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ABSTRACT

Carbon steel waterwall tubes in kraft recovery boilers are subject
to corrosion rates of 0.5-1.5 mm/yr when the metal temperature is 300-350°C.

The corrosion products have been reported to be iron sulfides.

In this work, tﬁe corinsion of carbon steel boiler tube material by
a frozen smelt layer was studied. The experiments were performed with an air-
cooled probe which was submerged in a ﬁnlten smelt, forming a frozen smelt
layer §n a corrosion coupon. The heat flux through the corrosion coupon was
_ representative of recovery furnace waterwall tube heat fluxes, and the metal
temperature was maintained at 320—350f’C, which is in the range of metal

temperatures in which waterwall tube corrosion occurs.

~ When the boiler tube material was exposed to a frozen smelt layer
containing sodium sulfide, sulfate, carbonate, and a small amount of sulfite,
only iron oxide corrosion products (Fe203 and Fe,O 4) were formed. Thus, these
smelt components are not directly responsible for sulfidation corrosion. The
iron oxide corrosion product layer was adherent to the metal surface, and was
protective against continued corrosion. The long term corrosion rate
extrapolated from the experimental data was iess than 0.1 mm/yr when the metal

temperature was 320-350°C.

When the boiler tube material was exposed to a frozeﬁ smelt layer
containing 0.5-1.0% polysulfide sulfur in addition to sulfide, sulfate,
carbonate, and sulfite, iron sulfide (Fel_xS) corrosion product was férmed.
With a metal temperature of 330-350°C, the average corrosion rate for the '
first 12 hours of exposure was 1.6 mm/yr, three times the initial corrosion

rate when the smelt did not contain polysulfide. The rate of corrosion after




about 24 hours of exposure was similar to that for exposure to smelt without
polysulfide sulfur, less than 0.1 mm/yr. The limitation on the corrosion

reaction at longer times was not defined.

These results suggest that corrosion by frozen smelt containing
polysulfide could occur at the rates observed in recovery boilers, 0.5-1.5
m/yr. Continﬁed corrosion at this rate would require renewal of the
corrosive cordition, which most likely depends on the removal and reformation

of the frozen smelt layer.
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INTRODUCTTICON

The recovery boiler is a key element in the kraft recovery process.
It has two primary functions: to recover the cooking chemicals used to produce V
pulp, and to produce energy and process steam. In the recovery boiler a
mixture of dissolved organics and spent pulping chemicals, called black
liquor, is buxﬁed. The organic fraction of the black liquor is oxidized, and
the inorganics are reduced in the char bed to regenerate the pulping

chemicals.

~ The corrosion of carbon steel waterwall tubes in kraft recovery
boilers is a significant problem. Carbon steel waterwall tubes can suffer
severe corrosion in localized areas. The area of most severe corrosion in the

lower furnace is at the level of the primary air ports.

Bowers® in 1984 conducted a survey of 48 recovery boilers with carbon

steel waterwall tubes. It was reported that in one third of the boilers,
corrosion had proceeded to the point where replacement of at least a portion
of the waterwall tubes was required in less than 10 years of service. This
illustrates the magnitude of the waterwall tube corrosion problem.

The corrosion of waterwall tubes has serious consequences. If the
corrosion procéeds to the point where a leak develops in the tube wall, water
may enter the furnace cavity, and the possibility of a smelt-water explosion
exists. Even if the corrosion is detected prior to the development of a tube
leak, as is usually the case, the cost of repairing or replacing the corroded

tube or tubes is quite high. In addition to the cost of the repair, the costs
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associated with the downtime required for inspection and for repairing

corrosion damage can be substantial.

Three common methods of waterwall tube corrosion protection have been
employed over the past thirty years. These are studded tubes, composite
tubes, and thermal spray coatings.

Carbon steel tubes can be protected by studs, which provide corrosion
protection by holding a thick frozen smelt layer on the tube surface.
However, the studs are exposed to much higher temperatures than the tube
surface, and are therefore subject to severe corrosion, so that frequent

replacement of studs is required.

Composite tubes were ‘first used in recovery boilers in the early
1970’s. Composite tubes consist of an outer layer of stainless steel, which
provides corrosion protection, and an inner layer of carbon steel. The inner
layer is cax;bon steel because stainless steel in contact with the boiler water
is susceptible to stress corrosion cracking. Composite tubes provide good
protection against the type of corrosion which occurs on carbon steel
waterwall tubes. However, composite tubes are subject to other minor
corrosion problems, such as corrosion near air ports, and cracking near smelt
spouts. In addition, composite tubes are expensive in comparison to carbon
steel tubes.

Corrosion protection can also be achieved by spraying a protective
coating of a corrosion resistant material on the surface of the waterwall
tubes. These coatings, called thermal spray coatings or plasma spray
coatings, can provide good protection, but only for limited periods of time.

The major problem with spray coatings is that the effectiveness of the coating
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is dependent on the preparation of the metal surface prior to application of

the coating and on the technique used-to apply the coating.

The methods of corrosion protection currently available are not
completely effective. An understanding of the factors responsible for
waterwall tube corrosion could lead to the development of more effective -
means of corrosion protection. Thus, this study was undertaken to investigate
the effect of the composition of the frozen smelt layer on the corrosion of
carbon steel boiler tube material. A better understanding of the conditions
which cause the corrosion of waterwall tubes may lead to more effective

_methods of preventing corrosion damage.




B LITERATURE REVIEW
IOWER FURNACE CONDITIONS

The fireside of the lower furnace of a kraft recovery boiler is
exposed to very high temperatures and a complex chemical enviromment. The
fuel for the boiler is kraft black liquor, which contains dissolved organics,
Na2CD3, NaZSO " NaCH, NaZS, Na28203, and minor constituents such as NaCl,

. potassium salts, and transition metal ions.? The black liquor also contains
20-40% water. Black liquor is sprayed into the lower furnace, where it

undergoes drymg and pyrolysis of the organic fraction as it falls toward the
furnace hearth. The remaining char contains 5-10% carbon in addition to the

inorganic salts. In the char bed, the carbon is oxidized to ©0 and CO,, and

2

Na,SO, is reduced to Na,S. The inorganic salts melt and flow out of the

boiler through smelt spouts.

The cambustion is contained within a campletely water-cooled furnace.
The waterwall tubes in the lower furnace can be exposed to three different

phases - lower furnace gases, molten smelt, and frozen smelt.

The major constituents of the lower furnace gases are N., I-I20, H,,

3-5 3-5
Oy 2° 2
The camposition of the gas in the lower furnace is quite variable. Stelling

0, and O Smaller quantities of HS and SO,, are also present.
and Vegeby3 reported great variation in lower furnace gas composition between
different boilers and within the same boiler as a function of time. They
presented lower furnace gas compositions for several boilers. The gas

analyses are shown in Table 1. These boilers were found to have significant
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quantities of Hz, 0,, GO, and (I)z, and lesser amounts of st and S0, .
Plumley et g_l.4 also presented gas analyses from several boilers. Their

analyses are shown in Table 2.

Table 1. Gas Compositions from the Lower Furnace of Kraft Recovery Boilers3

) Volume %
Species Minimm Maximum
H, 0 ' 21
O2 1 17
.o . .. .0 . . 23
(132 6 19
HZS 0.001 5
802 0.0001 5

Table 2. Gas Compositions from the Lower Furnace of Kraft Recovery Boilers®

Volume %
Species Boiler A Boiler B Boiler C

oo, 8.5 14.5 13.5
(o) - 0.1 6.2
o, 10.7 4.1 2.7
H,S 0.22 0.38 0.45
S0 0.07 ' 0.08 0.018




The major smelt components are Nazs, Na,So,, and Na2003.2'3 The
minimum melting point of ‘a mixture of these three components is 715°¢.®
Minor smelt constituents, such as potassium and chloride, lower the smelt
melting point.”10

a smelt containing chloride and potassium.

A eutectic melting point of 525°C has been reported’ for

The tube surface temperature is dependent on the heat flux through
the tube wall, the boiling heat transfer coefficient fdr the boilihg water,
the amount of scaling on the waterside of the tube, and the boiler operating
pressure. The average heat apsorption rate on the waterwalls is 126 kW/m2
(40,000 B‘tu/hr—ftz) .4 In the lower regions of the furnace, from the surface
of the smelt to 0.3-0.6 m above the primary air ports, the heat transfer rate
is mch higher, and may reach 189 K¥/m’ (60,000 Btw/hr-£t?).* For tubes which
are clean on the waterside, such heat fluxes result in tube surface

temperatures between 250-350°C. 4711712

In addition to influencing the metal
temperature, the heat flux is related to the thickness of the frozen smelt

layer. A higher heat flux results in a thinner frozen smelt layer.

The smelt melting point is considerably above the surface temperature
of the waterwall tubes. Thus, molten smelt can not exist in stable contact

with the tube metal. It has been cbserved that the waterwall tubes in the
12_15, with a thin
13

lower furnace are covered with a layer of frozen smelt
layer of molten smelt flowing down the outside of the frozen layer. Tallent
and Plumley™ have reported that the frozen smelt layer is separated from the
tube surface by a thin layer of irregularly spaced porous material, which they
claim is probably dried black liquor. The frozen layer occasionally falls off

13-15 -

of the tube surface. Visual cbservation of the tube surfaces has shown

that the smelt layer is reestablished within 30 seconds of being removed. *




-] -

During these brief periods before the smelt layer is reestablished, the tube

surface may be exposed to either molten smelt, corrosive gases, or both.

In sumary, waterwall tubes are primarily covered with a frozen smelt
layer, with only occasional, brief exposure to molten smelt or furnace gases.
The temperature of the tube surface is normally in the range of 250-350°C.
Wéterside scaling may cause this temperature to increase significantly. The
heat flux through the tubes in the lower furnace is about 126 kW/m2, but may

reach 189 kW/m2 in some areas.
CDRROSION OCQ]RRENCE .

Carbon steel waterwall tubes are cbserved to experience severe
corrosion attack in the regions near the primafy air ports. Tallent and
le'nley13 reported in 1969 that severe corrosion, up to 0.75 mm/yr, was
observed in a narrow band below the primary air ports of Combustion
Engineering boilers. Moska114 in 1985 cbserved a corrosion rate of 1.25 mm/yr
at the smelt spout level in a similar CE boiler. Moskal also reported that in
Babcock and Wilcox recovery boilers, the zone of greatest corrosion is between
and immediately above the primary air ports. Moberg9 performed field tests in
which various types of protective coatings were tested in a carbon steel
boiler. In addition, composite tubes with 18Cr-8Ni stainless steel were
installed in a portion of the lower furnace. Over a 4 year test period,
carbon steel was found to corrode at a rate of 0.55 mm/yr, and the composite

tube at 0.065 mm/yr.

Bowers' calculated that based on the minimum wall thickness required

by code, the maximum allowable corrosion rate for a 15-20 year tube life is
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0.2 m/yr. The corrosion rates reported above exceed this by at least a

. factor of 2. Bowers' also reported the service life of 48 boilers in the
results of a recovery boiler survey. The reported service of tubes in the
lower furnace was less than 10 years for 17 of 48 boilers. Ancther 13 boilers
had tube service lives of 11-15 years. These results indicate that the

corrosion of lower furnace waterwall tubes is a very significant problem.

It has been reported that in areas where severe waterwall tube
corrosion was found, there was a hard black corrosion product tightly bonded

13

to the surface of the tube. X-ray diffraction analysis of this product

showed that it was predominantly ferrous sulfide (FeS).

- r'Ihe corrosion of carbon steel tubes has been cbserved to have a
strong temperature dependence. Prior to 1960, recovery boilers were operated
at low pressure, and corrosion problems were attributable to waterside
scaling. As boiler operating pressures increased, the tube metal temperatures
also increased, and corrosion problems became more frequent. General
experience has been that carbon steel boiler waterwall tubes suffer very
little corrosion below 315°C, but accelerated corrosion occurs above this
temperature. However, very little experimental data are available in the

literature to substantiate this.

Plumley et a_l.4 present same corrosion measurements made with two
different types of probes inserted into operating recovery furnaces. The data
ocbtained with a probe which protruded into the furnace cavity at the primary
air port level showed the corrosion rate increased by a factor of 5 when the
metal temperature was increased from 260°C to 430°C. The data cbtained with
the other probe, mounted vertically in the plane of the furnace wall at the

primary air port level, also showed an increase in the corrosion rate with




Qe

temperature. The corrosion rate at 400°C was four times the corrosion rate
at 345°C. However, the corrosion data at 345°C and the data at 400°C were
obtained in different 1000 hr. test periods, so there is no assurance that the

operating conditions during the two tests were the same.
PREVIOUS RECOVERY BOITER CORROSION RFSEARCH

The conditions inside the lower furnace of a recovery boiler are very
complex and also very transient. This makes simulation of these conditions
difficult. Researchers have simulated various aspects of the lower furnace

ervirorment in order to obtain information about lower furnace corrosion.

| This discussion will be broken into several sections, each pertaining
to corrosion studles dealing with a different aspect of the recovery furnace
envirorment. These sections describe the following:
- the corrosion due to furnace gas components
- the corrosion due to molten smelt
- the corrosion due to frozen smelt
- the corrosion due to interactions between thé furnace gases and

frozen smelt

Exposure to simulated recovery furnace gases

Between 1964 and 1972, research was carried out in Finland and Sweden
which investigated the effect of simulated furnace gas on the corrosion of

various steels,3r?r10,16-18 . Stelling and Vegeby® in 1969. reported on
the first phase of this project, which was the investigation of the effect of

different components of recovery furnace gas on the corrosion of carbon steel
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boiler tube material.

The tests were carried cut in electrically heated glass tube ovens. >
The metal coupons were made from carbon steel tubes. The components which
were studied were N2, HZO, H2, 02, H‘ZS’ SOZ’ 0, and 002. The corrosion
coupon and the gas were at the same temperature, which was varied between

290°C and 450°C.

The influence of the various gas components on the corrosion rate was
determined by systematically varying the gas composition. H,S and O, were
fourd to have the biggest effect on the rate of attack. With a H,S content of
0.1%, and O2 contents ranging from 0-0.5%, a maximum rate of corrosion was
‘observed when the molar ratio of H,S to 02 was approximately 1:1. Lower
corrosion rates were observed if the ratio was either higher or lower. Wwhen
the gas composition was 0.1% s, 0.1% O,/ 10% Hz, balance N,, the
average corrosion rate in a 4 hour exposure at 410°C was 13.6 mm/yr. 'I‘hé
addition of S0,, @, and o, had no significant effect on the corrosion rate.
The effect of H, in the gas was to increase the metal weight loss. For gas

composed of 0.1% 1-[25, 0.1% 02, varying Hz' and balance N, at 330°C, the

2
addition of 10% H2 increased the corrosion rate to 4.0 mm/yr in a 4 hour test,
campared to 1.3 mm/yr when the gas contained no H2. The effect of 25% HZO
added to the gas was to shift the maximum corrosion to a HZS:O'2 ratio of 2:1,

and to lower the maximum corrosion by a factor of two.

A maximumm rate of corrosion at approximately a 1:1 HZS:O2 ratio was
observed for temperatures ranging from 290-450°C. The maximm was more
evident at higher temperatures... The maximum corrosion at 410°C was a factor

of eight greater than the maximum corrosion at 290°C.
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The composition of the corrosion products formed during these -
- experiments was determined by x-ray diffraction. -The corrosion product

was FeS when the st:O2 ratio was 1:1 or greater, and Fe304 when the ratio was

less than 1:5. At the intermediate st:O2 ratios, mixtures of FeS, Fesz, and

Fe304 were observed. The addition of 25% HZO to gas containing 0.1% H,S and

0.1% O,,

composition fraom iron sulfides to a mixture of iron sulfides and oxides.

which reduced the corrosion rate, changed the corrosion product

The rate of corrosion was investigated as a function of time for a
1:1 ratio of HZS:O , and was observed to be a linear function of time over 24
_hours. This showed that the corrosion products, iron sulfides, provided no
protection against continued corrosion. When the H,S:0, ratio was less than
1:1, the corrosion rate was a parabolic function of time, indicating that the
corrosion products, which contained a mixture of sulfides and oxides, provided

protection against continued corrosion.

The corrosion rate was investigated as a function of témperature for
a HZS:O2 ratio of 2:1, which resulted in FeS corrosion products. The
corrosion rate increased sharply with temperature, from 1.4 mm/yr at 350°C to
10.9 mm/yr at 450°C in 4 hour tests. The activation energy was calculated to
be 20 kcal/mole. This is equal to the activation energy of iron diffusion

19, 20, suggesting

through iron sulfide, which is reported to be 20-23 kcal/mole
that the limiting step in this corrosion process is the diffusion of iron ions
through the FeS layer. The formation of iron sulfide does not occur at the

metal surface, but at the ocuter surface of the FeS layer.

Stelling and Vegeby3 also investigated the formation of sulfur vapor
in gas containing H,S and 0, at 370°C. They reported that the sulfur

concentration in the gas was highest, 50 ppm, at a 1:1 ratio of st:oz. The
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curve showing metal weight loss as a function of the HZS:O2 ratio and the
~curve showing sulfur generation as a function of the H25:02 ratio had similar
shapes, with each having a maximm at a 1:1 ratio. This is not consistent

with the stoichicmetry of the H,s-0, reaction:

st + 1/2 02 => H20 + S (rxn. 1)

Based on this reaction, a maximum S production would be expected at a 2:1
ratio of HZS:OZ. This suggests that the corrosion cbserved in HZS-O2 gas may
be due to sulfur which is formed by interaction between HS and 0,, but that

the reaction is more complex than reaction 1.

In the second phase of this work, workers at the Swedish Corrosion

Institute’ 'Y’ exposed a carbon steel, a 13Cr steel, and an 18Cr-8Ni steel to

gas composed of 9.1% H,5-0.1% 0,-2.0% Hzo-lb% Hy-balance N,. at 400°C. The
tests were performed in a horizontal tube oven, with a gas flow of 7 camw/s.
Each material was exposed for three different periods of time - 2, 24, and 242
hours. The weight loss of carbon steel coupons was 4 mg/c:m2 in the 4 hr test
(10.9 mm/yr), and 54 mg/cm’ in the 242 hr test (2.4 myyr). The long term

corrosion rates shown in Table 3 were obtained.

Table 3. Con'o§ion rates for exposure to standard gas at 400°C for 242
hours

Carbon steel - 2.4 mm/yr
13Cr steel - 1.4 m/yr
18Cr-8Ni steel - 0.09 mm/yr

The corrosion product on the carbon steel consisted of 2 distinct
layers. The inner layer was compact, while the ocuter layer was porous. The

product contained 95% FeS and 5% Fe,O, after the 242 hr test.
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Additional tests were performed at the Swedish Corrosion
Institutel® using the same gas, but in a vertical tube oven, with a gas
flow of 5 c/sec. Carbon steel was corroded at a rate of 18.8 mm/yr in a 4 hr

test at 400°C.

In Finland9’21; 31 different grades of steel were exposed to the

test conditions described above. The cbjective of the tests was to determine
the suitability ;af different grades of steel for use in recovery boiler
waterwall tubes. It was assumed that exposure to these test conditions was
representétive of exposure to recovery furnace conditions. The results of
these tests showed that steel containing more than 13% Cr was ten times more
_ resistant to corrosion by gas containing H,S and O, than carbon steel. These
tests were performed in a vertical tube oven, with a gas velocity of 2 cnys.

The rate of corrosion of carbon steel was 12.7 mm/yr in a 6 hour exposure.

2

‘ Ahle:rs2 recently exposed carbon steel {:o gas composed of 1% HZS’ 1%

0,, 2% H,0, 10% C0,,
rate of corrosion was 1.5 mm/yr at 300°C and 2.4 mm/yr at 400°C.

and balance N2 at 300°C and 400°C. In 5 hour tests, the

The results of all of these experiments are summarized in Table 4.
The results of short term tests are all fairly comparable, with the exception
of the results of Ahlers.?2 The major experimental difference between the
work of Ahlers and the othe;‘s was that Ahlers did not include H2 in the gas.
Stelling and Vegeby3 showed, as discussed earlier, that the addition of 10% H2
to gas containing equimolar H,S and 0, increased the rate of corrosion of

carbon steel by a factor of three.
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Table 4. Summary of corrosion rates of carbon steel exposed to simulated

furnace gas
Temperature Time Weight Ioss Corrosion Rate

. ' 2 2

(°C) (hr) (mg/cm™) (mg/cm™-hr) (mmy/yr) Ref
Stelling and® 330 4 1.5 0.37 4.0 3
Vegeby 410 4 5.0 1.25 13.6 3
Firmish® 400 6 7.0 1.2 13.1 21
scr® 400 4 3.5 0.9 9.6 9,17

400 242 54 0.2 2.4 9,17
scrd 400 4 6.9 1.7 18.7 9,17
Ahlers® 300 5 0.7 0.14 1.5 22

400 5 1.1 0.22 2.4 22

2 0.1% HZS’ 0.1% 02,‘ 10% Hz, balance N2, gas velocity 20-30 cm/sec
Ab 0.1% HZS’ 0.1% 02, 2.0% Hzo, 10% Hz, balance N,, gas velocity 2 cm/sec

€o.13 H,S, 0.1% 0,, 2.0% H,0, 10% H,, balance N, gas velocity 7 cw/sec,
horizontdl oven :

d 0.1% HZS’ 0.1% O

2.0% H.,O0, 10% H,, balance N,, gas velocity 5 cny/sec,
vertical®oven

2’ 2

©1.0%3 HS, 1.050

2.0% HZO' 10% CDZ, balance NZ’ gas velocity 0.12 cm/sec,
horizon oven

All of these corrosion rates, with the exception of those obtained by
Ahlerszz, exceed the cbserved recovery boiler waterwall tube corrosion rates
of 0.5-1.25 my/yr. The cbjective of many of these gas phase investigations
was to develcp a corrosion test which would accurately predict recovery
furnace performance. This test was used to rank the predicted performance of
different materials, and was successfully used in selecting corrosion
resistant materials for composite tubes. The gas test provides a good
accelerated test for predicting the corrosion behavior of different materials

in the lower furnace of a recovery boiler.
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However, the gas test provides little information regarding the.
‘furnace conditions which lead to waterwall tube corrosion. The waterwall
tubes are covered with a layer of frozen smelt, which prevents direct contact
between the gas and the metal. In addition, the standard gas composition was
not chosen to be representative of lower furnace conditions, but rather was
chosen because it resulted in a high rate of corrosion of carbon steel. In
thg lower furnace, the 1-128:02 ratio is likely to be quite variable, and would

be expected to be considerably lower than 1:1.

Plumley et a_l.4 exposed carbon steel coupons directly to furnace
gases. The gases were removed from the operating floor level of a recovery
~boiler. A vacuum was used to pull the furnace gases through a port in the
furnace wall and through a tubular furnace containing the carbon steel sample
at 375°C. The cofrosion rate was 0.42 mm/yr in a 40 hour exposure. This
corrosion rate is an order of magnitude lower than the corrosion rates
reported when simulated furnace gases were used. This suggests that the
simulated furnace gas mixture used by many of the investigators is more

corrosive than actual recdvery furnace gases.

Exposure to Molten smelt

The waterwall tubes of a kraft recovery boiler have surface

4,11,12

temperatures of 250-350°C under normal operating conditions. These

temperatures may increase if upset conditions, such as waterside scaling,

occur.

The composition of the smelt in contact with the tube surface is

mainly Na2C03, Nazs,and Na,so 4.3'4'11 The minimm melting point of a mixture
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6

of these species is 715°C.~ Minor constituents, such as potassium and

- chloride, may lower the melting point of the smelt as low as 525°C.7"]‘0
Polysulfides (Nazsz' Nazs 4 and Nazss) also may lower the smelt melting point.

23

Nazs2 melts at 482°C, Na.S, at 294°C, and Nazs5 melts at 265°C. A smelt

24
mixture containing 4% polysulfide sulfur has been reported to have a lowest

melting point of aa2°c. 18

The lowest smelt melting point is at least 100°C above the normal
tube surface temperature. Thus, it is not possible for molten smelt to exist

in stable contact with the tube metal.

When the frozen layer spalls off of the tube surface, molten smelt |
may contact the tube. surface prior to the formation of a new frozen smelt
'~ layer. Workers at the Swedish Corrosion __Instit}rtelo studied the corrosion
which occurred during the formation of a frozen smelt layer. They dipped
uncooled metal samples, initially at 400°C, into a molten smelt for less than
0.5 sec to form a frozen' smelt layer. They found that the metal temperature
increased to 500°C during the dipping, and the sample weight loss due to the

dipping was 0.1 mg/c:m2 (0.0001 mm) ..

There have been a limited mumber of experiments performed with metal

3,11

coupons exposed directly to molten smelt. Stelling and Vegeby3 exposed

carbon steel coupons to molten smelt composed of NaZCI)3 and NaZS at 850°C.

The exact smelt composition was not reported. They also exposed carbon steel
to the same smelt with 4% Nazso4 added. The corrosion rate in 1 minute
exposurés was 650 mm/yr with the carbonate-sulfide melt, and 2150 mm/yr with

4% Na2804 added, showing that molten sulfate is corrosive toward carbon steel.

Stelling and Vegeby3 also exposed carbon steel to molten carbonate




with different amounts of Na,SO, added. The corrosion rate in 2 minute

‘exposures was dependent on the sulfate content of the melt.  The rate of
corrosion with smelt containing 3% Na,
corrosion of 130 mm/yr with pure carbonate melt.

SO, was 1730 mm/yr, 13 times the rate of

Thiosulfate added to molten carbonate resulted in corrosion similar
to that seen with sulfate. This would be expected, since thiosulfate reacts

in molten carbonate to form sulfate and sulfic'ie::24

Nazszo3 + Na2003 => NaZS + Na2504 + CI)2 (rxn. 2)

When NaOH was added to carbonate, the corrosion rate was the 'same as for pure
carbonate,  with a rate of 100 mm/yr in 2 minute exposures. Stelling and
‘Vegeby® also exposed carbon steel to a molten kraft smelt for 1 minute, and
the corrosion rate was 26,200 mn/yr, which is an order of magnitude higher
than the corrosion found with the other smelts. The kraft smelt was reported
to have a high sulfate content of about 15%, compared with a maximm of 4%

Na, SO, in the simulated smelts. This high sulfate content is likely

2 4
responsible for the severe corrosion in the molten kraft smelt.

Pot jll

investigated the corrosion of a carbon steel and 5 alloyed
steels to stagnant and flowing smelt at 757°C. One smelt was composed of
61.5% Na2m3, 56 K2003, 29.2% NaZS, 3.9% Na2804, and 0.4% NaCl. The other

smelt was the same, except 4% NaOH was used, and only 57.5% Na2CD3.

Poturaj 11 exposed only one carbon steel coupon to each smelt under
stagnant conditions, and another under flowing conditions. The carbon steel
corrosion rate during. a.:5 hour exposure to stagnant smelt was 198 mm/yr for
the smelt without NaOH, and 140 mm/yr for the smelt containing NaOH. Five

hour exposures to flowing smelt resulted in corrosion rates of 408 mm/yr and
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447 myyr for the smelts containing 0 and 4% NaCH, respectively. The

corrosion product was a thick layer consisting of iron sulfides.

The results of the experiments in which carbon steel was exposed to

molten smelt are summarized in Table 5.

Table 5. Summary of corrosion rates of carbon steel exposed to molten smelt

Tenmperature - Time Weight Ioss Corrosion Rate
o . 2 2 .
(°C) (min) (mg/cm™) (mg/cm”-hr)  (mm/yr)
Stelling 3 850 1l 3.3 198 2150;
and Vegeby 850 2 5.3 159 1730
850 1 40 2400 26200
Poturaj™t " 747 300 91 18.2 198 ‘:_
747 300 187 37.4 408
a . >
NaZCOB-NaZS 4% Na2504
b o0 -3
97% Na2CD3 3% Na2504
€ kraft smelt
d Q, Q, o, 9 3
stagnant 61.5% Na2 3t 5% KZCD3, 29.2% Nazs, 3.9% Na2804, and 0.4% NaCl
e : o ° o o
flowing 61.5% Na2®3, 5% KZCO3, 29.2% Nazs, 3.9% NaZSO4, and 0.4% NaCl

The corrosion rates of carbon steel in molten smelt are quite. severe.
They are several orders of magnitude larger than the maximum rate of corrosion
of recovery boiler tubes. However, molten smelt will not exist in stable

contact with recovery boiler waterwall tubes.

Exposure to Frozen Smelt

The corrosiveness of frozen smelt has been investigated by covering

metal coupons with either smelt powder or with a frozen smelt layer, and then
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placing the covered coupon in a nitrogen atmosphere, so that the obs@ed A

" corrosion is due only to the frozen smelt. Frozen smelt layers have been
established by dipping a sample into a molten smelt pool for a short period of
time, by submerging an air-cocled prcbe in a molten smelt pool, or by pouring
molten smelt over the sample and allowing it to freeze.

Frozen Smelt Layer

Kaibara et al.2> poured molten smelt with a sulfidity of 21% over
metal coupons, and cooled it to temperatures ranging from 300-400°C in
nitrogen. Carbon steel, 9Cr steel, 18Cr stéel, and 18Cr-8Ni steel coupons .
* covered with frozen smelt were placed in a furnace under nitrogen for 200 and
600 hours. The corrosion rates during 600 hr exposures were 0.018 mm/yr at
300°C and 0.091 mm/yr at 400°C for carbon steel. The weight losses for 9Cr
steel were similar. For the other two steels, the corrosion rate was less

than 0.009 mm/yr in the 600 hour tests.

Workers at the Swedish Corrosion Institutel® established frozen smelt
layers on metal coupons by dipping them into a molten smelt pool. Four
dippings of less than 0.5 sec each resulted in frozen smelt layers 1-1.5 nm

thick. The molten smelt composition was 40% Na.S, 30% Na.(0., and 30% Na S0, -

2 2737 2
4’Ihe covered coupons were placed in a nitrogen atmosphere at 400°C for 4
hours. The weight loss due to the dipping procedure was 0.29 mg/c:mz, and the
weight loss due to the four hour exposure was 1 mg/c:m2 (2.7 mm/yr) for carbon
steel. This indicated that short tenn tests such as this were unacceptable,

since 30% of the corrosion was due to the molten smelt.

Plumley et 1_1.4 and Kaibara et a_l.25 placed air-cooled probes in
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molten smelt :Ln a nitrogen atmosphere. When the air-cooledA probe was
submerged in the molten smelt, a frozen smelt layer formed on the probe.
Plumley et al.* used molten smelt composed of sodium carbonate and 16-30%
sodium sulfide. The rate of corrosion was not dependent on the sulfide
content of the melt. The corrosion rate increased with temperature, ranging

from 0.15-0.30 mm/yr at 260°C to 0.58-1.16 my/yr at 370°C during 75 hour

exposures.

Kaibara et z_a_l..zs used smelts ranging in sulfidity from 20 to 70%.
Carbon steel at 250°C sustained corrosion of 1.1-2.2 mm/yr in 10 hour
exposures, while at 350°C, the rate of corrosion was 3.3-5.5 mm/yr. The

S content of the smelt on the corrosion was not significant.

effect of the Na2

The corrosion of carbon steel by frozen smelt is sumarized in

Table 6.

The experiments performed with air-cooled probes resulted in higher
corrosion rates than the other experiments. The corrosion rates in the

experiments of Kaibara, et a_l.2

5, where molten smelt was poured over the
sample and allowed to cool, were 100 tmes lower than the rates of corrosion
in the air-cooled probe experiments. The corrosion rate obtained by the
Swedish Corrosion Institm:elo when an uncooled sample was dipped into molten
smelt for a short period of time to form a frozen layer was 2.7 mm/yr at
400°C, compared to rates of 11.7 mm/yr at 370°C* and 5.5 mm/yr at 350°C>>
when air-cooled probes were dipped in molten smelt. These results suggest
that in the experiments performed with air-cooled probes, either corrosive
species diffuse from the molten smelt. through the frozen smelt layer to the
metal surface, or the temperature gradient in the frozen smelt layer may

enhance the rate of corrosion.
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Table 6. Summary of corrosion rates of carbon steel exposed to frozen - .
smelt in a nitrogen atmosphere

Temperature Time Weight Ioss Corrosion Rate

. 2 2
(°C) (hr) (mg/cm™)  (mg/cm-hr) (mm/yr) Ref
Kaibara® 300 200 0.6 0.003 0.033 25
et al. 400 200 2.0 0.010 0.11 25
‘ 300 600 1.0 0.0017 0.018 25
400 600 5.0 0.0083 0.091 25
scrP 400 4 1.0 0.25 2.7 10
Plumley” 260 7.5 2.0 0.27 2.9 4
. et al. 370 7.5 8.0 1.07 11.7 . 4
Kaibara® 250 10 2.0 0.2 2.2 25
et al. 350 10 5.0 0.5 5.5 25

3 21% sulfidity smelt, molten smelt poured over samples and frozen

b 40% Nazs, 30% NaZCD3, and 30% Na2504, frozen layer established by dipping

€ 16-30% Nazs-Nazcx)3, frozen layer established with air-cooled probe
d

20-70% sulfidity smelt, frozen layer established with air-cooled probe

In summary, the experiments where the frozen layer was established by
dipping a sample into a molten smelt pool resulted in corrcsion rates of 2.2-
11.7 mm/yr in short term tests. A corrosion rate of 0.2 mm/yr is considered |
the maximum allowable in a recovery boiler. Since the waterwall tubes in.the
lower furnace of a recovery boiler are covered by a frozen smelt layer, these
results suggest that the frozen smelt layer composition may be a significant

factor in waterwall tube corrosion.
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Smelt Powder

Other workers have studied the corrosion of boiler tube material
buried in smelt powder. Plumley et al.? systematically investigated the
effects of 6 different smelt components and mixtures of them during 1 week
exposures at 370°C. The results of Piumley’s experiments are summarized in

Table 7.

Table 7. Corrosion of carbon steel e%posed to smelt powder at 370°C for 1
week in nitrogen atmosphere

Smelt ’ : Wt loss Corrosion rate
2 2

(mg/cm™) (mg/cm”~hr) my/yr
Bare metal 1.4 0.0083 0.09
Nazm3 1.7 0.010 0.11
Na2804 ' 1.4 070083 0.09
NaZS 1.4 0.0083 0.09
Na2$x 1.9 0.011 0.12
Na2$203 21.2 0.13 1.38
NaZSO3 1 4 0.0083 0.09
10% NaZS-90% NaZCI)3 2.0 0.012 0.13
10% NaZS—QO% NaZSO4 3.7 0.022 ) 0.24
10% NaZSO 4-906 NaZG)3 2.2 0.013 0.14
25% Na,.S-25% Nazso s~

50% 2(1)3 3.3‘ 0.020 0.21
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The only i:xdividué.l smelt component which resulted in significantly
- greater weight loss than exposure of the bare metal to nitrogen was sodium

thiosulfate. The corrosion due to thiosulfate was ten times the weight loss
due to the other smelt components. This result can be explained by the fact
that thiosulfate is not stable at 370°C. In the experiments with thiosulfate,
sulfur was deposited in the reaction tube, suggesting that thiosulfate |
decomposed, forming elemental sulfur. Tallent and Plumley’™ suggest that

thiosulfate thermally deccmposes according to:

Na?_szo3 => Na2803 +$ (rxn. 3)

According to Kubelka and Vot011pa.126, thiosulfate begins to decompose at 225°C:

4 NaZSZO (rxn. 4)

5 => 3 Nazso4 + Nazs

5

Na,S; will decompose to lower polysulfides (NaS, and Nas.), releasing
.elemental sul fur.2® Either of these mechanisms of thiosulfate decomposition
explains the formation of elemental sulfur, which was cbserved in the
experiments. Elemental sulfur aﬁ 370°C is molten, and will attack carbon

steez],.13

The exposure of carbon steel directly to polysulfide (Nazsx) powder
resulted in a very low corrosion rate. The composition of the polysulfide was
not reported. The low rate of corrosion suggests'f.hat the polysulfide
released much less sulfur than was released in the thiosulfate expe_riments.
Since both Na,s 4 and Na255 decompose, releasing sulfur, at temperatures less
than 370°C2 6, it seems likely that the composition of this polysulfide was
Na,S with x. = 2 or less. Na282 is stable up to its melting point of
482°C. A sulfur vapor pressure would be associated with Na,s, at 370°C,

but this would be small in comparison to the amount of sulfur released by the
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decamposition of thiosulfate in the experiments discussed above. The rate of
corrosion in the thicsulfate experiments is much higher than in the
polysulfide experiments because the amount of sulfur released by thiosulfate
decomposition is much higher than the amount of sulfur vapor associated with

the polysulfide, and the sulfur is responsible for the corrosion.

Two smelt mixtures resulted in increased corrosion, about 2 to 3 times
that occurring on bare metal.4 These were the mixtures containing both
sulfide and sulfate. The mixtures of sulfide and carbonate, and sulfate and

carbonate were not corros_ive toward carbon steel.

Crowe27 buried carbon steel coupons in smelt composed of 12% Na

| . 2504-
8% Nazs-éo% Nazcr)3, and placed them in nitrogen atmosphere for 2 weeks. At

2

300°C, the weight loss was 0.15 mg/cm” (0.005 mm/yr), and at 400°C it was

0.30 mg/cm® (0.010 mm/yr).

Kaibara et al.2> exposed coupons to smelt powder with sulfidity
ranging from 22-80% in nitrogen at 300°C. The smelt sulfidity had no effect
on the corrosion rate during 200 hbur exposures. The rate of corrosion was
about 0.05 myyr. The results of Crowe?! and Kaibara et al.?> are shown in

Table 8.
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Table 8. .Corrosion of carbon steel exposed to smelt powder in nitrogen
atmosphere

Temperature Time Weight Loss Corrosion Rate

° . : 2 2
"¢y  (hr) (mg/cm™) (mg/cm™-hr)  (mm/yr) Ref
CrOWQa 300 - 340 0.15 0.0004 - 0.005 27
400 340 . 0.30 0.0009 0.010 27
Kaibara et i_l.b 300 200 1.0 0.005 0.05 25

a 152 -8% -80%
12% Na.SO,-8% NaZS 80% NaZCD3

2 4

D 525 emelt sulfidity

Plumley et g__l.4 reported an unusually large weight loss, 1.4 mg/cmz,
V_ due to exposure of the bare coupon to nitrogen. The reason for this was not
reported. Since nltrogen is not corrosive, this weight loss must be
attributed either to the corrosion product removal procedure, or to oxygen
contacting the coupon. Oxygen could enter the system either with the nitrogen
or through a leak in the reaction chamber. This weight loss must be
considered when comparlng the magnitude of their weight losses to Crowe’s
results. The results of Crowe?! and Plumley et al.? are similar in magnitude,
if this is taken into account. If this 1.4 mg/c:m2 of weight loss whichA occurs
with coupons exposed to nitrogen is subtracted from the weight loss in the
6ther. experiments, the corrosion rate due to 25% NaZS-25% NaZSO 4-50% Na2CD3
smelt powder is 0.039 mm/yr at 370°C, compared with the 0.010 mm/yr at 400°C

reported by Crowe for a similar smelt.

The corrosion rates reported for .exposure to smelt powder are about
100 times lower than the corrosion rates reported for exposure to a frozen

smelt layer formed on an air-cooled probe. There are two major differences
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between these two types of experiment. -First, the ;nelt is in a different
state in the two types of tests. Smelt powder may affect the metal -
differently than a continucus smelt layer. The brief period of exposure of
the sample to molten smelt as the frozen smelt layer is forming may
significantly affect the results of the test. This exposure to molten smelt
will remove the thin layer of oxide which forms on all samples exposed to
air. In the smelt powder tests, this thin oxide layer is not removed, and it

may act as a protective layer.

The second possible difference between the two types of test is that
in the experiments with the air-cooled probe, a temperature grac_lient was
established"in the frozen smelt. The smelt powder tests were isothermal. A
temperature gradient in the smelt may enhance the rate of corrosion by

" enhancing the transport of corrosive species to the metal surface.

The experiments done at the Swedish Corrosion Institutel® in which a
frozen smelt layer was formed by dipping a sample into molten smelt for a
short period of time were isothermal, and resulted in high rates of corrosion
compared to smelt powder experiments. This suggests that the most significant
difference between the frozen layer tests and the smelt powder tests is the |

initial exposure to molten smelt.
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A number of investigators have performed experiments which focused on
the interactions between the gases which exist in the lower furnace and the |
components of the frozen smelt layer, ‘and the effect of these interactions on

the corrosion of carbon steel boiler tube material.

The experiments can be divided into two categories - those performed
with smelt powder, and those in which frozen smelt layers were formed on the

metal surface.

Smelt Powder Tests

Plumley et a_l.4 investigated the effect of a number of different
salts and salt combinations on the corrosion of carbon steel in 370°C air.
In addition, the effect of. Na,s in @,, and S0, were investigated. The
results of these tests are shown in Table 9.
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‘Table 9. Corrosion of carbon4steel buried in smelt powder and exposed to gas-
at 370°C for 1 week

Smelt Wt loss Corrosion rate
(my/cn®)  (y/cn-hr) e
Exposure in air
Bare metal 1.6 0.0092 0.10
Na, 0, 1.9 0.011 0.12
Na,SO, 1.2 0.0074 0.08
Na,S 6.4 0.038 -~ 0.41
Na,S, 3.4 0.020 0.22
Na,S,0, : 7.0 ©0.041 0.45
' 'Na,S0, ‘ 3.1 0.018 . 0.20
10% Na,S-90% Na,0, 2.5 0.015 0.16
10% Na,S-90% Na,SO, 3.3 0.019 0.21
10% Na,S0,-90% Na,C0, 2.2 0.013 0.14
25% Na,S-25% Na,SO,-
50%NE, 00, 1.9 0.011 0.12
Exposure in oo,
Bare metal 1.5 ~ 0.009 0.10
Na,S 57.0 0.340 3.70
Exposure in S0,
Bare metal 9.5 0.056 0.61
Na.s S 26.0 0.155 1.69

2
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Several salt combinations were no more corrosive in air than they
were in N, (Table 7), indicating that the air was not interacting with the
smelt in any way which affected the corrosion reactions. These salts included
Na2CD3, NaZSO4 r 10% NaZS—9O€ NaZSO4, 10% NaZS-QOG NaZCI)3, and 25% Na25-25€

N _ENAS -
Nazso4 50% Na2m3.

Thiosulfate in air was only one third as corrosive as thiosulfate in
nitrogen.? In nitrogen, thiosulfate decomposed, releasing elemental sulfur,
according to Reaction 3 or 4. When air was added to the system, the elemental
sulfur was oxidized, and did not corrode the metal as much as in the exposure

With N52S03, an air atmosphere doubled the corrosion rate compared

with that in a N2 atmoéphere, from 0.09 mm/yr to 0.20 mm/yr in 1 week
exposures. Similarly, with Na.S,
mm/yr in nitrogen to 0.22 mm/yr in air. Apparently the oxidation of these

the rate of corrosion increased from 0.12

speéies in air results in species which are corrosive to carbon steel.

The interactions of air, (1)2, and 502 with Nazs significantly
increased the corrosion over that which occurred with either Na,S or the gases

alone.4 The most corrosive combination was Nazs and 002. The corrosion rate

in a one week test with this cambination was 3.7 m/yr, compared to 0.1 mm/yr

for directA exposure of the sample to either the smelt powder or the gas alone.
For Nazs in combination w1th air, the rate of corrosion was 0.4 mm/yr, and for
Nazs in combination with SO,, the corrosion rate was 1.7 mm/yr.

In the tests with Nazs in cambination with either air, COZ’ or SOZ'

it was reported that sulfur was deposited in the cooler sections of the

reaction tube. This suggests that these gases interact with NaS to form
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elemental sulfur, and that the elemental sulfur is responsible. for the

increased corrosion.

Tallent and Plumleyl3 suggested that the reaction between sodium
sulfide and air is:

2 Nazs + 2 02 => ‘Na28203 + Na20 (r:n. 5)

Nazszo3 =D Nazso3 + S (rxn. 6)

Tallent and Plumleyl3 suggested that the NaZS-air interaction may be important

in recovery boiler corrosion, since the most severe corrosion occurs near the

primary air ports, where the NaZS content of the wall deposits is high, and

the 0, supply is high.

The Na,S-CO reaction may also be significant, as large

3-5

2

concentrations of CD2 can exist in the lower furnace.

le'nleyl3 suggest that the reaction between 0, and Na§ is:

Tallent and

Nazs + 2 CDZ => NaZCI)3 + S+ Q0 (. 7)

Smaller concentrations of SO2 exist in the lower fun‘1ace3_5

S interaction inay also be important.

, but the effect of

the SOZ-Na2

Kaibara et al.?’ exposed samples buried in smelt powder with
different sulfide contents to gases containing a mixture of 15% C0,-0.5% SO,-
5% Oz—bal_ance Nz' These gas components are the same species which interacted
with Na S in the experiments of Plumley et al.® Kaibara et al.? found that
this gas mixture increased the corrosion of carbon steel buried in smelt
powder. For example, with a.26% sulfidity smelt, this gas mixture increased
the corrosion rate in a 200 hour exposure at 300°C to 0.2 mm/yr, compared to

0.05 m/yr with the same smelt in nitrogen. With a smelt powder containing no
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sulfide, this gas mixture had no effect on the corrosion rate, indicating that -
the increased weight loss was due to interaction between Na,S and the 00,-S0,,-
o, mixture.

Kaibara et al.?> found that H,S and H,0 added to the 15% C0,-0.5%
S0,-5% O, mixture had less significant effects on the corrosion rate.
Addition of 20% H20 had no effect on the weight loss. Addition of 0.5% HS

increased the corrosion by only 0.02 mm/yr in a 200 hour exposure.

Plumley et al.? performed tests in which recovery furnace gases,
taken from the operating floor level, were passed over carbon steel coupons
zs} in Na,§.0,, and also over bare metal coupons at 375°C. A
| izacmnnwasusedtopull furnace gases through a port in the furnace wall, and

buried in Na

through a tube furnace containing the corrosion coupons. In 40 hour tests,
the rate of corrosion of the bare metal coupons was 0.4 mm/yr. The rate of
corrosion of the coupons buried in thiosulfate was 0.3 mm/yr, and the rate of
attack of the coupons buried in Na S was 1.9 mm/yr. These results show that
the furnace gases interaéted with Na§ to corrode the metal at a rate 5 times

- greater than the rate in the gas.

Plunley et al.* and Kaibara et al.?® both found a linear.
relationship between the Nazs content of the smelt and the rate of corrosion
due to exposure to gases. Plumley et §_1.4 found that the corrosion increased
from 0.12 mm/yr with pure carbonate in air to 0.28 m/yr with 50% NaZS-SO%
Na,CO, in air during 1 veek tests. Kaibara et al.?” similarly found that the
corrosion increased from 0.05 mm/yr with no Na,s in Ath‘e smelt to 0.5 mm/yr
with 75% Na,S in the smelt during. 200 hour exposures to 15% C0,-0.5% SO,-5%

oz-balance N2 .
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Kaibara et a_l.25 found a strong temperature dependence in their -
experiments. Increasing the temperature from 250°C to 350°C increased the
weight loss in a 24 hour test by a factor of 10 for a smelt with 20%
sulfidity. This is the temperature range in which recovery boiler corrosion

is reported to increase rapidly with texrpemture."'

Stelling and Vege*.t:ay3 performed similar experiments. Corrosion
coupons were buried in several different smelt powders, and exposed to 370°C

gas containing 0.1% HZS’ 0.09% O,, 10% Hz, 3.5% HZO, and the balance N2.

Coupons buried in smelt powder containing 10% and 20% Na, S0, added to Na,C0,
corroded at the same rate as coupons buried in pure carbonate. The rate of
corrosion in each of these tests was 0.9 mm/yr in a 24 hour exposure. These

tests show that the gas does not interact with sodium sulfate to form

corrosive species.

When NaZS was added to carbonate, the corrosion increased.3 With 25%

NaZS added to carbonate, the corrosion was 1.3 mm/yr in a 24 hour exposure,

compared to 0.9 mm/yr with pure carbonate. With 40% Na,S added to carbonate,

the rate of corrosion was 2.3 mm/yr in a 24 hour exposure. When bare carbon

steel was exposed to the same gas composition, 0.1% HZS' 0.09% 02, 10% H2,

3.5% HZO, and the balance N,, at 370°C, the corrosion rate was 4.2 mm/yr in a

2
24 hour exposure. Thus, although the gas-smelt powder combination is more

corrosive when the smelt contains Nazs, the rate of corrosion is still only

one half of that for metal exposed directly to the gas.

When 10% 0, was added to the gas, the corrosion increased to 3.6

mn/yrfi‘_rxva.z:t»hour.-test.;;.. Unfortunately, the smelt composition. for this test

was not reported. The authors explained this increased corrosion by claiming




=33~

that the @, reacted with Nazs to generate H,S, which is the corrosive

species.

Ahle.rs22 has recently performed powdered smelt tests using smelt

composed of 80% Nazmy 12% Na2804, ard 8% Na,, S. The gas composition was 1%

st, 1% 02, 2% HZO, 10% 00,, and balance N,. Tests were also performed using

2' 2

bare metal exposed to this same gas composition. The corrosion rates obtainéd
when coupons were buried in the smelt powder were 2.8-4.4 mm/yr at 300°C and
5.0-7.0 m/yr at 400°C for 5 hour exposures. These weight losses are twice
the weight losses measured with exposure of the metal directly to the gas.

The gas—smelt interaction accelerates the corrosion over that which occurs in

either smelt powder or gas. alone.

Stelling and Vegeby® and Ahlers®? cbserved different effects of smelt

and gas in combination. Stelling and Vegeby reported that the smelt powder
was protective, so that the corrosion rate was lower when the sample was
covered with smelt powder than when it was exposed directly to the gas. This

is because the carbonate in the smelt powder absorbed the corrosive gas

22

Species, HS, making the gas less corrosive. BAhlers reported that the gas

reacted with the smelt powder to become more corrosive, so that the corrosion
rate was higher when the sample was covered with smelt powder than when it was

exposed directly to the gas. This is because the gas used by Ahlers contained

4

10% @, in addition to'st and o,. Plumley et al. , Kaibara et _a__l.zs, and

Stelling and Vegeby3 have reported that O, reacts with Nazs to generate

2
corrosive species, st or elemental sulfur. Thus, the difference between the

22

results of Stellmg and Vegeby and Ahlers®“ is explained by the presence of

d)zlnthegasusedbyAhlers




The results of all the tests in which coupons were buried in smelt

powder and exposed to gas are summarized in Table 10.

The experiments in which corrosion samples were buried in smelt
powder and exposed to gas were performed using a wide variety of smelt powder
and gas compositions, and a wide range of exposure times. However, the
corrosion rates were all within an order of magnitude. The two experlments .

which resulted in the lowest corrosion rates were the test by Plumley et g_l.4

inmichNaZSwase@osedtoair, andthetestbyKaibarag:a_l.zsinmich

smelt with a sulfidity of 20% was exposed to gas containing 15% o,
5% 0,. These two tests resulted in corrosion rates an order of magnitude '

lower than the other tests. The common factor in these two tests is the high

0.5% SOZ’

oxygen content in the gas phase. Plumley et a_l.4 used air, which is 21% O

2’
arxiKaibara_e_tgl.zsuseds%O . None of the other tests used more than 1%

2
0,/ with the possible exception of Plumley et al. rs? test with furnace gases

of unknown composition.
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Table 10. Summary of corrosion rates of carbon steel buried in smelt powder

and exposed to gas
Temperature Time Weight Loss Corrosion Rate

(°c) (tr) . @ya’)  (g/enhr) ()

Plumley, et al.?

Na,S 370 168

5 1.4 0.008 0.09
o3 370 168 1.6 0.009 0.10
NaZS—C0, 370 168 57 0.34 3.7
Air o 370 168 1.6 0.009 0.10
Na S-Air 370 168 6 ' 0.036 0.40
so, 370 168 9.6 0.057 0.62
Na3S-S0, 370 168 26 0.15 1.6

. 25

Kaibara, et al.’ '

Smelt® b 300 . 200 1 0.005 0.05
Smelt-gas 300 200 4 0.02 0.2
Plumley, et al.*

Furnace gas 375 40 . 1.3 0.033 0.36
Na,S-furnace gas 375 40 6.8 : 0.17 1.9
Stelling and Vegeby"

Gas® 4 370 24 9.3 0.39 4.2
Smelt-gas 370 24 2.9 0.12 1.3
I&hle.r's22

Gas® c 300 5 0.7 0.14 1.5
Smelt-gas 300 5 1.7 0.34 3.7
Gas® c 400 5 1.1 0.22 2.4
Smelt-gas 400 5 2.8 0.56 6.1

2 20% sulfidity smelt
20% sulfidity smelt, 15% 002-0.5% S0,

0.1% HzS—Q.OQ% 02—10% H2-3.5% Hzo-balance N2 .

—5« Oz—balance N2

25% NaZS-75—s' NaZCDB’ 0.1% H25—0.096 02-10/0 H2-3.5€ Hzo-balance N2

1% HzS-l% 02-2% H20-10% CDZ-balance N2

80% Na2m3—125 NaZSO4—8< NaZS , 1% H23'-l'6 02-2'6 H20-10< CDZ—balance N2
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The effect of the interaction between smelt powder and some of the
gas species known to exist in the recovery furnace, is to increase the
corrosivity of the smelt. In all the experiments shown in Table 10, except
Stelling and Vegeby’s>, the interaction of gases with the smelt powder
‘resulted in greater corrosion than if the sample was exposed directly to gas
of thé same composition. This suggests that some components of the gas
interact with the components of the smelt powder to form species which are
more  corrosive to the metal than the gas. The corrosive smelt species formed
by smelt powder-gas interactions were ﬁot identified. Plumley et _a_1_]_..4
reported finding condensed sulfur in their reaction chamber, suggesting that
the gas had reacted with the smelt to form elemental sulfur. The smelt
composition after exposure to the gas was not determined in any of the

experiments.

In Stelling and Vegeby’s experiments>, the smelt powder provided
corrosion protection from the gas. The corrosion rate was 1.3 mm/yr when the
coupon was buried in smelt powder, compared to 4.2 mm/yr when the bare coupon
was exposed to gas of the same composition. This is because fhe only reactive
component in the gas used by Stelling and Vegeby® was HS, which was absorbed
by the carbonate in the smelt powder. The gas did not contain o, which has

been shown to react with smelt to increase corrosion.
Frozen Smelt Layer Tests
Stelling and Vec_:;eby3 examined the corrosion of carbon steel coupons

covered with a layer.of frozen smelt and exposed to corrosive gases. The
frozen smelt layer was established by dipping the sample into a molten smelt
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composed of Na,CO, and Na,S for 60 sec. The molten smelt cqmosition and the
thickness of the. frozen smelt layer were not reported. The 'sample covered
with the frozen smelt layer was exposed to gas composed of 0.1% H,S, 0.1% 0,/
10% H,, balance N, for 4 hours. The corrosion rate was 1.2 mm/yr when the gas
temperature was 300°C, and 5.8 mm/yr when the gas temperature was 400°C.

These corrosion rates were about one half the rates for bare metal exposed
directly to gas of the same composition, showing that the frozen smelt layer

protected the metal from the corrosive gases.

Swedish workers®’ 10718

also investigated the corrosion of carbon
steel covered w1th a thm layer of frozen smelt and exposed to. high
tempe:tature gases. The frozen smelt layers in these experiments were
established by dlppmg the sample into a molten salt pool composed of 40%
NaZS, 30% Na2804, 30% Na2<x)3 for less than 0.5 sec., and then removing the -
sample from the melt and placing it in 400°C gas. The gas contained 0.1%

2
smelt three times, for less than 0.5 sec. each, after 1, 2, and 3 hours of

st, 0.1% 0,, 10% !-[2, balance N,. The sample was dipped back into the molten

exposure to the gas. Dipping the selrple into the molten smelt four times
resulted in a smelt layer thickness of 1-1.5 mn. The corrosion rate was 3.3
- mm/yr. This compares to 18.8 mm/yr for direct exposure of the metal sample to
gas of the same composition, and 2.7 mm/yr for exposure of the metal sample
covered with a frozen smelt layer of the same composition to nitrogen. The
frozen smelt layer protec"ced the metal from the corrosive gas in these
experiments.

These tests were extended to longer times, and the' proteetive effect
of the frozen smelt layer was lost. 2,18 The weight-loss with the same smelt

and gas composition was 40 ng/cm in a 24 hour test. Increasing the test
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length by a factor of 6 resulted in 33 times the weight loss. - The corrosion

in this test was.about the same as for direct exposure to the gas.

The composition of the frozen smelt layer after the 24 hour exposure
to the gas was determined, and it was found that the gas had reacted with the
frozen smelt layer to generate 6% polysulfide sulfur in the frozen smelt

9,18

layer. The authors attributed the increased corrosion to the polysulfide.

The results of the experiments where metal samples covered with a
layer of frozen smelt were exposed to high temperature gas are summarized in

Table 11.

Table 11. Summary ‘of corrosion rates of carbon steel covered with a frozen
smelt layer and exposed to gas

Temperature Time Weight loss Corrosion Rate

°c) (hr) (mg/an®)  (mg/cm®-hr)  (mm/yr)

Stelling and Vegel::y3
a

Gas b 410 4 5.0 1.25 13.6
Gas-Smelt”® . 400 4 2.1 0.54 . 5.8
9
Moberg
Gas® q 400 4 6.9 1.7 18.8
Gas-Smelty 400 " 4 1.2 0.3 3.3
Gas-Smelt’ 400 24 40 1.7 18.2
a o 1
0.1% H,S-0.1% 0,-10% H,-balance N,
b o _ LS T
Na,CO,-Na,S, 0.1% H,5-0.1% 0,-10% H,-balance N,
C } - 9 Y- o, -
0.1% H,5-0.1% 0,~2% H,0-10% H,-balance N,

~10% Hz-balance N

° - -30% ' o -0.1%
40—5‘Na S-30% Na,.SO,-30% Na2CI)3, 0.1% HZS 0.1% O 5

2 24 2




Summary of Previous Work

There are a number of possible conditions which may lead to
accelerated recovery furnace corrosion. The work reviewed above included the
investigation of a mmber of different conditions whlch might simulate ‘
‘recovery furnace conditions. The results of each type of test are presented

in Table 12.

Table 12. Summary of corrosion rates observed in recovery boiler research

experiments

- Maximum allowable furnace corrosion® 0.2 mm/yr
Maximm observed furnace corrosion = 0.5-1.5 mm/yr

" Gas tests : ' o 1.5-18.7 myyr
Molten smelt tests ' 200-26,200 mm/yr
Frozen smelt in N 0.02-11.7 m/yr
Smelt powder in Ng 0.01-0.24 mm/yr
Smelt powder/gas 0.2-6.1 m/yr
Frozen smelt/gas 1.2-18.2 my/yr

The corrosion rates observed when carbon steel is exposed to
similated furnace gas are in general higher than the maximm corrosion rates
seen in recovery boilers. The corrosion rates cbserved when carbon steel is
exposed directly to molten smelt are several orders of magnitude higher than
the maximm corrosion rates seen in the lower furnace of recovery -boilers.
However, the waterwall tubes in the lower furnace of a kraft recovery boiler
are covered with a layer of frozen smelt, which prevents direct contact

between either the furnace gases or the molten smelt and the tube surface.

The tests in which metal samples were exposed to smelt powder
resulted in corrosion rates which are acceptable in recovery boilers.
.However, this type of test may not represent actual furnace conditions. Tests

performed with metal samples exposed to frozen smelt layers resulted in
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corrosion rates 100 times higher than those observed in powdered smelt tests. -

The tests in which the carbon steel was covered with a layer of
frozen smelt most closely similated the conditions which the waterwall tube
sees. The waterwall tubes are covered with a layer of frozen smelt; except

for brief periods when the frozen layer falls off and reforms.

Previous frozen smelt layer tests have been limited. Some of these
tests have resulted in very high corrosion rates, up to 11.7 mm/yr, indicating
that the frozen smelt layer covering the tube may be corrosive to carbon
steel. The effect of the smelt composition on the corrosiveness of the frozen

smelt layer has not been investigated.

The tests in which samples were covered with frozen smelt, either
smelt powder or a frozen layer, and then exposed to a simulated furnace gas
mixture, have shown that the simulated furnace gases will react with the
frozen smelt to generate smelt species which are corrosive toward carbon
steel. In the recovery furnace, molten smelt is cbserved flowing down the
outside of the frozen smelt layer. This prevents direct contact between the
frozen smelt layer and the furnace gases. However, furnace gases can interact
with the molten smelt flowing down the furnace wall to form corrosive species.
Corrosive species generated by gas-molten smelt interactions can either be
captured in the frozen smelt layer when it forms or can diffuse from the
molten smelt into the frozen smelt layer. The effect of the minor smelt
species generated in these gas-smelt interactions on the corrosion of carbon A
steel has not been investigated. This type of smelt/gas interaction may have

a very important effect on recovery furnace waterwall tube corrosion.

Previous studies have suggested that elemental sulfur or polysulfide
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‘is the cause of high rates of corrosion of carbon steel. The results of
Stelling and Vegeby3 suggested that the corrosion occurring in H,S-0, mixtures .
was the result of gas reaction which formed sulfur vapor. In smelt powder
tests?/13, gas-smelt powder combinations which caused high corrosion rates
also caused the formation of elemental sulfur, suggesting that elemental
sulfur was responsible for the corrosion. In addition, when a frozen smelt
layer was exposed to gas containing st and O,, the frozen layer reacted with

9,18

the gas to form 6% polysulfide in the frozen smelt , and the corrosion rate

was high, suggesting that the polysulfide caused the high rate of corrosion.

In summary, the exposure of carbon steel to frozen smelt has resulted
in substantlal corrosmn in previcus laboratory expe.rments. The effect of
the smelt composition on the corrosiveness of the frozen smelt has not been
determined. In addition, corrosive smelt species are generated when simulated
furnace gas interacts with frozen smelt. The effect of these interactions on
the smelt composition, and on the corrosiveness of the smelt, has not been
determined. This thesis will address these two aspects of the corfosion of
waterwall tubes in kraft recovery furnaces.
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OBJECTIVES
The cdbjectives of this work are to

1. Construct an experimental apparatus to investigate the corrosion of carbeon |
steel boiler tube material covered by'a layer of frozen smelt under heat
transfer conditions, when the metal temperature is 315-370°C (600-700°F).
The apparatus will simulate typical conditions which recovery furnace
waterwall tubes are exposed to. The tube surface temperature, the thickness
of the frozen smelt layer, and the heat flux through the tube wall will be

' representative of recovery furnace waterwall conditions.

2. Determine the rate of corrosion as a function of time and the composition
of the corrosion product when carbon steel boiler tube material at 320-350°C
is covered with a frozen smelt layer containing sodium sulfide, sodium
sulfate, and sodium carbonate. These are the major constituents of the frozen

smelt layer on the waterwall tubes of recovery boilers.

3. Iron sulfide corrosion products have been identified in areas of
accelerated corrosion in recovery boilers. Previous studies have suggested
that elemental sulfur is responsible for the formation of iron sulfide
corrosion products when carbon steel is exposed to smelt powders. Elemental
sulfur in molten smelt containing sulfide exists in the form of polysulfide.
An objective of this work is to determine the rate of corrosion as a function
of time and to determine the composition of the corrosion product when carbon

steel boiler tube material at 330-350°C is covered with a frozen smelt layer
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containing sodium sulfide, sodium sulfate, sodium carbonate, and sodium

polysulfide.

4. Fit previously developed corrosion models, such as the parabolic model
and the logarithmic model, to the experimental corrosion rate vs. time data
cbtained with smelt containing just sodium sulfide, sodium sulfate, and
sodium carbonate, and also to the data cbtained with smelt containing
polysulfide. The shape of the corrosion rate curve will be used té identify

the limiting step in the corrosion reaction.

5. Determine whether the shape of the corrosion rate vs. time curve for
corrosion of carbon steel by frozen smelt containing polysulfide is described
by a model based on the limiting step of the corrosion mechanism being
transport of sulfur to the surface of the corrosion product layer. This will
provide additional information regarding the rate limiting step in this

corrosion process.

6. Relate the results of this work to the problem of kraft recovery furnace
waterwall corrosion. Specifically, identify which components of the frozen
smelt layer corrode carbon steel to form iron sulfide. Compare the rates of
corrosion measured experimentally to the rates of corrosion observed in
recovery furnaces, to determine if the rates of recovery boiler corrosion can

be explained by frozen smelt corrosion.
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EXPERTMENTAL, APPROACH

The cbjective of this work is to identify the components of frozen
smelt which are corrosive to carbon steel boiler tube material under heat
transfer conditions. The corrosion rate data was collected with an air-cooled
probe submerged in a molten smelt poql. A cooled probe was used because it
allowed for the establishment of a temperature gradient through the frozen
smelt layer and for continuous contact between the molten smelt and the frozen
smelt layer. Air was chosen as the cooling medium because it is readily
available and because there is no concern about an explosive reaction with the

molten smelt should a leak develop in the probe.

When the air-cooled probe is submerged in a molten smelt pool, a
frozen smelt layer is formed over the cooled metal sample, with molten smelt
covering the outside of the frozen smelt layer. The frozen smelt layer
covering the sample similates the conditions in the lower portion of a
recovery furnace, where the waterwall tubes are covered with a frozen smelt

layer, with molten smelt flowing down the outside of the frozen layer.

In addition, with the air-cooled probe used in this work, the
thickness of the frozen smelt layer formed on the sample and the heat flux
through the sample are representative of recovery boiler lower furnace
waterwall conditions. Thus, the experimental conditions are a very good
similation of the conditions which exist in the lower furnace of a recovery

boiler.
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25 using air-cooled probes have yielded no

Previous studies®’
information about the identity of the smelt components which lead to the.
formation of iron sulfide corrosion products. ~ This is because the experiments
were performed by covering the cooled probe with a frozen smelt layer compoéed
of only sodium carbonate ard sodium sulfide. In these studies, the sodium
sulfide content of ‘the melt was varied, and this was found to have no effect
on the rate of corrosion. The corrosion products were not identified. The
effect of minor smelt components,. such as excess sulfur, on the rate of
corrosion by frozen smelt and on the corrosion product composition was not
investigated. This study investigated the effect of excess sulfur in the
frozen smelt layer on both the rate of corrosion and the identity of the

corrosion product. =

In this work, cbrrosion rate vs. time curves were developed for two
smelt compositions at one temperature. The initial smelt was prepared using
15% sodimn.sulfide, 15% sodium sulfate, and 70% sodium carbonate. These are
the major components of the frozen smelt layers in the lower furnace of
recovery boilers, and this is a representative composition. The sécond smelt
was prepared with a the same components, but also contained 0.5-1.0% excess
sulfur, which existed in the smelt as polysulfide (Na,S.). This smelt
composition was studied because previous corrosion studies with gases and also
with gases and smelt powder in combination have suggested that elemental

sulfur is involved in the formation of iron sulfide on carbon steel.

The setpoint temperature for the experiments was 650°F, which is
343°C. Actually, the experimental temperatures ranged from 320-350°C for the
experiments with sulfide; sulfate, and carbonate, and 330-350°C for the

experiments with smelt contammg polysulfide. . These temperatures are at the
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upper end of the range of recovery furnace waterwall tube surface
temperatures, and represent the conditions under which corrosion of carbon
steel tube material is reported. It was not possible to obtain metal

temperatures lower than this with this experimental system.

In order to define the corrosion mechanism for a smelt composition émt
a given temperature, the identity of the corrosion product and the shape
of the corrosion weight loss vs. exposure time curve were determined. Since
the corrosion rate under a frozen smelt layer could not be monitored
continuously, a series of corrosion tests of different lengths of time were
performed to develop a corrosion rate curve. The exposures ranged in leﬁgth
from 15 minutes to 100 hours. For each exposure the weight loss due to
corrosioﬂwas measured, providing one poiht for the weight loss vs. exposure

time curve. The corrosion product was identified by x-ray diffraction.

FROZEN SMELT IAYER EXPERIMENTS

The frozen smelt layer experiments were performed with an air-cooled
probe. " A cooled probe was used in this wérk to establish a temperature -
gradient in the frozen smelt layer and to maintain continuous contact between
the molten smelt and the fmzeﬁ smelt layer. An air-cooled probe submerged in
a molten smelt pool will form a frozen smelt layer over the cooled metal
sample, with molten smelt covering the outside of the frozen smelt layer.

This frozen smelt layer covering the sample simulates the conditions in the
lower portion of a recovery furnace, where the waterwall tubes are covered
with a frozen smelt layer, with molten smelt flowing-down the outside of the -

frozen layer. 4
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The air-cooled probe has two functions. The first is to act as a
sample holder, to suspend the sample in the molten smelt pool. The second is
to maintain the exposed surface of the corrosion coupon at a temperature
approximating that of recovery boiler waterwall tubes (260-370°C).

. Experimental Apparatus

The experimental system is illustrated in Fig. 1. An air-cooled
corrosion probe was submerged in a molten salt pool. The molten salt was
contained in a high purity aluminum oxide (alumina) crucible, with an inside
diameter of 16.5 cm,’ and a depth of 35.6 cm. The crucible was contained in a
stainless steel retort, which was hung inside a tubular furnace with an inside
diameter of 21 cm. The retort cover had two openings. One was used as an
entry for either a gas purge tube or an alumina thermocouple sheath, and the
other was for the corrosior; probe. Either opem.ng could be closed when not in

use.

The probe is illustrated in Fig. 2. It was constructed of two
concentric stainless steel tubes. The outer tube was the sample holder, and
the inner tube was the supply tube for cooling air. The cooling air flowed
down the inside of the imner tube, and then back up through the annulus
between the inner and outer tube. The outer surface of the probe, with the
exception of the corrosion coupon, was protected from the molten salt by an

alumina sheath.

The cooling air supply system also is illustrated in Fig. 2. The air
was supplied by a compressor at 412 kPa, and -is reduced to 205 kPa by a

pressure regulator. . The air flow rate was controlled by a manually adjusted
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valve, and was measured using a Hastings mass flow meter. The compressed air
temperature varied with the ambient temperature, so a small heater with a

controller was used to stabilize the inlet air temperature at a constant level.

The corrosion coupons were.2.54 cm long. tubes, with an outside
diameter of 2.80 cm and an inside diameter of 2.184 cm. The corrosion coupons
were made from SA210 carbon steel boiler tube material. The composition of the

material is shown in Table 13.

Table 13. Composition of SA210 boiler tube material

Element , wt%
C 0.18
Mn 0.60
S 0.014
P 0.011
Si 0.13
Fe balance

The temperature of the corrosion coupon was measured directly using a
1.02 mm diameter stainless steel sheathed thermocouple. A 1..07 mm diameter
hole was drilled in the sample, and the thermocouple was placed in the hole,
such that the thermocouple junction was at the midpoint of the sample, just
below the surface of the sample (Fig. 3). This is similar to the measurement

13 The sheathed

of boiler tube temperatures using chordal thermocouples.
thermocouple wire was placed in a groove cut in the probe, behind the alumina
sheathing, so that it was protected from the molten smelt. The metal

temperature was monitored continucusly with a data acquisition system.
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Thermocouple

Cross section of sample

Side view

Tube sample

Thermocouple hole

Top view

Figure 3. Location of thermocouplle for measuring the

temperature of the metal sample
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Design of Air-Cooled Probe

The cooling medium flowing through recovery boiler waterwall tubes is
boiling water, which has a relatively high boiling heat transfer
coefficient. Water was not used as the cooling medium in the experimental
system because of the possibility of a smelt-water explosion, should a leak

develop in the probe and water contact the molten smelt pool.

Previous corrosion studies have been conducted using air-cooled
probes inserted into the lower furnace of recovery boilers;‘l’13 Other studies
have been conducted with air-cooled probes inserted into recovery boiler

superheaters.?®/2% pir-cooled probes also have been used in laboratory

corrosion studies. 4,25

The advantages of using air as the cooling medium are
that compressed air is readily available and is inexpensive, and thefe is no
explosion concern if a leak develops in the probe. The primary disadvantage
of using air as a cooling medium is that it has a low convective heat transfer

coefficient in comparison to boiling water.

The corvective heat transfer coefficient for a gas, such as air,
flowing through a pipe is dependent on the gas velocity and the properties of

the gas, as expressed by the Dittus-Boelter equation30:

hd/k = 0.023 (dw/u)°'8<cpu/k)°°4 | (1)

vhere:
h = convective heat transfer coefficient, W/mz—K

d = diameter, m
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k = thermal conductivity of the gas, W/m=-K
u = gas velocity, m/sec.
p = gas density, kg/m’
B = gas viscosity, kg/m-sec
Cp = gas heat capacity, J/kg-K

Equation 1 can also be applied to flow through an annulus, with d
defined as the differehce between the inner and outer diameter of the annulus. -
The heat transfer coefficient obtained from this equation must be modified.
when the pipe or annulus is short (L/d < 60) to account for entrance effécts.

The expression which accounts for entrance effects is39.

h =h (1+K/(/d)) (2)

where:

hm = average heat transfer coefficient, W/mz-K

K = constant, with value of 7 for a 90° turn entering the annulus
L = length of the anmulus or pipe

d = diameter of the annulus or pipe

The correction factor, (1 + K/(L/d)) has a value of 1.42 for the air-cooled

probe.

Equations 1 and 2 can be combined to give the following expression:

u0.8 0.8 c 0.4 ,0.6

k

.
1002 “c'l

p

hm = 0.023
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In designing the probe, it was necessary to determine an appropriate
annulus dimension. and air flow, such that the heat transfer coefficient be
large encugh to cbtain a heat flux through the metal sample similar to the
heat flux through waterwall tubes. The average heat flux through waterwall
tubes is 126 Ki/m2 (40,000 Btu/hr-£t2).* The heat flux through the sample can’
be calculated using:

‘@A=h (T -T) | (4)

where T is the measured metal temperature and T, is the average temperature

of the air contacting the metal.

For the design calculations, it was assumed that the average air
- temperature would be 38°C, since air would be at room temperature initially.
Therefore, with a metal temperature of 343°C, % mist be 410 W/m2-K to get a
heat flux of 126 kW/mZ. Equation 3 was used to determine an appropriate

annulus dimension and air flow which would result in such an hm’ with the

following air properties31:

= 38°C (100°F)

~ H
|

= 0.027 W/m-K (0.0156 Btu/ft-hr-°F)

1.137 kg/m> (0.071 lb/ft])

p
L =1.85 x 10" kg/m-sec (0.0448 lb/hr-ft)
Cp = 1005 J/kg-K (0.24 Btu/1b-°F)

Substituting these values into Equation 3 gives:

u0.8

% = 3.62 553 (1 + 7 d/1) ' (5)
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Figure 4 shows values of the heat transfer coefficient, calculated
from Equation 5, plotted for different airvelocities' and different annulus
openings. This figure shows that an a:x_r velocity of 50 m/sec will result in a
corvective heat transfer coefficient of 420-470 W/mz-K for each of the annulus
openings shown. The annulus cpening was selected to be 1.5 mm. The air flow
rate required for an air velocity of 50 m/sec through an annulus of this
dimension is 110 standard liter per minute (slpm). ‘

800 = =
Annulus opening
700 - + 1.0mm
o 1.5mm
600 - 4 20mm
x 2.5mm
x 500
g i
< 400 +
2
< 300 -
200 -
100 4
o i i ) 1 1 1 J 1 1
o 20 40 60 80 100

Air velocity, m/sec

Figure 4. Calculated convective heat transfer coefficient
vs. air velocity for annulus opening of 1-2.5 mm




An experimental estimate of the heat flux through the metal sample
was determined by measuring the temperature increase of the air flowing
past the sample. Thermocouples were placed so that they measured the

_56_
Experimental Verification of Calculated Heat Fluxes - -
temperature of the air entering and exiting the annulus, as shown in Fig. 5.
|
|

Thermocouple 1 >
Thermocouple 2 ———> -«+——— air supply tube
) f -+—— stainless steel tube
\
| \
i
N
N <—— alumina sheathing
N
f
N/
H
NA
H
NA :
% ] i
[ _’ -+— metal sample
Y -—— alumina sheathing
a —— Insulation

Figure 5. Location of thermocouples for measuring the temperature of the
air before and after cooling the metal sample. Thermocouple 1
measures the air temperature before It cools.the metal sample
and Thermocouple 2 measures the air temperature just after -
it cools the metal sample. -
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From these measured air temperatures, - it was.discovered that the
initial estimate of the average air: temperature, 38°C, was much too low.
This is because the air temperature increased from.25°ci to al;out' 90°C as
the air flowed through the air supply. tube. The air temperature entermg the
annulus was about 90°C, and the air leaving the annulus was about 150°C, so
that the average air temperature was 120°C. Therefore, the heat transfer

coefficient must be calculated using the properties of air at 120°c’t:

k = 0.0327 W/m-K (0.0189 Btu/ft-hr-°F)

p = 0.897 kg/m> (0.056 1b/ft>)

L =2.2 x 107> kg/m-sec (0.0532 lb/hr—ft)
C, = 1005 J/kgK (0.24 Btu/1b="F)

Equation 3 then becomes:

0.8
u
h =3.14 -5 (1+7 /1) (6)

40"
The heat flux through the probe is calculated using the convective heat
transfer coefficient calculated by Equation 6 and the measured difference
between the average temperature of the air and the metal temperature. The
heat flux can also be estimated using the temperature rise of the air and the
air flow rate. A comparison of these two estimates of the heat flux is shown
in Table 14. The heat flux estimated using the calculated convective heat
transfer coefficient is called the ‘calculated heat flux’, and the flux
estunatedfrcmthe ‘temperature rise of the cooling air is called the ‘measured

heat flux’. The calculations used to determine these heat fluxes are shown in
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Appendix I. Typically, the measured and calculated heat flux differ by less
than 20%. There were some exceptions, such as Experiments 63 and 68, where
the measured heat flux was only about 60% of the calculated heat flux. The
likely reason for the poor'agreanent in Experiments 63 and 68 was a low '
measured air t@pexaﬁlre'rise, due to one or both of the thermocouples being
improperly placed, since the measured air temperatﬁres were sensitive to
thermocouple placement. Slight adjusﬁnents of the thermocouple location could
result in the measured temperature changing by 5-10°C.

There are two sources of error in the ‘calculated heat flux’. First,
there is some error in the convective heat transfer coefficient calculated by
Equation 3, since this equation was developed empirically. The second source
of error is in the determination of the difference between the average
‘temperature of the air and the temperature of the surface it contacts. For
these calculations, it was assumed that the temperature of the probe surface
in contact with the air was the same as the measured temperature of the metal
coupon. There actually is a temperature drop between the metal coupon and the
probe, due to heat transfer resistance across the interface between the two

metals. This difference may be as much as 28-56°C, as is discussed later.

Table 14. Comparison of Measured and Calculated Heat Fluxes Through Air-cooled

Prabe
Calculated Measured
Air flow Air velocity Heat f%ux Heat f}ux
Experiment (slpm) (m/sec) (kH/m) (Ki/m")
41 207 105 143.3 128.3
42 226 115 179.1 163.8
43 226 115 177.5 173.7
50 193 98 148.6 134.6
53 190 97 140.2 139.6
60 170 : 86 129.6 131.6
63 215 109 172.8 102.2

68 193 98 150.3 85.8




Thus, the delta T used in the calculations ranges from 195-220°C, but may
"~ actually only be 140-195°C. As a result, the calculated flux may be as much

as 40% more than the actual flux.

The ‘measured heat flux’ is not reliable, due to the fact that the
measured air temperatures, especially for the air coming out of the annulus,
are very dependent on the thermocouple placement. The measured air
temperatures are only accurate to within 5-10°C at best, and the difference
between the two air tenperatﬁres is small (30-55°C) in comparison to the
measurement error. Thus, the measured heat flux can differ significantly from

the calculated heat flux.

In sumary, 'althoughlboth the ’‘calculated’ and the ’‘measured’ heat
flux can differ from the actual heat flux due to measurement errors, the
values (shown in 'i‘able -:’—14)v for_' the two eétimates of the flux are in most cases
within 10% of each other. These estimates demonstrate that the heat fluxes
through the metal samples on the air—ciooléd probe are similar to the heat
fluxes through waterwall tubes. - These heat flux estimates were used only for
comparison with waterwall tube heat fluxes, and were not used in the
determination of the metal temperature or in the data analysis. Thus, more

precise estimates were not necessary.
Heat Flux Through Sample Surface

Because the probe is cylindrical, the heat flux across any surface is
a function of the distance of that surface from the center of the probe. The
total heat transfer through the probe is constant, but ‘the flux varies with -

" the radius. The outer surface area of the metal sample-is 22.3 cmz, and the
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surface area of the probe in contact with cooling air is 15.1 cmz. Therefore,

the flux at the ocuter surface of the sample is only 67% of the flux across the
prcbe surface in contact with the cooling air. For example, in Experiment 53,
the calculated heat flux is 140.2 KW/m?. The heat flux across the surface of
the metal sample is therefore 93.9 kW/m2. This is somewhat lower than the

average heat flux of 126.2 kW/m2 through recovery boiler waterwall tubes.

Heat Transfer Between Sample and Probe

There is heat transfer resistance across the interface between the
metal sample and the stainless steel probe. Because the two metal pieces do
not fit perfectly together, there is a thin layer of stagnant air between the
two pieces of metal. This resistance has been :_'Lgnored_ in the above

calculations.

The thermal conductivity of this stagnant air layer between the probe
and the coupon is quite low, 0.035 W/m-K, compared to 51.9 W/m-K for carbon

1

steel and 17.3 W/m-K for stainless steel.’ Thus, even a very thin gap

can result in a significant temperature difference between the two metals.

When the metal samples were prépared, the inside surface of the
sample was polished with 120 grit silicon carbide paper until the sample fit
snugly onto the probe. The polishing removed very little metal - considerably
less than 0.0015 cn. The difference between the measured inner diameter of
the metal sample and the measured outer diameter of the probe was less than
0.003 cm, so the gap dimension was less than 0.0015 cm. A gap of 0.0015 cm
can result in a temperature difference of 54°C-if the flux is 126 XW/m2, as

shown below:
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Q/A = k dT/dx ' o
aT = (126 XW/m) (0.0015 cm) (m/100 cm)/(0.035 W/m—K) |

ar = 54 K

In addit;ion, the thermal expansion of the sample and the probe when
the probe was placed in the molten smelt tended to close any gap which
existed, as the thermal expansion coefficient of the stainless steel is
1.73 x 10—5 cnn/cxn;-K, and the thermal expansion coefficieﬁt of the carbon steel

31 Thus, the inner piece, the probe, will

sample is 1.21 x 10> cm/cm—K.
expand more than the outer plece, making for a tighter fit when the probe is
mserted J.nto the smelt. 'Iherefore, the temperature difference between the

metal and the probe w:Lll be less than 47°C, probably about 20-30°C.

Although it was important to carefully fit the sample to the probe,
it was not necessary to know the temperature difference between the probe and
the metal sample, since the metal temperature was measured directly, as was
shown in Fig. 3. The reason it was important to carefully fit the sample to
the probe is that as the gap between the sample and the probe J_ncreased, the
temperature difference between them also increased, resulting in a higher
metal temperature. If the gap between the sample and the probe was 0.005 cm,

it was not possible to get the metal temperature down below 400°C.
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Frozen Smelt layer Thickness

The thickness of the frozen smelt layer which formed on the metal
smtpleduringeachexperﬁrentwasneasuredafterthepmbemsremved from
the furnace and allowed to cool. The thicknesses for several experiments are

shown in Table 15.

_ The smelt thickness when the smelt contajned sulfide, sulfate, and
carbonate was 0.9-1.0 cm, and when the smelt also contained polysulfide the
thickness was 1.65 to >2.4 cm. These are the two smelt compositions which
were used in the experiments, as is discussed later in the Experimental
séction. When the smelt thickness is reported as >2.4 cm, this means that the
smelt layer was too thick to remove thé probe from the furnace, and some of
the smelt layer was melted off by turning down the cooling air flow rate in
order to remove the probe. Thus, a measurement of the smelt thickness was not
possible, but it was at least 2.4 cm, since the hole in the retort cover was

7.6 am, and the metal sample diameter was 2.8 cm.

Summary of Probe Conditions

The use of this air-cooled probe resulted in metal temperatures of

about 320-350°C, which is the range of metal temperature at which corrosion

‘of waterwall tubes is reported to occur. The ttuckness of the frozen smelt

layer was 0.9-2.4 cm, with heat fluxes of 80-125 kW/m2 through the surface of

the corroding coupon. These conditions are representative of lower furnace

waterwall conditions. Table 15 shows the measured metal temperature and the

measured smelt thickness, along with the air flow and the calculated heat flux

through the surface of the coupon, for several experiments.




Table 15. Summary of Probe Conditions for Several Experiments

: Heat Flux at . Metal Smelt
Air Flow Sample Sgrface Tempe.rature Thickness
Experiment  (slpm) (XW/m"™) (°C) (cm)
Smelt Composition - 15% Na,S, 15% Na,SO,, 70% Na,0,
41 207 96.0 329 1.02
42 226 120.0 351 0.89
43 226 118.9 349 1.02

Smelt contammg polysulfide generated by o, bukbling

50 192 99.6 342 2.03

53 190 94.0 341 2.03

60 173 86.8 - 341 1.65

63 215 115.8 343 >2.40

68 192 100.7 343 >2.40
Smelt Composition

The experimental apparatus was designed to simulate the frozen smelt
layer covering the waterwall tubes in the lower portion of the furnace.
Limited information is available regarding frozen smelt layer composition in

the furnace, because it is very difficult to cbtain a sample.

Plumley, et 3_1.4 obtained frozen smelt layer compositions by mounting
an air-cooled probe in the plane of the furnace wall, ‘near the smelt bed. The
probe was exposed for 2.5, 24 and 168 hours. The frozen deposits which formed

on the probe were removed and analyzed. The results are shown in Table 16.
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Table 16. Composition of deposits formed on 4A:i.r—cooled Probe in Lower Furnace
Area (Probe temperature = 340°C)

Camposition (wt%)
Component 2.5 hr test 24 hr test 168 hr test

Na,S 13.0  11.6 11.0
Na,S0, 13.5 12.2 20.2
Na,c0, 8.8 70.2 60.3
Na, SO, 1.8 0.9 1.3
Na,$,0, 1.4 1.3 2.3
Na,S, 0.1 0.1 0.1

Other 0.9 1.1 1.7

Plumley, et _a_l..4 _also collected smelt samples from the lower furnace
of operating recovery boilers using a specially designed sampling cup. The
cup was situated on the end of é 1or1g' rod, andwas inserted through a furnace
port. The cup was placed against the waterwall tube, and a sample of the
molten smelt nmnlng down the wall was collected. Samples were taken from two
recovery boilers over a period of several months. It was not reported whether
either of these.boilers was the.same boiler from which the data in Table 16

were obtained. The average smelt compositions are shown in Table 17.
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Table 17. . Average,Smelt Composition Obtained by Sampling Cup Method in Lower

Furnace

Camponent Unit A Unit B

wt % wt %

NaZS 10.9 16.8

NaZSO4 14.5 14.3
NaZCD3 69.4 | 65.0 .

Na,So0, 1.3 0.4

Na28203 1.6 2.7

Other - 1.8 - 0.1

Based on the information presented in these two tables, a smelt -

2S, 15% NaZSO4, and 70% Na2m3_is representative of the

frozen smelt layer composition in the lower furnace. Small amounts of Na,S0,

_composed of 15% Na

and Na28203 were found in the frozen smelt on recovery boiler tubes. However,

Nazso3 and Na28203 are unstable J.n high temperature molten smelt.28
Therefore, they were not added to the smelt, since they would simply
decompose. The chosen smelt cbmposition has a melting point of about 800°C

(1470°F) .8
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Smelt Preparation

The salts used in smelt preparation were technical grade anhydrous
sodium carbonate and sodium sulfate, reagent grade anhydrous sodium

thiosulfate, anhydrous sodium sulfide prepared from reagent grade Na.S-9H.0,

2 2
and sodium polysulfide (Nazsz) .

Anhydrous sodium sulfide was prepared by drying Nazs—9H.20 in a vacuum
oven at 200°C for 12 hours, with nitrogen (industrial grade-may contain as
much as 0.1% 02) purged through the vacuum oven. The dried sulfide was then

grourxi into a powder in a nitrogen atmosphere and was stored 1n glass bottles.
Weight loss measurements were made to test thev drying procedure. The Na,S-
9H20 was weighed prior to drying, and the dried Na,$ also was weighed. The
weight loss during drying showed that the sulfide was completely dried by this

procedure.

Experiments were performed to test the stability of thiclasulfate,
polysulfide, and elemental sulfur in molten smelt containing carbonate. For
each of these experiments, a smelt containing'the species being investigated
was prepared, and was heated up to 800°C. The smelt was sampled and analyzed

to determine how much of the species being investigated remained in the melt.

To test the stability of thiosulfate in molten carbonate, a smelt was
prepared with 30% sodium thiosulfate and 70% sodium carbonate A smelt was
prepared with 5% sulfur, 10% sodium sulfide, 15% sodium sulfate, and 70%
sodium carbonate to test the stability of elemental sulfur in molten smelt

containing sulfide, sulfate, and carbonate. .
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In the experiments to test the stability of polysulfide in molten
smelt containing sulfide, sulfate, and carbonate, polysulfide was prepared
and mixed with the other smelt components prior to heating up the smelt.

This polysulfide was prepared from anhydrous sodium sulfide and reagent grade
elemental sulfur according to the procedure of Rosen and Tegman.23 An
equimolar mixture of sodium sulfide powder and elemental sulfur was heated to
200°C for 12 hours in a sealed container to form polysulfide (Nazsz) . Rosen
and Tegnm}23 reported that 80-90% conversion to polysulfide occurred under-
these conditions. The resulting material was ground to a powder in a nitrogen

filled glove bag.

For the initial corrpsion experiments, the smelt was prepared from
15% anhydrous sodium sulfide powder, 15% anhydrous sodium sulfate, and 70%
anhydrous sodium carbonate. The sodium sulfide was placed at the bottom of an
alumina crucible. Sodium sulfate was placed on top of the sulfide, and sodium
carbonate was placed on top of the sulfate. The reactor was then sealed, and
small nitrogen flow through the system was started. The smelt mixture was
slowly brought up to 840°C over an 18 hoﬁr period. The nitrogen puxge was
continued throughout the heatup and the experiment to prevent oxidation of the

smelt.

For the corrosion.experiments with smelt containing polysulfide, the
polysulfide was generated by bubbling CD2 through a smelt prepared from 15%
sodium sulfide, 15% sodium sulfate, and 70% sodium carbonate. This smelt was
prepared in exactiy the manner described above. The carbon dioxide bubbling
through the molten smelt reacted with the sodium éulficie, oxidizing some of it
to polysulfide. This reaction is discussed in the Results and Discussion

section.
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Sample Preparation

The corrosion coupons were 2.5 cm long tubes made from SA210 carbon
steel boiler tube material. Each corrosion coupon had an inside diameter of
2.184 cm, ard the inside surface was pollshed with 120 grit silicon carbide
paper until the coupon fit snugly onto the probe. The thermocouple hole was
then drilled in the wall of the coupon. The drilling of this hole had no
effect on either the inner or the outer surface of the sample, since it was

drilled in the end of the coupon.

Several hours before the coupon was placed in the smelt, the exposed
surface was prepared. It was first polished with 80 grit silicon carbide
paper to remove any surface irregularities.. This was followed by polishing
with 120 grit paper, to give the surface its final finish. The sample was
polished by rotating the specimen with an electric motor, and abrading the
rotating surface. Water was used as a polishing lubricant, to prevent heating
of the surface, which could result in metallurgical chénges in the sample.

After polishing, the sample was rinsed with distilled water, and then
degreased with acetone. The sample was then blasted with purified bottled air
to dry the surface, and to remove any water or acetone from the thermocouple

hole. An analytical balance was used to cbtain the initial weight of the

coupon.




Corrosion

There were two types of corrosion exposures performed in this work.
The first were exposures of metal samples to a smelt, with no smelt-gas
interactions. The only gas flow into the system was the nitrogen purge. The
second type of exposure involved smelt-gas interactions. In these experiments,
carbon dioxide was bubbled through a smelt containing sodium sulfide, sodium
sulfate, and sodium carbonate to generate polysulfide prior to placing the

sample in the smelt.
“Smelt Containing Sulfide, Sulfate, and Carbonate

These experiments were performed with smelt prepared from 15% sodium
sulfide, 15% sodium sulfate, and 70% sodium carbonate, as described
previcusly. The smelt was heated to 840°C over 18 hours, and then allowed to

sit at 840°C for several hours, to insure that it was completely molten.

Prior to initiation of the corrosion exposure, a sample of the molten
smelt was taken for analysis. The sample was taken by removing the cover from
the probe opening in the retort cover, and dipping a steel sampling cup into
the smelt pool. The sample was allowed to cool for about 30 minutés, and then

was removed from the sampler and stored under nitrogen.

The exposure was started by inserting the probe, with cooling air
flowing through it, into the furnace. The lower 7.6 cm of the probe were
exposed to the molten smelt pool. The metal temperature initially overshot
the desired temperature by 60-80°C, as is shown in Fig. 6 and 7. A maximm

metal temperature was reached within 10 minutes, and then the sample cooled
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Figure 6. Temperature of metal sample throughout the first 2
hours of a 48 hour exposure (Exp. 62)
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off as the frozen smelt layer thickened. Within about 1 hour, a stable
temperature was reached. This suggests that it tock about 1 hour to fully

establlsh the frozen smelt layer.

'Ihe- cooliﬁg air flow rate was initially set at 200 slpm for the
experiments with a desired metal temperature of 340°C. The temperature did
not always stabilize at 340°C, but ranged from 325-360°C. The air flow rate
usually had to be manually adjusted to insure that the temperature stabilized

in the desired range of 335-345°C.

Figure 6 shows a temperature profile over the first two hours of an
exposure, w1th a desired temperature of 340°C. The temperature profile over
the entire course of the same exposure is shown in Fié. 7. It can be seen
that over the'pcourse— of'a long term exposure, the metal temperature was
subject to some minor fluctuation. Generally, this stayed within a range of

plus or minus 3°C.

Afte.r the desired exposure time, the probe was removed from the

. furnace. It was allowed to cool for about one hour, by mamtalnmg the air
flow, before it could be handled. The frozen éxnelt layer developed cracks as
it cooled, making it quite easy to break the frozen layer off of the probe.
The cooled frozen layer was not strongly adherent to either the metal sample
or the alumina sheathing. A sample of the frozen layer was taken, and

immediately stored in a bottle under nitrogen.

When another exposure was to be made in the same molten smelt pool,
the molten smelt pool was replenished. To make up for the smelt which had

been ‘removed from the pool through sampling and removal of the frozen smelt
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layer, 400-500 g of smelt powder of the same camposition as the original smelt
was added to the smelt pool. )

Samples taken from the molten smelt were analyzed to determine the
smelt composition prior." to exposure of a dorrosion ‘coupon.’ Thls was to insure
that the smelt pool composition was not being changed by the preparation
procedure. Table 18 shows the composition of molten smelts prepared with 15%
Nazs, 15% Nazso4, and 70% Nazcx)3. Molten smelts A and B are different
smelts. If these smelts are campared to the nominal composition of 15%

Nazs, '15% NaZSO " 70% Nazd)B, it can be seen that there was a slight oxidation
of sulfide to sulfate, and a very small amount of sulfite was generated.

- 'When the air-cooled probe was exposed to the molten smelt, a layer of
frozen smelt formed on the probe. The port_ion of the frozen smelt layer which
- formed in contact with the probe was similar in composition to the molten
smelt, as shown in Table 18. The frozen smelt layer compositions shown in
Table 18 were cbtained by exposing the probe to the molten smelt for 2 hours,
and then analyzing a sample of the innermost portion of the frozen smelt
layer, the portion which had been in contact with the metal surface. The
sample was cbtained by scraping the innermost portion of the frozen layer with
a razor blade. Frozen layer A was formed when the probe was inserted into
molten smelt A, and frozen layer B was formed from molten smelt B.

Tabie 18. Composition of smelt samples from sulfide/sulfate/carbonate
smelts (Nominal composition: 15% Na28/15% NaZSO 4/70% Na2CD3)

Composition (wt%) |

Sanple Nazs NaZSO 4 . Na2803
Molten smelt A~ 13.5 16.2 1.3
Frozen layer A .6 16.1 1.2

Molten smelt B 2
Frozen smelt B 10.1 16.5

’—l
>
[0}
W
~ o
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Andersson® has published a phase diagram for the sodium sulfide-

. sodium sulfate-sodium carbonate system. This system does not have a ternary

eutectic. Rather, two solid phases, Nazs and a solid solution of Na2(133 and
Na,SO,, exist in equilibrium with the ternary liquid phase. The minimum
melting composition is 20 mole% Nazcr)3, 35 mole% Nas, and 45 mole% Na,so, .

The smelt composition used in this work does not correspond to a
eutectic composition. The frozen smelt layer and the molten smelt are similar
in composition because the frozen smelt is formed by non-equilibrium rapid
cooling. The outer portion of the frozen smelt layer, which is discussed in
the Results and Discussion section, forms more slowly. Thus, this portion of
the frozen layer would be expected to be closer to the equilibrium composition
predicted by the phase diagram. 'Ihe outer portion of the frozen layer does
have a lower Na.S concentration than the molten smelt, as is predicted.by the

2
phase diagram.

Smelt Containing Polysulfide Sulfur

The procedure was modified slightly for the experiments with smelt
containing polysulfide' sulfur. Poiysulfide was formed in the molten smelt by
bubbl ing @, through the smelt.

A molten smelt containing sulfide, sulfate, and carbonate was
prepared as described above. Prior to the exposure, a o, flow of 0.5 slpm
was bubbled through the smelt for two hours. A nitrogen purge of 0.5 slpm
flowed through the retort, but not the smelt, during the smelt heatup period,
ard this flow was continued'du.ri.ng.t'he'-cn2 bukbling period, ‘and during the

corrosion exposure.
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Ift:heCIJ2 purge tube was left in the smelt during the exposure of the
probe, a bridge of frozen smelt formed on the smelt surface between the probe - \
and the purge tube, connecting them. This mad\e it difficult to remove the |
prcbe from the furnace at the end of the exposure without breaking the purge
tube. So instead, the CI)2 purge was lifted out of the smelt prior to placing

the probe in the smelt. The CD2 flow was maintained, so that (Dz was purged

over the surface of the melt. This maintained a polysulfide content in the

molten smelt. If the CD2 was turned off, the polysulfide quickly decomposed,

and the polysulfide content of the melt went to 0.

Table 19 shows the smelt composition for smelt prepared with 15% Na.S,

2

15% N§ZSO4, and 70% l\’I.a2 37

hours. The composition of the frozen layer which formed on the probe in a very

through which 0.5 slpm CDZ was bubbled for 2

short exposure (1 hr) to the molten smelt is also shown. The frozen smelt
which freezes in contact with the metal has a composition similar to the

molten smelt pool.

Table 19. Composition of smelt samples from polysulfide smelt

Composition (wt%)

Polysulfide
Sample Nazs Nazso 4 Nazso3 Sulfur
Molten smelt 10.0 17.5 2.3 0.5
Frozen smelt 9.3 17.7 2.0 0.4
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POWDERED SMEIT TESTS

These experiments were performed using the experimental system showﬁ
in Fig. 8. The experiments were performed using powdered smelt containing
polysulfide. The smelt composition was similar to the composition of the
frozen léyer which initially formed on the metal sample during the tests with

the air-cooled probe, as shown in Table 20.

To prepare the smelt powder, molten smelt composed of 15% NaZS, 15%
Na2804, and 70% Na, CD was prepared. Carbon dioxide was bubbled through the
melt, at a rate of 0.5 slpm for 2 hours, to generate a stable quantity of
pqusulfide in the melt. 'Ihls procedure was identical to the polysulfide .

smelt generation procedure used in the probe tests.

thermocouple —»

- SN
EZ/ 5.L4!
%
// # g 7
, Vs ]
N /
/; j//l— tubular furnace
; «j Ve 4 alumina crucible
/ ] / 4/ smelt powder
metal sample 4 4 # = Z/ 4 stainless steel retort
il 1%
/ % <// V4 4 crucible support
¢ ‘
A4 / A
///I*/l/774
L N2

Figure 8. Experimental system for studylng the corrosion of metal samples
by smelt.powder . -
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Table 20. Composition of smelt: powder in comparison to frozen smelt layer
) Camposition (wt%)

Polysulfide
Nazs Na280 4 Na2503 sulfur
Frozen smelt layer 9.3 17.7 2.0 : 0.4
Smelt powder before 8.3 '19.2 2.0 0.4
exposure 8.8 16.3 1.9 0.7
Smelt powder after 7.3 20.1 1.9 0.4
exposure

A steel cup, whiélmhadbeenusedtotakesamples of the molten smelt
for analysis during the probe tests, was used to remove smelt containing
polysulfide from the furnace. The smelt was allowed to cool for 15 minutes,
and then was knocked ocut of the cup and stored in a nitrogen filled glass
bottle. This procedure was repeated until a satisfactory quantity of smelt
had been removed from the furnace. The o, bubbling was continued throughout
the procedure. The frozen smelt was then ground to a powder using a mortar

and pestle in a nitrogen glove bag.

The corrosion tests were performed using SA210 carbon steel coupons.
These coupons were flat bars, 7.6 x 1.3 x 0.32 cn. The coupons were given a
120 grit finish, and cleaned and preweighed. The coupons were placed on a bed
of the smelt powder about 2.5 am deep, in an alumina crucible. The coupon was
then covered with about 0.6 cm of additidnal smelt powder. A thermocouple was

placed in the smelt, near the corrosion coupon.

~The crucible was placed in a stainless steel retort inside a tubular
furnace. The system was rapidly heated up to 343°C. The temperature of
the metal sample and the smelt powder was held at 343°C for the desired
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exposure period. A nitrogen purge of 0.5 slpm flowed into the retort

- throughout the experiment.
CORROSION PRODUCT REMOVAL AND ANALYSIS

In order to determine the wéight loss due to corrosion, the corrosion
products were removed from the corrosion coupon. In the experiments with the
air-cooled probe, it was possible to obtain a sample of corrosion product
after the frozen smelt layer was removed from the sample. The product was
removed from the sample by gently scraping the corroded surface with a small
spatula. This corrosion product was analyzed us:Lng xX-ray diffractiqn to
identify the crystalllne components. The cross section of scme of the
corrosion products were locked at with the scanning electron microscope to

determine the corrosion product thickness.

The remainder of the corrosion product was removed using a cyclo-
blaster with very small glass beads. The specimen was hand held and blasted at
a blast velocity which removed the visible corrosion prbducts from the surface
of the specimen without removing uncorroded metal. The fact that the blasting
did not remove a significant quantity of uncorroded metal was established by
blasting uncorroded samples, and determining thé weight loss.

| A nunber of blanks were cleaned by this procedure té determine the
weight loss due to this cleaning procedure. The corrosion samples were
prepared and weighed just as the other samples. The samples were colored with
magic marker, and then cycloblasted to remove the magic mérker coloring. The
samples were cleaned usmg the same technique as was used for corroded
specimens. The weight loss due to the cleaning procedure was found to average
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0.056 mg/cmz, with a range of 0.036-0.072 xrg/anz, as is shown in Table 21.
This weight loss is considered satisfactorily small in comparison to the
weight losses due to corrosion, which range from 1-4 n'g/c:mz. The weight loss

due to the cleaning procedure was less than 5% of the total weight loss.

Following blasting, the specimen was rinsed in distilled water, and
then in acetone. The sample was then blown dry with air, and the final weight
was determined.

Table 21. Weight loss during corrosion product removal procedure

Initial wt (q) Final wt (q) Wt. loss (my/cm?)
49.0134 49.0120 0.063
48.9357 © 48.9341 0.072
46.9568 46.9555 0.058
46.4792 46.4784 0.036
46.5537 46.5525 0.054

Average 0.056




SMELT ANALYSIS

Samples of smelt taken from molten smelt pools were analyzed for
sulfide, sulfate, sulfite, and polysulfide. The samples were cbtained by
dipping a portion out of the molten smelt pool with a stainless steel cup.

The samples were ground to a powder in a nitrogen-filled glove bag.

The sulfide content of the smelt was determined by titration with

" mercuric chloride, and the sulfate and sulfite contents were determined by ion
chromatography. The polysulfide content was determined using a gas
chrcnﬁatographic‘ method>>. The polysulfide sulfur was reacted with
triphenylphospﬁine to form triphenylphosphine 'sulfide, which Awas detected
using flame ionization gas chromatography. The procedures used for these
analyses are described in Appendix ITI. Smelt sampleé taken from frozen smelt

layers were analyzed in the same manner.

The ranges of accuracy for the reported concentrations in the smelt
are discussed in Appendix II. The ranges of accuracy, reported as percent of

the total weight of the smelt, are +1% Nazs, +2% Nazso4, +1% Nazso3, and +0.2%

Sx'
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RESULTS AND DISCUSSION
SULFIDE/SULFATE/CARBONATE EXPOSURES

Frozen Smelt Iayer Composition

The initial experiments were performed using smelt prepared with 15%

sodium sulfide, 15% sodium sulfate, and 70% sodium carbonate. These are the
three major species which exist in the lower waterwall region of the kraft
recovery boiler. This camposition was chosen as a representative similation

of the frozen smelt layer in the lower waterwall region.

In Table 18 in the experimental section, it was shcwﬁ that the
camposition of the frozen smelt which initially formed in contact with the
metal was similar in composition to the nblten smelt pool from which the
frozen smelt layer was formed. The frozen smelt layer after short term tests,
less than 24 hours, was uniform in appearance. When the probe was exposed for
24 hours or longer, the frozen smelt layer was composed of two distinct
layers. The layer closest to the metal was pink in color, and very similar in
composition to the molten smelt from which the frozen layer was formed, as
shown in Table 22. The ocuter portion of the frozen layer, which was closest
to the molten smelt, was white, and was quite different in composition from
the molten. smelt. This ocuter layer had a sulfate content similar to the inner
layer, but contained less sulfide, 4-4.8%, compared to 9.6-11.8% in the inner

portion of frozen layer.
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Table 22. Smelt compositions from sulfide/sulféte/carbonate- exposures

Exposure wt%

Sample . time (hr) Nazs Nazso 4 Na2803
Molten smelt 0 12.2 14.8 2.4
Frozen layer, imner portion 72 : 9.6 14.6 2.2
Frozen layer, inner portion 94 11.8 14.2 -
Frozen layer, outer portion 72 4.8 14.4 3.3

. Frozen layer, outer portion 94 4.0 17.1 1.4
Molten smelt 48 9.1 20.4 1.7
Molten smelt 48 10.3 22.7 2.6

8.0 22.4 1.7

Molten smelt ' ' 94

For comparison, the compositions of the molten smelt pool after 48 and
94 hour exposures are'also shown. It can be seen that some of thé sulfide in
the molten smelt was oxidized to sulfate over the course of a long term test.
less than 5% of the oxidation of sulfide to sulfate can be explained by
oxygen in the nitrogen which was purged through the retort. Industrial grade
nitrogen, which contained less than 0.1% 0,, was purged through the retort at
a rate of 0.5 slpm. Oxidation of the smelt apparently occurred because air

entered the system, possibly when the retort was opened to insert the probe.

The sulfate content of the outer portion of the frozen layer
was closer to the composition of the initial molten smelt than the final
molten smelt, suggesting that the frozen .laye.r did not grow throughout the
experiment, but was formed early in the exposure, before significant oxidation

of the smelt had occurred.

The phase diagram published by  Andersso 32 for the sodium sulfide-




sodium sulfate-sodium carbonate system predicts that frozen smelt formed by
equilibrium cooling from molten smelt composed of 15% Na,S, 15% Nazso At and

70% Na2003 will contain less than 15% sulfide. After long term exposure of
the probe to molten smelt, the outer portion of the frozen smelt layer on the
probe contained less sulfide than the molten smelt at the end of the exposure. -
This suggests that the ocuter portion of the frozen smelt layer was in
equilibrium with the molten smelt. The inner portion of the frozen smelt
layer had a sulfide content similar to the initial molten smelt, suggesting

that it was formed by non-equilibrium rapid cooling.

The composition of the inner portion of the frozen smelt layer was
closer to the composition of the 1n1t1al molten smelt than the final molten
smelt. ' This proves that the frozen layer was permanent and did not fall off
and reform. If periodic removal and reformation of the frozen layer had |
occurred, the composition of the inner portion of the frozen layer would have

more closely resembled the final smelt composition.
Corrosion Rates

A series of corrosion coupons were exposed to frozen smelt layers
containing sulfide, sulfate, and carbonate for different exposure periocds.
Since it was not possible to monitor the corrosion rate continuously, it was
necessary to run a number of exposures for different lengths of time in order
to determine the kinetics of the corrosion process. The metal temperature for
these experiments was 321-349°C (610-660°F). The results of these tests are

shown in Fig. 9.
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Figure 9. Corrosion rate data obtained in exposure of carbon
steel to 15% Na.S, 15% Na.SO,, and 70% Na.,Q0
(Metal Temperatfire - 320-350%C) 273
After exposure to t_'_he smelt, ‘the corrosion coupons were covered
with a uniform layer of corrosion' product, which was quite adherent to the
corrosion coilpon. In order to remove the corrosion product, the surface of
the coupon had to be scraped with a spatula. The only experiment which
resulted in enough removable corrbsion product (10 my) to perform x-ray
diffraction was the 94 hour exposure. ‘The corrosion product from this test

was identified as a mixture of Fe 0, and Fe;0, .

The corrosion of metal is an electrochemical process. The metal is
oxidized, and the oxidant is reduced. The reduction reaction and the
oxidation reaction must occur at the same time and to the same extent. Thus,
‘the reduction reaction is quite important, since if this  reaction can be

prevented, the oxidation of the metal is stopped.
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The oxidant in this corrosion process might be one of the smelt
components, either sulfate, sulfite, or carbonate. Sulfide can not be further

reduced. Possible reduction reactions include:

0032" +2e = @+20° (rxn. 8)
5042- +2e => 8032- + 0%~ (. 9)
In addition, it is possible that 0032' or 8042- dissociated to form
@,, or S0, according to:
2- 2-
Q)3 <=> (I)2 + 0 . (rn. 10)
'so42’ <=> S0, + 0%~ (om. 11)

and the CD2 or SO3 was reduced at the metal surface:

CI)2+2e— = o+ 0% (rm. 12)
S0, +2e => S0, + 0%~ (om. 13)
The oxidation reactions were:
Fe => Fe’T + 2 &~ : (rxn. 14)
and
Fe => Fe°' +3 e (. 15)

The oxide ions generated in the reduction reaction combined with the oxidized

iron to form the iron oxide corrosion product.
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It is not critical to know which of these possible reduction
reactions is occurrmg However, the fact that iron oxides, and not iron
sulfides, are generated as the corrosion products is quite important. This
suggests that frozen smelt containing just carbonate, sulfide, sulfate, and a
small amount of sulfite is not responsible for the accelerated corrosion which
occurs near the primary airports of recovery boilers, since iron sulfide

13,14 If frozen smelt is

corrosion products have been cbserved there.
responsible for the formation of iron sulfides, other sulfur species than

sulfide, sulfate, and a small amount of sulfite must be involved.

The extent of the corrosion reaction as a function of exposure time
is shown in Fig..‘_9. This figure shows that 0.5 mg/cm2 (0.5 mm/yr) of weight
loss occurred in the first 12 hours of exposure. This weight loss includes
the 0.06 rng/cm2 which can be attributed to the corrosion product removal
procedure. The reaction slows down after 12 hours, with only another 1.0
mc_:;/cm2 of weight loss occurring in the next 80 hours. This type of behavior

is commonly observed in the oxidation of metals.

Two rate laws have been developed to describe this type of corrosion
'behavior, the parabolic rate law and the logarithmic rate law. These models
describe corrosion processes in which the corrosion product layer which forms
on the metal surface provides protection against continued corrosion by acting
as a barrier between the metal and the oxidant. The two rate laws are based
on different mechanisms of transport of the metal or the oxidant through the

corrosion product layer.

The parabolic and logarithmic rate laws were fitted to the
experimental data to determine if they descfibe the results. . This will be

discussed, but first each law will be described briefly.
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The parabolic rate law describes corrosion which is limited by the
diffusion of either metal ions or oxide ions through a growing oxide -

£i1m,3373°

This law is only applicable at temperatures high enough to allow
the diffusion of ions through the corrosion product layer. It has been
experimentally determined that Fe30 g FTOWS by the outward passage of cations,

34

and Fe203 grows by the inward passage of anions™ , so this rate law can be

applied to the high temperature oxidation of iron.

When the corrosion is limited by diffusion of ions through the
corrosion product layer, the rate of growth of the corrosion product layer

thickness is inversely proportional to the corrosion product thickness:

d._l_, = | ]:E | (8)
dc Yy

where y is the corrosion product thickness, t is time, and kp is a diffusion
constant. The rate of growth of the corrosion product layer is proportional
to the rate of corrosion. Equation 8 can be integrated to cbtain the

parabolic rate law:

y2 = kpt/z + C (9)

The parabolic rate law has been experimentally verified for most metals over -

" some range of tempe.rature.34 It has been reported, however, that in most
cases the parabolic corrosion rate law is not followed during the initial
stages of corrosion. The corrosion is not limited by diffusion of ions
through the oxide layer until the oxide reaches a thickness on the order of
several. thousand angstrcms.35 The corrosion rate is observed to be a linear
function of time prior to the establishment- of. this:continuous: corrosion . .

product layer.
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The oxidation of metals at low temperature, where the movement of:
ions through the oxide lattice by diffusion is negligible, is often described
by a logarithmic rate law.‘33.'34 When ionic diffusion through the corrosion
product layer is negligible, the only way ‘the oxidant can reach the metal is
by migration through pores in the corrosion product layer. These pores can be-
‘very small, such as occur at the lines where three grains meet. The oxidant
reacts with the metal 'surface at the base of the pore, forming corrosion
product which blocks the pore and prevents further oxidation. In addition,
the compressive stresses associated with the formation of the oxide inside the
pore may lead to the blocking of neighboring pores. The mathematical
development of this type of model has been presented by Evans.>? It results

in.a logarithmic rate law: .
w = k- In(at + 1). A (10)

Equation 10 describes the oxidation of iron in dry oxygen at temperatures

below 200-300°C.

The temperature at which iron oxidation changes from logarithmic ﬁo-
parabolic behavior has not been well defined34, but has been reporfed to be
between 200 and 306°C. Since it was not clear which model was best applied to
the experimental conditions used in this work, both types of model, Eq. 9 and
10, were fitted to the experimental data. This resulted in the following rate

equations:
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. Parabolic: w? = 0.0314t - 0.0118 r? = 0.85 (11)
or
20 0.5
w = (0.0314t - 0.0118) | (12)
Iogarithmic: w = 0.857 1n(0.069t + 1)  r° = 0.93 (13)
2

where w is the weight loss due to corrosion in mg/cm®, and t is the time in

hours.

The best fit of each of these models to the experimental data,
determined by regression analysis, is shown in Fig. 10 and 11. Both models
fit the data well, indicating that the iron oxide layer provid_ed protection
against continued corrosion. ’Since both models fit the data equally well, it
is not possible to determine whether the limiting step in the corrosion
process is ionic diffusion through the iron oxide or transport of oxidant

through pores in the iron oxide layer.

The instantanecus corrosion rate can be cbtained by differentiation

of the parabolic and logarithmic equations with respect to time:

dw 0.016
Parabolic: —_ = G (14)
at (0.0314t - 0.0118) " °
' dw 0.059 .
Logarithmic: _— = ——— (15)
at (0.069t + 1)

Using Eq. 14 and 15, the rate of corrosion at any time can be
determined. Eq.. .14 and 15 can be. extrapolated to times greater than 100
hours to .estimate corrosion rates after long exposure times. A table of

estimated corrosion rates is shown in Table 23. This table shows that during
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Table 23.
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Iong term instantanecus corrosion rates extrapolated from parabolic
and logarithmic rate laws for corrosion of carbon steel by frozen

. smelt containing sulfide, sulfate, and carbonate at 340°C.

Instantaneous Corrosion Rate (mm/yr)

Time (days) Parabolic . . Logarithmic
30 0.036 0.013
90 0.021 0.004
180 0.015 0.002

long exposures, if the corrosion product layer remains on the metal surface,

the corrosion rate is predicted to be less than 0.1 my/yr using either model.

The corrosion rates measured in recovery boilers are average

corrosion rates over the exposure period, cbtained by dividing the measured

weight.loss by the exposure time. If i:he parabolic and logarithmic models are

extrapolated to times longer than 100 hours, estimates of average long term

corrosion rates can be obtained by predicting the weight loss for an exposure

period using Eqg. 11 and 13, and then dividing the weight loss by the exposure

time. Table 24 shows average long term corrosion rates predicted from the two

models.

Table 24.

Long term average corrosion rates extrapolated from parabolic and
logarithmic rate laws.

Average Corrosion Rate (mm/y)

Time (days) Parabolic law ILogarithmic law
30 0.08 | 0.05
20 0.05 0.02

180 0.03 0.01
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These average corrosion rates indicate. that the corrosion due to--
frozen smelt containing sulfide, sulfate, and carbonate is quite low in
comparison to recovery boiler corrosion-rates. These long term corrosion
rates are lo‘wer than &e maximm allcowable recovery boiler corrosion rate of
0.2 mm/yrl, and are an order of magnitude lower than the accelerated corrosion’
rates'of 0.5-1.5 mm/yr cbserved in recovery boilers. This low corrosion rate,
combined with the fact that the experimental corrosion préducts are iron
oxides, while corrosion products in areas of .se\}ere corrosion in boilers are.
iron sulfides, indicates that this type of corrosion is not related to

 accelerated waterwall corrosion in recovery boilers.

MINOR SMELT COMPONENTS

One of the characte.rlstlcs of —accélerated lower- furnace corrosion is
the formation of iron sulfide corrosion products.l3 'Ihevcorrosion experiments
performed with smelt composed of sulvfide, sulfate, carbonate, and a small

~amount of sulfite resulted in the formation of protective iron oxides. No
iron sulfides were identified by x-ray diffraction. This shows that neither
the sulfide nor the sulfate J.n the frozen smelt layer is directly responsible

for the formation of iron sulfide corrosion products.

Sulfur can exist in a number of oxidation states: sz-, 822- and other

polysulfides up to 552-, s, 52032-, 5032-, and 8042_, as well as other
compounds. The major sulfur species in the frozen smelt in the first
experiments were sulfide, sulfate, and a small amount of sulfite. These -
spécias did not result in the formation of iron sulfide corrosion products.

.This suggests that if frozen smelt corrosion is the cause of iron sulfide
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formation, one of the minor sulfur spec1es which can exist in smelt -

thiosulfate, polysulfides, or elemental sulfur - is the oxidant.

Previous experimental studies have suggested that elemental sulfur or
polysulfide is the cause of high rates of corrosion of carbon steel. " The
results of Stelling and Vegeby3 suggested that the corrosion occurring in H,S-
O2 mixtures was the result of gas reactions which formed sulfur vapor. In
smelt powder tests performed by Plumley, et al.?, gas-smelt powder
combinations which caused high corrosion rates also resulted in the fonnatic;n
of elemental sulfur, suggesting that elemental sulfur was responsible for the
corrosion. In addition, when a frozen smelt layei' containing sulfide,
sulfate, and carbonate was exposed to gas containing H,S and O,, the frozen
smelt layer reacteci with the gas, forming 6% polysulfide sulfur in the frozen

2,18 The corrosion rate was low for the first four hours of the test,

smelt.
but then was accelerated, suggesting that the polysulfide caused the increased
corrosion. Since these studies suggest that polysulfide or elemental sulfur
caused accelerated corrosion of carbon steel, the effect of elemental sulfur
and polysulfide on the corrosion of carbon steel by a frozen smelt layer was

investigated.

When a frozen smelt layer is formed from molten smelt using an air-
cooled probe, the frozen smelt in contact with the metal is similar in
canposition to the molten smelt. In order for a smelt component to exist at
the frozen smelt/metal interface, it could have been captured in the frozen
layer when it was formed from molten smelt, it could have been formed in the
smelt pool and diffused through the frozen layer, or it could have been formed
during the freezing process,-which seems unlikely.- For this reason,. the

stabilities of thiosulfate, elemental sulfur, and polysulfide in molten smelt
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were investigated.
Thiosulfate

Grace, et. al.?? report that the addition of thiosulfate to molten
carbonate results in the formation of sulfide and sulfate, and the release of

carbon dioxide, according to

Na_S.0 +Na2CI)3 => NaS+NaSO4+G) (rxn. 16)

27273 2 2 2

This decomposition reaction was verified in this work. Thiosulfate
and carbonate were premixed, and then melted. Sampling and analysis of the
molten smelt showed that the thicsulfate decomposed according to the

stoichiometry shown above.

Elemental Sulfur

3

Dahl and E‘a:Lkl8 and Cleaver and Davies 6 report that when elemental

sulfur is added to molten smelt containing sﬁlfide, polysulfide is formed.
The reaction is complete, with no elemental sulfur being stable in the molten

6

smelt.> Therefore, elemental sulfur can be considered equivalent to

polysulfide Na Sy in molten smelt containing sodium sulfide.

2

Polysulfide

Sodium polysulfide was formed from elemental sulfur and sulfide
according to- the procedure-of RosenarxdTegxran23 “(see Experimental section)..

Sodium polysulfide with a stoichicmetric ratio of Nazsz_was premixed with




sodium sulfide, sodium sulfate, and sodium carbonate. This mixture was
melted, and the molten smelt was sampled and analyzed. Table 25 shows the

results of a number of analyses.

Table 25. Compositions of molten smelts prepared with sodium polysulfide

" wt%
Polysulfide
Sample Nazs Nazso 4 Na2803 Sulfur
Premixed smelt 13.5 15.0 0.0 1.5
Molten smelt 13.7 16.3 3.3 <1
Premixed smelt 12.1 15.0 0.0 2.9
Molten smelt A 15.1 14.1 3.6 1.3
Molten smelt B 15.0 15.3 2.2 0.7

Molten smelt A was taken immediately after the smelt became molten, and B was
taken from the same smelt pool 4 hours later.

AThis tabie cleariy shows that a large portion of the polysulfide
" which was mixed in the smelt had already decomposed by the time the smelt
became molten. The polysulfide decomposition reaction appeared to produce
sulfide, sulfate, and sulfite. It is likely that the polysulfide reacted with

carbonate in the following reactions:

Na + %X Na.00, => (1 + 0.75x) Na

2%+ 203 S + x/4 Na

SO4 + x Q0 (rxn 17)

2 2 2

Na_S + x Na.Co, => (1 + 0.67x) Na

55y 505 2S+x/3NaSO + x CO (rxn 18)

2773 2

where x = 1 to 4.

These reactions appeared to continue over an extended period of time.
Sémplé ‘A, which wastakennmnedlately after-the smelt-had reached the molten

state, shows that over half of the polysulfide sulfur had reacted by the time
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the smelt became 'molten. Sample B, taken 4 hours later from the same smelt,

shows that the polysulfide sulfur contimued to react slowly.

An additional experiment was performed to verify that sodium
carbonate was irvolved in the decomposition of polysulfide. A molten smelt
was prepared without carbonate. The carbonate was replaced by additional
sodium sulfate. The smelt was premixed with 2.9% polysulfide sulfur, and a
sample' taken from the molten smelt contained 2.2% polysulfide sulfur. Only
25% of the polysulfide was consumed by srneit which did not contain carbonate,
compared to 75% when the smelt contained carbonate. This shows that when the
melt‘ did not contain carbonate, less of .the polysulfide reacted with the
smelt. _sQ}ne of the of sulfur which was lost may be the result of sulfur
ﬁporization, sinue when the retort cover was removed, ullowing air to enter
the systen, flém:'mg was observed. The flames were similar to the flames
cbserved in other experiments when elementai sulfur was poured into the
retort. This suggests that there is a sulfur vapor pressure in equilibrium

with the polysulfide in the melt.

Workers at the Swedish Corrosion Institutel® premixed sulfur with
sodium sulfide, sodium sulfate, and sodium carbonate. The mixture was then
melted, and the molten smelt sampled and analyzed. The sulfur reportedly
reacted with sulfide to form polysulfide. A portion of the polysulfide sulfur
-was then consumed, .and sulfide and sulfate were generated. Almost all of the
sodium carbonate in the melt reacted. These cbservations are consistent with

Reaction 17.

’Ihe addltlon of sulfur to a molten smelt composed of sodium sulfide,
sodium sulfate, and sodium carbonate was attempted in this work. Small sulfur
pellets, each weighing about 2 g. were dropped into the smelt pool. The
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pellets were less dense than the molten smelt, and floated on top of the melt.
This resulted in vaporization and burning of the sulfur, making-quantitative

addition of sulfur to the melt difficult.

Sulfur was also premixed with: sodium sulfide, sodium sulfate, and
sodium carbonate in this work. The mj.xture was melted, and the molten smelt
sampled and analyzed. The analyses, shown in Table 26, show that all of the
sulfur reacted with the smelt, forming polysulfide, sulfide, sulfate, and a

small amount of sulfite.

Table 26. Composition of molten smelts prepared with elemental sulfur

wt% :
Elemental Polysulfide
" Sample Nazs ' Nazso 4 Nazso3 Sulfur Sulfur
Premixed smelt 10.0 15.0 0.0 5.0 0
Molten smelt A 12.9 25.0 2.4 - 1.5
Molten smelt B 13.0 27.2 2.5 - 0.6

Smelt sample A was taken immediately after the smelt became molten, and smelt
sample B was taken from the same smelt 4 hours later.

These results show that when elemental sulfur was added directly to
smelt containing sulfide, sulfate, and carbonate, it formed polysulfide,
which then reacted with carbonate to form sulfide, sulfate, and sulfite.

Only 10% of the sulfur originally placed in the smelt remained as polysulfide

sulfur 4 hours after the smelt became molten.

Because the polysulfide in the molten smelt reacted continuously with
the carbonate, the amount of polysulfide captured in the frozen smelt layer
was a function of when the probe was placed in the melt. This made it very

difficult to perform reproducible experiments.  Therefore, the interaction of




recovery furnace gases with molten smelt, which may generate stable quantities - .

of sulfur species such as polysulfide in. the melt, was considered:
SMELT/FURNACE GAS INTERACTIONS

In the kraft recovery furnace, the combustion gases are in contact
with the molten smelt flowing down the lower waterwalls. In addition, there
may be some direct contact between the furnace gases and the frozen smelt
layer. Thus, corrosive species in the frozen smelt layer may be formed by
frozen smelt/furnace gas interactions. Corrosive species also may be formed
by the interaction of the furnace gases with molten smelt on the furmace
walls, and be captured in the frozen layer when it forms. Additionally, the
corrosive species in the frozen layer may be the result of molﬁen smelt/gas
interactions, followed by the transfer of the corrosive species from fhe

molten smelt to the frozen layer.

In the experimental system, the frozen layer was surrounded by a
molten salt pool at all times, so there was no opportunity for interaction
between the frozen smelt layer and gases. Any interactions between the smelt

and gas species must have occurred in the molten smelt.

Tallent and Plumleyl3 reported that elemental sulfur was generated by

reaction of o, with Na,S powder, according to the following reaction:

NaZS + 2 CD2 => O +8S+ NaZCD3 (. 19)
3¢

In addition, Dahl and Falk'® and Cleaver and Davies>® reported that

when elemental sulfur was added to molten smelt containing sulfide, -
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polysulfide was formed rapidly. The reaction was complete,  and no elemental
sulfur was stable in the molten smelt.36 This suggests that bubbling o,
through molten smelt containing sulfide will result in the formation of

elemental sulfur, which then cambines with sulfide to form polysulfide.

When Cx)2 was bubbled through a smelt prepared from 15% Na

NaZSO " and 70% Nazc)3, a stable polysulfide content in the molten

smelt was established. The polysulfide content of several smelts after CD_2

had been bubbled throughvthem are shown in Table 27. These analyses show that

.S, 15%

the polysulfide content of the melt was not dependent on the duration of the
(I)2 bukbling. This suggests that polysulfide was consumed in a reaction with
sodium carbonate at the same rate that it was generated by Reaction 19,
resulting in a stable quantity of polysulfide in tﬁe melt, as long as
bubbling of 0, was continued.

Table 27. Polysulfide content of smelt prepared from 15% Na.S, 15% Na,SO

and 70% Na,C0,, through which 0.5 slpm CO, was bubbled 24

Time of bubbling (hr) Polysulfide content (%)

UL NN
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POLYSULFIDE EXPOSURES

Frozen Smelt Iaver Composition

In the experimental system, corrosive species generated through gas-
molten smelt interactions could reach the metal surface by one of two ‘means.

' If the gas was bubbled through the smelt 'prior to the establishment of a
frozen smelt layer, the resulting species would be captured in the frozen
smeltAlayer when it was formed. If the gas was bubbled through the smelt
after the frozen layer was established, any resulting corrosive species would
have to be transported through the frozen layer to reach the smelt-metal

interface.

For these experiments, 002 was bubbled through the molten smelt prior
to establishment of the frozen layer, so that the species generated by molten
smelt-gas interaction were contained in the frozen smelt initially. In one
experiment, the bubbling of CI)2 was not started until after the frozen smelt
layer had been formed. After 48 hours, the yellow color indicative of
polysulfide had penetrated partially (but not completely) through the frozen
smelt to the metal surface. The rate of corrosion in this experiment was
similar to that measured when the smelt contained just sulfide, sulfate, and
carbonate. This shows that bubbling CO, through the molten smelt prior to the
establishment of the frozen smelt layer is a more effective method of studying

the effect of polysulfide on corrosion beneath a frozen smelt layer.

These experiments were performed using smelt composed-of - 15% sodium

sulfide, 15% sodium sulfate, and.70% sodium carbonate.  Carbon dioxide was
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bubbled through the melt for two hours, at a rate of 0.5 slpm, prior to
.initiation of the corrosion test to establish a polysulfide content in the
smelt. Carbon dioxide was purged over the surface of the melt during the

remainder of the exposure.

In Table 19 of the E:xpermental section, the composition of the
frozen smelt layer which initially formed on the metal was shown to be similar
in composition to the molten smelt pool from which it was formed. The frozen
smelt layer after short exposures had a uniform appearance and a yellow‘ dolor,

which was due to polysulfide.

After exposure of the probe to the molten smelt for 24 hours or
longer, the frozen smelt was composed of two distinct layers. The outer
layer, which was next to the molten smelt, was about one half the thickness of
the frozen smelt layer, or 0.6 cm. The inner layer, which was next fo 'the“
metal, could be subdivided further into two sections. The majority of the
inner layer was pink, with a slight yellow tint. However, in scme
experiments, the portion which was closest to the metal surface was more

strongly yellow. This yellow portion was called the innermost layer.

The outer layer was clear colored, and composed of large grains.
The composition of this layer was quite different from the composition of
either the molten smelt or the inner portion of the frozen layer, as shown in
Table 28. The outer layer Vhad only 3.0-5.2% Nazs, compared to 10.0-11.5% Nazs
for the inner layer and the molten smelt. The polysulfide content was 0.3%,

campared to 0.5-0.6% for the inner frozen smelt layer and the molten smelt.

The camposition:of-the: cuter portion of the frozen smelt layer
suggests that this portion of the frozen smelt layer was formed by equilibrium
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Table 28. Ana.lysés of frozen smelt layers from polysulfide experiments

wt%
Exposure Polysulfide

Sanple time (hr) Nazs Nazso 4 Nazso3 Sulfur
Molten smelt 0 10.0 17.5 2.3 0.5
" 0 11.2 15.4 2.6 0.6
Frozen layer- 48 11.0 15.0 1.8 0.5
inner portion 48 10.5 15.6 2.2 0.5
Frozen layer- 48 5.2 13.4 - 0.3
outer portion 48 3.0 14.5 1.1 NA
Frozen layer- 48 2.3 14.9 5.7 0.2
innermost portion 48 7.0 15.2 2.2 NA
Molten smelt 48 11.2 17.9 2.1 0.4
" 48 11.4 17.5 2.2 0.3

NA = not analyzed for

cooling. The phase diagram of the sodium sulfide-sodium sulfate-sodium
carbonate system published by Andersson°2 predicts that frozen smelt formed by
equilibrium cooling from molten smelt containing 15% sodium sulfide, 15%
sodium sulfate, and 70% sodium carbonate will contain less sulfide than the
molten smelt. The outer portion of the frozen smelt layer contained only 3.0-
5.2% sodium sulfide, compared to 10.0-11.5% sodium sulfide in the molten
smelt, which is consistent with the equilibrimn composition predicted by the
phase diagram. | |

The majority of the inner portion of the frozen layer was pink, w1th
a slight yellow tint, indicating it contained polysulfidé. -It had a .
composition sm:t_lar to the molten smelt from which it was formed. However,
in some experiments the innermost portion, which was closest to the metal
surface, was more strongly yellow. The thickness of this yellow-colored layer

was about 0.16 cm. It had a much lower sulfide and a slightly lower
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polysulfide content than the rest of the imner smelt layer. This suggests
that the same of. the sulfur.origi_rnlly in this layer was consumed by the

corrosion reaction, which will be discussed later.

Corrosion Experiments

A series of corrosion tests were made with carbon steel coupons
covered with a layer of frozen smelt containing polysulfide which had been
generated by G)z bubbling. The exposure time ranged from 15 minutes to 100
hours. The metal temperature for these experiments was held between 330-

350°C. The results of these experiments are shown in Fig. 12.

smelt with polysulfide
+ smelt without polysulfide 'I

3 4 |
n

Welght loss, mg/cm2
N
.
n

J 1 i i LB 1 L] )

# a
20 40 60 80 100
Time, hr ‘

Figure 12. .Comparison of experimental data obtained in corrosion
tests with 15% Na.S, 15% Na.SO,, 70% Na.CO., -
smelt. with and wifhout poly2ulfide, with mital
temperature of 320-350°C
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Figure 12 .shows that the corrosion rate was initially very high, and
then afﬁer about 12 hours, the rate slowed down considerably. The weight loss
due to corrosion was 1.8 m;/c:.m2 in the first 12 hours, but only an additional
1.4 mg/cm® of weight loss occurred when the exposure was extended to 100

hours.

Figure 12 also shows that the weight loss due to corrosion in
experiments with smelt containing polysulfide was significantly higher than
that observed in the experiments without polysulfide. For example, in a 100
hour exposure, the weight loss with polysulfide 1r1 the smelt was 3.2 mg/cmz,
compared with 1.6 mg/cn’ for the smelt containing no polysulfide. This
difference in weight loss‘.can be attributed to the initial high rate of
corrosion which occurs when the smelt contains polysulfide. The rate of
corrosion is the same for smelt with and without polysulfide for times longer

than 48 hours.

The corrosion product in experiments with smelt containing
polysulfide was identified as .pyrrhotite, metal deficient iron sulfide -
(Fel_xS) , by x-ray diffraction. The x-ray diffraction patterns of the

corrosion products from these exposures are presented in Appendix III.

The iron sulfide corrosion product layer was considerably less
adherent to the metal surface than the iron oxide layers described earlier.
The iron oxides adhered tightly to the metal surface, and were only removed by
scraping the surface with a metal spatula. The iron sulfide was loosely bound
to the metal surface. Flakes of iron sulfide often fell off of the surface
when the frozen smelt layer was removed, and flakes of iron sulfide could be

removed simply by touching the surface of the metal coupon.
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A scanning electron microscope (SEM_) photograph of the cross section
of an iron sulfide layer removed from the surface of a corroded coupon is
shown in Fig. 13. The picture shows the cross section and a portion of the
outer surface of an iron sulfide layer from Experiment 53. The thickness of
the layer ranges from 5-8 microns. If the weight loss from this experiment is
assumed to be uniform over the surface of the sample, the thickness of the
iron sulfide layer can be calculated to be 8 microns, which is in good

agreement with the observed thickness.

i
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Figure 13. SEM micrograph of cross section of iron sulfide layer
formed In 24 hour exposure of carbon steel sample to
frozen smelt containing polysulfide ’




-105-

When the frozen smelt layer was carefully removed from the probe
after exposure to a smelt containing polysulfide, the surface of the corroded
coupon was covered with a uniform layer of iron sulfide, with the exception of
a number of irregularly shaped ard irregularly spaced areas in which there was
no corrosion product. 'Ihese areas comprised 10-20% of the surface area of the 

sample.

The inner surface of the frozen smelt layer was rough, with definite
peaks and valleys. The depth of the valleys in the frozen smelt was greater
than the thickness of the iron sulfide layer, which was less than 10 microns
thick. There was corrosion product adherent to the areas of the frozen smelt
. layer which could be identified visually as peaks, or'high points. This
corrosion product was bluish-black, and was clearly visible on the yellow
frozen smelt. These black spots on the f;:ozen smelt corresponded with the
areas of the sample surface on which there was no corrosion product, as can be
seen in Fig. 14. This suggests that these dark spots are areas of smelt/metal
contact, and that the corrosion product which formed in these areas was either
dissolved in the frozen sme.lt laYer, or adhered strongly to the frozen smelt
when it was removed from the sample. The remainder of the sample was
apparently not in direct contact with the frozen smelt layer, so the corrosion

product remained on the metal surface when the frozen smelt layer was removed.
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When the surface of a corroded coupon was viewed with the scanning
electron microscope, after the corrosion product layer had been carefully
removed with a .small spatula, the area where there had been smelt-metal
contact appeared slightly more corroded than the remainder of the surface.
This is illustrated in Fig. 15 and 16, which are SEM micrographs of the
corroded surface. In Fig. 15, the area which had been in direct contact
with the metal surface is shown on the right. In the area on the ieft, the

scratches fram the surface polishing are still visible. There is a streak of

Figure 14. Photograph of surface of corroded coupon and inner
surface of the frozen smelt layer, showing the areas where
smelt-metal contact had occurred. Notice the one to one
correspondence between the dark spots on the smelt

and the areas on the metal surface which are not
covered with iron sulfide




Figure 15. SEM micrograph of the edge of one of the areas where direct
contact between the metal and the frozen smelt layer
had occurred.

Figure 16. SEM micrograph of the edge of one of the areas where direct
contact between the metal and the frozen smelt layer
had occurred.
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iron sulfide, still attached to the metal surface, running through the center
of the picture. In the area on the right, the scratches are less distinct,

and the surface appears to be rough. In Fig. 16, the area in the center of
the picture was the area in direct contact with the metal. There is some iron
sulfide remaining on the surface in the left portion of the figure. The |
characteristics of the sample in Fig. ‘16 are quite similar to those in Fig.

15. Both figures indicate that the metal is somewhat more attacked in the

areas where smelt-metal contact had occurred.

Iﬁ summary, the weight loss due to corrosion in the experiments with
frozen smelt containing polysulfide was about twice the weight loss due to
corrosion in the experiments with frozen smelt without polysulfide. In
addition, the corrosion products in the experiments with polysulfide in the
smelt were iron sulfides, as opposed to iron oxides in the experiments without
polysulfide in the frozen layer. These two facts suggest that the corrosion
mechanism occurring with polysulfide added to the frozen smelt involves

polysulfide. This mechanism will be discussed later.
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POWDERED SMELT TESTS

Powdered smelt tests were performed to provide further infoimatién
reqarding the corrosive sulfur species in the smelt containing polysulfide.
The experimental procedure for these experiments was described in the -
Experimental section. A carbon steel coupon was buried in smelt powder of the
same composition as the frozen smelt layer which is initially in contact with
the metal in the air-cooled probe tests. The temperature of the metal sample
was held at 340°C, which was the temperature of the sample in the probe
tests. Nitrogen was purged through the retort during the smelt powder:

The results of these smelt powder experiments are shown in Table 29.
The weight losses are an order of magnitude lower than the corresponding

weight losses with frozen smelt of the same composition covering the sample.

Table 29. Comparison of Powdered Smelt Tests to Air-cooled Probe Tests

Test - Exposure Time (hr) Weight Loss (mg/cmz)
Powder test 24 0.18
Powder test 24 0.28
Probe test 24 2.01
Probe test 24 2.40
Powder test 48 0.14
Powder test 48 0.82

Probe test 48 2.70
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DISCUSSION

Corrosive Species

The results of the frozen smeit layer experiments showed that iron
sulfide corrosion products were formed on the metal surface when the sample
was exposed to a frozen smelt layer containing sulfide, sulfate, carbonate,
and polysulfide. When metal was exposed to frozen smelt containing sulfide,
sulfate, and carbonate, iron oxide corrosion products were formed. This
suggests that the presence of polysulfide sulfur in the frozen smelt led to

the formation of iron sulfide corrosion products.

After a very short (15 min) exposure of a coupon to a frozen smelt
layer containing polysulfide, the entire metal surface was covered with a
layer of iron sulfide. This iron sulfide layer appeared very uniform, with
the exception of the areas of direct contact between the frozen smelt and the
metal surface, where the corrosion product had been removed from the metal
surface duringiremoval of the frozen smelt layer. The formation of a
contimous iron sulfide layer over the metal surface implies that sulfur
sufficient to form this layer had reached the metal surface, even in areas

where there was no direct contact between the smelt layer. and the metal.

There are two possible mechanisms of transport of sulfur from the
polysulfide in the frozen smelt layer to the reaction site in areas where the
smelt did not contact the metal. First, sulfur in the form of polysulfide
could diffuse through the frozen smelt to the reac;ion site at the points of

contact between the smelt and the sample, followed by diffusion of sulfur
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along the sample surface. The second mechanism by which sulfur might reach the
sample surface is dissociation of polysulfide to sulfur vapor and sulfide, with

the sulfur vapor attacking the metal:

Nazsx ==> Na2$.+ (x-1) S (rxn. 20)
2_

S+2e => S (rxn. 21)

Sulfur vapor is corrosive to carbon steel, even at very low partial
pressures.36'37 Both of these mechanisms would be expected to occur: to some

extent.

An estimate of the surface diffusion coefficient necessary to explain
the complete coverage of the sample surface with iron sulfide in less than two

hours by a surface diffusion mechanism can be obtained using the following

equation:
X = (20t)0°> (16)

where X = diffusion distance

D

diffusion coefficient

t = time

X is at least one half the distance between adjacent smelt-metal
contact points. The average observed distance between contact points is
about 2 mm, so X = 0.1 cm. The time to establish complete coverage of the
metal sample with a FeS layer, t, is less than 15 min. This leads to an

6 cmz/sec needed to explain coverage of the metal

-

estimated D of 5.6 x 10

surface with iron sulfide in 15 minutes.

The surface diffusion coefficient for sulfur on gold is 1.0 x 1678

c:m?‘/sec at 420°C° 8, and the surface diffusion coefficient of sulfur on




‘platimm is 3.0 x 10
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cmz/sec at 450°C. A value for the surface diffusion
of sulfur on steel was not found. If it is assumed that the sulfur surface
diffusion coefficient on iron is within an order of magnitude of the surface
diffusion coefficient on gold or platimum, iron surface diffusion could

explain the formation of iron sulfide on the entire sample surface.

If surface diffusion were the major contributor of sulfur to the iron
sulfide layer, it would be expected that the corrosion product would grow out
from the areas of smelt-sample contact. This type of growth pattern would be
visible in the surface structure of the iron sulfide layer. The iron sulfide
layer was very uniform, and did not show any sigh of growing out from the
areas of smelt-sample contact, as shown in Fig. 17. This suggests that such a

mechanism was not occurring to any significant extent.

Filgure 17. Photograph of the Iron sulfide layer covering the
metal surface after exposure to frozen smeit
contalning polysulfide
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Although su;’face diffusion of sulfur might be rapid encugh to
account for the formation of iron sulfide in areas where there is no direct
~ contact between the smelt and-the san1pie, the appearance of th'é iron sulfide
layer suggests that this was not occurring. Thus, ‘the most likely mode of
transport of sulfur to the reéction site is dissociation of polysulfide to
form sulfur vapor, followed by vapor phase diffusion of sulfur to the sample

surface.

Rate Limiting Step

The corrosion.mich occurred under a frozen smelt layer containing
polysulfide did not proceed at a constant rate, but rather, the rai:e of
corrosion slowed down as the time of exposure to the smelt was extended. The
reason for this reduc.tion in the corrosion rate as the exposure time was
extended is discussed in this section. Transport of corrosive species within A
the frozen smelt layer to the reaction site, and transport processes within
the corrosion prs;aduct layer are considered as possible rate limiting steps.
The shape of the corrosion curve which would result if diffusion of the
corrosive species to the smelt-sample interface limited the corrosion process
is ccmpared. to the experimental data. In addition, the logarithmié and
parabolic laws, which describe corrosion limited by the formation of
protective corrosion product layers, are fitted to the experimental data.

The shape of the corrosion curve can be qualitafively described by
a mechanism in which the rate limiting step is diffusion of polysulfide to the
smelt-sample interface. In the frozen layer experiments, the frozen smelt
layer which formed on the air-cooled probe contained polysulfide. The

polysulfide sulfur at the smelt-sample interface would be consumed in the
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corrosion reaction. In order for the corrosion reaction to continue, more
sulfur would have to diffuse to the smelt-sample interface. Thus, initially,
the corrosion rate would be fast, since the polysulfide content at the
interface would be high. After this polysulfide sulfur was consumed, the
reaction would be limited by the rate of diffusion of polysulfide to the

reaction site.

In order to determine whether the experimental corrosion rate curve
can be described by such a mechanism, the shape of the curve showing the rate
of diffusion of .polysulfide sulfur to the interface between the frozen smelt
and the metal as a function of time was determined. This was done by
modeling the &ifﬁ:sion of sulfur from the. cylindrical frozen smelt layer to
the interface between the sample and tpe frozen smelt layer. The governing
" equation is ’
| 4are; 1 4 4[Q

-c—it—:- =D;(ar[r -;]} (17)
where:

C = the concentration of polysulfide in the frozen smelt, mg/cm
D = diffusion coefficient for polysulfide in frozen smelt, cm’/sec

r = radial position in the frozen smelt, cm

This differential equation can be solved when an initial condition
and two boundary conditions are specified. The initial condition is that the
smelt has a uniform polysulfide content throughout its thickness. The first
boundary condition is that at all time greater than 0, the polysulfide content
. at the inner surface of the frozen smelt layer is 0. This assumption is based

on the polysulfide sulfur reacting with iron as soon as it reaches the _sainple
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surface. It is important to note that it is assumed that there is no
limitation of the reaction due to the corrosion product layer. The second
boundary condition is that there is no flux across the interface between the
inner and outer layers of the frozen émelt. This may not be entirely correct,
but because the time for which the problem is being solved is short, the outer

boundary condition has little effect on the solution of the problem.

Equation 17 was solved numerically with the program described in
Appendix IV. In order to solve the equation, a value for D and a value for
Co, the initial polysulfide coﬁtent of the melt, were specified. The computer
program then calculated the concentration profile of polysulfide in the smelt
at each time, and the total flux of polysulfide sulfur to the sample surface
as a function of time. The total flux of polysulfide sulfur to the sample

surface was converted to the amount of Fes"formed.

The shape of the curve showing the rate of FeS formation which would
occur if the limiting step was diffusion of polysulfide to the metal surface
did not match the shape of the experimental corrosion rate curve. The
experimental curve showed a sharper break in the corrosion rate at an exposure
time of 24 hours. In Fig. 18, the experimental corrosion rate data is shown
plotted along with the calculated corrosion rates for two different values of
D. The curve with D = 5.0 x 10~/ cm’/sec fits the data reasonably well at
shorter times, but predicts much higher corrosion rates than are actually
observed at longer times. This value of D was determined by plotting the
predicted corrosion rate curve for different values of D vs the experimental'
data for the first 24 hours of eiposure, and finding the value of D th.ch
resulted in the lowest sum of squares of the-difference between the predicted

and experimental data. The curve with D = 1.0 x 10/ cm’/sec underpredicts
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8 - ¢ Experimental data

D=5E-07 cm2/sec

Welght Loss, mg/cm2

D=1E-07 cm2/sec
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Figure 18. Welght loss which would occur if diffusion from frozen smelt
to metal surface was limiting, plotted against experimental
corrosion rate data

the corrosion rate at short times, and fits the data fairly well at longer
times. The estimated value of D required to explain the initial high rate of

=7

iron sulfide formation is 5.0 x 10 <:m2/sec.

The results of these calculations suggest that diffusion of.
polysulfide sulfur to the sample surface could explain the observed corrosion
curve, if the diffusion constant of sulfur through the smelt is dependent on
the concentration of polysulfide sulfur in the smelt. If the mechanism of
polysulfide sulfur diffusion is such that the diffusivity :anreases as the
polysulfide concentration increases, the shape of the observed corrosion rate
curve could be explained by a mechanism in which the limiting step is

diffusion of polysulfide sulfur to the sample surface. Initially, the
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polysulfide content near the smelt-sample interface would be high, and the
diffusivity of polysulfide sulfur would be high. As the reaction proceeds,
and the polysulfide sulfur concentration near the sample surface decreases,

the sulfur diffusivity would decrease.

A corrosion reaction limited by transport processes in the corrosion
pmduct". layer can be described by either a parabolic rate curve or a
logarithmic rate curve. The development of these models was described

previously.

The logarithmic model describes a corrosion mechanism where
polysulfide sulfur reaches the metal surface by transport through pores,
| macroécbpic holes, or cracks in tﬁe FeS ‘la'yer. Figure 13 showed the cross
section of an FeS layer, cbtained with the SEM. This layer contained holes
which could allow transport of polysulfide sulfur to the metal surface,
providing physical evidence that the logarithmic model is applicable to this

process.

The corrosion of iron by sulfur vapor has been reported to follow the
parabolic rate law, as long as the corrosion product layer is free of

13,37,40 The limiting step in the corrosion process was the diffusion

Ccracks.
of iron ions through the iron sulfide layer. The reaction to form FeS
occurred at the outer surface of the iron sulfide layer. This suggests that
the parabolic law may be applicable to the corrosion under a frozen smelt

layer containing polysulfide. ‘ |

Best fits of the logarithmic and parabolic rate laws to the
experimental data were determined by regression analysis, and are shown in
Fig. 19 and 20, respectively. The following equations were cbtained:
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w =(0.0977t+ 1.926)°0.5

4 -

Welght loss,mg/cm2
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Figure 19. Parabolic Model fitted to the corrosion rate data from exposure

to frozen smelt containing polysulfide (Metal Temperature - 340 C)
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Figure 29. Logarithmic Model fitted to the corrosion rate data from exposure
to frozen smelt containing polysulfide (Metal Temperature - 340 C)
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W2 2

Parabolic: = 0.0977t + 1.926 r“ = 0.86  (18)
or
0.5
W = (0.0977t + 1.926) (19)
2 -0.96  (20)

Iogarithmic: w = 0.638 1n(l.644t + 1) r

'Ihe best fit of the parabolic model to the data does not fit the data
points from the short corrosion tests. However, the parabolic law describes
the corrosion which occurred after the first two hours of exposure, although
not as well as the logarithmic model. A possible explanation for the initial
high rate of corrosion is that in the early stage of corrosion, the corrosion
product layer did not prevent direct access of the corrosive species to the
sample surface, so the corrosion occurred at a much faster rate than if

diffusion through the corrosion product layer was required.

Fryt37 has developéd an equation which describes the parabolic rate
constant for iron sulfide formation on carbon steel in sulfur vapor as a
function of the temperature and sulfur partial pressure. He has
experimentally verified this equation over the temperature range of 600-
1000°C. Values of the parabolic rate constant calculated using this equation

are shown in Table 30.

Table 30. Calculated values of the parabolic corrosion constant for corrosion
of C§J;bOh steel in sulfur vapor, based on theoretical equation of

Fryt™’ (T = 340°C)

2, 4
Sulfur pressure(atm) )&3 (g”/cm —-sec)
10:12 2.2 x 102%2
105, 5.5 x 10_]
10 7.3 x 10
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The parabolic rate constant calculated from the experimental data is
0.0977 mg>/cm’~hr, which comverts to 2.7 x 10 1 g%/cn’*-sec, which is
camparable to the rate constant for sulfur vapor corrosion at a sulfur vapor

18

pressure of 10 = atm. Thus, a very small sulfur pressure at the metal

surface would account for the observed corrosion.

The logarithmic rate law describes the experimental data very well
(Fig 20). The SEM photomicrograph of the structure of the iron sulfide layer
(Fig 13), which showed holes and grain boundaries in the iron sulfide, also

provides evidence that the logarithmic model is applicable.

These results show that the expernnental data are best described by
a logarithmic rate law. This suggests that the iron sulfide layer provides
protection against continued corrosion by limiting the access of the corrosive
species to the metal surface. The rate limiting step in the corrosioﬁ proce;s

is therefore transport within the iron sulfide layer.

The instantaneous corrosion rate at any time can be obtained by

differentiating Equations 19 and 20 with respect to time:

aw 0.0489

Parabolic: —_ = NG (21)
dat (0.0977t + 1.926) " °
aw 1.05

Iogarithmic: — = ——————— (22)

at 1.644t + 1

Using Equations 21 and 22, the instantanecus rate of corrosion at any
time can be determined. If Equations 21 and 22 are extrapolated to times

greater than 100 hours, corrosion rates after long exposure ‘times can be
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estimated. A table of ‘estimated corrosion rates is shown in Table 31.

Table 31. Iong term instantanecus corrosion rates extrapolated from parabolic
and logarithmic rate laws for corrosion of carbon steel by frozen
smelt containing sulfide, sulfate, carbonate, and polysulfide at -

340°C.
Instantaneous Corrosion Rate (mm/yr)
Time (days) Parabolic Logarithmic
30 0.063 - 0.010
20 0.036 0.003
- 180 0.026 0.002

From Table 31, it can be seen that the iron sulfide layer formed in
these experiments provided as much protection against continued corrosion as
the iron oxides which were formed in the exposures to smelt which did not
contain polysulfide (Table 23). If the iron sulfide layer remained on the
metal surface during long exposures, the corrosion rate is predicted to be
less than 0.1 my/yr by either the parabolic or the logarithmic model.

Smelt Powder Tests

Carbon steel coupons were exposed to smelt powder containing
polysulfide, as described previously. These tests were originally intended
to provide further information about the nature of the corrosive épecies in
frozen smelt containing polysulfide. However, the resulfs instead suggest
that smelt powder experiments, which have been commonly performed in previous
studies, .may.not -accurately predict the corrosiveness of smelt components

under recovery boiler conditions.
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The results of the smelt powder experiments were shown in Table 29.
The rate of corrosion cbserved in these expe.riments was an order of magnitude

lower than the rate of corrosion in the frozen layer tests.

Similar tests were performed by Plumley et al. In their
experiments, carbon steel coupons were buried in polysulfide powder, and
placed in a nitrogen atmosphere at 370°C. Plumley et al.? cbserved a
corrosion rate of 0.22 mm/yr, which is very similar to the rate of corrosion

observed in these experiments, 0.03-0.19 mm/yr at 340°C.

These results show that the corrosion of carbon steel due to smelt
powder containing polysulfide at 340-370°C was an order of magnitude lower
than the corrosion which occurred in the frozen smelt layer experiments.

This result is consistent with previous experimental results discussed in the
Literature Review section. In general, smelt powder tests result in corrosion
rates an order of magnitude lower than frozen smelt layer experiments

performed with the same smelt composition.

The principal difference between the two test methods is the initial
exposure to molten smelt which occurs in the frozen smelt layer experiments.
The corrosion coupons," which have been prepared in air, are covered with a
thin oxide layer. When the coupon is exposed to the molten smelt, the molten
smelt attacks thls oxide layer, so that the frozen smelt layer contacts a bare
metal surface. In the smelt powder experiments, the oxide‘layer is never

removed, and it limits the corrosive attack by the smelt powder.

1

These experimental results suggest that smelt powder experiments,

‘which have been commonly performed in previous studies, do not accurately
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predict the corrosiveness of smelt components under recovery boiler

conditions.
' SUMMARY

The corrosion of carbon steel exposed to a frozen smelt layer
containing sulfide, sulfate, and carbonate resulted in the formation of iron
oxide corrosion products which were adherent to the metal surface and provided
good protection against continued corrosion. The corrosion rate curve can be
described by either a paxabolic or a logarithmic corrosion rate model. The
- long term rate of corrosion predicted by elther model was an order of

magnltude lower than the aocelerated corrosion rates seen in recovery boilers.

The corrosion of carbon steel by a frozen smelt layer containing
polysulfide resulted in the formation of iron sulfide corrosion products. The
corrosive species appeared to be sulfur vapor formed by the dissociation of
polysulfide ions. The corrosion ratelwas initially high, but after
approximately 12 hours of exposure, the rate of corrosion began to decrease.
"Ihe oorrosion rate curve can be described by a- logarithmic corrosion rate
model, which describes corrosion limited by the transport of the corrosive
species through pores or flaws in a protective corrosion product film. Thus,
the iron sulfide corrosion product layer was protective against continued
corrosion, and the limiting step in the corrosion process was transport of
sulfur through the iron sulfide layer to the metal surface. The long term
rate of corrosion predicted by the model was an order of magnitude lower than

recovery boiler corrosion. rates.
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Carbon steel coupons buried in smelt powder containing polysulfide
were corroded at a rate an order of magnitude lower than coupons covered with
a frozen smelt layer of the same composition. This suggested that smelt
powder experiments do not accurately predict the corrosiveness of frozen smelt

layer components under recovery boiler conditions.
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IMPLICATTONS

The long term corrosion rate predicted by extrapolation of the
logarlthm.c corrosion rate model for corrosion due to a frozen smelt layer
containing polysulfide is less than 0.1 mm/yr, much less than the corrosion
rates which are considered a problem in the lower furnace of recovery boilers.
In the experimental system, the limitatioﬁ on the corrosion reaction was
access of the corrosive sulfur to the reaction site. The most likely limiting
step was transport of sulfur through the iron sulfide layer which forms
on the metal surface. Ancther possible lmutmg step was diffusion of sulfur

from the frozen smelt to the reaction site.

There is evidence in the literature that the frozen smelt layer
covering the waterwall tubes in recovery boilers will occasionally fall off

13715 If this were to occur, it might significantly affect the

and feform.
rate of corrosion. If the corrosion product layer is protective, and is
removed from the metal surface when the frozen smelt layer falls off, the
metal would be exposed directly to the new frozen smelt layer, and the rate of
corrosion would be high until the protective corrosion product layer was
reestablished. If diffusion in the frozen smelt layer is lJ'.miti.ng,‘ removal
and reformation of the frozen smelt layer would result in replenishment of
sulfur at the interface between the smelt and the tube, leading to renewed

corrosion.

The corrosion rate during the first 12 hours of exposure of carbon
steel boiler tube material to a frozen smelt layer containing 0.5-1.0%
polysulfide is about 1.6 mm/yr, but the rate of corrosion drops to 0.14 my/yr

after 48 hours of exposure, and to 0.07 mm/yr after 100 hours. The initial
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rate of corrosion is similar to the corrosion rates considered to be dangerous
. in. recovery boilers. This suggests that if the frozen smelt layer was to fall
off occasionally, high corrosion rates could be sustained. For example, if the
iron sulfide layef was removed every 12 hours, the corrosion rate could be

sustained at about 1.6 mm/yr.

In the experiments, the iron sulfide layer which formed beneath a
frozen smelt layer containing polysulfide was not very adherent to the metal
surface. After each test, the frozen smelt layer had to be removed gently, or
large pieces of iron sulfide flaked off. Thus, it seems likely that if the
frozen smelt layei' was to fall off of waterwall tubes covered with iron

sulfide, at least a portion of the iron sulfide layer would be removed.

If the corrosion product is protéctive, two conditions must be met
in order for accelerated corrosion to occur. The first is that gas-smelt
interactions resulting in the formation of polysulfide must occur, so that the
frozen smelt layer which forms on the metal surface contains polysulfide. The
second is that the corrosion product layer must be removed from the tube

surface, by the mechanical action of the frozen smelt layer falling off.

In the tests with smelt which did not contain polysulfide, iron
oxides were formed as the corrosion products. The iron oxide layer which
fonred beneath the frozen smelt layer was very adherent to the metal surface.
It required scraping with a spatula to remove it from the metal surface. This
implies that in the areas of the boiler where the frozen smelt layer does not
contain polysulfide, the corrosion products would be iron oxides. It also
suggests that in the recovery furnace the removal of the frozen smelt layer
from the waterwalls probébly would not remove the iron oxide layer. However,

if the iron oxide layer was removed every 12 hours, the rate of corrosion




=127~

could be 0.4 mm/yr, which is a significant corrosion rate.

In summary, the experimental results show that the exposure of carbon
steel directly to a frozen smelt containing polysulfide caused rapid
corrosian, with the formation of iron sulfide. corrosidn products. The iron
sulfide corrosion products may providg some protection against continued
corrosion. However, the iron sulfide corrosion products were not adherent to
the metal surface, and it seems likely that in the recovery boiler, removal of
the frozen smelt layer would result in the removal of the pfotective iron
s:ulfide layer, exposing the metal directly to the newly formed frozen smelt

layer, and leading to renewed high rates of corrosion.

.'Ihis discussion suggests several areas for future research. First,

. it seems that the frequency at which the frozen smelt falls off the waterwalls
and reforms may have a significant effect on the rate of ”watem:all- tube |
corrosion. The frequency of this occurrence should be studied. The second
area which should be studied is the effect of removal of the frozen smelt from
the waterwalls on the corrosion product layer. The effect on both iron

sulfide and iron oxide corrosion product layers should be studied.




-128-—

QONCIIUSIONS
The conclusions of this work are:

1. An experimental apparatus was constructed for studying the
t-:orrosion which occurs beneath a layer of frozen smelt under heat transfer
conditions. The apparatus consisted of an air-cooled probe Wthh was exposed
to a molten smelt pool, forming a frozen smelt layer on the metal sample.

The probe provided a good simulation of recovery furnace waterwall tube
conditions. The heat flux through the probe was representative of recovery
furnace waterwall heat fluxes, and the metal temperature was maintained at
320-350°C, which is at the high end of the range of waterwall tube
temperatures. The probe was capable of maintaining a very stable corrosion
sanmple temperature throughout a 100 hour exposure to the smelt. Metal
temperatures as low as 320°C were cobtained. Reproducible corrosion rate data

were obtained.

2. The exposure of carbon steel to frozen smelt containing sulfide,
sulfate, carbonate, and a small amount of sulfite resulted in the formation of
iron oxide corrosion products. The corrosion data were described equally well
by a logarithmic corrosion rate model and by a parabolic corrosion rate model.
The limiting step in the corrosion reaction fof each of the;e models i; :
transport within the corrosion product layer. Thus, the Airon oxide which
formed between the metal and the frozen smelt layer protected the metal
against continued corrosion. The long term corrosion rate extrapolated from
this data was <0.1 mm/yr when the metal temperature was 320-350°C, which is

well below accelerated recovery boiler corrosion rates of 0.5-1.5 mm/yr.
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3. When the frozen smelt layer contained 0.5-1.0% polysulfide, iron
sulfide corrosion product (Fe,_,S) was formed on carbon steel. The
polysulfide in the smelt caused sulfidation corrosion. With a metal
temperature of 330-350°C, the corrosion rate in the first 12 hours of
exposure to smelt containing polysulfide was three times the initial corrosion
rate which occurred with smelt which did not contain polysulfide. The long
term corrosion rate was about the same as for exposure to smelt without

polysulfide, less than 0.1 mm/yr.

4. The corrosion rate data for smelt containing polysulfide can
be described by two different models. The logarithmic corrosion rate model,
vhich describes corrosion limited by a protective corrosion product layer,
fits the experimental corrosion rate curve. The corrosion rate curve can also
be described by a model in which diffusion of sulfur from the frozen smelt to

the sample surface is the limiting step.

Thus, the reaction of smelt containing polysulfide with carbon steel
to form Fel-xs is limited by transport of sulfur to the reaction site. 1In the
experimental system, this limitation could have been in either the frozen

smelt layer or in the iron sulfide layer.

5. The corroéion rate during the first 12 hours of exposure to
frozen smelt containing polysulfide was 1.6 mm/yr. Thus, the corrosion of-
recovery boiler waterwall tubes by frozen smelt could occur at a rate
approaching 1.6 mm/yr if the frozen smelt layer contained polysulfide, and if

the corrosion limitation was occasionally removed.

If the limiting step in the corrosion reaction is transport of sulfur

through the iron sulfide layer, then repeated removal of this protective. layer
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by the mechanical action of the frozen smelt layer falling off of the tube

would result in high corrosion rates.

If the limiting step in the corrosion process is transport of
polysulfide sulfur from the frozen smelt to the metal surface, the repeated
removal and reformation of the frozen smelt layer would result in
replenishment of the polysulfide at the tube surface, and would lead to high

corrosion rates.

Therefore, the frequency with which the frozen smelt falls off the
waterwalls could be a significant factor affecting waterwall tube corrosion,
and should be studied. The effect of the removal of the frozen smelt layer

from the waterwalls on the corrosion product layer should also be studied.
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NCQMENCIATURE

a = constant in logarithmic rate law, hr

A = area, cm®

C = constant of integration

[C] = polysulfide concentration, mg/c:m3

Cp = heat capacity, J/kg-K

d = diameter, m

D = diffusion coefficient, cmz/sec

h = convective heat transfer coefficient, W/mz-K
hn'1 = average corvective heat transfer coefficient, W/m2-K
k = thermal conductivity, W/m-K

K = constant in Equation 2

kl = constant in logarithmic rate law, mg/c:m2
kp = constant in parabolic rate law, It'g/czn2
L=1length, m

Q = heat, W

r = radius, cm

t = time, hr

T = temperature, °C

T_ = average air temperature, °C

T = metal temperature, °C

u = gas velocity, m/sec

w = weight loss, mg/czn2
'x = length, m

X = diffusion distance, cm




=135-

y = corrosion product layer thickness, cm
Greek

U = viscosity, kg/m-séc

density, kg/m>

=
I
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APPENDIX I

SAMPIE CAICUIATIONS FOR EXPERTMENTAL DESIGN

In the Experimental section, several calculations were performed in

describing the design of the air-cooled probe. Samples of these calculations

are described here.

The ‘calculated heat flux’ was determined by multiplying the
predicted convective heat transfer coefficient by the measured difference
between the temperature of the metal sample and the average temperature of the
air:

QA = h (T -T) | o (4)

The value of the convective heat transfer coefficient was predicted

using the Dittus-Boelter equation, modified to account for entrance effects:

u0.8 pO 8 0.4 k0.6

° e
h_ = 0.023 02 35_4 (1 + Kd/L) (3)

=

where:

% = average convective heat transfer coefficient, W/mz-K'

u = gas velbcity, m/sec

p = gas density, kg/m’

Cp = gas heat capacity, J/kg-K

k = gas thermal conductivity, W/m-K

K = constant, with a value of 7 for a 90° turn entering the annulus
d = difference .between inner and outer-diameter of annulus, m

L = length of annulus, m
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U = gas viscosity, kg/m-sec

' A sample calculation will be carried out with the data from
Experiment 41. The following data are from Experiment 41:

Metal temperature - 330°C
Temperature of air into ammulus - 93°C
Temperature of air ocut of annulus - 140°C

Air flow rate - 207 slpm

The average air temperature is the average between 93°C and 140°C,
which is approxjmately 120°C. ' The air properties at the average air

temperature are needed to compute the convective heat transfer coefficient:

= 120°C -
p = 0.897 kg/m’
G, = 1005 J/kg-K
k = 0.0327 W/mK

L =2.2 x 107 kg/m-sec

Substituting these values into Eq. 2 results in:

0.8
u

d
The air velocity, u, is calculated from the air flow rate and the
cross sectional area across which the air flows in the annulus. Sinc"e'the air
flow rate is measured as standard cubic feet per minute, the actual volumetric
flow rate must be determined, since the air is at 120°C, and not 25°C. This

is accomplished by multiplying the flow rate by the density of air at 25°C,
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and dividing by the density of air at 120°C. So u is calculated as follows:

p(25°C) 1
u = X slpm
p(120°C) CSA
1.185 kg/m° 1 107 n° min

u = 207 slpm )
m 1 60 sec

0.897 kg/m> 4.35 x 10°
u = 104.8 m/sec

The convective heat transfer coefficient is then calculated using

‘ " -(104.8 my/sec)?°® -
h =3.14 s—— {1 + 7(0.00152 1/0.0253 m))
- (0.00152 m)°" :

h_ = 675 W/m’-K

The heat flux is then calculated from this heat transfer coefficient and th

temperature, according to Eq. 1:

Q/A = (675 W/m>-K) (329°C - 117°C)

Q/A = 143.1 Ki/m>

' The measured heat flux is computed from the temperature rise of the

air as it passes through thHe anmulus, according to:

Q/A=McpAT/A \ (23)

where:

. M = mass flow rate of air, kg/sec
Cp = heat capacity of air, J/kg-K-

A T=air.temperature rise through the probe, °C
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A = area across which heat is transferred in probe, m2

The mass flow rate of the air is calculated from the volumetric flow

rate by multiplying by the density of air at STP.
Q/A = (x slpm) (p kg/m(€25°C)) (60 min/hr) G, AT / A £t2

Q/A = (207 slpm) (1.185 kg/m>) (1005 J/kg-K) (min/60 sec) x
(140°C - 93°C) (107> m°/1) / 0.00151 m?

Q/A = 128.3 Ru/m°
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APPENDIX IT

SMELT ANALYSIS PROCEDURES

Smelt samples were grourd in a nitrogen glove bag to obtain a
smelt powder. When the smelt was a sample taken from molten smelt, the
sample was broken open, and a portion from the inside of the sample was used.
When frozen smelt layers were analyzed, the entire cross section of the sample
was used, unless otherwise specified. The smelt powders were analyzed by the

Institute of Paper Science and Technology analytical department for Na.S,

2

NaZSO 4 Na2803, Na28203, and polysulfide sulfur. The procedures used in these

" analyses are discussed below.
SULFATE, SULFITE, THIOSULFATE

These ions were determined using ion chromatography, according to
TAPPI Test Method T699 am-87. 200 mg of the smelt powder was dissolved in

100 ml. of deoxygenated water, and then analyzed like green liquor.

The repeatability of these procedures for liquor analysis was reported
in the procedure as a percentage of the mean value. The repeatability of the

procedure for smelt was not reported. The repeatability values were:

Sulfate: 10-12%

Sulfite: 25-30%

Thiosulfate: 7-16%

If it is assumed that the repeatability values for the analysis of

smelt are similar, the reported sulfate contents are 2% sulfate, and
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the reported sulfite contents are +1% sulfite. Thiosulfate was not

detected in the smelts.

POLYSULFIDE

Polysulfide was determined using a gas chromatographic method>2.
In this method, the polysulfide is decomposed to elemental sulfur in
buffer at pH 5.5, and the elemental sulfur reacts with triphenylphosphine
to form triphenylphosphine sulfide, which is determined by flame ionization
ges chromatography. |

The procedure described by Easty and Borchardt>? was followed. It
was modified slightly, since smelt was bemg analyzed. 5-10 mg smelt powder
was placed directly in the reaction vessel containing 40 ml buffer and
10.0 ml toluene containing anthracene. The mixture was purged with
nitrogen for a few seconds, and the reaction vessel sealed.
Triphenylphosphine was then injected into the vessel. The remainder of the
procedure was performed as described 2.

The repeatability of this procedure was not reported in the
procedure. Duplicate analyses of the same sample differed by as much as 0.3%.
The reported polysulfide contents are about +0.2% polysulfide.

SULFIDE

The procedure used for determination of sulfide was a potenticmetric

. titration with mercuric chloride. The procedure is described in either TAPPT
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Test Method T-694 pm—82 or in the NCASI Atmospheric Quality Improvement

Technical Bulletin No. 68, Oct, 1973.

This procedure is for analysis of liquor, so the procedure was
modified éligtafly to analirze smelt." AV samplé of smelt powdé.r, 0.2-0.3 g was
weighed quantitatively, and dissolved in deoxygenated water. The dissolved
smelt was then analyzed as a liquor. Duplicate analyses of the same sample
differed by no more than 0.5% sulfide. However, since oxidation of the smelt
may occur during the sample preparation, the range of variation on the

reported sulfide contents may be #1.0% sulfide.
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APPENDIX IIX

X-RAY DIFFRACTION PATTERNS OF QORROSION PRODUCTS

X-ray diffraction patterns for two iron oxides, magnetite (Fe,0 4) and
hematite (Fe203) are shown on the first page. On the next page, 2—ray
diffraction patterns for two iron sulfides, pyrrhotite (Fel_XS) and pyrite
(Fesz) are shown. Then the x-ray diffraction patterns for corrosion products

cbtained in the experiments are shown.
Experiment 40 was a 94 hour exposure to a sulfide/sulfate/carbonate
smelt. The corrosion product is iron oxide.

The rest of the diffraction patterns are for corrosion products
formed during exposure to frozen smelt containing polysulfide. The length of

each exposure is shown below:

Experiment Exposure time (hr)
49 2
50 ' ' 12
60 48
62 49
63 100

The corrosion product from each of these experiments is pyrrhotite.
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APPENDIX IV

DESCRTPTION OF PROGRAM FOR SOLVING DIFFUSION EQUATION

A program was written to solve the diffusion equation in cylindrical

coordinates:
d(c) 1 d d[c)
— =D-{ — [ —-])}
dt r dr

This equation was used to model the diffusion of polysulfide to the surface of
a cylirxiricgal metal sample through a frozen smelt layer. It was assumed that
the corrosion reaction is limited by diffusion of polysulfide to the smelt-
metal J.nterface It also was assumea that the frozen smelt layer initially
has a uniform concentratioﬁ of polysulfide. As polysulfide is consumed in the
corrosion reaction at the smelt-metal interface, a concentration gradient is
established in the smelt. This gradient drives diffusion of polysulfide from

the frozen smelt to the metal surface.

- This problem was solved by defining an initial condition and two 4
boundary conditions. The initial condition is that the inner portion of the
frozen smelt layer initially has a uniform concentration of polysulfide,
called Co- The boundary condition at the smelt-metal interface is that the
polysulfide content at the interface is 0. This assumes that the polysulfide
reacts with the metal as fast as it reaches the interface, which is ;91 good
assumption if the limiting step in the reaction is diffusion in the frozen
smelt layer. The other boundary condition is that the flux of polysdlfide
across the interface between the inner and fhe outer portions of the frozen
smelt layer is zero. This assumption may not be entirely correct. However,

the calculated polysulfide concentration gradient shows that the polysulfide
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at the interface between the inner and outer portions of the frozen smelt
Jayer is not depleted.. Thus, the ocuter boundary condition does not have a

significant effect on the solution of the problem.

The pfoblé;n was solved mnﬁerically usmg a finite differerié:é
approximation to the partial differential equation. The radius of the frozen
smelt laye;: was broken into a number of increments, and a finite difference |
approximation to the differential egquation was written at each node. This
resﬁlted in a series of algebraic equations, which were solved by Gauss
elimination. This series of quations was solved for each increment of time.
The results of the integration were a concentration profile of polysulfide
within the_ frozen smelt layer for each tim—; step, and the flux out of the
frozen smelt to the metal surface at each time step. The total flux to the

metal surface was obtained by summing the flux for each increment of time. ‘

The inputs to this program are a value of the diffusion coefficient,
in en’/hr, and the initial polysulfide content of the smelt, in mg/cm’. The
initial polysulfide content was 10 mg/cm3, based on a weight % of 0.5%, and-a
smelt density of 2 g/cn’. The result of the program is the flux of sulfur to
the metal surface as a function of time. This must be converted to a
corrosion weight loss to compare it to the experimental data. This is easily
done, since the corrosion product is }movm to be FeS. The total flux of
sulfur, in mg/cm® is multiplied by 56/32 to obtain the weight of iron consumed

by the reaction with sulfur.

The calculated reaction vs. time curve was compared to the
experimental data to determine the value of D which resulted in the best fit.
The goodness of fit was evaluated by calculating the sum of squares of the
difference between the calculated and experimental reaction rates. It was
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found that the diffusion curve did not have the same shape as the experimental

data, and therefore the diffusion curve only fit portions. of the experimental

curve. The sum of squares of the residuals was then calculated only for the

region of the curve which was being . investigated.

A listing of the program follows.

10 PRINT "Wk dddhdedhdokdhddkdedesk kit dddsskdedededdeddd s ddeddd ok ke dodkkhhkk?
20 PRINT "* 0
30 PRINT "#* THESIS MODEL *1
40 PRINT "* *"

50 PRINT "* %1
60 PRINT "Mkkkikdkk ket sk dedshdekskkkkdesd i sk ik dkdkkkhhkkkdkskhkhkirk

70
80

90
100

110
120
130
150
170
180
190
200
210
220
230
240
250
260
270
280
281
282
283
284
285
286

287

288
299
300
310
320
330

4 .

’input the number of increments in the r-direction, and the time of
integration and time increment

14

PRINT : PRINT "INPUT THE NUMBER OF INCREMENTS IN THE DIRECTION OF

THE RADIUS"; : INFUT M

PRINT : PRINT "INPUT THE LENGIH OF TIME TO INTEGRATE FOR"; : INPUT TIME
PRINT : PRINT "INPUT THE TIME INCREMENT"; : INPUT DK

PRINT : PRINT "INPUT THE DIFFUSION COEFFICIENT"; : INPUT DIFF

PRINT : PRINT "INPUT THE INITIAL POLYSULFIDE CONTENT"; : INPUT CO

1.27 / M
TIME / DK

KH=DK/H"2

’

‘dimension the arrays

’

DIM UM, M + 1)

DIM C(3, M)

DIM COL(M), Y(M)

DIM RXN(N)

R{N(0) = 0

NDATA = 10

DIM EXDATA (3, NDATA)

EXDATA(1l, 1) = 2: EXDATA(1, 2) = 6: EXDATA(1l, 3) = 12: EXDATA(1, 4) = 12:
EXDATA(1l, 5) = 24: EXDATA(1, 6) = 24: EXDATA(1, 7) = 48: EXDATA(1, 8) = 49
EXDATA(1, 9) = 99: EXDATA(1, 10) = 100 oo '
EXDATA(2, 1) = 1.08: EXDATA(2, 2) = 1.89: EXDATA(2, 3) = 1.77:
EXDATA(2, 4) = 1.9

EXDATA (2, 5)
EXDATA(2, 8)
EXDATA(2,. 9)

I'4

’
H
N

t

: EXDATA(2, 6) = 2.44: EXDATA(2, 7) = 2.74:

(1 I I | O

WWwn

.04
.05
.32: EXDATA(2, 10) = 3.18

’assign initial values to the array t
4

FORI=1TOM

c(2, I) = CO




340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
503
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
845
850
870
880
890
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NEXT

’

’set up array for Gauss elimination
14

'reset array to 0

, _

FORDT=0TON-1

FORI=1TOM
FORT=1TOM+ 1
U, J) =0
NEXT J

FCRI=1T0M

c(1, I) =C(2, I)

NEXT I

14

’set up array of coefficients

’

FORI=1TOM

IF I = 1 THEN GOSUB 1430

IF I > 1 AND I < M THEN GOSUB 1580

IF I = M THEN GOSUB 1670
NEXT T '
7

'perform Gauss elimination - complete pivoting
, .

FOR I =1 TOM: COL(I) = I: NEXT I

’

FRRI=1TOM-1

PIVOT = U(I, I): NPIVOT = I: PIVROW = I: PIVOOL = I
FORJ = I TOM |

FORK=ITOM :
IF ABS(U(J, K)) <= ABS(PIVOT) THEN 690 -
PIVOT = U(J, K): PIVOOL = K: PIVROW = J
NEXT K

NEXT J

’

f

'swap rows

r

IF PIVROW = NPIVOT GOTO 800
FORI=1TOM+ 1

SWAP U(PIVROW, J), U(NPIVOT, J)

NEXT J

I

’ swap columns

14

IF PIVOOL = NPIVOT GOTO 880
FORT=1TOM ,

SWAP U(J, PIVCOL), U(J, NPIVOT)

NEXT J

NOOL = COL(I): OOL(I) = COL(PIVOOL): OOL(PIVCOL) = NCOL
!

“'normalize the pivot row

!
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S00 FORJ=1TOM+ 1

910 U(NPIVOT, J) -—U(NPIVOI‘ J) / PIVOT
920 NEXI‘ J B
930 :
940 ’perform the elimination

950 ’

960 FOR J = NPIVOT + 1 TO M

970 IF U(J, I) = O THEN GOTO 1020 " -

980 FACIOR = U(J, I) / U(I, I)

990 FORK=NPIVOT + 1 TOM + 1

1000 U(J, K) = U(J, K) - FACTOR * U(I, K)
1010 NEXT K

1020 NEXT J

1030 FORIJ =I+1TOM

1040 U(T, I) = 0

1050 NEXT J: NEXT I

1060 /

1070 ’perform the back substitution

1080 /

1090 Y(M) = UM, M+ 1) / UM, M)

1100 FOR NX =1 TO M

1110 SIM =0

1120 I=M-NX + 1

1130 FORJ =I+1TOM

1140 SUM = SUM + U(I, J) * Y(J)

1150 NEXT J

1160 Y(I) = (U(I, M + 1) - SuM) / U(I, I)
1170 NEXT NX

1180 /

1190 ’sort the t’s into the proper order
1200 / '

12J0 FORI =1 TO M

1220 NX = COL(I)

1230 C(2, NX) = Y(I): ¥(I) =

1235 NEXT I

1236 /

1237 ’ calculate amount of sulfur which has diffused out of system
1238 /

1241 REACT = DK * DIFF * C(1, 1) / H
1242 RXN(DT + 1) = RXN{DT) + REACT

1243 / , ‘
1244 ’ store extent of reaction in array
1245 '/

1246 FOR I = 1 TO NDATA

1247 IF (DT + 1) * DK = EXDATA(1, I) THEN EXDATA(3, I) —RXN(DI‘+1) * 1.75
1248 NEXT I

1250 NEXT DT

1251

1252 / campute the sum of squares

1253 /

1254 SSQ = 0

1255 FOR I =1 TO 4

1256 SSQ = SSQ + (EXDATA(2, I) - EXDATA(3, I)) ~ 2
1257 NEXT I

1260

3




1270
1280
1310
1320
1330
1360
1370
1395
1411
1412
1413
1415
1416
1417
1418
1419
1420
1425
1430
1440
1450

1460

1470
1480
1570
1580
1590
1600
1610

1620
1630
1640
1660
1670
1680
1690
1700
1710
1720
1740
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‘print the results
4 .

FORJ=1TOM
FRINT USING " ##.###"; C(2, J);

NEXT J . : :
PRINT : PRINT "HIT RETURN TO CONTINUE"; : INPUT JUNK
PRINT RXN(N)

FOR J = 0 TO NDATA

PRINT USING " ###.###"; EXDATA(1, J), EXDATA(2, J), EXDATA(3, J)
NEXT J '

PRINT KIN, DIFF, SSQ

PRINT "HIT RETURN TO CONTINUE"; : INPUT JUNK

FOR I =1 TO 20

J=1I%*10

FRINT J / 2, RXN(J) * 1.75

NEXT I

END

’

’subroutine to put R = 0 equation in array

4 . ‘ .

U(I, I) =1+KH * DIFF * (1.27 +H) / (1.27 + H/ 2) +
KH * DIFF * 1.27 / (1.27 + H/ 2)

U(I, I + 1) = -KH * DIFF * (1.27 + H) / (1.27 + H / 2)
U, M+ 1) = ¢, I)

RETURN - ’ -

’ .

’subroutine to put R equation in array for O<R<m

’

U(I, I) =1+ Ki * DIFF * (1.27 + I * H) / (1.27 + (I - .5) * H) +

KH * DIFF * (1.27 + (I - 1) * H) / (1.27 + (I - .5) * H)

U(I, I+ 1) =-KH * DIFF * (1.27 + I * H) / (1.27 + (I - .5) * H)
U(I, I -1) =-Kd * DIFF * (1.27 + (I - 1) * H) / (1.27 + (I - .5) * H)
U(T, M+ 1) =C(1, I)

RETURN

'

’subroutine to put R = m equation in array

’ .

U(I, I) =1+ Ki * DIFF * (1.27 + (I - 1) * H) / (1.27 + (I - .5) * H)

U(I, T-1) =-KH # DIFF * (1.27 + (I - 1) * H) / (1.27 + (I - .5) * H)
U(I, M+ 1) =c¢(1, I)
RETURN .
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APPENDIX V

EXPFRIMENTAL DATA

This appendix presents in tabular form the corrosion rate data shown

in the figures in the Results and Discussion section.

Table Al. Corrosion rate data for exposure to smelt composed of 15% Nazs, 15%
Nazso4, ard 70% Na2CD3 (Sample surface area 22.3 sz)
Metal Exposure Weight Weight Corrosion

Experiment Temp. (°C) Time (hr) Ioss (mg) Loss (mg/cm®) Rate(mm/yr)

64 . 335 2 4.0 0.18 1.00
41 329 6 5.5 0.25 0.46
42 349 12 7 12.3° " 0.55 0.51
43 349 18 10.7 0.48 0.30
27 338 48 34.8 1.56 0.36

39 335 48 27.0 1.21 0.28

40 o321 94 35.6 1.60 0.19




Table A2.
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Corrosion rate data for exposure to smelts prepared with 15% Na,S,
15% NaZSO4, and 70% Nazco3, through which Q,, was bubbled to
generate 0.5% polysulfide (Sample surface area 22.3 cmz)

Metal Exposure = Weight Weight Corrosion

Experiment Temp. (°C) Time (hr) ILoss (ng) Ioss (mg/cm®) Rate(mm/yr)

70
71
49
52
50
54
51

53
60
62
68

63

380 0.25 2.6 0.12 5.20
340 2 16.0 - 0.72 4.00
371 2 24.0 1.08 6.00
341 6 42.1 1.89 3.51
43 v 12 39.4 1.77 1.64
349 12 42.4 1.90 1.77
341 24 45.6 © 2.04 T 0.95
341 24 54.4 2.44 1.13
332 48 61.2 2.74 0.64
335 49 68.0 3.05 0.69
343 99 70.9 - 3.18 0.36
343 100 74.0 3.32 0.37
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Table A3. Corrosion rate data for exposure to smelt powder containing 0.5%
polysulfide. The smelt powder was prepared from 15% Nazs, 15%
Na2804, 70% Nazch3 molten smelt through which 002 had been bubbled

to generate polysulfide. (Sample surface area 25 cmz)

. Metal° Exposure Weight Weight 5 Corrosion
Experiment Temp. (°C) Time (hr) Ioss (mg) Loss (mg/am®) Rate(mm/yr)
66 343 24 4.6 0.18 0.09
70 343 24 7.0 0.28 0.13
67 343 48 3.5 0.14 0.03

69 : 343 48 20.4 0.82 0.19




