hot smelt destroys the hyer of sold$ed 
melt  on thefior tube) su$ce and r e a s  wy rapid& with thefior 
tu be. 
I E W O R D g  Crmks, fiors, recovq@mes, melt, stress corro- 
sion, suIJdi9 tubes. 

he cracking of composite floor T tubes in many recovery boilers 
has been the subject of discussion and 
active research in Finland and Swe- 
den during the last three years. The 
TAPPI corrosion symposium, held in 
Orlando, FL, in November 1992, high- 
lighted this problem (1 -5). The cracks, 
which arevisible with a dye penetrant, 
go through the stainless steel layer. 
However, cracks have not occurred in 
the carbon steel portion of the com- 
posite tube. Although cracks have been 
observed in some units after just one 
year of operation, other boilers have 
been in service for 12 years before the 
cracks appeared. 

Some researchers believe that the 
cracking is caused by water washing 
the floors, based on the fact that typi- 

cal stress corrosion cracks have been 
found in the type 304L stainless steel 
layer of the composite tubes. The 
cracks, however, also have thermal fa- 
tigue features and occur when the 
smelt penetrates closer to the bottom 
tubes, where the bed height is low. 

In order to discover the real causes 
of this corrosion phenomenon, it is ap- 
propriate to analyze the changes that 
have occurred at modern pulp mills 
during the last five years. 

Boilers that were evaluated 

Nine recovery boilers at seven pulp 
mills were selected for closer study. 
The normal day-to-day analyses car- 
ried out at the mills from 1987 to 1992 
provided the basic data for this study. 
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These data, together with a history of 
the composite tube cracking, were 
saved in a computer file on each mill. 

Changes observed 
at the pulp mills 

The changes observed in corrosion 
environments can be divided into two 
groups: the changes that occurred 
when a boiler was in use and those 
that affected a boiler during shutdowns 
or startups. 

Boilers in use 

Operational boilers displayed higher 
sulfidities due to the increased use of 
C10, bleaching. The effective utiliza- 
tion of the by-products from C10, gen- 
eration has resulted in an overall 
decrease in chemical losses from the 
pulp mills. The by-products from the 
most popular methods used have high 
S/Na, ratios when compared with nor- 
mal makeup chemicals. Since the pro- 
duction of these by-product salts or 
acids may take place sporadically, 
sulfidity levels may fluctuate widely at 
a given mill. 

Higher sulfidities also result from 
an increase in recycled ash. Higher 
bed temperatures promote higher dust 
flow from the bed and, thus, reduced 
sulfur emissions from the boiler. At 
higher bed temperatures, there is ob- 
vious enrichment of K and C1 levels. If 
this recycled ash (mainly Na,SO,) is 
used as a makeup chemical and added 
to the black liquor, the sulfidity level 
of the liquor mixture will increase in 
the long run and, simultaneously, the 
K and C1 enrichment will take place. 

Boilers in use also feature higher 
char bed temperatures due to (a) the 
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1. The equilibrium coefficient of Eq. 1 for 
sodium and potassium at different bed tem- 

1. The slow increase in W(K+Na) ratio at Mill A from 1988 to 1992 

Deratures 

Temp.,% Na K 

900 0.0003 0.0049 
950 0.0079 0.1158 

1000 0.16 2 
1050 2.5 28 
1100 31 31 3 
1150 324 2906 
1200 2812 22,770 

rotation of secondary air, (b) the higher 
dry solids content of the combustion 
liquors, and (e) the operation of boilers 
at overcapacity. These changes affect 
the char bed reactions, especially in 
cases where the bed has been low and 
the enrichment of potassium and chlo- 
rides has taken place. The lower melt- 
ing points of K-enriched smelts 
facilitate the smelt penetration through 
the char bed, closer to the bottom tubes. 
This abnormal, hot-smelt penetration 
decreases the thermal insulation of the 
char bed. The hot, easily-flowing smelt 
has, in some cases, also locally de- 
stroyed the frozen smelt layer on the 
composite tube and aggressively cor- 
roded the tube’s surface. 

Boilers being shut down 
or started up 
Shutdowns and startups generallypro- 
vide an enrichment of sulfur. At the 
beginning of a shutdown, as a boiler 
cools, salt deposits on the superheat- 
ers fall onto the char bed. During the 
burndown of the char bed, these salts 
melt and mix with the original smelt, 
thereby enriching the smelt that is on 
the floor with potassium and chlorine. 
A sample salt layer compacted on the 
surface of a floor tube had 25 mole% of 
W(K+Na), 3.2 mole% CI/(K+Na), and 
a S/Na, molar ratio as high as 2.6. These 
ratios indicate that low-melting-tem- 

perature polysulfides may have been 
produced. 

SuEdity levels during startups may 
increase due to the use of oil burners. 
Hearth burners should not be used 
unless specifically required (e.g., for 
startup or burndown of the bed), since 
the excessive heat input in the lower 
furnace will accelerate corrosion. 

In addition to sulfur enrichment, 
enriched compounds can be dissolved. 
When the boiler is washed with water, 
these enriched compounds, which are 
high in sulfur, potassium, and chlo- 
rides, dissolve into the washing water, 
creating a potentially more corrosive 
chemical solution. 

Consequences of higher bed 
temperatures 

Potassium and sodium have low melt- 
ing points (Na: 98% and K 63°C) and 
low boiling points (Na: 883°C and K 
759°C) (6, 7). The overall sodium reac- 
tion that takes place in the outer layer 
of a char bed can be described with the 
following equation: 
Na,SO,(l) + 2C(s) + CO(g) + Na,CO,(l) = 

Na,S(I) + 2 W g )  + 4CO,(g) 

Table I provides the equilibrium coef- 
ficients for sodium reactions from Eq. 
1 and for similar potassium reactions 
at  different temperatures. The equi- 
librium coefficients indicate that po- 

(1) 

tassium vaporizes more easily than so- 
dium. However, when the bed tem- 
perature increases, the vaporization 
rate of K compared to that of Na does 
not increase. 

Inside the bed, where the tempera- 
ture is lower, the vapor pressure of the 
potassium is much higher than that of 
the sodium. Therefore, it is much easier 
for K to form compounds like potas- 
sium polysulfides, which have ex- 
tremely low melting points. The lowest 
melting point in the qS-S system has 
the eutectic of $S, and $S, at 115°C 
(6), and in the Na,S-S system, it has 
the eutectic of Na$, and N%S, at 236°C 
(7). 

The equilibrium coefficients in Table 
I demonstrate the effect of changes in 
the char bed temperature: a tempera- 
ture increase as low as 50°C drives the 
reaction strongly toward the creation 
of products. Thus, a higher bed tem- 
perature yields higher amounts of Na$ 
(for better reduction) and higher Na 
vapor pressure. This vaporized sodium 
first captures CO,; the Na,CO, fume 
then reacts with sulfurous gases as it 
flows upward, forming sodium sulfate. 
If the bed temperature is so high that 
the sulfur emissions are extremely low, 
the concentration of sodium carbonate 
in the flyash increases. 

When the sulfur emissions of the 
boiler diminish, the amount of flyash 
increases. The amount of potassium in 
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2. Viscosity of Na,S-Na,CO, melts at two sulfidity levels, with and 
without 5 mole% K-substitution 

3. Viscosity of Na,S-Na,CO, melts at three sulfidity levels 
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4. Day-to-day analyses at Mill B (FIB = recovery boiler) 
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5. Day-to-day analyses at Mill C 
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the liquor system simultaneously in- 
creases. Figure 1 shows the W(Na+K) 
molar ratio changes at Mill A from 
1988 to 1992. The level of W(K+Na) 
in the liquor system at a given pulp 
mill can be considered a measure of 
the closing degree of that mill. Chlo- 
rides have not been covered in this 
study because few chloride analyses 
were made during these years. 

Consequences of higher s&dity 

In the long run, lower sulfur emis- 
sions at a pulp mill result in higher 
sulfidity levels in the mill's liquor sys- 

tem. The suEdity values [or the ratio 
of, Na,S to active alkali (i.e., 
Na,S+NaOH)] at Scandinavian kraft 
mil ls previously fluctuated between 28 
and 35%; they now exceed 45%. 

When considering the smelt and its 
behavior in the char bed, the viscosity 
of the smelt (Na,S - Na,CO,) should 
be studied at different temperatures. 
Magnusson and Warnqvist (8) and 
Grace (9) have conducted viscosity 
measurements, and they have noted 
that the viscosity decreases when the 
sulfidity of the binary smelt increases. 
In this investigation, the viscosities of 
some binary solutions were measured 

by rotation viscometry, a procedure 
described in (10). 

Figure 2 clearly shows the effect of 
the sulfidity increase from 30 mole% 
to 40 mole%: the viscosity decreases 
by almost 50%. The increased effect of 
the potassium is also quite noticeable. 
5 mole% potassium in the smelt dras- 
tically decreases the viscosity. The ef- 
fect of potassium on the smelt's melting 
temperature was shown by Grace (9) 
to decrease gradually with increasing 
potassium content. According to 
Grace, the eutectic melting tempera- 
ture of the composition (66.3 mole% 
Na,CO,, 20.8 mole% Na,S, and 12.9 
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6. High reduction and the correlation between the white liquor and the 7. Change in the char bed form 
een liauor sulfidities at Mill D in 1989 

45 

40 

35 

30 

25 
0.25 0.30 0.35 0.40 0.45 

MOLAR RATIO Na2S IN GREEN LIQUOR 
Na2C03 + Na2S 

Previous configuration 

Tertiary air 

Smelt 
solidifies 
when it 
passes 
through U the char bed 

I 11 00°C I 
Secondary air 

Primary air 

Smelt 

Current configuration 

I 

t Tertiary air 

Liquor guns b 

1 I !%vih 
the char bed 
more easily 
due to the 
lower viscosity 
of the smelt 

Secondary air 

Primary air 

Smelt 

mole% Na,CI,) dropped from 586°C to 
525°C at 5 mole% potassium replace- 
ment. Higher potassium levels pro- 
duce no essential changes in the 
eutectic melting temperatures. 

According to Backman ( I I ) ,  the 
melting points of Na,S and N%,CO, 
are 1180°C and 858”C, respectively. 
The eutectic point in that system is 
762”C, with a composition of 40 mole% 
Na,S and 60 mole% Na,CO,. 

As seen in Fig. 3, when the sulfidity 
increases from 40 mole% to 50 mole%, 
the viscosity increases more than 
100%. These dataindicate that the vis- 
cosity decrease has its minimum near 

the eutectic point of the Na,$ - Na$O, 
system. 

Analyses at pulp m i l l s  

Figures 4 and 5 show examples of 
day-to-day analyses from two pulp 
mills. Mill B, in Fig. 4, is running at a 
low sulfidity level, while Mill C, in Fig. 
5, is running at extremely high sulfidity 
levels. These two boilers have had no 
significant problems with corrosion. 
Mill C, however, experienced some 
composite tube cracking when the 
sulfidity was near 40%. The green li- 
quor sulfidity (GLS), or ratio of Na,S 

to (Na, + Na,CO,) in green liquor, 
given in Figs. 4 and 5 was calculated 
from the titration analyses made from 
green liquor (12). 

Figure 6 shows Mill D’s redudion 
rate and the sulfidity values in its white 
and green liquor. MiU D had been run- 
ning for long periods close to the eu- 
tectic point of the Na,S - Na,CO, 
binary, i.e., 40 mole% Na,$ in the smelt. 
The height of the bed had, at the same 
time, been extremely low. As Fig. 6 
shows, the sufidity in the green liquor 
is lower than in the white liquor. The 
difference in sulfidities is due to limit- 
ing causticity to about 80%. 
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At Mill D (Fig. 6), the high reduc- 
~ tion values, which indicate high bed 

temperatures, together with a smelt 
that had sulfidity close to 40 mole% 
for long periods of time, resulted in a 
smelt with very low viscosity values. 
These conditions produced an abnor- 
mal environment inside the boiler and 
lead to heavy corrosion of the compos- 
ite tubes. The aggressive smelt had 
direct contactwith the composite tubes 
and, therefore, the corrosion was pro- 
nounced. 

Risks of abnormal smelt 
behavior 

cracking and corrosion of composite 
floor tubes, the sulfidity and the con- 
centrations of K and C1 in kraft mill 
smelts should be analyzed. A sulfidity 
level close to 40 mole% should be 
avoided, especially if the K/(K + Na) 
is over 5 mole%. If, however, circum- 
stances are near this criticalvalue, the 
boiler should be operated so the height 
of char bed is not concurrently re- 
duced. m 
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Conclusions 

To estimate the risks of abnormal 
smelt behavior and, thus, those of 
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