Mechanism and prevention
of localized corrosion of recovery
boiler tubes at air ports

Lad Falat

ABSTRACT: This work studied the localized thinning of the
stainless layer of composite tubes at air port openings in two
large 1500-psi recovery boilers. Weld overlay repair patches of
nickel applied to corroding areas on air port tubes survived less
than six months of operation. This suggests that a previously
presented sodium hydroxide mechanism is not sufficient to
explain the localized thinning. Corrosion by molten flowing
smelt in direct contact with the tube surface is an alternate
mechanism that is consistent with experimental observations.
Air port redesign to minimize the localized loss of a protective
frozen smelt layer is a promising long term preventive measure.
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efore the late 1970s, the stan-

dard industry material for re-
covery boiler tubing was carbon
steel. Typical recovery boilers of the
time operated at 600-900 psi steam
pressure. Because power generation
efficiency is greater at higher steam
pressure, however, the trend in the
last 15 years has been to build high-
pressure recovery boilers—1500 psi
or greater. The higher temperature
flue gas present in high-pressure
boilers corrodes carbon steel boiler

tubes faster. This resulted in devel-
opment of a composite boiler tubing
with a strong, thick, carbon steel in-
ner wall and a thin corrosion-resis-
tant Type 304L stainless steel outer
layer. Although the installed cost of
this composite tubing is much more
than that of conventional carbon
steel tubing, it was anticipated at
the time that the composite tubing
will outlast the design life of the
boiler. Both steel tubing and com-
posite tubing rely on a thin layer of
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solidified smelt for insulation and
protection from the very corrosive
hot molten smelt.

Composite tubing has usually per-
formed well. In 1985, however, after
only two years of operation, a 1500-
psi recovery boiler (Boiler A) evi-
denced a localized and atypical
corrosion that was thinning the stain-
less layer at primary and secondary
air port openings. After complete
corrosion of the outer stainless steel
layer, the underlying carbon steel
did not corrode appreciably. This
suggested that the air port environ-
ment is unlike that found in other
parts of the lower furnace section.
The 1985 and 1986 National Asso-
ciation of Corrosion Engineers
(NACE) T-5H-1 Task Group meet-
ings (1, 2) reported occurrences of
composite tube corrosion at air ports
in other high pressure recovery boil-
ers. One participant reported corro-
sion of 304L in contact with
simulated air port deposits consist-
ing of sodium hydroxide and sodium
carbonate (2). Corrosion of carbon
steel did not occur under these con-
ditions. The experimental results
supported a corrosion mechanism for
air port tubes based on molten so-
dium hydroxide condensed from flue
gas.

Barna and Rogan described their
field and laboratory observations re-
garding composite tube corrosion.
They speculated that hydroxide con-
denses on tube deposits and forms a
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1. Diagram of a primary air port in Boiler A showing location of composite tube corrosion with corroded tubes appearing in inserts
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molten phase at the deposit and tube
interface. This then attacks 304L (3).
The hypothesis involving the conden-
sation of hydroxide arose from pre-
vious work of Clement and Chassell
(4) and Bruno (5). These earlier in-
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vestigators attributed corrosion on
the casing side of carbon steel tan-
gent tubes to condensed hydroxides.
They postulated that hydroxide va-
por migrated to the cold side of the
tubes through gaps between tubes.

It then condensed on the cooler sur-
faces. Wensley presented evidence
that stainless layer wastage occurs
at a temperature near the saturation
steam temperature of 598°F for 1500
psi steam (6). This observation sup-



2. Diagram of a primary air port in Boiler B showing location of composite tube corrosion with corroded tubes appearing in inserts
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ports a hydroxide mechanism. So-
dium hydroxide with a melting point
of 605°F is one chemical in the boiler
environment that can be molten at
this temperature (6).

Laboratory studies by Tran (7)
showed that 304L dipped in molten
NaOH and exposed to air at tem-
peratures up to 750°F did not cor-
rode. Any corrosion of 304L occurred
only after air passing over the sample

had undergone prescrubbing to re-
move carbon dioxide. This suggested
that corrosion by hydroxide would
require air free of carbon dioxide.
Carbon steel showed no corrosion in
Tran’s experiments. He measured an
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3. Representative temperature vs. time plots for thermocouples
welded on a corroded composite air port tube surface in the recov-

4. Representative temperature vs. time plots for thermocouples
welded on a corroded composite air port tube surface in the recov-

ery boiler showing a period of relative temperature stability

ery boiler showing large temperature excursions

1000

900

700 |

TEMPERATURE, °F

600

500 “

1000

900

800

700

TEMPERATURE, °F

600

500

TIME, min

0 200 400 600 800

1000 1200 0

200 300 400 500
TIME, min

electrochemical potential difference
between carbon steel and 304L in
molten NaOH that suggested pos-
sible galvanic effects in the corro-
sion of 304L. Lunn et al. concluded
that the removal of cast port inserts
and fins from the air ports in a 1500
psi recovery boiler (Boiler A) mini-
mized the potential for sodium hy-
droxide condensation on the tubes
(7). Using the above described work
and consultation with the boiler
manufacturer, they removed all air
port inserts. Inspections of the air
ports in Boiler A over the subse-
quent three years did not reveal ad-
ditional corrosion. Areas of air port
tubes with exposure of the underly-
ing carbon steel were discovered in
1990. Additional reports of “hydrox-
ide” corrosion of air port composite
tubes appear in the literature (8-
15).

Based on the popular hypothesis
of hydroxide condensation, weld
overlay patches of nickel were ap-
plied to some corroding areas on
Boiler A air port tubes. Nickel is a
very resistant alloy to molten alkali
corrosion (16-19). The complete con-
sumption of the nickel patches within
six months of operation indicated
that a mechanism of corrosion by
molten hydroxide was not sufficient
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to explain the thinning in this boiler.
After this study had begun on Boiler
A, a related problem surfaced on a
new 1500-psi recovery boiler of a dif-
ferent design (Boiler B).

A goal of this study was to charac-
terize the corrosive environment re-
sponsible for the localized thinning
of the composite layer on air port
tubes. An additional goal was to iden-
tify a cost-effective repair method.
The approach involved the follow-

ing:
= Measuring the air port tube sur-
face temperature at various points

= Sampling the chemical environ-
ment of the air ports with con-
densing probes

= Recording the flow patterns of
suspended particles, liquid, or
both near air port tubes

= Testing candidate materials for
permanent repairs.

Experimental results

Location of the
composite layer thinning
The localized thinning of the 304L

composite layer on tubes in Boiler A
occurred at the top and bottom of

port openings indicated in Fig. 1.
The thinning resulted equally toward
the fireside and the casing side of
the tube. Thinning of the carbon steel
substrate after the outer 304L layer
had corroded away was not measur-
able. It is necessary to qualify the
observation by the fact that the cor-
roded areas were weld overlayed be-
fore the exposed carbon steel
reached one square inch. The expo-
sure time of the carbon steel was
therefore subject to a limitation.
While thinning of the stainless layer
occurred on tubes of many air ports,
tubes at some adjacent air ports re-
mained unaffected. On many pri-
mary air port tubes, thinning
occurred at the top and at the bot-
tom of the port opening. Some pri-
mary port tubes showed thinning
only at the top or the bottom. Sig-
nificant thinning in Boiler A occurred
at the bottom of only the primary air
ports and at the tops of the primary
and secondary air ports and some
inspection ports. The spout wall and
one side wall had the highest num-
bers of affected tubes. Although the
other two walls did not have as many
corroded air port tubes, the severity
or rate of thinning on individual
tubes did not relate to location.




Thinning of the stainless layer on
air port tubes in Boiler B occurred
only toward the fireside as Fig. 2
shows. This boiler has air port in-
serts. Minor attack occurred oppo-
site the corners of the rectangular
port insert openings as the figure
shows. There was no clear correla-
tion between thinning rate and wall
position in this boiler.

Boiler air port
tube surface temperatures

Initial measurement of boiler tube
surface temperatures on dozens of
air ports in Boiler A used a specially
designed contact probe. Tempera-
tures substantially above the
stauration steam temperature or ap-
proximately 600°F for 1500 psi steam
were measured with intermittent
excursion above 900°F. Measure-
ments at the bottom of the primary
ports indicated that molten and
burning smelt was contacting the
temperature probe and the tube sur-
face. Ten 1/8 in. diameter Inconel
600 sheathed thermocouples were
subsequently welded to the tube sur-
face in four primary air ports in
Boiler A. The thermocouples were
welded to the upper and lower cor-
ners of the air port opening where
corrosion was taking place. Nine of
the thermocouples provided data for
several months. Figures 3 and 4
show that tube surface temperature
generally varied between 500-700°F
with excursions up to 1100°F lasting
up to 60 min. Each trace represents
data from one thermocouple. The
excurcions were presumably caused
by molten and burning smelt in di-
rect contact with both the thermo-
couple and the tube surface. Periodic
manual rodding of the bare tube sur-
faces in this boiler would likely ease
the melting of the insulating layer of
frozen smelt. The observed tempera-
ture excursions several hundred de-
grees above the steam saturation
temperatures allow consideration of
corrosion mechanisms other than the
one based on hydroxide condensa-
tion.

Material evaluation

Areas of composite air port tubes in
Boiler A where corrosion had ex-
posed the underlying carbon steel
underwent weld overlaying with
Type 309L stainless steel. Table |
provides this composition. Itisaduc-
tile welding electrode material com-
monly used for overlaying carbon
steel and for joining carbon steel to
stainless steel. Over a two year pe-
riod, some 309L repairs showed mea-
surable corrosion but at a fraction of
the rate of the 304L layer. There
was no observation of significant
thinning of the underlying carbon
steel where exposed. The carbon
steel did not have exposure for
longer than 6-8 months. Moskal re-
ported 0.005-0.007 in./year corrosion
on the underlying carbon steel after
exposure of a palm-size area (15, 20).

Several 309L repairs in Boiler A
were weld-overlayed with patches of
nickel. After less than seven months
of service, the nickel patches were
preferentially consumed to the fu-
sion boundary with the 309L as Fig.
5 shows.

Three corroding primary air ports
on the right wall of Boiler A were
completely coated with a 30% Cr and
70% Fe (30Cr70Fe) thermal spray.
The metallic coating was intact in
areas of air port tube corrosion after
18 months of service. Significant de-
terioration of this coating occurred
after 27 months of service. Four test
coatings were applied to a pair of
boiler tubes comprising one primary
air port for installation in Boiler A.
Of these four test coatings and the
30Cr70Fe coating installed in the
boiler, only the 30Cr70Fe remained
intact in the area susceptible to cor-
rosion for longer than 12 months.
Table I summarizes all coating com-
positions and performance.

Eight locations on primary air
port tubes that had the most thin-
ning in Boiler B were weld-overlayed
using two patches of 1 in.2 each of
Inconel 625, Hastelloy-X, 309L, and
310L. After one year of service, only
the 309L patches showed any evi-

dence of thinning. There is a possi-
bility that the locations for applica-
tion of the other materials became
less corrosive because of better seal-
ing of the air gap between the port
tubes and the port inserts. This re-
quires consideration and further in-
vestigation. A substantial reduction
of the stainless steel thinning rate in
Boiler B resulted from better seal-
ing between the air gaps and the
inserts.

Deposits collected
at air ports in Boiler A

An air-cooled probe collected mol-
ten and condensible materials near
air ports. Infrared (IR) spectropho-
tometric analyses of the materials
from the area most susceptible to
corrosion indicated spectra similar
to those of a sample of molten smelt
collected about 6 in. from the air
port toward the center of the fur-
nace. This showed that the chemical
species at the corroding site were
essentially those of the smelt. Chemi-
cal analysis of smelt drippings from
a corroded site on an inspection port
tube at the liquor gun port elevation
yielded similar results.

Visual observations of flow
patterns at air ports

Direct visual observations of the pri-
mary air port tube surface during
boiler operation was not possible.
The light intensity from the smelt
bed and the 4-ft distance from the
observation sight glass to the boiler
tubes prevented observation. A video
camera recorded the flowing, freez-
ing, and melting of smelt at 8-12X
magnification taken from the sight
glass. The recordings revealed that
smelt flows almost continuously over
the corroding areas at the tops of
the ports. It spills from the smelt
bed over the corroding areas at the
bottom of the primary air ports clos-
est to the floor of the boiler. The top
of the smelt bed in Boiler A fre-
quently coincided with the bottom of
the primary air ports. After air port
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5. Remains of a patch of nickel weld overlay on a corroded air port tube after six months of operation in a recovery boiler
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rodding, a new deposit of smelt so-
lidified on the tubes in seconds to
minutes. During periods of heavy
smelt flow over a given area, the
solidified smelt became partially
molten and sloughed off the tube
surface to be replaced by another
solidifying smelt layer. This very dy-
namic freezing and melting of smelt
deposits repeated often in the min-
utes after rodding a port. Smelt flow-
ing and dripping from the membrane
between the tubes and spilling from
the smelt bed over the primary air
port bottoms was red-hot. It looked
like it was burning. The entire air
port resembled a blow torch with
the base of the flame originating at
the tube surface. These high tem-
perature excursions recorded are
consistent with the removal and for-
mation of smelt deposits from the
tube surface.

Corrosion mechanism

Examination of
the NaOH mechanism

Results of laboratory evaluation of
materials in sodium hydroxide and
mixed hydroxide melts (12) con-
firmed that nickel is very resistant
to molten hydroxide. High nickel al-
loys are the typical selection for
strong alkaline service with unal-
loyed nickel being the best. Odelstam
et al. used an Inconel 600 (15Cr
76Ni8Fe) crucible for corrosion stud-
ies in molten hydroxide with no evi-
dence of corrosion (9). Even if the
nickel weld overlay patches applied
in Boiler A were grossly diluted by
the underlying 309L, the patches
would have had a nickel content
above the minimum for Inconel 600
and should have resisted the corro-
sion. The selective attack of nickel
weld overlay on air port tubes in this
boiler is a convincing argument
against a mechanism based exclu-
sively on hydroxide. The preferen-
tial and complete consumption of
nickel points to “hot corrosion” by
molten salts (smelt) with possible
high temperature sulfidation, oxida-

tion, or both. Nickel has little resis-
tance to corrosion by aggressive sul-
fur compounds (17, 21).

The hydroxide mechanism gained
acceptance largely because hydrox-
ide eutectics are among the few
chemical species that can be present
and remain molten on the tube sur-
face. This assumes that the tube sur-
face is in thermal equilibrium with
the saturation steam temperature.
Data in Figs. 3 and 4 show that the
surface tube temperatures at the
corroding sites undergo excursions
several hundred degrees Fahrenheit
above the temperature of the satu-
rated steam. Crowe measured simi-
lar temperature excursions at air
ports with a surface contact thermo-
couple (22). Measurement and con-
firmation of large temperature
excursions on the surface of air port
tubes indicate that the corrosion
mechanism in this area does not have
the limitation of a low temperature
hydroxide mechanism as Wensley
argued (6). Chordal thermocouple
measurements made by Wensley
represent bulk tube temperatures
and not localized transient surface
temperatures.

For the hydroxide attack to be
possible, the hydroxide vapor must
migrate to and condense in a cool,
carbon dioxide free area on the port
tube. The location of air port corro-
sion in either boiler studied does not
appear to support the conditions re-
quired for hydroxide condensation.
This is especially the case in Boiler
B where the area of composite layer
thinning orients toward the fireside
in the outer region of the air jet from
the primary ports.

According to equilibrium calcula-
tions for the gas composition in the
lower furnace (23), appreciable con-
centrations over 100 ppm of sodium
hydroxide can only form in the fur-
nace at temperatures exceeding
1800°F. At these temperatures and
at the high concentration of carbon
dioxide in the lower furnace atmo-
sphere, any trace amounts of gas
phase sodium hydroxide rapidly un-
dergo carbonation. The corrosion

mechanism implicating sodium hy-
droxide relies entirely on the
premise that a sufficient concentra-
tion of sodium hydroxide vapor
formed in the furnace escapes reac-
tion with carbon dioxide in the lower
furnace. It diffuses into the primary
and the secondary air port openings
against a bulk flow of combustion
air, mixes with the combustion air,
and cools to a temperature at which
the conversion to carbonate is slow
(9). Crowe and Cameron (24) con-
cluded that there is a very low prob-
ability that NaOH could condense
from the boiler flue gas without form-
ing carbonate. Tran et al. published
data showing that the rate of hy-
droxide carbonation is negligible in
air to 570°F (14). In contrast, Fonder
and Colwell have shown that a thin
film of sodium hydroxide above its
melting point of 605°F readily re-
acts in air to form carbonate (27). It
is difficult to envision migration or
diffusion of hydroxide vapor against
the air jet at the primary air ports.
It is even more unlikely against the
higher pressure air jet at the sec-
ondary air level. Hydroxide vapor
migration might be possible to an
inspection port where the air flow
would be very low. Hydroxide vapor
migration to the cooler side of boiler
tubes described by Chassell and
Clement (4) and Bruno (5) is plau-
sible for tangent tube boilers. It is
unlikely for membraned or sealed
boilers like the two in this study.

There were reports of hydroxides
in air port tube deposits collected
after a water wash of the boiler (5, 7,
9). Others have questioned the va-
lidity of the analytical techniques
used, however, citing two ways in
which hydroxides may be an artifact
of the analyses (23). There has been
no detection of hydroxide in signifi-
cant quantities in deposits collected
in the current study.

Proposed mechanism

The following do not support a thin-
ning mechanism using condensed
molten hydroxide:
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I. Composition and performance of test materials applied to corroding air port tubes

Nominal composition, %

Hastelloy G-30
coating #5 *x

* = balance

29 42 15 ®

** = applied by high velocity oxy fuel process

3Co,2Cu, 3W

Material Type Cr Ni Fe Mo Others Performance
Type 304L Composite layer of 18 8 * - - Corrodes up to
stainless steel tube 0.040 in./year
Type 309L Weld overlay 23 13 * - 1.5 Si, 2.0 Mn Corrodes up to
stainless steel 0.005 in./year
Type 310L Weld overlay 25 20 * - 1.5 Si, 2.0 Mn No measurable corrosion
stainless steel surface attack noted
Inconel 625 Weld overlay 22 * 5 9 3.4Cbh+ Ta No measurable corrosion
Hastelloy-X Weld overlay 22 * 19 9 1w No measurable corrosion
Nickel Weld overlay - 995 - - - Corrodes rapidly
Coating #1 i 30 - 70 - - Deteriorated after 28
months of service
Coating #2 *x 28 38 4 - 27 Co, 3 Si Surface etching noted
Coating #3 *x 43 55 - - 2Si Corrodes up to
0.030 in./year
Coating #4 i 30 - 65 - 4A,1Y Coating spalled

Coating spalled

= Observation of liquor and smelt
flow on air port tubes during
boiler operation

= The poor performance of nickel
weld overlay on air port tubes

= Analysis of deposits condensed on
an air cooled probe in contact with
the corroding areas.

The finding of higher than expected
tube surface temperature excursions
no longer limits the mechanism to a
low temperature one such as that
based on hydroxide.

The corroding areas on tubes in
Boiler A had one common feature.
Corrosion occurred where reduced
smelt flowing down the tube or mem-
brane contacted air. This occurred
at the top of primary and secondary
air ports, the bottom of the primary
air ports (corresponding to the smelt
line), and at the bottom of one sec-

182 February 1996 Tappi Journal

ondary air port with much less se-
verity. Tertiary air ports at an el-
evation above the liquor guns did
not experience an effect because
much less smelt or liquor exists on
the tubes at this elevation. Figure 2
shows discolorations and surface
roughening indicative of the initial
stages of this type of tube corrosion
near the corners of the air port in-
serts in Boiler B.

When an air port is periodically
rodded, frozen and semi-molten
smelt is knocked off the port tubes,
oftentimes exposing a bare tube sur-
face. When the tubes of the air port
undergo cleaning, there is also re-
moval of frozen smelt from the mem-
brane at the top and bottom of the
port. Depending on the proximity of
the bed and flow of air and thus tem-
perature, observations in Boiler A
indicate that the buildup of a frozen

smelt layer can take from seconds to
several minutes.

The main components of smeltand
liquor flowing down the tube wall
are sodium carbonate, sodium sul-
fide, and unburned organic materi-
als. Carbon will have reduced sulfate
originally present in the firing liquor
in the boiler to sulfide. Sulfide re-
mains in the reduced condition on
the walls of the boiler until it con-
tacts air. The sulfide rich smelt flow-
ing down wall tubes and the
membrane will first encounter oxy-
gen at the termination of the mem-
brane at the top of an air port—
primary or secondary—or an inspec-
tion port that is not gas tight. When
the reduced molten smelt encoun-
ters air, the sulfide rapidly and very
exothermically oxidizes to sulfate. It
is the oxidation of sulfide at the char
particle surface and at the surface of
the smelt bed that is the main source



of heat in the lower furnace (25). It
is hypothesized by this author that
the oxidation of sulfide rich smelt at
the membrane drip points—areas of
corrosion—provides an energy
source for the reported surface tem-
perature excursions. Sulfide oxida-
tion occurs rapidly and completely
with sulfur going from an oxidation
state of -2 to +6. Because sulfide
continuously replenishes at the drip
point and the combustion air flow is
so turbulent, it is difficult to deter-
mine what percentage of the sulfur
oxidizes at the drip point. If this com-
plex dynamic environment oscillates
between reducing (sulfide) and oxi-
dizing (sulfate) conditions as be-
lieved, the stability of protective
corrosion films formed under one
condition may be disrupted under
the opposite condition (17, 21).

Crowe and Cameron proposed an
alternative mechanism for corrosion
based on pyrosulfate formation (24).
The presence of chlorides (a major
volatile species in the lower furnace)
(26), sulfur trioxide, and oxygen at a
temperature of 750-840°F would be
necessary for a molten pyrosulfate
mechanism (23). The presence of
sulfur trioxide does not appear likely,
but it is not possible to exclude it.
One cannot exclude corrosion by el-
emental sulfur itself from consider-
ation, since the conditions for its
formation are also present (27). El-
emental sulfur can form in situ by
air oxidation of the large amounts of
hydrogen sulfide volatilized by py-
rolysis of liquor solids. Elemental
sulfur may also be a short-lived in-
termediate species in the oxidation
of sodium sulfide.

This author’s observations sug-
gest that the local environment at
corroding areas on the composite
tubing is similar to that of a smelt
spout, although the temperature is
higher. Circulating water cools the
smelt spout. Corrosion at air ports
appears to be “hot corrosion” by mol-
ten salts. It is in a sulfate, sulfide,
and carbonate melt rather than in
molten hydroxide, however. The ob-
served rapid thinning of nickel and

the minimal degradation after 18
months of service of a 30Cr70Fe
coating in areas of previously active
corrosion suggest high temperature
sulfidation, perhaps alternating with
oxidation. According to Lai (17, 28),
alloys containing 25% Cr and higher
have superior sulfidation resistance.
This is consistent with the improved
performance of 309L (23% Cr) weld
overlay in Boiler A compared with
that of the 304L composite layer
(18% Cr). The surface etching of
coating #2 from Table | and the cor-
rosion of the 45Cr55Ni coating indi-
cate the even more severe action of
molten compared to gaseous corro-
sive species, however. The wrought
alloy with the composition of coating
#2 is highly resistant in hot gaseous
sulfidizing environments (28). The
45Cr55Ni coating has shown suffi-
cient resistance to lower furnace
sulfidizing atmosphere. The 45Cr
55Ni coating does show corrosion,
however, at the smelt spouts (11,
29). No commercially available al-
loys will withstand corrosion by mol-
ten high temperature smelt for very
long (28). An alternately oxidizing
and sulfidizing (reducing) localized
environment would aggravate any
molten salt corrosion. Surface films
formed under one set of conditions
would not be stable under the oppo-
site conditions (17, 21).

Several unexplained observations
remain. It is puzzling why one air
port has severe recurring corrosion
while an adjacent air port served by
the same windbox remains unatt-
acked. Possible explanations include
local differences in air and smelt flow
patterns or rodding access and prac-
tice. Another puzzle is the much
lower rate of dissolution of the un-
derlying carbon steel after removal
of the outer 304L layer. Colwell’s
proposed mechanism using the se-
lective solubility of chromium oxides
as a function of melt basicity (12) is
consistent with the higher rate of
thinning of the 304L composite layer
compared to that of carbon steel.
Colwell’s laboratory experiments
were in molten hydroxide melts

which we believe are not represen-
tative of the localized environment
near the air port tube. The basis for
his work and proposed mechanism
lies in more applicable earlier work
performed in sodium sulfate and so-
dium carbonate melts (12). Moskal
observed that the exposed carbon
steel thinned at a rate of 0.005-0.008
in./year after dissolution of a sub-
stantial area of the stainless com-
posite layer (20). Crowe and
Cameron’s proposed pyrosulfate
mechanism appears similarly consis-
tent with the lower rate of carbon
steel corrosion (24). Their hypoth-
esis, however, predicts that higher
levels of chromium will not neces-
sarily improve the resistance of a
candidate material. Materials test-
ing on actual operating air port tubes
does not support this. Lunn et al. (7)
and Colwell (12) describe evidence
in laboratory studies of preferential
corrosion of 304L when galvanically
coupled to carbon steel. Colwell con-
cluded, however, that the small gal-
vanic effect could not account for
the large difference in corrosion
rates.

In summary, the chemical envi-
ronment at the recovery boiler air
port is complex and dynamic. A hy-
pothesis is that reduced or partially
oxidized molten smelt, an excess of
combustion air, and local hot spots
caused by a loss of the insulating
frozen smelt layer combine to de-
grade the composite tube surface lo-
cally. The flow of smelt, the
mechanical action of rodding, and
the exothermic oxidation of smelt
contribute to localized melting of the
frozen smelt layer.

Repair of corroded
air port tubes

Three strategies exist for control-
ling the localized thinning of the
stainless layer of composite tubes at
air ports:

= Repeated weld overlay repair of
exposed carbon steel
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= Application of a thermal spray
coating that is resistant to the
environment

= Redesign of the port opening.

Each of these possibilities has ad-
vantages and disadvantages.

Weld overlay with a more resis-
tant material than 304L such as 309L
is the least costly repair option. The
309L corrodes at a fraction of the
rate of the 304L composite layer.
The 310L, Alloy 625, and Hastelloy-
X weld overlay patches tested in
Boiler B have not shown any signs
of deterioration in six months of ser-
vice. They appear to be suitable ma-
terials for repair. High chromium
low nickel ductile welding electrodes
(29Cr9Ni) may be the best repair
material. There has been no confir-
mation through testing, however.
Weld overlay appears the least costly
option because the area for repair is
small—typically one square inch
maximum per affected tube. Itis usu-
ally possible to do the repairs with-
out affecting the outage length. Data
is still necessary to determine if re-
peated weld overlay of the stainless
layer of a composite tube damages
the underlying pressure containing
carbon steel portion of the tube in a
way that the tube would no longer
meet ASME Pressure Vessel Code
strength and toughness criteria.

Since it had little deterioration in
18 months of service, the 30Cr70Fe
thermally sprayed metallic coating
is a viable repair option for the cor-
roding air port tubes. Because of
deterioration after 27 months of ser-
vice, even this coating is not a per-
manent repair, however. Other
thermally sprayed materials shown
in Table I need further evaluation.
One disadvantage of the thermal
spray coating is the high cost of sur-
face preparation of the tubes—qrit
blasting. It is necessary to do this
from the fireside and the cold side.
An extended outage would be neces-
sary to implement this repair op-
tion.
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A promising long-term strategy
to eliminate the localized corrosion
is air port redesign. The objective in
this case is to prevent the smelt flow-
ing down membrane and tube sur-
faces from coming into contact with
combustion air directly on the tube
surface. The strategy would be to
maintain reducing conditions on the
tube surface by directing combus-
tion air further into the furnace with-
out impinging directly on the tube
surface. Such a design would incor-
porate air injection nozzles of an ap-
propriate material sealed completely
to the air port tubes and protruding
into the furnace by several inches.
The original Boiler A port design
incorporated cast inserts. The in-
serts were removed in an attempt to
eliminate corrosion of the tube sur-
face under the insert (7). The cur-
rent ports on Boiler A incorporate
no inserts and are susceptible to oxi-
dation of smelt directly on the tube
surface and to removal of the pro-
tective frozen smelt from the tube
surface by rodding. Air port design
on Boiler B incorporates cast inserts
sealed to the port tubes with refrac-
tory. This design has been less sus-
ceptible to the localized corrosion
provided the air gap between the air
port insert and the tube remains
sealed. A significant reduction in the
composite layer thinning rate oc-
curred in Boiler B after better seal-
ing of that air gap. In retrospect,
sealing the original cast inserts to
the tubes on Boiler A may have elimi-
nated the first corrosion problem (7)
without creating the second prob-
lem.

Conclusions

Using the observations noted in this
paper, it is possible to draw the fol-
lowing conclusions:

= Visual observation of corroded
regions, measurement of local
high temperature swings, analy-
sis of molten and solidified mat-

ter from corroded areas on air
port tubes, and the performance
of test materials indicate that
chemical interaction of high tem-
perature molten smelt with inter-
mittently exposed tube surfaces
causes the localized thinning of
the outer stainless steel layer of
composite recovery boiler air port
tubes.

= The poor performance of nickel
weld overlay and the specific lo-
cation of the thinning seen in two
recovery boilers do not support
the previous hypothesis that con-
densed molten sodium hydroxide
causes air port tube corrosion.

= The most promising strategy to
prevent air port tube corrosion
requires designing the port to pre-
vent direct interaction of molten
smelt with the composite tube sur-
face. Smelt flow, air flow, and
rodding procedures must be con-
siderations in the design.

= Weld overlay is the least costly
method of repairing corroded air
port tubes. It is necessary to de-
termine the impact of repeated
welding on the integrity of the

tube, however.
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