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ABSTRACT: Carbon steel tubes in the mid-furnace of kraft recovery boilers have experienced accelerated corro-
sion in recent years. Gaseous environments in the mid-furnace of kraft recovery boilers were generally considered
to be oxidizing and not very corrosive to the carbon steel waterwall tubes. However, mid-furnace corrosion has
occurred above the cut line where composite tubes that have a stainless steel outer layer used in the lower furnace
are welded to the carbon steel waterwall section. This study characterized the local environments in three boilers to
find the reasons for accelerated corrosion of waterwalls in the mid-furnace. Gas sampling ports were installed in the
mid-furnace with high and low corrosion rates of carbon steel waterwall tubes. During boiler operation, gases were
sampled and analyzed using a specially designed gas chromatograph. In each boiler, the areas with higher corrosion
rates had higher concentrations of reducing gases and sulfur-containing gases at the waterwall surface than in the
low-corrosion areas. Results from this study indicate that accelerated mid-furnace corrosion likely results from
changes in the boiler operation, such as decreases in the air supply at the lower air port levels of the furnace. These
changes also might result in higher local gas temperatures and local thermal cycling in the mid-furnace of boilers.

Application: The results in this paper will help boiler owners, manufacturers, and operators to better under-

stand and mitigate corrosion problems in this area of recovery boilers.

ccelerated corrosion of carbon steel tubes in the

mid-furnace areas has become a problem for a num-
ber of kraft recovery boilers in recent years. Mid-furnace
corrosion has occurred in boilers in which significant
operational changes, including increased liquor solids and
decreased air supply at the lower furnace levels, were intro-
duced. Accelerated corrosion in mid-furnace (also referred
to as cut-line corrosion) was more noticeable above the cut
line where the stainless steel waterwall tubes are welded
to the carbon steel tubes. A significant amount of work
has been published on the gaseous environment in boilers
and the role of gas composition and thermal conditions
on the kinetics of corrosion reactions in recovery boilers
[1-13]. However, very little information was available on
the gaseous environments at the waterwall surface in mid-
furnace areas of recovery boilers.

Recent changes in operating processes, such as limited air
supply at the lower level, seem to have caused significant
change in the local environment at the tube surface. The mid-
furnace area separates areas with reducing and sulfidizing
environments in the lower furnace from the oxidizing envi-
ronment of the upper furnace areas. Significant instability in
the gas flow in a boiler furnace can lead to cycling between
an oxidizing and a sulfidizing environment in the mid-furnace
area [14]. Previous work [14-19] on the corrosion behavior of
alloys in the oxidizing and sulfidizing environments with ther-
mal cycling have shown spallation of scale due to thermal
stresses. Other high-temperature commercial processes, such

as oil refining, coal gasification, and fossil-fuel conversion,
produce complex gaseous environments that can be oxidiz-
ing or sulfidizing to alloy components. The resulting multi-
oxidant process environments often are not at equilibrium
and can vary in the degree of aggressiveness with changes in
operating conditions. Corrosion behavior of metals and alloys
in oxidizing-sulfidizing environments has been studied by a
number of researchers [23-28] to simulate the industrial envi-
ronments, but no systematic work has been done to under-
stand the environment in the mid-furnace of kraft recovery
boilers.

The main objective of this study was to characterize gas-
eous environments in the mid-furnace areas of different boil-
ers to develop an understanding of the possible corrosion
mechanisms operating in the mid-furnace of kraft recovery
boilers. Data from three recovery boilers with mid-furnace
corrosion problems revealed similarities and differences in
the mid-furnace gaseous environment of different boilers.

EXPERIMENTAL PROCEDURES
Kraft recovery boilers selected for this study had experienced
accelerated mid-furnace corrosion of waterwall tubes. Mid-
furnace areas with high and low corrosion rates of waterwall
tubes were identified based on the waterwall thickness data
from their annual inspections. Corrosion was detected above
the last level of air supply (air ports) and cut line (where the
composite tubes used in the lower furnace are welded to the
carbons steel tubes). During a boiler shutdown, air-tight stain-
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less steel gas-sampling ports were installed in each selected
area by drilling a hole through the web membrane and weld-
ing a specially designed stainless steel sampling port to sup-
port the ceramic tube used to take local gas samples from
inside the boiler.

Gas samples from the recovery boiler mid-furnace were
collected from the waterwall surface in the areas of interest.
Gas samples were taken from the waterwall tube surface by
keeping the sampling tube flush with the waterwall surface.
To prevent chemical reactions and changes in the gas compo-
sition due to high temperature corrosion of metallic gas lines,
we used ceramic tubes to sample gases from these ports. Mul-
tiple samples were collected from each port. Gases were ana-
lyzed using a PerkinElmer gas chromatograph with two ther-
mal conductivity detectors, for the light gases and a flame
photometric detector for the sulfur-bearing gases. Typical gas
sampling included light gases such as oxygen, nitrogen, hy-
drogen, carbon dioxide, methane, and carbon monoxide, and
sulfur-bearing gases such as hydrogen sulfide, carbonyl sul-
fide, methyl mercaptan, dimethyl sulfide, and sulfur dioxide.
The gas chromatograph was calibrated using standard gases.
For this study, we did not quantify water content in the recov-
ery boiler gases, and all gas compositions given in this paper
are given on the dry-gas basis.

Average % Gas Species Concentration -Right Wall
Low- High- 10 ft above

Gas corrosion corrosion cut line
Species area (near area (near (low-corrosion

cut line) cut line) area)
H, 6.67 12.04 5.16
Co, 17.71 14.23 17.87
o, 0.52 0.27 0.55
CH, 1.82 4.42 1.59
co 13.57 27.95 13.98
N, 58.62 40.60 59.74
H,S 0.31 0.91 0.16
COS 0.10 0.20 0.12
CH,SH 0.023 0.030 0.013
(CH,),S 0.028 0.033 0.033
Cs, 0.0018 0.0012 0.0024
(CH,),S, 0.0012 0.0019 0.0009

1. Average gas compositions at the right side waterwall in mid-
furnace with high and low-corrosion area of boiler 1. Location
of ports for these samples was near secondary air port just
above the cut line. (This boiler had two levels of air supply.)

Average % Gas Species Concentration -Left Wall
RESIII.'I'S_ AND DISCUSSION Low- High- 10 t above
Results from boiler 1 Gas corrosion corrosion cut line
Boiler 1 was operating at 6.0 MPa (875 psig) steam pressure, | Species | area (near area (near (low-corrosion
. . . cut line) cut line) area)
with a steam temperature in the mid-furnace tubes of approx-
imately 274°C. This boiler had two levels of air supply. Second- | Hz 2.51 8.7 154
ary air was supplied at each corner of the boiler (four ports), CO, 14.84 15.9 20.42
at the load burner level. The distance between the liquor gun o, 2.56 0.7 1.20
elevation and the secondary air ports was approximately 20 ft. CH, 0.38 25 0.32
Figure 1 shows the corrosion pattern in the mid-furnace of 0 831 331 270
this boiler. Figure 1 also shows the locations of gas sampling - - -
N, 71.53 38.0 72.34
1 . H,S 0.34 0.761 0.00
P
Y h COos 0.044 0.223 0.000
.‘W \\
) ! CH,SH 0.010 0.003 0.000
(CH,),S 0.010 0.005 0.000
o o
Carbon Steel
W | | | - Tubes cs, 0.0002 0.000 0.0000
W —— (CH,),S, 0.0002 0.000 0.0000
|
00000 —a " Il. Average gas compositions at the left side waterwall in mid-
a0 ne ol | \ \ furnace with high and low-corrosion area of boiler 1. Location
0 g : ; [ Compansite of ports for these samples was near secondary air port just
0 JSlooooao ot above the cut line. (This hoiler had two levels of air supply.)
Front Wall
\Q‘.“\\ 0 Gas Sampling Ports 1
oF =10 mpy nooooo | ports installed on the left and right wall in this boiler.
~ Smpy .
Rear Wal A minimum of seven gas samples were taken from each

1. Schematic of boiler 1 showing corrosion patterns and gas
sampling port locations on the waterwall surface in mid-furnace
area (above the cut line). This boiler had two air levels. High cor-
rosion rates were experienced at higher elevations in the middle
of each wall compared with corrosion in the corners.
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sampling port over a period of two days. Tables I and II list
average gas compositions for the boiler 1 at selected mid-fur-
nace locations on left-side and right-side walls. Gas samples
from each area varied slightly. However, the gas composition
at the waterwall surface did not vary significantly between
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2. Schematic of boiler 2 showing corrosion patterns and port
location on the waterwall surface in mid-furnace area (above
the cut line).

the corrosive and noncorrosive areas (Tables I and II). Nitro-
gen and oxygen concentrations were significantly higher in
the low-corrosion areas compared with gases in the high-cor-
rosion areas. Hydrogen, methane, and carbon monoxide, all
of which are produced during pyrolysis and combustion of
black liquor, were in higher concentrations in the high-corro-
sion areas. The sulfur-bearing gases (hydrogen sulfide and
sulfur dioxide) were generally at higher concentrations in the
high-corrosion area than in the low-corrosion area. Similar
differences in gas compositions were found in the south and
north wall gas samples.

The nitrogen and oxygen concentrations were higher at low
corrosion rate areas in the mid-furnace, whereas, the concentra-
tions of hydrogen, methane, carbon monoxide, and sulfur-bear-
ing gases were lower than in the high-corrosion area.

% Gas Species Concentration
Average high-cor- Average low-cor-
Gas species rosion areas (at rosion areas (12 ft
cut line) above cut line)
H, 4.52 0.49
co, 5.81 10.13
0, 5.19 9.87
Cco 5.25 0.71
CH, 0.1 0.0
N, 78.7 78.6
H,S 0.131 0.0030
Ccos 0.213 0.0197
CH,SH 0.001 0.000
(CH,),S 0.0001 0.000

lll. Average gas compositions at the waterwall in mid-furnace
with high and low-corrosion area of boiler 2. Location of ports for
these samples was near tertiary air port just above the cut line.
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Results from boiler 2
Boiler 2 had three air levels, pressure of 10.3 MPa (1500 psig),
and a steam temperature in the mid-furnace of ~320°C. Com-
posite tubes extended up to the tertiary air port elevation. The
boiler had significant corrosion of the carbon steel waterwalls
in the mid-furnace up to 15-23 ft above the cutline level. The
corrosion pattern differed from that of boiler 1; the corners were
more corroded than was the middle of waterwalls (Fig. 2).

Multiple gas samples from the waterwall surface were
taken from the installed ports. Table III shows average gas
composition for the high-corrosion areas (with corrosion ~15
m/year) and the low-corrosion areas (with corrosion rate of
~5 m/year), just above the cut line. Generally, the areas above
the tertiary air port levels are expected only to have oxidizing
gases; however, the gas compositions in Table III indicate that
the gases in the mid-furnace of boiler 2 contained significant
concentrations of reducing gases like hydrogen and carbon
monoxide, along with the reduced-sulfur-bearing gases like
hydrogen sulfide and methyl mercaptans. The concentration
of reducing and reduced-sulfur-bearing gas concentrations in
the high-corrosion areas of the mid-furnace were significant-
ly higher compared to the gas composition in the lower cor-
rosion areas at the same elevation.

Gases were analyzed at regular intervals from one high-
corrosion area and one low-corrosion area of boiler 2 to check
for the variations in the gas composition over time. Gases in
the low-corrosion area were generally more oxidizing than in
the high-corrosion area. The gas composition detected in the
high-corrosion areas also varied considerably. Gas composi-
tions changed significantly, from reducing and sulfur-contain-
ing to oxidizing and without any sulfur gases. Variations in
the gas composition were less significant in the low-corrosion
areas than in the high-corrosion area.

Hydrogen sulfide and other sulfur bearing gases were de-
tected in almost all selected areas near the cut line, but the
concentration of oxidizing gases were higher in the low-cor-
rosion area and about 10 ft above the cut line on both walls.
Accelerated corrosion in mid-furnace areas in boiler 2 could
be attributed to a higher local concentration of reducing and
sulfidizing gas compositions. However, gas composition fluc-
tuations also might have been a factor in producing an un-
stable scale on the waterwall tube surface.

Results from boiler 3
Boiler 3 had three air levels and was operated at 10.3 MPa
(1500 psig) pressure with a steam temperature around 320°C.
Composite tubes in this boiler extended up to the tertiary air
port elevation. The boiler experienced significant corrosion
of the carbon steel tubes in three corners. The front wall and
the rear wall had accelerated corrosion on the carbon steel
tubes extending almost 12 ft above the cut line (Fig. 3).

To understand the extent of gas composition variations in
the mid-furnace areas, gas samples from the mid-furnace of
boiler 3 were collected and analyzed seven times over a two-
year study period. During this period, the boiler operation
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3. Schematic of boiler 3 showing port location in mid-furnace
area (above the cut line).
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4. Variation in the concentration of hydrogen sulfide in gas
samples, during a 2-year period, taken from different ports in the
mid-furnace, shown in Figure 4. Locations at Port #s 1 and 4 had
highest corrosion rate (~15mpy) at the waterwall surface where-
as Port #s 3 and 4 had the lowest corrosion rates (<5 mpy).

parameters were not changed, so the data represent “normal
boiler operation” conditions. Multiple samples were taken
from each port during each visit. The average of the gas com-
position for one particular day was used to determine a day-
to-day variation in the boiler gas composition.

Hydrogen sulfide and other sulfur bearing gases were de-
tected in almost all selected areas near the cut line, but the
concentration of oxidizing gases was higher in the low-corro-
sion area at the cut line level and about 10 ft above the cut line,
on both walls. Gas compositions at the high-corrosion areas
on both walls were generally sulfidizing and reducing, with
higher concentrations of hydrogen and carbon monoxide
gases. Figure 4 shows hydrogen sulfide concentrations in
each sample taken from each port over the two-year period.
Hydrogen sulfide in port 1 varied from O ppm to ~3500 ppm.
The variation in gas composition was smaller at ports 2 and
3, which were at higher elevations in the same corner of the
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5. Variation in the concentration of oxygen in gas samples,
during a 2-year period, taken from different ports in the mid-fur-
nace, shown in Figure 4. Locations at Port #s 1 and 4 had high-
est corrosion rate (~15mpy) at the waterwall surface whereas
Port #s 3 and 4 had the lowest corrosion rates (<5 mpy).

rear wall (Fig. 4). These results indicate that the gas composi-
tion is less stable at the boiler’s lower elevations, near the ter-
tiary air port and cut line. Similar trends were found for the
hydrogen and carbon monoxide composition in the gas sam-
ples. Figure 5 shows a large variation in the oxygen concen-
tration at the waterwall surface at different ports. The oxygen
concentration decreased as elevation increased, as might be
expected because oxygen is consumed in combustion and
other reactions. Instability in the boiler gas flow and occa-
sional black liquor spray at the waterwall surface near cut line
also contribute to large variations in gas compositions.

To understand the reason for the variation in the gas com-
position, operation records for the boiler were compared with
analyzed gas composition data. We looked for any changes in
the liquor temperature, liquor pressure, air temperature, or
air distribution that might explain the variation in local gas
composition. However, we found no correlation between the
changes in the local gaseous environment in the mid-furnace
and the boiler operating parameters. Based on this we con-
cluded that the gas composition variation might result from
the instable gas flow in the mid-furnace of this boiler.

The type of scale that develops on metal surfaces strongly
depends upon the gas composition. Sulfide scales develop
when the gases are reducing and sulfidizing, whereas an
oxide scale develops when the gases contain higher concen-
trations of oxidizing gases. We used average gas composition
data from each port to calculate the partial pressure of oxygen
and sulfur. Overall scale composition will depend on the ther-
modynamic stability and on the kinetics of formation and rate
of conversion reactions.

We calculated the partial pressures of sulfur and oxygen
in a given gas mixture and at a given temperature by assum-
ing a thermodynamic equilibrium, which is more certain at
higher temperatures. Figure 6 shows regions of thermody-
namically stable phases as a function of oxygen and sulfur
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partial pressures in an iron-oxygen-sulfur system at 320°C.
The average gas composition of samples taken from this port
on each day was used to calculate the partial pressures of
oxygen and sulfur and was plotted on the phase-stability dia-
gram for the iron-oxygen-sulfur system at 320°C. Gas samples
for Fig. 6 were taken from the same port location (i.e. port 1)
in the boiler, but on different days. Data indicate that the gas-
eous environment at this port varied from very oxidizing to
sulfidizing under the so-called normal boiler operation condi-
tions during different periods. These results clearly indicate
that the gaseous environment fluctuated in the mid-furnace
of this boiler. Instability in the boiler gas-flow in the mid-fur-
nace area might explain the difference in the local gas com-
position at different times under otherwise similar operating
conditions (Fig. 6).

Data superposed on the phase stability diagram in Fig. 7
show the difference in the gas composition at different port
locations in the mid-furnace on a particular day. On this day,
the average gas composition in all selected areas, except for
port 7, was rich in sulfidizing gases, which thermodynami-
cally favors the formation of iron sulfide (Fe,S) on the carbon
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steel tube surface. On other days, the gas compositions for the
ports at the higher elevation were more oxidizing than the
lower ports. Figures 6 and 7 show that gaseous environments
in local areas can change from completely oxidizing to com-
pletely reducing. This was more prominent in the lower areas,
near the cut line, and generally associates with areas with
higher corrosion rates.

We determined that black liquor might be sprayed uninten-
tionally in certain areas of mid-furnace waterwall surface.
Thermodynamics calculations indicate that at a pyrolysis tem-
perature of 700°C (much above the waterwall surface tem-
perature) or lower, sodium sulfide and potassium sulfide are
less likely to form, thus methyl mercaptan and hydrogen sul-
fide are more stable and are likely to be higher in concentration
near the tubes than in the bulk of the flue gas, particularly
away from the air ports. When black liquor is sprayed on tube
surfaces and undergoes direct pyrolysis, the reduced sulfur
gases remain in reduced form because of the low temperature
and the low oxygen partial pressures. This canlead to a change
in the ratio of methyl mercaptan and dimethyl sulfide to hy-
drogen sulfide [12]. This can locally change the oxygen-to-sul-
fur ratio and favor a sulfide corrosion product rather than an
oxide. These small variations in the sulfur partial pressure can
result in catastrophic corrosion conditions [13].

Oxide scale on the iron surface, in the boiler tube tem-
perature range, is much more protective than sulfide scale.
If the gas composition cycles between the sulfidizing to the
oxidizing compositions, the resulting scale might not be very
protective and can result in a higher corrosion rate [29]. Pre-
vious work on the lower furnace corrosion has shown that
the higher corrosion rate of carbon steel might result from
the following:

* organo-sulfur compounds in gases,

« alternating oxidizing and reducing conditions,

* cyclic temperatures, and

* higher temperatures.

The differences in corrosion rates in the high and the low-
corrosion areas largely depend upon the stability of the scale.
Conditions favoring sulfide scale or an unstable scale will lead
to accelerated waterwall corrosion. Analysis of the gaseous
environments in the mid-furnace areas of the three kraft re-
covery boilers indicate that accelerated corrosion in recent
years might be attributed to higher concentrations of sulfidiz-
ing and reducing gases and to fluctuating gaseous environ-
ments in these areas caused by air-flow instability.

CONCLUSIONS
Based on the results from the three boilers studied, we can
conclude the following:

« In each boiler, areas with higher corrosion rates in the
mid-furnace had higher concentrations of reducing gases and
sulfur-containing gases at the waterwall surface than in the
low-corrosion areas of the same boiler.

* Reducing/sulfidizing environments in the local areas of
the mid-furnace might result from operational changes such
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as air-split and firing of high solids black liquor.

* Data from boiler 3 indicate that the cyclic (oxidizing/re-
ducing) environments in the mid-furnace might result from
gas-flow instability and cause an unstable or less protective
scale on the tube surface.

* Local gas flow instability can produce fluctuations in the
tube-surface temperature and might result in scale damage,
depending upon the magnitude of thermal excursions. TJ

ACKNOWLEDGEMENTS

The authors thank the member companies of the Institute of
Paper Science and Technology at Georgia Institute of Technol-
ogy, State of Georgia-TIP3 Program, DOE-(DE-ACO05-
000R22725), and Oak Ridge National Laboratory (6400004405)
for their financial support. The authors also thank Peter Gorog,
Richard Burnette, Jimmy West, Subhash Pati, and other person-
nel from the mills for their help in this study.

Received: April 9, 2008
Accepted: September 23, 2008

LITERATURE CITED

1. Sricharoenchaikul V., Frederick W.J. and Grace T. M.,
Journal of Pulp and Paper Sci. Vol. 23, No. 8, J394-J399, Aug. (1997).

2. Tran H., Kraft Recovery Boilers, (eds Adams T.N., Frederick W.J.,
Grace TM., Hupa M., lisa K., Jones AK., Tran H.), TAPPI Press,
Atlanta, GA (1998).

3. Brink D. L., Thomas J. F., and Jones K. H., Tappi J., 53, No. 5, 837-
843, (1970).

4. LiJ., and Van Heiningen A. R. P, Tappi J., 74, No. 3, 237-239,
(1991).

5. Singh P. M. and Al-Hassan S. J., Corrosion in Lower Furnace
of Kraft Recovery Boilers-In-situ Characterization of Corrosive
Environments, TAPPI Journal. Vol. 87, No. 2, (2003).

6. Singh PM., Al-Hassan S.J., Stalder S., Fonder G.J., NACE Annual
Conference Proceedings, Orlando, FL, No 00237 (2000).

7. Feuerstein D. L., Thomas J.F., Brink D.L., Tappi J., 50, No. 6, 258
(1967).

8. TallentR. G. and Plumley A. L., Tappi J., 52, No. 10, 1955-1959,
(1969).

9. Plumley A. L., Lewis E. C., and Tallent R. G., Tappi J, 49, No. 1, 72A,
(1966).

10. Plumley A. L., Roczniak W. R., Tappi J, 58, No. 9, 118. (1975).

11. Singbeil D., Frederick L., Stead N., Colwell J., Fonder G.,
Proceedings of TAPPI Engineering Conference, TAPPI Press,
Atlanta, 649-680, (1996).

12. Singh P. M., Perdomo J, Mahmood J., Mid-furnace Corrosion
in Kraft Recovery Boiler, Proceedings of the 11th International
Symposium on Corrosion in the Pulp and Paper Industry,
Charleston, USA, June 7-11, (2004).

13. Dykstra H, Recovery Boiler Waterwall Tube Failure Analysis with
Implications for Furnace Replacement and New Construction,
Proceedings TAPPI Engineering Conference, Nashville, Vol. 2 p. 431
(1998).

28 TAPPI JOURNAL | APRIL 2009

14. Hendry A., The oxidation resistance of nitrided mild steel,
Corrosion Science, 18(6), 555-71, (1978).

15. Chou S. F, Daniel P. L., Hydrogen sulfide corro-
sion in low nitrogen oxide (NOx) combustion systems,
High Temperature Corrosion in Energy Systems, Symposium
Proceedings, 327-43, (1985).

16. Schulte M. and Schutze M., The Role of Scale Stresses in the
Sulfidation of Steels, Oxidation of Metals, Vol. 51, No. 1/2, 55-77,
(1999).

17. Osgerby S., Oxide scale damage and spallation in P92 martensitic
steel, materials at high temperatures 17(2), 307-310, (2000).

18. Whitten P. G., Barna J. L., Ivie L., Aboh S. R., Application of
Acoustic Temperature Measurement to Optimize Recovery Boiler
Furnace Operation”, Proceedings of International Chemical
Recovery Conference-1989, 239-244, (1989).

19. Al-Hassan S. J., Fonder G. J., Singh P. M., The Effect of
Temperature Excursion on Sulfidation of Carbon Steel in 1% H2S
Environment”, Pulp & Paper Canada , 100(10), 40-43, (1999).

20. Singbeil D. L., Prescott R., Keiser J. R., and Swindeman R. W.,
Composite Tube Cracking in Kraft Recovery Boilers: A State-of-
the-Art Review”, Proceedings of the 1997 TAPPI Engineering
Conference, TAPPI, Atlanta, GA., p. 1001, (1997).

21. Méakipaa M., Makinen S., Backman R., and Haméldinen
M., Corrosion of BLRB Floor Tubes in Reduced Kraft Smelt:
Experimental and Theoretical Studies”, 1996 TAPPI Engineering
Conference Proceeding, Vol. 2, TAPPI PRESS, Atlanta, p. 681 (1996).

22. Singh P. M., Behrani V. R., “Fireside corrosion of carbon steel tubes
in Kraft Recovery boiler mid-furnace”, NACE Corrosion/2005, Paper
# 05197, Houston, TX, (2005).

23. Gleeson B., Alloy degradation under oxidizing-sulfidizing conditions
at elevated temperatures, Mat. Res., vol.7, No.1, 61-69. (2004).

24. Gesmundo F, Young D. J., Roy S. K., The high-temperature cor-
rosion of metals in sulfidizing-oxidizing environments: a critical
review, High Temperature. Materials and Processes, vol. 8, No. 3,
149-90, (1989).

25. Stroosnijder M. F,, Quadakkers W. J., Review of high temperature
corrosion of metals and alloys in sulfidizing/oxidizing environ-
ments. II. Corrosion of alloys, High Temperature Technology, Vol. 4,
p. 141, (1986).

26. Stringer J., Mixed oxidant corrosion in coal combustion and
conversion systems: manifestations and mechanisms, High-
Temperature Oxidation and Sulphidation Processes, J.D. Embury
(Ed.), Pergamon Press, New York, 257-275, (1990).

27. Singh P. M., Al-Hassan S. J., Stalder S., and Fonder G., Corrosion in
Lower Furnace of Kraft Recovery Boilers-in situ Characterization of
Corrosive Environments”, TAPPI Journal, Vol. 3:No. 2, 21-26.

28. Gesmundo F, Roos C., Oquab D., Viani F, The corrosion at 6000C
of four 8-12 wt% Cr ferritic steels in chemically cycling oxidiz-
ing-sulfidizing gases starting with sulfidation”, High Temperature
Materials and Processes 17 (3): 145-153.

29. Behrani V., Singh P. M. Fluctuating sulfidizing-oxidizing environ-
ments and their effect on stability of protective scales on carbon
steel, Corrosion, Vol 64, No. 11, (2008)



CORROSION

INSIGHTS FROM THE AUTHORS

We choose this topic to research because corrosion in
kraft recovery boilers is an important concern in the
pulp and paper industry. Our previous research was
related to understanding the environment in the lower
furnace areas of kraft recovery boilers. This paper has
used some of the same techniques to understand cut-
line corrosion.

The most difficult aspect of this study was to install
the gas-sampling ports in the selected areas and to
get gas samples during boiler operation. This was ac-
complished with tremendous support from the mill
personnel and other colleagues.

It has been assumed that the mid-furnace areas are
noncorrosive due to oxidizing gases in this area.
However, we found that the local gas compositions
can be reducing and sulfidizing. This work also
showed that the gas compositions fluctuate in a gen- Singh is with the School of Materials Science and
el fires oF e [sefllar Engineering and the_ I.nstifute of Paper Science a{7d

The results of this study help us understand the rea- Teghnolog Ys Beh::am s AL s S of_MatienaIs

.. . . . Science and Engineering; and Mahmood is with the
sons ff)r_corrosw_n in the m|d-furn§ce. MI||S. can either Institute of Paper Science and Technology, Georgia
use this information to change their operations to Institute of Technology, Atlanta, Georgia, USA. Email
change local environments, or use these results to select  gingh at Preet.Singh @mse.gatech.edu.

better materials in these areas to mitigate corrosion.

Behrani Mahmood

Our next step is to develop or select better coating
materials for in-situ repair of old tubes and to develop
or select better, more cost-effective tube materials for
new boilers.
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