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The Finnish Recovery Boiler Committee is a non-profi t 
organization working in the area of chemical recovery. 
It has promoted safe, economic and environmentally 
friendly operation of recovery boilers and closely related 
processes since 1964. This marks year 2004 as 40th 
consecutive cooperative year in the history of the Finn-
ish Recovery Boiler Committee. The Committee begun 
its work by investigating recovery boiler lower furnace 
corrosion. A task that still has not been completed.

The Committee collects information about incidents 
involving recovery boilers, classifi es the incidents, tries 
to identify the causes and provides details of these 
actions to its members. To improve safe operation and 
construction of recovery boilers the Committee publishes 
guidelines, recommends practices and arranges confer-
ences and meetings. 

The Committee conducts and supports research projects 
related to safe operation and improved economy of 
recovery boilers. Recently the committee has fi nished 
projects on recovery boiler materials, fi ring of black 
liquor, emissions and use of ESP dust. 

The members of the Committee include pulp mills, 
recovery boiler manufacturers, a number of insurance 
companies and automation system suppliers, engineering 
companies and research organisations in Finland. 

The highest decision-making body of the Finnish Recov-
ery Boiler Committee is its Annual General Meeting. 
Yearly budget is approved and various offi ces are fi lled. 

The Executive Board is responsible for the handling of 
membership applications which are to be approved at 
the Annual General Meeting. 

A lot of the practical work in the Committee is done in 
various sub-committees. There are fi ve subcommittees: 
the Material Subcommittee, the Liquor Subcommittee, 
the Environmental Subcommittee, the Automation 
Subcommittee and the Program Subcommittee. Each 
committee consist of a selection of active participants 
from member organizations, one of which serves as the 
sub-committee chair.  

Recently the material subcommittee has been conducting 
materials research and has concentrated on trying to fi nd 
suitable steel grades to meet the new challenging high 
steam and liquor dry solids values. The liquor subcom-
mittee has coordinated research to predict sulphur gas 
evolution during black liquor evaluation. Environmental 
subcommittee has been looking into recovery boiler 
NOx emissions and the European wide reporting of pulp 
and paper industry effl uents. The automation subcom-
mittee has created guidelines for hazard evaluation and 
safety systems. The program committee has concentrated 
on fi nding the best available presentators for the various 
meetings the Committee holds annually.

One of the main functions of the Finnish Recovery 
Boiler Committee is to distribute knowledge of recovery 
equipment and operation. Therefore it is a great pleasure 
to welcome you all to this conference.
 

WELCOMING WORDS

MATTI TIKKA, UPM-KYMMENE OYJ, 
KYMI, FINLAND
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EARLY HISTORY OF BLACK LIQUOR RESEARCH: 
RECOVERY OF BY-PRODUCTS AND COOKING 
CHEMICALS

KLAUS NIEMELÄ, KCL, ESPOO, FINLAND

INTRODUCTION

Manufacture of chemical pulp from wood with the soda 
and kraft methods began in the 1860s and 1880s, respec-
tively. The very early small-capacity digesting vessels 
hardly resemble modern pulp digesters, Figure 1, and the 
pulp yields were typically pretty low, even under 30% of 
the charged wood.

The pioneering pulp manufacturers soon started to focus 
their attention on products or streams other than just 
the pulp. This way, the formation of several potential, 
industrially important or attracting by-products was 
discovered and studies on their recovery could be initi-
ated. Many of such by-products have remained historical 
curiosities, although many pioneering by-products are 
still being isolated or produced at numerous kraft pulp 
mills all over the world. 

In this presentation, selected events in the early history 
of black liquor research are briefl y described. The main 
emphasis will be on the composition of black liquor and 

Figure 1.
An early digester for soda 
or kraft pulping [18].

on the isolation or preparation of different by-products. 
In addition, some remarks on the history of recovery of 
pulping chemicals will also be given. Fascinating and 
comprehensive textbooks describing the state-of-the-art 
of early kraft pulping technology (and chemistry) include 
those by Christiansen [10] and Hägglund [18 ], both of 
them in German.

COMPOSITION OF BLACK LIQUOR

We do not know who carried out the fi rst published 
analysis on the composition of black liquor, simply 
because he or she wanted to stay anonymous, Figure 
2. In any case, the fi rst investigator found that black 
liquors contain “sodium salts of resin acids, humic acids, 
acetic acid, carbonic acid, and other resin-type materi-
als”. It was also assumed that vanillin must be present 
(although not yet confi rmed) and could thus be isolated 
as a by-product.
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Figure 2.
The fi rst publication on the composition of black liquor, from 
soda cooking of wood [2]. The title of the work is “Suggestion 
for the isolation of vanillin as a by-product”.

Figures 3 and 4.
Qualifi ed pioneers of black liquor 
research. Left Prof. Peter Klason 
(1848–1937), 
right Dr. Erik Ludvig Rinman 
(1874–1937).

It is obvious that the “humic acids” must refer to lignin; 
we can easily imagine how the analyst has just acidifi ed 
black liquor and noticed the formation of a brown pre-
cipitate, similar to the humic acids isolated and named 
as early as 1791. 

The note on the likely presence of vanillin in black 
liquor is interesting, as it took nearly 80 years before this 
could fi nally be confi rmed: by Enkvist and Alfredsson in 
1953 [11]. During the past decades, numerous attempts 
have also been made to produce vanillin from black 
liquor lignin e.g. [13], but no commercial installations 
have been reached. Sulfi te spent liquor, however, has 
been widely used for the preparation of vanillin which is 
currently being practiced at three mills.

The next black liquor researchers were not as modest 
as the fi rst one; the studies were continued by Knösel 
[25] and Tauss [43]. The former discovered, for example, 
the fi rst pulping-derived volatile nitrogen compound 

(trimethylamine) and oxalic acid. Interestingly, the for-
mation of oxalic acid during kraft pulping of wood was 
next time reported exactly 100 years later, by Löwendahl 
et al. [29]. Tauss [43] developed, in turn, fractionation 
methods for organic compounds in black liquors using 
different organic solvents, but he did not identify any 
specifi c compounds (although he found some evidence 
of vanillin).

The fi rst comprehensive analysis of black liquor was con-
ducted in 1893 by Klason, Figure 3, who studied liquor 
from soda cooking of spruce wood. His main fi ndings 
have been summarized and discussed by Niemelä [31] 
and will not be repeated here in detail. Klason quantifi ed 
acetic and formic acids and characterized resin acids 
and phenolic compounds as certain fractions. He also 
recognized odors of trimethylamine and vanillin.

One of the most important fi ndings by Klason [22] was 
the isolation of large amounts of hydroxy acids which 
he called lactone acids. He assumed that these acids 
are a complex mixture of compounds with 2–6 carbon 
atoms. Of them he was able to isolate and characterize 
a 3-deoxyhexonic acid (galactometasaccharinic acid), an 
outstanding early piece of evidence of the presence of 
galactose in wood. In any case, Klason’s investigation 
in 1893 was so comprehensive that even 60 years later 
Adler [1] could state that “our knowledge concerning the 
composition of the water-soluble constituents of black 
liquor is still essentially unchanged”.

All the above papers were published either in German or 
Swedish. This explains why an American, Griffi n [15], 
could claim in 1902 that “no attempt at analyzing this 
complex liquid has ever been made” when he started his 
own studies with hardwood black liquor. What he found 
out is shown in Table 1.
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Table 1.
Hardwood black liquor composition, according to Griffi n [15].

Several years later, in 1911, Klason extended his studies 
to spruce kraft black liquor, this time together with 
Segerfelt. Among the identifi ed hydroxy acids were a 
galactometasaccharinic acid, a “parasaccharinic” acid, 
and a novel “sapinisosaccharinic” acid in high amounts. 
For the last-mentioned compound they proposed a 
structure of 3,4,5-trihydroxy-2-(hydroxymethyl)pentanoic 
acid, but without any doubt, the compound must have 
been �-glucoisosaccharinic (3-deoxy-2-C-hydroxymethyl-
threo-pentonic) acid (which was still unknown at that 
time). Another important fi nding that Klason and 
Segerfelt made was the discovery of some organi-
cally bound sulfur in the isolated kraft lignin. 
Interestingly, the nature of the chemical bond of 
sulfur to lignin has not yet been fully explained.

More detailed analysis of organic compounds 
has been possible just after the 1950s and 1960s, 
by applications of various chromatographic and 
other modern analytical tools [32]. Before the 
era of chromatography, however, the presence 
of lactic acid in black liquor was confi rmed by 
Rinman [33], Figure 4, and Hägglund [17] and 
the presence of 2-hydroxybutanoic acid by Johans-
son [19].

TURPENTINE AND TALL OIL – THE FIRST 
BY-PRODUCTS

The fi rst by-products from soda or kraft pulping of 
softwood were turpentine and tall oil. It is known that 
turpentine production was commenced as early as 1875 
in the Leagan pulp mill near Danzig. Unfortunately, 
however, the historical documents do not reveal how 
the separation process was invented. In any case, the 
mill personnel soon learnt that quality of turpentine is 
improved if it is isolated during the cooking process, not 
after it. 

The fi rst turpentine stocks were of high quality and high-
ly sought-after in the markets. The situation changed 
totally in 1884 when the Leagan plant adopted the kraft 
process: all the customers immediately complained about 
the unpleasant smell of turpentine. The reason for the 
unexpected smell problems was not found out before a 
very regrettable accident took place at the mill: a work-
man ran some turpentine from a storage tank onto the 
fl oor. He immediately tried to cover up his carelessness 
by throwing hot coals on it to soak it up. The resulting 
disastrous fi re destroyed the whole plant [26]!

Renewed interest in turpentine, this time it was clearly 
sulfate turpentine, emerged in Sweden and Finland 
around 1905–1910. The studies especially by Klason’s 
and Bergström’s groups resulted in identifi cation 
of malodorous sulfur compounds and other volatile 
compounds. As a result, methods for the removal 
of the undesired volatiles from the crude turpentine 
could be developed, but this also required a toll: one 
of Bergström’s assistants died from toxic gases during 
distillation experiments.

Nowadays, approximately 60% of the annual worldwide 
turpentine production of nearly 300 000 tons comes from 
the Kraft pulping industry, the rest being gum turpentine 
from distillation of pine tree tappings.

Figures 5 and 6.
Pioneers in the development of kraft pulping by-products. 
Left Alfons Hellström (1877–1965), right Hilding Bergström 
(1880–1966).

Tall oil production has deep roots in pioneering Swedish 
wood chemistry and innovative Finnish chemical engi-
neering. Studies on sulfate soap separation and utiliza-
tion were commenced by Ernst Larsson at Skutskär mill 
in 1899 [27,30,37]. The fi rst distillation plant for crude 
tall oil was erected at Kotka mill in 1912, as a result of 
strenuous efforts by Alfons Hellström, Figure 5. By that 
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Figure 7. 
Process scheme for soap separation and 
handling, as drawn by Hellström in 1911 
[20]. Såpa = soap, svartlut = black liquor.

Year Discovered compound(s) Researcher(s) 
1875 Turpentine Faudel 
1876 Trimethylamine Knösel 
1906 Methanethiol, allylthiol Klason & Person 
1907 Dimethyl sulfide Bergström & Fagerlind 
1908 Dimethyl disulfide, ammonia, acetone, 

methanol, hydrogen sulfide 
Bergström & Fagerlind 

Table 2.
Early history related to the discovery of volatile alkaline pulping-derived products.

time, the presence of fatty acids, resin acids, and phy-
tosterols in tall oil had been realized. Since those early 
days, tall oil has become the most important by-product 
of the Kraft pulping industry. Currently, its annual pro-
duction capacity amounts to 1.3–1.5 million tons, with 
23 distillation plants operating in 11 countries.

When developing the distillation processes, Alfons 
Hellström was in contact with the Swede Hilding 
Bergström, Figure 6, as they were both also interested 
in the recovery of turpentine, methanol, and many other 
products. Over the years, there was some debate about 
who invented the tall oil distillation process, although 
Hellström’s credit is nowadays fully recognized. His 
captivating biography is currently available, unfortu-
nately only in Finnish [20]. Figure 7 shows a pioneering 
scheme for soap separation and acidulation, as designed 
by Hellström.

METHANOL – BOOSTER OF BY-PRODUCT 
STUDIES AND BLACK LIQUOR TREAT-
MENTS

During the fi rst decade of the 20th century, volatile prod-
ucts from the Kraft pulping industry were under keen 
investigation in Sweden (Table 2), when malodorous 
turpentine impurities were searched for. These investiga-
tions also resulted in the discovery of valuable products 
such as acetone, methanol, and ammonia. It was also 
learnt that high-temperature treatment of black liquors 
further increases their formation. As a whole, these fi nd-
ings resulted in a 30–40-year period of intensive black 
liquor research and some industrial applications. It is 
somehow a pity, however, that these efforts are typically 
poorly known nowadays.

The fi rst event worth mentioning is the discovery of 
methanol, in 1908. At that time, all methanol was 
produced by dry distillation of wood which consumed 
large areas of forest in many countries. The fi nding that 

methanol can be isolated as a by-product during pulp-
ing was so remarkable that in fi ve years’ time several 
mills in Sweden had adopted the isolation procedure 
[6]. Methanol was also recovered in Finland in three 
mills in the 1910s and 1920s, some of it was used dur-
ing the World War I in Russia as formaldehyde in war 
hospitals. In Sweden, the highest production fi gures 
(500 t/a) for methanol were achieved in the 1930s [7]. 
How much methanol may have been recovered else-
where, for example in the USA, seems to be unknown.

Rinman, Figure 4, was very excited about the different 
possibilities of producing and isolating useful by-prod-
ucts as a part of pulping operations, and he actually 
decided to devote the rest of his life to the utilization 

of black liquors as raw materials for chemical industry. 
When working at the Skutskär mill, he discovered that 
heat treatment of black liquors, especially after addition 
of some extra alkali or lime, accelerates the formation of 
many attractive compounds [33]. These included metha-
nol, acetone, 2-butanone, and various oil fractions. He 
named the method as the Rinman method or Rinman 
system [34,35]. After successful mill trials in Sweden in 
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nia from crude sulfate methanol was necessary, at least 
one mill (Kotka mill in Finland) recovered it on a regular 
basis in the 1910s and 1920s. The highest production 
fi gure, 8 tons of ammonium sulfate, was recorded in 
1917 [20]. No other references of mill-scale isolation 
of ammonia as a pulping by-product can apparently be 
found in the literature.

DMSO – WONDER DRUG?

The development of synthetic methods for the produc-
tion of methanol, acetone, acetic acid and many other 
important bulk chemicals started in the 1920s. This 
naturally affected their economic production (in rela-
tively small quantities) during pulping or by processing 
of black liquors. Therefore, increased interest was paid 
to new and more valuable black liquor products. The 
studies that were initiated in the 1940s resulted in the 
development of processes that are still being used at two 
mills, to prepare dimethyl sulfi de (DMS) and its oxida-
tion product, dimethyl sulfoxide (DMSO).

There was a long way to go from the pilot-scale trials, 
Figure 10 in Finland in the 1940s to mill-scale applica-
tion in the USA at Bogalusa in the 1960s, Figure 11; 
this has been described in an elegant and personal way 
by Smedslund [41]. Unfortunately, this paper is only 
available in Finnish. In addition to the above-mentioned 
Bogalusa mill, the production of DMSO started in the 
early 1970s at one Russian mill [44].

1912, construction of three straw soda pulp mills with 
his system was started in Germany. The plans were 
totally ruined by the long war, but in the early 1920s one 
such mill was modifi ed into pine soda cooking, Figure 
8 and 9.

In the Regensburg mill near Bavaria, the Rinman 
method was in use from 1922 to 1929. The highest 
production fi gures were reached during the last years of 
operation (1927–1929), when 111 tons of methanol, 49 
tons of acetone, 47 tons of 2-butanone, and 56 tons of 
oil were recovered [42]. The non-condensable gaseous 
products could be utilized as a fuel in the lime kiln.

During and after the years when the Rinman method 
was in operation, a lot of attention was paid in many 
countries to further development of similar or related 
processes. The desired chemicals varied from phenols 
to acetic acid, and from oxalic acid to different oils 
and gases [3,5,17,28,45]. The extent of these optimistic 
studies is revealed when browsing through patent 
literature summarized by Schroche [40] and Schmid [38]. 
However, mill trials or full-scale operations were scarce; 
at least the number of successful cases fi nally remained 
low.

Before moving on to one of the successful cases, a few 
words need to be said about one by-product that belongs 
to the least-known achievements in the fi eld of kraft 
pulping industry: ammonia. The formation of small 
amounts of ammonia during alkaline pulping of wood 
was discovered in 1908, although the fi rst turpentine 
producers were also aware of the smell of ammonia in 
the 1870s and 1880s. Quantitative estimates indicated 
that some 0.5 kg of ammonium sulfate per ton of pulp 
could possibly be isolated [12]. As the removal of ammo-

Figures 8 and 9.
Views from the Regensburg mill. Dry distillation of black liquor was conduced in the ovens shown to the right [42].
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Figures 10 and 11.
Pilot-plant equipment used for the production of DMSO by black liquor oxidation in Finland in the 1940s [41] and 
process scheme for the Bogalusa mill [21]. 

DMSO has a number of important applications in 
industrial chemistry. For the other applications, more 
widely known by a number of people, one only needs to 
carry out an Internet search for “DMSO” or “dimethyl 
sulfoxide” – as predicted by Herschler and Jacob [16].

PERMUTITE – THE FIRST ANALYZED EVA-
PORATOR SCALE

The need for the recovery of pulping chemicals from 
black liquors was fully realized by the pioneering pulp-
ing engineers. Various processes were developed for 
soda mills and further refi ned for kraft pulp mills. In the 
beginning of the 20th century, the recovery departments 
of kraft pulp mills contained multi-stage (up to 4 stages) 
evaporator trains, rotary recovery furnaces, Figure 12, 
and separate smelt furnaces for sulfate reduction. The 
dried black liquor residue from the rotary furnaces was 

typically shoveled into the smelt furnaces. At the same 
time, make-up chemical (Glauber’s salt) was also intro-
duced into the smelt furnaces. The reduction rates were 
usually anything from 50 to 80%. The introduction of the 
fi rst proper recovery boilers in the 1930s must have been 
warmly welcomed at the mills, particularly by those who 
were responsible for fi lling the smelt furnaces.

There is one problem that was frequently faced by the 
engineers responsible for the recovery operations during 
those early years, a problem that has been only partially 
solved so far: scaling of black liquor evaporators. Al-
though the mills must have developed different washing 
and other methods to keep the heat exchange surfaces 
clean, it took a long time before the nature of the scales 
was tackled by analytical chemists. As far as is known, 
the fi rst such analysis was conducted by Ant-Wuorinen, 
Figure 13 in Finland in 1931 [4]. 

Figure 12.
“Modern” rotary recovery furnaces in a 
Swedish Kraft pulp mill in the 1920s [18].
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The fi rst analyzed scale turned out to be permutite, 
sodium aluminosilicate containing 55% of SiO2, 28% of 

Figure 13.
Dr. Jalo Urho Anton Ant-Wuorinen, who in 1931 conducted the 
fi rst published analysis of scales from black liquor evaporation.

Al2O3, 16% Na2O, and small amounts of CaO and MgO. 
The more common scale types hampering more modern 
evaporators (calcium carbonate, sodium carbonate, 
and burkeite) were discovered by the end of the 1950s. 
Interest in their formation and control is still strong, for 
obvious reasons.

CONCLUDING REMARKS

The history of black liquor research is full of exciting 
events and stories of determined, optimistic and ener-
getic engineers and scientists – only a limited selection 
of some events could naturally now be included in this 
paper. Many of the examples discussed here are based 
on Swedish, German, or Finnish publications and may 
therefore be relatively poorly known to most readers. It 
can only be hoped that the current collection of cases, 
together with the short list of references, will increase 
readers’ interest in the world of groundbreaking pulping 
engineers and chemists.
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70 YEARS OF ADVANCES IN RECOVERY BOILER 
DESIGN

Figure 1.
Early Tampella rotary furnace from about 1925 [1].

INTRODUCTION

The earliest recovery boiler was constructed at the Dom-
tar - Windsor pulp mill in 1934. While this boiler has 
long been gone, the second recovery boiler ever built at 
the Cascades - East Angus mill is still operating. I had a 
chance to see this boiler in operation about 10 years ago. 
This boiler was built in 1938! The latest records I have 
show that it is still operating. Having seen this boiler I 
was amazed in two ways: 1. That it was still in operation, 
although I doubt there is much original metal or refrac-
tory left; and 2. The incredible changes that have taken 
place in recovery boiler design in the almost 70 years 
since this boiler was built. 

My intent in this short article is to provide an overview 
of the changes that have taken place in recovery boiler 
design in the past 70 years. Sometimes it is good to look 
back to give some perspective on the accomplishments 
of the many engineers, scientists, technicians, and opera-
tors that have helped to evolve the design of the kraft 
recovery boiler. In doing so I would like to recapture, just 
a little, the feeling we had when we fi rst saw a recovery 
boiler. I know that after spending 4 years seeing side 
elevations of recovery boilers I was not prepared for the 
reality of seeing one in person.

ANDREW K. JONES, 
INTERNATIONAL PAPER, USA
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Prior to the construction of the fi rst recovery boiler 
there was a long period of development work on various 
smelters and rotary furnaces. As with most develop-
ments of complex machinery, it is diffi cult to say when 
the invention truly takes place, I have used the generally 
accepted criteria that the recovery boiler is a self-con-
tained furnace where both combustion and heat recovery 
take place and has water-cooled walls. The two pioneer-
ing companies in this fi eld were B&W and Combustion 
Engineering. The ability to spray liquor directly into the 
furnace, and the use of water-cooled walls were the main 
factors that have enabled all subsequent development 
efforts. 

The developments that I am going to cover when looking 
at the history of recovery boiler design are as follows: 
the increase in throughput, the decrease in emissions, 
the improved safety, and in a bit more detail the increase 
in energy effi ciency and the improvements in operating 
periods between water washes. I have chosen these top-
ics, as I believe these are the advances that have enabled 
the recovery boiler to remain the dominant technology 
for the combustion of black liquor. Also it is my intent to 
point out how these advances have been critical in ena-
bling the development of large single-line pulp mills that 
can self-generate all the steam required for the process. 

Now back to my experience with the oldest operating 
recovery boiler. During my visit I was able to walk this 
boiler down. This was by no means a lengthy process, as 
the East Angus boiler is about 3 meters by 3 meters in 
cross section and about 7 meters high. One spray nozzle 
operates on the front wall spraying the liquor over the 
walls. Large sheets of liquor were falling of the walls 
to burn on the hearth. I compare this with my visits to 
some of the large recovery boilers. I have not had the 
opportunity to visit any of the +4000 ton/day recovery 
boilers, but I have seen a number of boilers in the 3000-
4000 ton/day size range. These latest recovery boilers are 
in excess of 17 meters by 17 meters in cross section and 
more than 80 meters high. 400 of the East Angus boilers 
could fi t inside these boilers. A walk down of one of 
these large boilers can be an exhausting effort, especially 
if the elevator is not working! The processes taking place 
in these large boilers are not much different than those 
taking place in the East Angus boiler. Not much liquor is 
drying on the walls of these boilers, but the same chemi-
cal reactions are taking place. 

CHANGES IN RECOVERY BOILERS

What has changed is the amount of liquor processed in 
a day by a single recovery boiler. This has gone from less 
than 50 tons per day to over 5000 tons per day. Using a 
rough estimate of $400/ton pulp value this increase in 
recovery boiler design has gone from supporting a $4 
million/year business to an operation generating $400/yr 

million in pulp sales per year. I believe some perspective 
in the amount of black liquor processed by a modern 
recovery boiler is needed, as we tend to lose sight of 
this. A 5000 ton/day recovery boiler burns enough black 
liquor to empty an Olympic sized swimming pool every 
day!

A well-operated modern recovery boiler is one of the 
cleanest operating furnaces; only natural gas is cleaner. 
Sulfur emissions are negligible, despite having upwards 
of 5% sulfur in the fuel. CO is typically less than 100 
ppm, and NOx can be as low as 50 ppm. These CO 
and NOx levels are substantially less than the levels 
generated from furnaces burning coal, or biomass. Dust 
emissions are typically less than 20 mg/cubic meter. It is 
hard to be sure what those original recovery boiler emit-
ted, but in the table below I have made some estimates. 
All ppm levels assume correction to 8% O2.

Emissions have been reduced due to better dust collec-
tion equipment, higher percent solids, the elimination of 
direct-contact equipment, and major improvements in air 
system design. Just how have these advances resulted in 
lower emissions?

Figure 2,
One of the earliest Scandinavian Tomlinson recovery boilers [2], 
the East Angus boiler looked like this.
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Dust collection equipment has evolved from the spray 
tower designs used on the earliest recovery boilers to the 
large highly effi cient electrostatic precipitators on mod-
ern recovery boilers. Collection effi ciencies of the old 
spray towers were probably about 90% at best. Collection 
effi ciency on recent precipitators has exceeded 99.95%. 
So the dust load per kilo of black liquor solids has been 
reduced by about 20 times.

Higher percent solids on the recovery boiler have had 
the greatest impact on SO2. I remember seeing some 
of the earliest test data from recovery boilers burning 
greater than 75% solids and questioning the accuracy of 
the SO2 measurement when it was zero for every test. 
Most modern recovery boilers normally make undetect-
able levels of SO2.

The elimination of direct-contact equipment has resulted 
in a lowering of the VOC content of the fl ue gases. 

TRS levels have been reduced as well, but TRS levels 
have also been controlled recently on the few remaining 
direct- contact units by much better control of the black 
liquor oxidation process.

Recent air system design advances (Quaternary Air and 
Multi-Level air designs) have enabled substantial reduc-
tions in the NOx levels in recovery boilers; levels of less 
than 50 ppm are now achieved on recently built recovery 
boilers. Operating at high solids tends to increase NOx 
levels, but air system design has been able to counter 
this trend and actually result in lower NOx levels than 
seen in the 1980’s era recovery boilers where NOx 

Figure 3.
The fi rst CE recovery boiler 1938 [3].

y
Emission  Originally Latest Designs 
O2 – required for combustion 6-8% 1-2% 
CO 2000-10000 ppm 50-100 ppm 
SO2 250-500 ppm 0 ppm 
TRS 20-100 ppm 0-1 ppm 
NOx 75-100 ppm 50 ppm 
VOC 50-100 ppm 0-5 ppm 
Dust 100-200 mg/cubic meter 10-20 mg/cubic meter 

Table 1.  
Recovery boiler emissions
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levels of greater than 90 ppm were seen. The reduction 
in levels of NOx is achieved by operating with very low 
excess air levels and by staging the air addition vertically 
in the furnace.

SAFETY

Safety has been improved in many different ways. The 
activities of the various industry boiler safety com-

Figure 4.  
Side view of the Joutseno recovery boiler [4].

y p
Decade Kilo steam/kilo black 

liquor solids 
Maximum Operating 
Pressure (Bar) 

Maximum Operating 
Temperature (C) 

1940’s 2.3-2.5 40 375 

1950’s 2.5-2.7 55 400 

1960’s 2.7-2.9 60 450 

1970’s 3.0-3.3 80 470 

1980’s 3.3-3.5 100 480 

1990’s 3.5-3.7 100 495 

2000’s 3.7-3.8 110 510 

mittees have had a huge impact in the elimination of 
the root causes of recovery boiler explosions. Critical 
advances are: emergency shutdown procedures, operator 
training and certifi cation, inspection techniques, burner 
management systems, and boiler design changes. A good 
fundamental understanding of the root causes of boiler 
explosions has been used to develop early detection 
systems, and comprehensive guidelines for safe recovery 
boiler operation.

In North America BLRBAC, the Black Liquor Recovery 
Boiler Advisory Committee has played the leading role 
in providing recommendation for operating and design 
practices to minimize the risk of recovery boiler explo-
sions. The operators of recovery boiler typically translate 
the recommendations from this group into operating 
procedures and requirements. 

ENERGY EFFICIENCY

The advances in energy effi ciency of recovery boilers 
have been on many fronts. The easiest way to get an 
overall picture of this increase in effi ciency is to look at 
the kilograms of steam generated per kilogram of black 
liquor fi red on the boiler. What is clear is that more 
steam at higher temperatures and pressure is generated 
from black liquor. 

The following table shows the number of kilograms of 
steam generated from a recovery boiler for each of the 
decades from the 1940’s to present day. Also shown is 
the maximum steam pressure and temperature. This is 
not intended to be a comprehensive record of recovery 
boiler effi ciency; rather it is based on the few remain-
ing boilers from these decades that still operate in their 
original confi guration.

If we assume a backpressure of 10 bars, then the power 
generated per kilo of black liquor burned has gone from 
about 18 kW to 54 kW, or about 3 times the amount of 
power. 

Table 2.  
Recovery boiler steam 
production.
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What are the specifi c advances that have enabled 
this three-fold increase in power production and 50% 
increase in steam production? They can be broken down 
into four specifi c areas: air system design, black liquor 
concentration and burning, material selection, and 
operating/maintenance practices. Let’s deal with each of 
these in turn.

The major benefi t of the recent air system designs 
(multi-level air is a good example) is that excess air 
levels can be reduced to very low levels. Recovery 
boilers are operating now that can meet all emission 
requirements with exit O2 levels of less than 1%. Air 
system design has advanced substantially in the past two 
decades. Computational Fluid Dynamics has played a 
major role in identifying defi ciencies with older designs 
and in enabling radical new designs to be designed and 
installed. Supervisory control packages are now available 
that enable control at these very low levels on a continu-
ous basis.

Black liquor concentration has advanced from solids 
levels that barely sustained combustion (60%) to the 
point now where 90% solids have been achieved. These 
advances have been possible due to improvements in 
concentrators (forced circulation, crystallizers), in system 
design (pressurized storage), and in the design and 
operation of liquor fi ring systems.

Material selection has enabled the increase in both 
operating pressure and exit steam temperature. Specifi c 
problems that have been overcome are the sulfi da-
tion attack in the lower furnace by use of alloys and 
co-extruded tubes, and the wastage of superheater tubes 
due to molten smelt attack. It has not been an easy path; 
there are still ongoing efforts to develop fully resistant 
materials. Some recent work that has shown the impact 
of potassium on the fi rst melting point of smelt, this has 
enabled higher superheater exit temperature by selec-
tively removing potassium from the black liquor.

OPERATION

Operating practices have addressed consistency of condi-
tions seen on the recovery boiler. Consistent operation 
at the most effi cient point can now be achieved on a 
recovery boiler. Already mentioned is the control of 
excess air, but other factors such as the liquor percent 
solids, the stability of fuel addition and the control of 
steam temperature are also very important. Supervisory 
control is a key part of this control.

Maintenance practices that reduce the risk of tube failure 
are another major contributing factor. With proper 
inspection/repair the risk of failure is reduced so more 
demanding conditions can be sustained. 

When the fi rst recovery boilers were built seven days 
between water washes was considered great operation. 
I can only imagine the effort, cost and impact on the 
equipment from 52 water washes per year. Now it is not 
uncommon to hear of boilers operating more than one 
year without a water wash. What were the key advances 
that enabled this improvement in operation? I believe 
they are as follows: recovery boiler design; sootblower 
design and operation; air system operation; and a funda-
mental understanding of ash chemistry.

Early on the designers of recovery boilers recognized 
that black liquor is a distinctly different fuel. The highly 
slagging behavior of black liquor ash was dealt with by 
providing larger furnace volumes and wider spacing of 
heat transfer surfaces. Air systems also advanced to help 
reduce carryover; early changes include the addition of 
air above the liquor guns. These distinctions for recovery 
boilers continue on modern units. The furnace volume 
provided for black liquor is much greater than for other 
fuels, and the heat transfer surface on the superheaters 
is 30-40% more than for other types of fuel. Air system 
design has continued to advance with numerous develop-
ments that have helped to lower the gas temperature 
reaching the heat transfer surfaces and reducing the 
amount of carryover.

I have seen a few of the old recovery boilers that were 
fi tted with ports for hand lancing the superheater and 
generating bank. That must have been hot, danger-
ous, and dirty work, as the furnace was probably over 
pressurizing and blowing saltcake into the air. The fi rst 
sootblower installations must have been popular with 
the operators, but may have been less welcome by the 
maintenance staff. As with air systems, the advances in 
sootblower design and operation have been numerous. 
The latest high effi ciency nozzle designs are so good that 
care has to be taken in setting the operating pressure. 
Letting this pressure get too high can deliver such a 
strong impact force on the tubes that damage can occur. 
The other advance is the better placement of sootblow-
ers, so that better coverage of the heat transfer surfaces 
can be achieved.

Air system operation is also important. Air system 
designs have considerable fl exibility; the key is to 
determine the best method of operation depending on 
the operating demands placed on the recovery boiler. 
Important is to minimize the air used under the liquor 
guns (while still controlling the char bed), and operating 
with good pressures. Minimizing the excess air used can 
also have major impact on fouling.

Lastly, but of major importance is the much improved 
understanding of the impact of ash chemistry on fouling. 
The term ”sticky temperature” has entered the lexicon 
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of everyone involved in recovery boiler design and 
operation. Many mills have made huge gains in water 
wash intervals by tacking strides to increase the “sticky 
temperature” by reducing the chloride and potassium 
levels in black liquor.

CONCLUSIONS

Black liquor recovery boilers are amazing pieces of 
equipment. Modern recovery boilers operate over 97% 
of the time, requiring one planned outage per year. They 
have emission levels that are among the best for any 
type of furnace. They generate steam from a free fuel at 
very high levels of effi ciency. The days of the recovery 
boiler may be nearing an end, as there may soon be a vi-
able alternate in the form of gasifi ers. But as an industry 
we should be proud of the efforts made to develop, 
design and operate the modern recovery boiler. From 
a refractory box barely able to sustain combustion, to a 
modern unit that is the heart and soul of the pulp mill, it 
has been quite the ride!
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INTRODUCTION

Black liquor recovery boilers operate with a pile of 
inorganic salts and partially burnt black liquor solids 
on the hearth. This normally covers the entire fl oor to 
a height of a meter or more. This pile is referred to as a 
char bed. The char bed has a central role in the stable, 
effi cient and safe operation of the recovery boiler. It 
provides for the completion of char combustion, the 
reduction of sulfate to sulfi de, and for the removal of 
recovered inorganic salts (smelt) from the furnace. It 
also plays a signifi cant role in the formation of fume, 
ISP, and carryover particles which contribute to boiler 
plugging. Finally, char bed behavior and stability affects 
the overall operability of the recovery boiler.

Despite the importance of the char bed, it is probably the 
least understood of the recovery boiler processes. This 
lack of understanding is illustrated by the fact that there 
are currently no good mathematical models of the char 
bed. This can be contrasted with the rest of the furnace, 
where sophisticated liquor burning models coupled with 
CFD models of gas fl ows within recovery boilers have 
contributed greatly to better boiler design and operation.

The purpose of this paper is to review what is known 
about char bed processes and to shed some light on 
what goes on in the char bed. While it certainly is not 
intended to provide all of the answers, hopefully it will 
serve to shed some light on the subject and maybe even 
change some views about what is important about the 
char bed.

A REVIEW OF CHAR BED PROCESSES
(WHAT GOES ON IN THE CHAR BED)

NATURE OF CHAR BEDS

Chemical Composition

The material in the char bed includes molten and frozen 
smelt (inorganic salts) carbonaceous char, and partially 
pyrolyzed black liquor solids. Char itself, the residual 
after devolatilization of the liquor solids, contains about 
1/2 to 2/3 of the carbon and less than 1/3 of the hydro-
gen from the organic in the original black liquor [1]. 
There is essentially no organic oxygen left, all oxygen in 
char being associated with the inorganic (smelt).

While the detailed chemistry of the bed is actually 
very complex, for most practical purposes, char beds 
can be considered to consist of carbon, C, and sodium 
carbonate, Na2CO3, sodium sulfi de, Na2S, and Na2SO4. 
There will be small amounts of potassium, K, present 
as inorganic salts analogous to the sodium salts, and 
chloride (as NaCl and KCl). Other anions, such as 
sulfi te, thiosulfate, and polysulfi de, may also be present 
in small quantities.

Metallic sodium and potassium can be formed within the 
bed and be present in small quantities. Highly reduced 
black  liquor char is known to be extremely reactive with 
oxygen and can combust spontaneously when exposed to 
air. This reactivity may be due to the Na and K content.

THOMAS M. GRACE, T. M. GRACE COMPANY, 
INC., APPLETON, WI, USA
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Physical Structure

Char beds occupy space within the furnace and thus 
have a shape. The bed shape can be described quanti-
tatively by specifying the height of the bed surface as a 
function of position on the hearth. Qualitative descrip-
tions normally suffi ce. Many different bed shapes have 
been observed [2]. These include:
• bare smelt pools fl ush with spout openings, 
• fl at beds at a height close to that of the primary air  
 ports, 
• cratered beds, with a greater bed height around the  
 perimeter of the hearth than in the center, and 
• beds with one or more large mounds 2 to 4 m in  
 height.

Char beds have considerable mass, up to 200 metric 
tons. The total bed mass can be determined by integrat-
ing the local bed density over the entire volume of 
the bed. This is not straightforward, since beds have 
considerable porosity and the porosity is not uniform 
over the height and breadth of the bed. In general, the 
porosity decreases in moving away from the bed surface 
toward the fl oor. Since liquid smelt cannot support any 
structure, porosity can only exist where either carbona-
ceous char or frozen smelt are present. Thus the porosity 
distribution and physical structure of the char bed is 
closely coupled with the chemical composition distribu-
tion and the temperature fi elds within the bed.

The porosity in char beds is both macroscopic and 
microscopic. The char particle originating from the 
individual black liquor drop sprayed into the furnace is 
very porous. This microscopic porosity is generated dur-
ing the devolatilization stage and is very high, perhaps 
90-95%  for a good swelling liquor. This intrinsic char 
porosity decreases as the char particle burns and smelt 
forms. The individual char particle typically maintains 
its identity while this is occurring. The macroscopic 
porosity is characterized by much larger pore sizes and 
is generated by the individual char particles piling on 
top of one another and by pieces and fragments of frozen 
smelt becoming intermixed with each other and with the 
rest of the bed.

Both the chemical composition of the bed and its 
physical structure depend on how the bed is formed. 
Char beds do not simply exist, they are built. Exactly 
how they are built initially and then evolve determines 
the nature of the char bed and what is going on in it. 
Furnace hearth design is an important factor in how the 
bed develops.

CHAR BED MATERIAL BALANCES

The bed building process can be understood as the 
consequence of a material balance over the bed. The bed 

grows locally if the rate of material reaching the bed ex-
ceeds that of material leaving the bed, and decays if the 
rate of material reaching the bed is less than the rate of 
material leaving. This process is always dynamic. There 
is no such thing as an inherently stable, constant compo-
sition char bed. At any given time various portions of the 
bed are growing or decaying, even when the overall bed 
is reasonably steady. Continued, cyclic growth and decay 
can profoundly affect bed structure.

The sources of material to the char bed include:
• liquor drops at various stages of burning arriving  
 directly onto the bed from the liquor sprays,
• char sluffi ng off walls as a result of liquor drops  
 being sprayed on walls,
• molten smelt running down the walls,
• molten smelt dripping off the nose arch and super 
 heater tubes and falling to the bed,
• solid ash chunks falling from the upper furnace as a  
 result of sootblowing.

Material is removed from the char bed by the following 
processes:
• carbon oxidation and gasifi cation,
• pyrolysis of incompletely devolatilized organic  
 material,
• molten smelt formation and fl ow out of spouts,
 o melting of solidifi ed smelt
 o release of molten smelt from burning char
• entrainment of solid liquor particles off the bed  
 surface,
• inorganic vaporization processes.

One of the biggest factors affecting the size and shape 
of the bed is the amount of liquor that is sprayed on the 
walls, either deliberately or as a natural consequence of 
liquor spray patterns and air fl ows in the furnace. This 
material will fall to the hearth around the periphery and 
will either burn there or be pushed toward the center of 
the furnace by the primary air. The amount and velocity 
of primary air is another key variable affecting bed 
shape and size.

Extensive delivery of char around the periphery will 
result in the char building up directly in front of the 
primary air ports. Primary air jets will impinge directly 
on the bed and can cause intense local burning. The 
individual air jets can cut fl ow channels through the bed 
with the bed actually coming close to the wall or contact-
ing it between the air jets. The bed may also build up 
close to and above the air ports and then be undercut so 
that it topples onto the air port. This can result in local 
blackout and poor air distribution. This mode of bed 
burning should generally be avoided. 

The inorganic in the bed directly under the edge of 
the nose arch is likely to be enriched in potassium and 
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chloride, because the fume carried to the upper furnace 
is enriched by these more volatile species. Thus there is 
a process of selective removal of chloride from the entire 
bed and burning liquor drops with the return to the bed 
occurring in selected locations. The sulfate reduction 
load will also be higher in those parts of the bed where 
considerable oxidized inorganic falls from the upper 
furnace. Increased sulfate reduction in a localized region 
can result in carbon depletion.

The hearth design also infl uences the nature of the bed. 
In decanting-bottom units, with elevated smelt spouts, a 
pool of molten smelt forms on the fl oor and overfl ows 
out of the spouts. A frozen smelt layer forms below 
the pool and protects the fl oor tubes from excessive 
temperatures and corrosion. When a bed is built in 
these types of units the char initially fl oats on top of 
the smelt pool. As the bed grows in height and weight it 
may eventually sink to the bottom of the smelt pool and 
become anchored. However, such beds tend to remain 
hot and porous, since the slow, steady fl ow of smelt in 
the underlying pool toward the spouts helps keep the 
entire bed above the smelt melting temperature. 

In a slant fl oor unit, with spouts fl ush with the low point 
of the fl oor, the smelt forms a continuously growing 
frozen layer as the bed builds. The smelt tends to run 
off the growing frozen mound and forms channels and 
rivers that fl ow toward the spouts. Depending on the 
rate of heat transfer to the fl oor, a relatively dense, 
inactive, inorganic-rich mound can underlie the bed of 
char that is burning on the surface. Much of the smelt 
fl ow in these units is along the side walls and then in 
channels along the spout wall and out the spouts. Smelt 
fl ow channels can also form in the middle of the furnace 
leading to the spouts.

Ideally, a char bed would be self-stabilizing. If it is grow-
ing it would encounter an environment that increased 
the rate of bed burning and slowed or halted the bed 
growth. Similarly, if the bed were shrinking, it would 
encounter an environment that slowed the rate of bed 
burning and thus slowed or halt the rate of shrinkage. 
There is no inherent reason for this to happen, and 
experience shows that it can be diffi cult to maintain a 
stable, moderately sized bed.

There is a possibility that the desired self-stabilizing con-
ditions can be maintained through limiting the spacial 
oxygen availability in the lower furnace. For this to be 
effective, high bed burning temperatures would have to 
be maintained so that chemical reaction rates and heat 
transfer considerations did not act as rate limiting steps. 
High solids fi ring certainly would facilitate maintaining 
the desired temperatures.

Most current bed control strategies involve observing 

whether the bed is growing or decaying and then making 
small adjustments on liquor sprays (usually by changing 
liquor temperature) to counteract the growth or decay. 
This creates an inherently dynamic bed.

CHEMICAL PROCESSES IN CHAR BEDS

The overall chemical processes that occur in the char 
bed are conversion of the liquor organics to oxidizable 
or oxidized gases, conversion of the sodium and sulfur 
content to Na2CO3 and Na2S, and inorganic vaporization 
processes (fume formation). 

Carbon Oxidation

The basic char burning reactions involve carbon oxida-
tion to carbon monoxide, CO, and carbon dioxide, CO2. 
This can occur either by direct oxidation by oxygen in 
the combustion air, or by gasifi cation with water vapor, 
H2O, or CO2. The relevant reactions are:

1. C + ½ O2 = CO

2. C + O2 = CO2

3. H2O + C = H2 + CO

4. CO2 + C = 2 CO

The oxidation reactions are strongly exothermic (heat 
releasing), with the heat released in going from C to CO 
about half that released in going from CO to CO2. The 
gasifi cation reactions themselves are endothermic (heat 
absorbing). However, the H2 and CO produced by gasifi -
cation can be readily oxidized back to H2O and CO2 by 
reaction with oxygen. If there is an O2 content in the gas 
coming in contact with the char it is possible to have the 
actual mechanism of carbon release be gasifi cation even 
though the net result is oxidation. For example, if we add 
reaction (3) to reactions (5) and (6) the result is simply 
reaction (2) the exothermic oxidation of C to CO2.

5. H2 + ½ O2 = H2O

6. CO + ½ O2 = CO2

In this case, the char combustion can be treated as an 
oxygen mass transfer controlled burning process. Such 
combustion in the char bed can only take place in a thin 
surface region where there is direct access to oxygen 
from combustion air. 

An alternative scenario is to have the bed carbon being 
simply gasifi ed by H2O and CO2 in an O2 depleted gas 
stream with fi nal combustion occurring in a fi reball well 
above the bed, where secondary and tertiary air supply 
the necessary oxygen. In this case, the endothermic 
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gasifi cation reactions would cool the bed surface and 
the burning rate is likely to be heat transfer controlled. 
Combustion rates could only be maintained by radiating 
heat from the fi reball to the bed surface. Even in this 
case, the char gasifi cation reactions require access to 
H2O and CO2 gases and can only occur in a thin surface 
region on the bed.

Thus it can be concluded that carbon burning can only 
occur in a thin layer on the surface of the bed where 
there is access to combustion gases. The thickness of this 
layer is likely to be no more than a few liquor particle 
diameters, probably less than 5 cm.

Sulfi de Oxidation

Sodium sulfi de, one of the desired chemical products of 
black liquor burning, is a reduced species and is readily 
reoxidized to sodium sulfate. The reaction is

7. Na2S + 2 O2 = Na2SO4

This sulfi de reoxidation is highly exothermic with a 
reaction rate that is completely controlled by oxygen 
mass transfer.

Sulfate Reduction

Reduction of sodium sulfate to sulfi de is an important 
aspect of kraft liquor burning. The main reducing agent 
is carbon and the reactions are:

8. Na2SO4 + 2 C = Na2S + 2 CO2   and

9. Na2SO4 + 4 C = Na2S + 4 CO

Both of these reactions are endothermic, with reac-
tion (8) being less endothermic than reaction (9). The 
available evidence suggests that reaction (8) is the most 
important reduction reaction in the recovery furnace [3].

Sulfate reduction could also occur by reaction with the 
reducing gases H2 and CO. The reactions would be

10. Na2SO4 + 4 H2 = Na2S + 4 H2O   and

11. Na2SO4 + 4 CO = Na2S + 4 CO2 

Neither of these reactions is believed to be important in 
the recovery furnace char bed [4].

Sulfate-Sulfi de Cycle

As long as suffi cient carbon is present, both reactions 
(7) and (8) can be going on simultaneously on the same 
burning char particle. The overall result is simply carbon 
burnup as illustrated below:

 Na2SO4 + 2 C = Na2S + 2 CO2  

plus Na2S + 2 O2 = Na2SO4 

gives 2 C + 2 O2 = 2 CO2 

This combined process has been referred to as the 
sulfate-sulfi de cycle. This process has been analyzed in 
detail. [5,6] Under conditions where temperatures are 
high enough and O2 mass transfer is limiting, net carbon 
burnup occurs with a very high state of reduction being 
maintained until the carbon is depleted, even though 
oxygen is coming into direct contact with the burning 
particle. The sulfate-sulfi de cycle helps explain why kraft 
liquors burn much better than soda liquors, since the 
sulfur effectively acts as a catalyst for carbon oxidation.

The main implication of the sulfate-sulfi de cycle is 
that net sulfate reduction is an inherent part of black 
liquor burning and occurs easily. It is not necessary to 
maintain an oxygen starved environment in the lower 
furnace to get good reduction. In fact, an oxygen-starved 
lower furnace is counterproductive to good reduction 
because the reduced combustion rates will lead to low 
bed temperatures which leads to low reduction rates. The 
best way to get high reduction effi ciencies is to maintain 
a hot bed through active bed combustion.

Sulfate-sulfi de transitions play a signifi cant role in 
effectively catalyzing the oxidation of carbon in the char 
bed. The exothermic sulfate-sulfi de cycle is probably the 
most important means for burning carbon in the bed, 
particularly in the vicinity of the primary air ports.

The sulfi de in molten smelt after the carbon is burnt off 
is very easily oxidized back to sulfate. This reoxidation 
causes a net loss in overall reduction effi ciency and 
should be minimized. Molten smelt fl owing toward the 
spouts needs to be shielded from direct contact with 
air. In many recovery boilers operating with hot, low to 
moderately sized beds, this is probably the main cause of 
lowered reduction effi ciencies.

Sub-Surface Reactions

Sulfate reduction by carbon (reactions 8 and 9) is differ-
ent from all of the other reactions considered so far, in 
that it does not require access to furnace gases (O2, H2O, 
or CO2), and can thus occur in the interior of the bed. 
Another reaction that can occur in the bed interior is 
carbonate reduction. This can occur as either

12. Na2CO3 + C = 2 Na + CO2 + CO  or

13. Na2CO3 +2 C = 2 Na + 3 CO
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These reactions require elevated temperature and the 
presence of carbon to occur at reasonable rates. The 
reactions form metallic sodium which can vaporize and 
eventually form Na2CO3 and Na2SO4 fume in the upper 
furnace. Analogous reactions occur for potassium. The 
carbonate reduction reactions are highly endothermic. 
Some metallic Na and K may be deposited within the 
bed, especially in the cooler regions. This might account 
for the fact that highly reduced char can combust sponta-
neously when exposed to air. 

Both NaCl and KCl will vaporize, with vapor pressures 
increasing as temperature increases. KCl is more volatile 
than NaCl and this is the primary mechanism respon-
sible for fume being enriched in potassium. Because of 
the heat of vaporization, this acts like an endothermic 
reaction. Vaporization of chlorides will cease if chloride 
is depleted or temperatures become too low. 

Another endothermic reaction that could occur within 
the bed is the thermal decomposition of carbonate. The 
reaction is 

14. Na2CO3 = Na2O + CO2  =  2 Na + CO2 + ½ O2 

The unique feature of this reaction is that the extent of 
it is only affected by the temperature and not subject 
to depletion, since the only reactant, Na2CO3 is readily 
available.

Carbonate reduction requires carbon as well as elevated 
temperature and can only occur in those portions of the 
bed where signifi cant carbon remains. It will not occur in 
molten or frozen smelt. 

Chloride vaporization (and carbonate decomposition, if 
it occurs) can take place in molten smelt and in frozen 
smelt if temperatures are high enough. Temperature is 
the only important variable.

All of the chemical reactions of importance in the bed 
have intrinsic temperature-dependent reaction rates. The 
temperature dependence can usually be expressed with 
an Arrhenius equation containing an activation energy. 
However, the intrinsic kinetics usually only control the 
overall reaction rates indirectly. 

If the reaction is endothermic, the reacting mass tends 
to cool, which slows the reaction rate. The overall rate 
is then determined by the rate of heat transfer to the 
reacting mass. Essentially all of the reactions occurring 
in the interior of the bed will be heat transfer controlled. 
Surface reactions would also be heat transfer controlled 
where the bed is simply being gasifi ed with an oxygen-
depleted gas stream. In this case heat transfer from the 
hot fi reball above the bed would be the rate controlling 
process.

The exothermic combustion reactions, on the other 
hand tend to cause the temperature to rise. Temperature 
does not normally limit such reactions. They tend to be 
limited by mass transfer between the reactive gases and 
the solid carbon (or molten smelt) substrate. This would 
be the normal case of bed burning with some residual O2 
in the gas stream contacting the bed.

Another factor that can affect the extent of reactions 
within the bed, if gaseous products are involved, is the 
mass transfer of the product gases out from within the 
bed. This is particularly true of the reactions forming 
Na or K vapor. These vapors will only act as fume 
precursors as they diffuse out of the bed where they can 
react with oxidizing gases. Since mass transfer requires a 
partial pressure driving force, the local partial pressures 
of Na and K will build up and could act to suppress 
further reaction. Similar considerations could apply to 
NaCl and KCl vaporization within the bed.

There are also reactions that involve minor species. For 
example, NOx formation can occur during char burning 
as can the production of char nitrogen species that result 
in ammonia formation in the dissolving tank [7].

All of the reactions considered so far are relatively rapid 
and involve signifi cant quantities of materials on an 
ongoing basis. Even a few ppm of a product gas is a rela-
tively large amount of material in a large recovery boiler. 
However, there are reactions and processes that occur at 
very low rates that could still be important in some parts 
of the bed, where the retention time of the material in 
the furnace is measured in weeks or even months. One 
example of such a reaction is the interaction of gaseous 
sulfur with sulfi de to form polysulfi de, which might be 
a factor in causing low melting substances to migrate 
down temperature gradients and form liquids adjacent 
to tube surfaces [8]. Such reactions are currently not well 
understood.

HEAT TRANSFER IN CHAR BEDS

As discussed above, all of the reactions occurring in the 
interior of the bed are endothermic and heat transfer 
controlled. This means that subsurface reaction rates are 
limited by the ability to transfer heat into the interior. 
Thus heat transfer and the resultant temperature gradi-
ents play a major role in subsurface bed processes and 
thus in the development of bed structure and composi-
tion.

There are two types of heat transfer processes involved: 
external heat transfer between the bed surface and the 
surroundings (furnace gases and walls), and internal 
heat transfer. Depending on where the maximum 
combustion is occurring, the net external heat transfer 
can be either to or from the bed. External heat transfer 
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is primarily radiative, although convective heat transfer 
to/from the gases fl owing across the bed surface can also 
be important. The main role of external heat transfer is 
establishing the bed surface temperature, which is a very 
important parameter in terms of overall bed burning, 
and also the most important boundary condition for heat 
fl ow into the bed interior.

Internal heat transfer is heat fl ow from the bed surface 
into the interior and ultimately to the fl oor (or lower 
side walls). The primary mechanisms are by conduction 
through the bed material and by convection due to fl ow-
ing molten smelt. The rate of heat fl ow by conduction is 
determined by the product of the temperature gradient 
and the thermal conductivity. The thermal conductivity, 
k, of the bed material depends on composition, porosity, 
and temperature [9]. The value of k for frozen smelt is 
about 0.6 W/mK, which is of the same magnitude as that 
of brick. The k value for porous char can be signifi cantly 
lower, depending on the porosity. However, at higher 
temperatures (> 700 °C) the radiation across internal 
pore spaces can be signifi cant and a much higher effec-
tive thermal conductivity can exist. 

The temperature gradients in the bed depend on the 
surface temperature and the bed size. Since fl oor tube 
metal temperatures are of the order of 300°C, and sur-
face temperatures are typically 1000-1100°C, the average 
gradient across a moderate-size (1 ½ m) bed would be 
about 500 °C/m, which agrees with the magnitude of 
gradients that have been measured in operating beds. 
In a decanting bottom unit with a molten smelt pool on 
the hearth, the pool would be at a temperature similar to 
that at which smelt fl ows out the spouts, or about 800-
850 °C. In this case the bed above the pool is usually 
more porous and smaller (e.g. ½ m). The average tem-
perature gradient in the porous bed would then be about 
400 °C/m, which is fairly similar to that in a larger bed 
without a pool. Thus temperature gradients of the order 
of 500°C/m can be expected in char beds.

The temperature gradient determines not only the 
amount of heat transfer into the bed interior, but also 
the thickness of the active zone for subsurface reactions. 
The effect of temperature on reaction rates is determined 
by the activation energy for the reaction. The available 
data on the activation energy for sulfate and carbon-
ate reduction are sparse and confl icting. However, it 
appears that a 100°C drop in temperature will decrease 
the sulfate reduction rate by a factor between 2 and 5, 
and the carbonate reduction rate by a factor of 8. With 
a gradient of 500°C/m, a 100°C drop will occur over a 
distance of 0,20 m. Provided suffi cient sulfate and carbon 
are available, sulfate reduction could be occurring at 
noticeable rates up to about 30 cm below the surface. 
Signifi cant carbonate reduction and sodium formation is 
likely limited to the top 0,15 m of the bed.

A one-dimensional heat balance over a char bed starts 
with a balance over the active surface layer. The compo-
nents of the heat balance are:
• Net heat released by combustion in the surface layer
• Net thermal radiation to or from the bed surface  
 from above
• Heat carried away by fl owing molten smelt
• Heat conducted to the bed elements below
• Heat absorbed by endothermic chemical/physical  
 reactions
 o sulfate reduction
 o carbonate reduction
 o heat of fusion of frozen smelt being melted
 o heat of vaporization of NaCl and KCl

Similar components of the heat balance would apply to 
layers within the bed, except that the fi rst two terms (net 
heat released by combustion and net radiation) would 
be absent.

Molten smelt typically leaves the recovery boiler at 
temperatures in the 800-850°C range. These tempera-
tures are above, but fairly close to the smelt fi rst-freezing 
temperature. The fi rst-freezing temperature decreases 
with increasing sulfi dity until a minimum is reached at 
about 40% sulfi dity, whereupon the freezing temperature 
increases again. The fi rst-freezing temperature is about 
760°C at 28% sulfi dity and 740°C at a sulfi dity of 32%. 
It has been shown that the viscosity of smelt increases 
suddenly and strongly when the fi rst-freezing tempera-
ture is reached, [10] thus the smelt temperature must 
remain 20-40°C above the fi rst-freezing temperature 
if smelt fl ow and spout plugging problems are to be 
avoided.

The 800-850°C smelt temperature range is well below 
the surface burning temperature at which it was presum-
ably formed. Since furnace temperatures above the 
bed are normally > 1000°C, the drop in molten smelt 
temperature between the bed surface and the spouts 
must be due to heat absorbed by endothermic reactions. 
However, the most signifi cant of these endothermic 
reactions require carbon to be present in the smelt. It 
might then be expected that a correlation would exist 
between high green liquor dregs (from carbon) and low 
smelt temperatures, and vice versa. The other possibility 
is that thermal decomposition of sodium carbonate acts 
as a molten smelt thermostat.

MOLTEN SMELT INVENTORY AND FLOW

The main chemical product from the char bed is molten 
smelt, which is formed as a consequence of bed burning 
and fl ows out the smelt spouts. Despite its importance, 
the exact way that molten smelt is released from the 
char, accumulates and moves through the bed to the 
spouts is not well understood.
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Molten Smelt Formation

The inorganic materials that enter the furnace in the liq-
uor solids become bound up with char carbon during the 
devolatilization step. Although it is convenient to think 
of char as consisting of carbon and simple inorganic 
compounds, char is actually a very complex intermix-
ture of carbon, sodium and potassium, and carbonate 
and sulfur species anions. As long as there is enough 
carbon present locally, the char acts like a solid and has 
structure, even at temperatures well above the melting 
temperature of the fi nal inorganic salt products (smelt). 
Smelt is liberated from the char as the carbon is burned 
or gasifi ed to CO or CO2. The liberated smelt fi rst forms 
tiny drops on the surface of the char particle which 
coalesce and grow as more carbon is gasifi ed. Eventually 
the char particle will form a molten smelt bead, or if the 
char mass is large enough, the liberated smelt will form 
a smelt drop which is large enough to fl ow away from 
the char mass under the force of gravity. Gravity is the 
basic motivating force for smelt fl ow in the furnace, so 
the smelt will fl ow down to the extent that it is able to 
fi nd a fl ow path.

Molten smelt can also be formed by the simple act of 
melting frozen smelt. The source of the frozen smelt may 
be solid inorganic falling from the upper furnace, or it 
may be frozen smelt from within the bed that is part of 
the overall bed structure. The latter is converted to mol-
ten smelt primarily when the bed is decaying (or burning 
down). Where there is essentially pure (char-free) frozen 
inorganic mixtures, elevation of the temperature above 
the complete melting temperature (fi rst-freezing tempera-
ture) will result in molten smelt formation.

It is an interesting fact that molten smelt masses, 
once they have accumulated, do not appear to wet the 
remaining char, but instead tend to remain on and fl ow 
along the char surface. The reason for this is not clear, 
although it is well documented in laboratory studies 
[11]. One possible explanation is that molten carbonate 
and sulfate that come in contact with solid carbon react 
with it and form CO and CO2 gas. These microscopic 
gas layers and/or tiny bubbles might act to prevent smelt 
from wetting the carbon. The implication of this is that 
smelt will fl ow off the surface of a char mound rather 
than penetrate it and fl ow down vertically. Molten smelt 
can percolate down through the macroscopic pores be-
tween individual char particles, but it will resist fl owing 
through the smaller pores in the char itself.

Molten Smelt Inventory 

The molten smelt inventory in the char bed (amount and 
location) is likely to be a signifi cant factor in determin-
ing the vulnerability to a smelt-water explosion in the 
event of water entry into the furnace. The greater the 

amount of smelt present, (and its location in an area 
where water is likely to fl ow to under the infl uence of 
gravity), the greater the likelihood and potential violence 
of an explosion.

Smelt inventory and fl ow paths also infl uence the 
steadiness of smelt fl ow out the spouts (which affects dis-
solving tank violence) and the possibility of experiencing 
viscous smelt (sometimes called jelly-roll smelt).

Molten smelt will tend to be concentrated near the fl oor, 
since it fl ows under the action of gravity. The design of 
the hearth has a major effect on the amount and location 
of molten smelt in the bed and on how it fl ows to the 
spouts. In a decanting bottom unit, the fl oor is fl at or 
V-shaped and the spouts are located some distance (typi-
cally between 0.2 and 0.3 m) above the low point of the 
hearth. In such units, the smelt will accumulate in a pool 
at the bottom, with the surface of the pool just slightly 
above the height of the bottom of the spout trough. Since 
the furnace fl oor is water-cooled, a layer of frozen smelt 
will form in contact with the tubes below the molten 
smelt pool. The thickness of the frozen layer will depend 
on the heat fl ux to the fl oor. Typically it will be of the 
order of 0,10 m thick. In decanting bottom units, there 
will be a slow migration of the entire pool toward the 
spouts. Smelt fl ow velocities will be greatest in the near 
vicinity of the spout openings. 

In slant fl oor units, the smelt fl ows downwards towards 
the fl oor and then fl ows along the fl oor to the spouts 
that are located at the low point along the fl oor. Usually 
the spouts are fl ush with the fl oor, but they may be 
elevated a small distance to help stabilize smelt fl ow 
out the spouts. If large char mounds are formed, the 
smelt will fi rst fl ow down along the surface of the 
mounds toward the sides of the mounds and the furnace 
sidewalls. The smelt then fl ows in channels along the 
sidewalls to the spout wall, and then along the spout 
wall to the spout openings. Smelt fl ow channels may 
also form in other areas along the fl oor, leading to the 
spout openings. The fl oor tubes will be protected by a 
layer of frozen smelt that forms directly on the cooled 
tube, but the thickness of the frozen layer in the smelt 
fl ow channels will tend to be much thinner (1-3 cm) than 
that in a decanting bottom unit.

It should be noted that if large amounts of liquor are 
sprayed on the wall and the char then sluffs off and falls 
too the hearth, much of the char burning would take 
place along the walls right in front of the primary air 
ports. In this case also, smelt fl ow would primarily be in 
channels along the walls, eventually leading toward the 
spouts.

There have been a few measurements made of inorganic 
residence times in the furnace [12]. These can be inter-
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preted to give an estimate of molten smelt inventory 
within the furnace. In one case, involving a moderately-
sized decanting bottom unit, the molten smelt inventory 
was equivalent to pool 0,15 m deep across the entire 
fl oor. Similar measurements in a small slant fl oor unit 
showed the smelt inventory per unit cross-section to be 
about 40% of that in the decanting bottom unit.

If frozen smelt or large char mass dams are formed in 
front of the spouts or in narrow smelt fl ow channels, 
the smelt will back up behind the dam and form a pool. 
If the dam is then disrupted, a heavy runoff of smelt 
can be experienced. This is the main reason for surges 
in smelt fl ows. Dams can also form well away from the 
spouts. The resulting backup of molten smelt could result 
in smelt running into primary air windboxes through the 
primary ports. Slushy smelt-char can also slide down off 
of large char mounds and enter the primary windboxes.

Jelly roll smelt is a term given to smelt that is very 
viscous and which fl ows very sluggishly. One explana-
tion for jelly roll smelt is that the smelt is below the fi rst 
freezing temperature of that particular smelt composition 
and so contains some solid phase. It has been shown 
that smelt viscosity increases suddenly and dramati-
cally when the fi rst-freezing temperature is reached. 
This is undoubtedly part of the explanation for poor 
fl owing smelt. However, there are instances where the 
jelly roll smelt is characterized as containing relatively 
large quantities of fi nely divided carbon, intimately 
dispersed in the smelt. These might well be related, 
since the intermixed carbon would allow endothermic 
sulfate and carbonate reduction reactions to continue to 
go on, which would cool the smelt, possibly below the 
fi rst-freezing temperature. In either event, maintaining 
high bed burning temperatures would facilitate carbon 
burnout and provide high initial smelt temperatures, 
which would act to prevent jelly roll smelt from forming.

CHAR BEDS AND CORROSION

Carbon steel fl oor tubes are subject to sulfi dation cor-
rosion. They are protected against rapid corrosion by a 
frozen smelt layer adjacent to the tube. The frozen layer 
provides a barrier that keeps molten smelt off the tube 
and also provides a thermal resistance that keeps tube 
metal surface temperatures low (and thus minimizes 
corrosion) The thickness of the frozen layer and the cor-
responding local heat fl uxes to the fl oor tubes depends 
strongly on the design of the fl oor.

It has long been thought that frozen layers were stable 
and permanent. Recently a number of overheat failures 
and the discovery of cracking problems on composite 
tube fl oors have led to a few fl oors being extensively 
instrumented with thermocouples. These have shown 
that fl oor tubes can be subjected to apparently random, 

signifi cant temperature fl uctuations, that are fi reside 
rather than waterside driven [13]. The cause of these 
fl uctuations is still not well understood, but they clearly 
indicate that the bottoms of char beds are a lot more 
active than had previously been thought.

Field studies in which smelt resistivity and linear 
polarization resistance (LPR) were measured on fl oor 
metal surfaces showed that process disturbances during 
boiler operation can cause a “collapse” in resistivity and 
LPR, which indicates that at least partially melted salt 
is present on the fl oor tubes [14]. Laboratory resistivity 
experiments have shown that a sharp drop in resistiv-
ity occurs when the fi rst melting point temperature of 
a salt mixture is reached. In the fi eld, resistivity tended 
to decrease continually over operating time and this is 
considered good evidence of the slow enrichment of low 
melting materials next to tube surfaces. 

Smelt samples taken close to the fl oor tubes of two 
decanting hearth, recovery boilers after shutdown and 
before water washing, were enriched in sulfur compared 
to the upper bed and to the black liquor. Analysis 
determined the samples could have 2 to 5% polysulfi de 
[15]. It was also shown that the smelt next to the fl oor 
tubes is also enriched in chlorine and potassium. Labora-
tory experiments with a salt mixture exposed to various 
temperature gradients showed enrichment of low melting 
materials at the cold end [8]. The presence of a molten 
phase at temperatures below 500ºC requires compounds 
other than carbonate, sulfi de, chlorides and sulfates. 
Sulfur gas formed in the upper part of the bed can be 
transported down through the bed to form polysulfi des 
under certain conditions.  This is an area of bed behavior 
that needs more work. At present, there is little real 
understanding of the movement of minor materials in 
the bed.

KEY POINTS

Char beds do not simply exist, they are built. Exactly 
how they are built initially and then evolve determines 
the nature of the char bed and what is going on in it. 
Furnace hearth design is an important factor in this 
development. Heat transfer and the resultant tem-
perature gradients play a major role in subsurface bed 
processes and thus in the development of bed structure 
and composition.

The molten smelt inventory in the char bed (amount and 
location) is likely to be a signifi cant factor in determin-
ing the vulnerability to a smelt-water explosion in the 
event of water entry into the furnace. It is also important 
in determining the time needed for bed cooling after an 
ESP and for knowing where to apply bed coolants.

Combustion in the char bed takes place in a thin surface 
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region only and requires access to oxygen from combus-
tion air. Some oxygen must reach or come very close to 
the bed for extensive char burning to occur. The scenario 
of the bed carbon being simply gasifi ed by H2O and 
CO2 with combustion occurring in a fi reball well above 
the bed supplying the heat to sustain gasifi cation is also 
possible, but less likely to be responsible for most of the 
carbon burnup. 

Sulfate-sulfi de transitions play a signifi cant role in effec-
tively catalyzing the oxidation of carbon in the char bed. 
The exothermic sulfate-sulfi de cycle is probably the most 
important means for burning carbon in the bed.

Sulfate reduction occurs readily during char burning 
and does not require long residence times or deep beds. 
The most effective way of achieving high reduction 
effi ciencies is to operate with hot beds and keep oxygen 
away from molten smelt after it has been released from 
the char.

High rates of chemical reactions are confi ned to the 
surface region of the bed, The thickness of the active 
layer is about 5 cm for carbon gasifi cation and burning, 
0,15 m for carbonate reduction and sodium vaporization, 
and 0,30 m for sulfate reduction.

Na2CO3 decomposition could be an important ther-
mostat for molten smelt, because it is not subject to 
limitations by depletion of reactants. The possible role of 
carbonate decomposition needs more study.

We have little real understanding of the movement of 
minor materials in the bed, and they can be important in 
corrosion processes. This needs more study.

The role of the char bed in ISP formation in the recovery 
boiler is not known.
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INTRODUCTION

Pulping refers to different processes by which wood and 
other fi brous lignocellulosics convert into a product mass 
(pulp) with liberated fi bers [5]. These thermal conver-
sions can be accomplished either chemically or mechani-
cally or by combining these two types of treatment. The 
average yield value of chemical pulp is in the range 
45% to 55% of the initial raw material. This means that 
during delignifi cation roughly half of the wood substance 
degrades and dissolves into the cooking liquor (“black 
liquor”). Chemical pulping accounts for 70% of the total 
world production, and currently about 80% of chemical 
pulps is produced by the dominant kraft (sulfate) process 
(active cooking chemicals NaOH and NaSH). Thus, the 
importance of acid sulfi te pulping for making paper-
grade pulps has clearly decreased during recent decades.

Worldwide, about 90% of the chemical and mechanical 
pulps used in the paper industry are currently based on 
wood [16,19,45]. However, the global non-wood pulping 
capacity has increased faster than that of wood pulping. 
Non-wood feedstocks are important fi ber sources in 
countries lacking an adequate supply of wood. For 
example, China, the world’s third largest manufacturer 
of paper and paperboard, utilizes more than 50% non-
wood pulp in its paper industry [66-68]. Of the many 
non-wood feedstocks available, wheat straw is globally 
one of the most important sources of fi ber, although 
other agricultural residues (e.g., sugar cane bagasse, 
sorghum corn stalks, cotton stalks, and rice straw), 
natural-growing plants (e.g., bamboo, elephant grass, and 
reeds), and some other non-wood crops (e.g., kenaf, jute, 
hemp, and cotton linters) are also of great importance. 
Delignifi cation in the case of non-wood raw materials is 
mainly based on soda (active cooking chemical NaOH), 
soda-anthraquinone (soda-AQ), kraft, and kraft-AQ 
cooking processes, and usually without any recovery of 

COMBUSTION BEHAVIOR OF BLACK LIQUORS 
FROM DIFFERENT DELIGNIFICATION 
CONDITIONS

cooking chemicals. Of these cooking processes, soda-AQ 
pulping is the one most common.

Oxygen-alkali delignifi cation or simple oxygen 
delignifi cation is an attractive process for delignifying 
unbleached pulps (brownstocks) because water pollution 
can be substantially reduced by this process [5]. The 
industrial application of oxygen delignifi cation has 
expanded very rapidly since the late 1960s, especially 
during the past decade, and oxygen delignifi cation is 
today a well established technique utilized by almost 
all modern  kraft mills. In addition, there is a current 
trend to close process water circulations, aiming at a 
drastic decrease in the wastewater load. In this respect, 
to avoid corrosion problems and the formation of toxic 
or otherwise harmful wastewaters caused by chlorine-
containing products, especially of lignin and extractives, 
the use of oxygen-based chemicals (oxygen, hydrogen 
peroxide, ozone, and peracids) in totally chlorine-free 
(TCF) bleaching at present offers one of the most poten-
tial process alternatives. However, it should be pointed 
out that the proportion of elemental chlorine-free (ECF) 
pulps is gradually increasing, with the production of 
ECF pulps currently accounting for a major proportion 
of the world´s bleached pulp production.

TCF bleaching effl uents can be ultimately burned togeth-
er with black liquor and oxygen delignifi cation effl uent 
in the recovery furnace [21,40,72]. In this case, the dry 
solids load of organics of the furnace increases 6-7%, al-
though the corresponding increase in energy production, 
due to the presence of low-heat-value constituents in the 
effl uents, is only 3-4% [79]. In spite of low amounts of 
dry matter in the chlorine-free effl uents, compared to 
that of black liquor, the addition of these effl uents can be 
expected to have some effect on the combustion behavior 
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of black liquor [27].

Black liquor properties have been intensively investi-
gated since the mid-1980s under a variety of conditions 
and from several points of view [27]. At that time, the 
basic understanding of the combustion process became 
more important due to the fact that the recovery furnace 
constituted a bottleneck in pulp mills. It was known that 
none of the commonly measured liquor properties, for 
example, heating value, elementary composition, organic 
to inorganic ratio, and viscosity, can explain the signifi -
cant differences in the combustion behavior of black 
liquor [31-33]. For this reason, additional information 
about liquor properties and especially about the chemical 
composition of black liquor was considered necessary. 
This kind of approach resulted later in versatile and de-
tailed research on different black liquor properties. How-
ever, it is evident that novel research on the recovery of 
cooking chemicals is still needed. This is due, on the one 
hand, to more stringent environmental regulations, and, 
on the other hand, to the fact that the principal feedstock 
basis will probably diversify essentially in the near 
future. In addition, innovative developments in pulping 
technology may create challenging demands also for the 
recovery of cooking chemicals [80].

This paper mainly outlines the combustion properties of 
softwood and hardwood kraft black liquors, i.e., relation-
ships between the chemical structure of the dissolved 
material (aliphatic carboxylic acids, lignin, carbohydrates 
(hemicellulose residues), and extractives) in black liquor  
and the combustion properties of the corresponding 
black liquor. The combustion properties of non-wood 
black liquors are also briefl y discussed. In addition, the 

paper provides a general description of the chemical 
composition of wood and non-wood black liquors and, 
based on detailed composition data,  alternative ways to 
predict by chromatographic and spectroscopic means the 
combustion behavior of black liquors. The approach here 
is strongly based on experimental data for laboratory-
made black liquors. More detailed data on industrial 
black liquors and the topics in general are available in 
the vast literature, for example, from appropriate parts of 
the selected literature references.

CHEMICAL COMPOSITION OF WOOD 
AND NON-WOOD FEEDSTOCKS AND 
BLACK LIQUORS

Feedstocks

The major chemical constituents of all wood species 
are so-called “structural substances” [4]: cellulose, 
hemicelluloses, and lignin. Other polymeric constituents 
present in lesser and often varying quantities are pectins, 
starch and proteins. In addition to these macromolecu-
lar components, various “non-structural” and mostly 
low-molecular-mass compounds (extractives, some water-
soluble organics, and inorganics) can be found in small 
quantities in both softwoods and hardwoods. The gross 
chemical composition of the stemwood (i.e., chips, based 
on a common result of wood analysis) differs somewhat 
from that of the other macroscopic parts of the tree. 

Like wood feedstocks, non-wood lignocellulosics, availa-
ble in various forms, consist mainly of cellulose, hemicel-
luloses, lignin, and pronounced amounts of extractives, 
proteins, and inorganics. The chemical and physical 

Component Wood feedstocks Non-wood feedstocksa

Carbohydrates 65 - 80 45 - 80 
Cellulose 40 - 45 25 - 45 
Hemicelluloses 25 - 35 20 - 35 

Lignin 20 - 30 10 - 25 
Extractives 2 - 5       < 15b

Other organics (e.g., proteins, 
pectins, and starch)      < 0.5       < 10b

Inorganics (as ash)      < 1.5       < 10c

SiO2      < 0.1     < 7c

a Seed hull fibers (e.g., cotton stable and cotton linters) and leaf fibers (e.g., abaca and sisal) are not 
included. They have, e.g., typically a high cellulose content (80-90 and 45-60 % of the feedstock 
dry solids, respectively) and a low ash content (<2% of the feedstock dry solids). 

b Depends greatly on feedstock. 
c Depends greatly on feedstock. For example, in rice straw the ash and silica content, is 15-20 and 

9-14% of the feedstock dry solids, respectively. 

Table 1.  
Comparison between the typical chemical composition of wood and non-wood feedstocks used for pulping 
(% of the feedstock dry solids).
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properties of non-wood plant fi bers vary signifi cantly 
depending on the types of fi ber, but these properties 
have also been found to depend on the plant´s genetic 
characteristics and growing conditions (e.g., soil condi-
tions and fertilization) [15,36]. In general, compared 
to wood, non-woods contain less cellulose and lignin, 
but have approximately the same hemicellulose content 
(mainly xylan), and a higher content of other organics 
and silica (silicon dioxide), Table 1 [4,15,18,30,35,70]. 

Black liquors

The chemical composition and, consequently, the 
physical properties of black liquor depend primarily 

on the nature of the raw material, cooking chemicals 
charged, the dry solids content of black liquor, and the 
pulping conditions including the target kappa number 
[5,61]. The organic solids in wood kraft black liquors are 
mainly composed of degraded lignin (mainly high-mo-
lecular-mass fragments) and polysaccharide degradation 
products (aliphatic carboxylic acids), together with a 
minor fraction of extractives and other organics (mainly 
hemicellulose residues, i.e., oligo- and polysaccharides). 
The organic material also contains small amounts of 
chemically bound sodium (about 10% of the total dry 
solids) and sulfur (<1% of the total dry solids). Inorganic 
material consists of residual active cooking chemicals 
(NaOH and NaSH), and other compounds, such as 

Kraft Soda-AQ 
Component

Pine Birch Bamboo Wheat straw 

Lignin 46 37 43c 56c

Aliphatic acids 43 50 22 28
Other organics 11 13 35 16

Extractivesb 6 4 5d 2d

Carbohydrates 3 7 22 7
Miscellaneous 2 2 8d 7d

a Mainly based on data from refs. [5,19,20,86]. 
b After the recovery of the majority of extractives-based compounds. 
c Also contains varying amounts of LCCs. 
d A rough estimation. 

Kraft Soda-AQ Carboxylic acid 
Pine Birch Bamboo Wheat straw

Monocarboxylic acids 87 87 88 82

Formic 21 12 17 11 
Acetic 14 24 16 24 
Glycolic 6 5 5 7 
Lactic 10 8 11 10 
2-Hydroxybutanoic 3 15 16 6 
3-Deoxytetronic < 1 1 1 1 
3,4-Dideoxypentonic 5 3 5 4 
3-Deoxypentonic 4 2 3 5 
Xyloisosaccharinic 2 8 6 3 
Glucoisosaccharinic 22 9 8 11 

Dicarboxylic acids 6 5 6 7 

Miscellaneous 7 8 6 11 
a Mainly based on data from refs. [5,20,61,86].

Table 2.   
Typical composition (%) of the organic dry solids of pine, birch, and bamboo kraft black liquors and 
wheat straw soda-AQ black liquora.

Table 3.  
Main aliphatic carboxylic acids in pine, birch, and bamboo kraft black liquors and wheat straw 
soda-AQ black liquor (% of the total acids)a.
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sodium carbonate (Na2CO3), sodium sulfate (Na2SO4), 
sodium thiosulfate (Na2S2O3), sodium polysulfi des 
(Na2Sx), and sodium sulfi te (Na2SO3). The composition 
of black liquors from modifi ed cooking can be somewhat 
different (i.e., the relative mass portions of the main 
constituents vary to some extent) from that of the liquors 
from conventional pulping.

Only limited data are currently available on the chemi-
cal composition of black liquors derived from alkaline 
pulping of non-wood feedstocks. The differences in the 
chemical composition of wood and non-wood feedstocks 
along with the differences in pulping conditions make 
the black liquor characteristics of non-wood black 
liquors different from those of wood black liquors. The 
non-wood black liquor composition differs from that of 
wood black liquors in terms of organic to inorganic ratio 
(generally lower in non-wood black liquors), aliphatic 
carboxylic acids content (generally lower in non-wood 
black liquors), carbohydrate content (generally higher 
in non-wood black liquors), and silica content (higher in 
non-wood black liquors) [42,51]. Typical compositions of 
pine, birch, and bamboo kraft black liquors and wheat 
soda-AQ black liquor are shown in Table 2. It should be 
pointed out that for bamboo, kraft pulping is generally 
preferred to soda pulping when preparing chemical 
pulps [60,71]. The main reason for this is that the fi ber 
dimensions and the main chemical constituents of bam-
boo (i.e., the structure of bamboo) typically bear close 
resemblance to those of wood [86]. For this reason, only 
the wheat straw soda-AQ black liquor in Table 2 actually 
represents a “typical” non-wood black liquor.

Table 3 gives the composition of the main aliphatic 
carboxylic acids in the black liquors shown in Table 2. 
As can be seen, these compositions are rather similar, 
although some characteristic differences can be also 
detected. For example, compared to pine black liquor, 
birch black liquor generally contains relatively high 
amounts of acetic, 2-hydroxybutanoic, and xyloisosac-
charinic acids and less glucoisosaccharinic acid. The data 
also indicate that, with this respect to the acid composi-
tion, bamboo and wheat straw black liquors resemble 
more birch black liquor than pine kraft liquor. Succinic, 
malic, 2-hydroxyglutaric, and glucoisosaccharinaric acids 
represent typical examples of the prominent dicarboxylic 
acids.      

Since polysaccharides and LCCs are the main reasons 
for the increase in black liquor viscosity [76,77], non-
wood black liquors cannot be evaporated to as high a 
dry solids content as wood black liquors. However, the 
liquor heat treatment system used in wood-utilizing pulp 
mills [74,75,41] can also be applied to non-wood black 
liquors to reduce their viscosities [39,37]. Furthermore, 
the liquor-heat-treatment process results in the decreas-
ing effect of exhausting SO2 from the recovery furnace 

[64,78,82]. This is due to the possibility to evaporate 
heat-treated liquors to a higher dry solids content than 
“conventional liquors” prior to their combustion. In ad-
dition, several alternative methods have been proposed 
for the removal of silica (commonly 1-6% of the black 
liquor dry solids) from black liquor by precipitation or by 
increasing the solubility of silica [39,43,63].

COMBUSTION BEHAVIOR OF DIFFERENT 
BLACK LIQUORS

Liquor composition vs. combustion properties

Black liquor has several features which, combined, make 
its combustion different from that of other fuels. The 
high content of inorganic material (20-35% of black 
liquor dry solids) and water (15-35%) decreases the 
heating value (12-15 kJ/kg dry solids) of the black liquor 
to a lower level than that of other common industrial 
fuels [81]. In addition, black liquor generally swells 
substantially during combustion.   

The combustion behavior of black liquors has usually 
been studied in controlled laboratory conditions by 
burning single droplets or bigger quantities of liquor in 
an appropriate furnace with a changeable gas atmos-
phere (either fl owing or stagnant) [22,24,34,88]. In 
these cases, the combustion parameters have included, 
for example, the duration of different burning stages 
(drying, pyrolysis, and char burning), droplet swelling 
(typically by 10-60 times in volume) during the pyrolysis 
stage, and formation of different gaseous products 
during combustion, as well as yields of pyrolysis and 
char burning. In addition to these kinds of furnaces, 
thermogravimetric devices have been used for clarifying 
the thermochemical  properties of different black liquors 
[10,24,28,29,34,84,87,88].

In the so-called single droplet technique developed by 
Hupa et al. [32,34] and Whitty et al. [89], the black liq-
uor droplets (2-3 mm) are burned in stagnant air and the 
process is recorded by a video camera. By this technique 
the combustion process can be divided into four stages 
(not strictly consecutive and distinct, but to some extent 
concurrent): drying, pyrolysis or devolatilization (includ-
ing an intense swelling of the droplet), char burning, and 
reactions of the inorganic residue (smelt coalescence). 
The results obtained by the single droplet technique 
have explained much about relationships between the 
combustion behavior of black liquor. For example, it has 
been traditionally observed mainly by this technique 
that, as common trends, in conventional laboratory-scale 
pulping [2,9,28,57,58,59,65]: i) kraft black liquors from 
hardwood have slightly shorter burning times (pyrolysis 
time and char burning time) and swell more than those 
from softwood pulping, ii) large amounts of extractives 
reduce swelling, and iii) hemicellulose residues increase 
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swelling. In addition, it has been found that burning 
time decreases and swelling increases with an increase in 
cooking time. In spite of certain disbenefi cial properties 
of the single droplet technique, it is, however, generally 
considered that the results obtained from black liquor 
combustion by this rapid method are applicable to recov-
ery furnace conditions and, in particular, that compari-
son of the combustion properties of various black liquors 
can easily be performed.

The parameters generally having an infl uence on the 
swelling of black liquors have been studied separately. 
For example, it has been found [65] in swelling tests car-
ried out at 420°C, when the black liquor droplet does not 
ignite, that the liquor made from extracted wood swells 
more than liquor from a cook utilizing unextracted 
wood. This has been noticed for liquors from kraft and 
kraft-AQ cooks (both softwood and hardwood) and this 
fi nding is also in agreement with that described earlier 
by Milanova [56] and Miller et al.[58,59]. Similar tests 
[1] performed in the temperature range 180-270°C have 
indicated that the aliphatic carboxylic acid fraction is the 
main source of the volatile degradation products neces-
sary for swelling, while the lignin fraction has an essen-
tial role in hindering the escape of volatile compounds 
from within the particle. This fi nding can be confi rmed 
by the fact that, compared to kraft lignin, sodium salts of 
aliphatic carboxylic acids are relatively unstable on heat-
ing [10]. The combustion experiments with “model black 
liquors” [9,58,59] have also suggested that a mass ratio 
between kraft lignin and aliphatic carboxylic acids of 
1.0 (approximately same as in wood black liquors) gives 
maximum pyrolysis swelling. In addition, it has been 
detected [25,26,28] that during drying kraft black liquor 
droplets swell to 1.5 times their initial diameter. In this 

case, the degree of swelling is, however, independent of 
liquor composition and process conditions.

Based on all experimental and literature data avail-
able, it has been assumed [3,6] that aliphatic carboxylic 
acids have a signifi cant infl uence on the drying rate of 
black liquor droplets due to the possibility of forming 
intermolecular hydrogen bonds with water molecules, 
Figure 1. Since these acids are also relatively unstable 
on heating, it can be concluded that the corresponding 
acid fraction is the main source of volatile degradation 
products (in the pyrolysis stage) necessary also for swell-
ing. As stated above, the infl uence of extractives and 
hemicellulose residues on swelling has been established 
earlier. In contrast, lignin has no such straightforward 
role in combustion (in the pyrolysis and char burning 
stages). It is obvious that its aliphatic structural residues 
are readily converted into volatile compounds, whereas 
its aromatic moieties are important with respect to 
char formation (i.e., the formation of non-volatile fused 
polycyclic aromatic hydrocarbons) and burning. There 
are also indications that the high-molecular-mass (>3500 
Da) lignin material, together with hemicellulose resi-
dues, plays an important role in hindering the escape of 
volatile products from within a black liquor droplet. This 
requires that lignin polymers and hemicelluloses form 
a “highly elastic crust” in a certain temperature region 
during combustion.  

It should be pointed out that the effl uents from oxygen 
delignifi cation typically contain high amounts of aliphat-
ic carboxylic acids [5] resulting in a long pyrolysis time 
[3,6]. In this case, due to the lack of high-molecular-mass 
(>3500 Da) lignin fragments, even though a signifi cant 
amount of hemicellulose residues is present, only a slight 

ALIPHATIC ACIDS

LIGNIN

EXTRACTIVES

CARBOHYDRATES
(hemicelluloses)

DRYING TIME

PYROLYSIS TIME

SWELLING

CHAR BURNING TIME

Intermolecular hydrogen bonds

Aliphatic fragments
3500 – 5000 Da fractionAromatic fragments

Figure 1.   
Relationships between the main organic constituents and the different combustion stages of a kraft black liquor droplet [5]. 
Full line, a strong correlation; dotted line, a minor correlation.
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Figure 2.   
Changes in the viscosity of softwood kraft black liquor during heat treatment at 175°C and 190°C [50].

Figure 3.   
Combustion behavior of untreated and heat-treated softwood kraft black liquors at 175°C and 190°C, 30 min [50].

Figure 4.   
Infl uence of heat treatment on swelling in the case of wheat straw black liquors from soda-AQ pulping 
(cooking temperature 155°C and cooking time at this maximum temperature 0 or 30 min) [47].
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swelling can be observed. However, an intense swelling 
occurs when the oxygen delignifi cation effl uent (in a dry 
solids mass ratio of 5(effl uent):95(black liquor)) is added  
to the corresponding black liquor (i.e., obtained directly 
from cooking before the oxygen delignifi cation stage) 
with a proper fraction of high-molecular-mass lignin. In 
general, no striking differences in overall combustion 
behavior can be detected for the black liquors from the 
identical cooks having similar target kappa numbers. 
Similarly, the addition of the TCF fi ltrates does not 
dramatically affect the combustion properties of black 
liquor containing already the effl uent from oxygen 
delignifi cation [44]. Although it is necessary to study a 
single, thoroughly analyzed black liquor to get a better 
understanding of various phenomena, comprehensive 
database systems to predict the combustion behavior of 
a wide range of industrial black liquors have also been 
developed [22,89]. However, it is relatively common that 
even the same type of liquors (i.e., same raw material 
and cooking method, but slightly different alkali charge 
and target kappa number) may have rather different 
combustion behavior.

In addition to basic experimental studies of black liquor 
combustion, some predictive models for black liquor 
combustion have been developed. These models have 
included separate models for drying, pyrolysis, and the 
char burning rate of black liquor droplets, as well as the 
formation of different gaseous products during pyrolysis 
[23,26,27,38,55,85]. Different models for predicting the 
behavior of chlorine and potassium, and three-dimen-
sional models to simulate turbulent fl ow, combustion, 
and heat transfer in recovery boilers have also been 
developed [17,83].

Effects of liquor heat treatment

The heat treatment of black liquor can be defi ned as a 
thermal treatment process where residual alkali reacts 
with dissolved carbohydrates and lignin [81]. The 
reactions occurring are very slow at typical evaporator 
temperatures. For this reason, the black liquor is heated 
up between 180°C and 190°C for about 30 minutes. The 
overall effect is the degradation of a major part of the 
high-molecular-mass organic fragments with the simul-
taneous reduction of black liquor viscosity, Figure 2. It 
has also been found [81,50] that liquor heat treatment 
increases swelling and, on the other hand, decreases 
burning time (pyrolysis time plus char burning time), 
Figure 3.

Heat treatment makes it possible, due to the decrease 
in liquor viscosity, to increase the dry solids content of 
non-wood black liquors during evaporation by 10-15 
percentage points, which results in black liquors with a 
dry solids content of about 70% [69]. In this case, the 
role of effective alkali (EA) is very signifi cant and the 
content of EA decreases rapidly during treatment. For 
this reason, it may be necessary to increase the alkali 
content of black liquor by adding NaOH to the liquor 
prior to its heat treatment. In addition, it has been found 
[46,49], for example in the case of wheat soda-AQ black 
liquor, that a signifi cant degradation of carbohydrates 
with the simultaneous formation of aliphatic carboxylic 
acids can be detected. These changes have a typical 
infl uence on the swelling of  black liquor (Figure 4), and 
primarily due to changes in the lignin structure, shorter 
char burning times for the heat-treated liquors can be 
also noted.
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Infl uence of heat treatment on pyrolysis and char burning times in the case of wheat straw black 
liquors from soda-AQ pulping (cooking temperature 155°C and cooking time at this maximum 
temperature 0 or 30 min) [47].
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CHEMICAL METHODS FOR PREDICTING 
THE COMBUSTION BEHAVIOR OF BLACK 
LIQUOR

The several reactions responsible for the formation of 
the aliphatic carboxylic acids and the low-molecular-
mass lignin degradation products (lignin monomers) 
cause systematic changes in the composition of black 
liquor during delignifi cation [11,62,7,8,13,14,4]. It has 
also been found [65,9] that the composition of the black 
liquor has an infl uence on the burning behavior and, 
that the composition properties of black liquor vary 
more or less systematically with the degree of delignifi -
cation. Based on these fi ndings, it has been concluded 
[2] that there must be an adequate correlation between 
the formation of various low-molecular-mass organic 
compounds released from wood raw material during 
delignifi cation and the combustion properties of black 
liquor.

A method based on this idea has been tested in a series 
of laboratory-scale conventional cooking experiments in 
which the feedstock softwood and hardwood materials 
have been changed [2,48]. It has been noted that instead 
of absolute amounts of  low-molecular-mass degradation 
components (determined by GC), it is more practical to 

use the concentration ratios of these components (i.e., 
the ratio of the corresponding GC peak areas). For this 
reason, adequate information can be obtained by plotting 
the concentration ratios of the selected products (e.g., 
aliphatic carboxylic acids) against the parameters charac-
terizing the liquor combustion, Figure 6. A prerequisite 
for a suitable concentration ratio is that the data could 
be reproduced with suffi cient accuracy. In addition, the 
GC peaks originating from the low-molecular-mass 
degradation products have to be resolved distinctly 
and have to represent the major product constituents. 
However, during a variety of correlation experiments, 
several concentration rations have been tested, indicating 
that this kind of approach may offer one potential way of 
liquor characterization.

Multivariate analysis techniques like multiple linear 
regression (MLR), principal component analysis (PCA), 
principal component regression (PCR), and projection 
to latent structures (PLS) have already proved to be 
useful tools in some applications for the evaluation of 
spectral and chemical parameters of different lignocel-
lulosics-derived samples [52]. For example, the lignin 
content and the carbohydrate composition of both intact 
wood and pulp samples have been obtained by apply-
ing multivariate analysis techniques (MLR, PCA, and 
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Figure 6.   
Examples of various acid and lignin monomer concentration ratios vs. swelling [2]. Conventional kraft cooks were 
performed using pine and birch chips in different mass ratios.
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PCR) to various spectral data, such as infrared (IR) and 
cross-polarization/magic angle spinning solid state 13C 
nuclear magnetic resonance (CP/MAS 13C NMR). In 
addition, some methods of determining cooking yield in 
kraft pulping by means of PLS and near infrared (NIR) 
spectral data have been reported.

Based on the NMR data handled with a multivariate 
chemometric analysis the relationships between the 
relevant combustion properties (i.e., burning time and 
swelling) of softwood and hardwood kraft black liquors 
and the chemical structure of the dissolved lignin in 
these liquors have been established [54]. The results 
suggest, for example, a useful model for predicting the 
burning time and swelling of kraft black liquor, Figure 7. 

It is also possible to check the existence of typical 
arithmetical relationships between lignin analysis data 
and the combustion properties of black liquor [12]. In 
general, it is known that burning time decreases with 
an increase in cooking time and this trend is opposite to 
that of swelling [2,89]. On the other hand, as a general 
trend, the average molecular mass of the lignin fraction 
in black liquor decreases during the bulk delignifi cation 
stage. In addition, various degradation reactions of lignin 
result, for example, in the formation of an increasing 
amount of phenolic hydroxyl groups during pulping 
[53]. For this reason, it is possible that in this case some 
correlations observed may be casual. It is also obvious 
that the lignin parameters are more or less dependent on 
each other.

FTIR (Fourier transform infrared) spectroscopy is a rapid 
method for indicating different chemical bonds and thus 

different functional groups in wood and pulp samples 
[73]. For this reason, since there exist correlations 
between the content of black liquor constituents and the 
combustion properties of black liquor, it can be further 
concluded that correlations between these properties 
and, for example, easily detectable FTIR data, offer an 
interesting possibility for developing a proper method 
to characterize the combustion behavior of black liquor. 
Based on this assumption, some correlations between the 
FTIR spectral data and the combustion properties of the 
black liquors from alkaline pulping of wheat straw and 
reed canary grass have been explored [47]. Also in this 
case, the results seem promising, although further tests 
for full-scale applications are still needed.

CONCLUDING REMARKS

It can be assumed that a better understanding of the 
relationships between the organic constituents and 
different combustion stages of black liquor will be of 
benefi t to the further development of cooking chemicals 
recovery processes in different wood and non-wood 
delignifi cation applications. In this paper, the discussion 
is limited to the organic constituents of black liquor, 
since the combustion behavior of black liquor is affected 
by these constituents in particular. However, although 
detailed information on the combustion behavior of in-
dividual black liquor constituents is currently available, 
these data alone do not seem exhaustively to explain 
all phenomena in the combustion behavior of different 
black liquors, so other supporting approaches are still 
necessary. In spite of this, there are also indications that 
the primary combustion properties of black liquor can be 
implicitly predicted with reasonable accuracy by analyz-

Figure 7.   
Calculated us. measured swelling and burning time based on the NMR data on dissolved lignin [54]. The symbols A, B, C, and D 
refer to the cooking series with different chip ratios shown in Figure 6.
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ing the chemical composition of black liquor mainly 
in terms of low-molecular-mass components (aliphatic 
carboxylic acids and lignin monomers) and lignin, or by 
applying FTIR spectroscopy.
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INTRODUCTION

The alkali metals in black liquor are both benefi cial and 
a nuisance during combustion and gasifi cation.  Their 
benefi cial qualities are that they serve as catalysts for 
combustion and gasifi cation of char carbon, and for 
reduction of nitrogen oxides.  However, the alkali metal 
salts that result from combustion or gasifi cation deposit 
on heat transfer surfaces and reduce their effi ciency.  
They can also plug the gas passages of boilers and 
gasifi ers.
The alkali metals in black liquor, mainly sodium and 
smaller amounts of potassium, are present partly as 
inorganic salts and partly as counter ions to dissolved 
organic anions (degradation products of cellulose, 
hemicellulose and lignin, and soap). During combustion 
or gasifi cation, some of the alkali metals are volatilized, 
and much of the alkali metals become associated with 
functional groups on the char carbon (Figure 1). The 
functional groups that are generated during gasifi cation 
of various carbons that contain alkali metal salts have 
been reported to be mainly carboxylates and phenolates 
e.g. [1,8]. The mechanism for alkali-catalyzed gasifi cation 
that has been postulated by the earlier researchers who 
investigated alkali-catalyzed carbon gasifi cation consists 
of an oxidation-reduction cycle in which oxygen is trans-
ferred to the carbon active sites through the catalytically 
active alkali species. This is followed by the liberation of 
CO from the active carbon-oxygen complexes by break-
ing the neighboring C-C bonds.

When alkali salt-impregnated carbons are gasifi ed, the 
alkali salts must be converted to alkali carboxylates and 
phenolates on the char surface before they can function 
as catalysts.  This process is apparently more straight-
forward during gasifi cation of black liquor, because 
much of the alkali metal is present as carboxylates and 
phenolates before gasifi cation begins. Figure 2 shows 
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the pathway proposed by Wåg et al. [11] for conversion 
of the alkali metal salts of the anionic in organic matter 
in black liquor to char, and the oxidation-reduction 
pathways for the resulting activated sites associated with 
the alkali metals.  Inorganic sodium-sulfur compounds 
can also interact as suggested in Figure 2.

Chen and Yang [2,3,4] used molecular orbital calcula-
tions to investigate the nature of oxygen transfer and 
carbon gasifi cation for alkali-catalyzed char carbon.  
According to their results, oxygen is exchanged to an 
activated site and then diffuses to a nonstoichiometric 
catalyst cluster Mx Oy, where M is the alkali metal 
atom and x and y are changeable during the reaction), 
and becomes the out-of-plane oxygen atom (between 
carbon atoms 27 and 28 in Figure 3). Carbon gasifi cation 

Figure 1.   
Association of alkali metals with functional groups on char 
surfaces [11]. 
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proceeds via breaking of the bonds that connect carbon 
atom 28 with carbon atoms 29 and 30 in Figure 3. 

FORM AND DISTRIBUTION OF ALKALI 
METALS IN BLACK LIQUOR CHAR

The form and distribution of alkali metals in black liquor 
char is determined largely by the forms in which they 
are present in black liquor. Some of these alkali metal 
cations are present as salts of organic carboxylates and 
phenolates, mainly the respective degradation products 
from cellulosic matter and lignin. Others are associated 
with the inorganic cations of the pulping chemicals. 
Most of the alkali metal salts, both organic and inor-
ganic, remain in solution as black liquor is concentrated 
and burned. This part of the alkali metal is distributed 

very uniformly, at the atomic level, in black liquor and 
remains that way when black liquor is pyrolyzed [7]. 
However, some of the sodium in black liquor crystallizes 
as Na2CO3 and Na2SO4 as black liquor is concentrated, 
and more is added as ash from the recovery boiler is 
recycled to the liquor. Some of this crystallized Na2CO3 
may remain macroscopically distributed in the char 
residue.

FORMATION AND STABILITY OF CARBO-
NATE IN BLACK LIQUOR CHAR

During pyrolysis or gasifi cation of black liquor, the 
amount of carbonate in the solid residue increases 
to a maximum and then decreases, Figures 4 and 5. 
Carbonate increased rapidly, by a factor of 3 or 4 in our 
experiments, as the organic matter decomposed and 
the char residue was converted into a more condensed, 
carbon-rich structure. In our studies, the carbonate 
present at its maximum depended little on the reaction 
temperature. The maximum was slightly greater when 
CO2 or water vapor were present. This is because CO2 
and water vapor react with Na2S in the char residue to 
produce carbonate, H2S and COS. CO2 is available dur-
ing gasifi cation with water vapor because it is produced 
by the water gas shift reaction.

In contrast, the rate of decrease of carbonate after its 
maximum depended more strongly on temperature, Fig-
ure 6. At 1000°C in N2, the carbonate content decreased 
rapidly, with about 70% of the maximum amount disap-
pearing in 0.6 seconds. However, in the presence of CO2 
or water vapor, carbonate disappeared more slowly. In 
an atmosphere containing 12% water vapor, it decreased 
by only 20% of the maximum value in 0.6 seconds.  At 
lower temperatures, carbonate decreased more slowly in 
the absence of CO2 or water vapor, but did not decrease 
in the presence of these gases.
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Figure 3.   
Model structure for alkali-catalyzed gasifi cation of carbon [3].

Figure 2.   
Proposed mechanism for formation of carboxylate and 
phenolate sites during pyrolysis or gasifi cation of black 
liquor, and their oxidation-reduction pathways [11].
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Figure 4.   
Carbonate in char residue from pyrolysis 
of solid particles of a kraft black liquor in 
N2 at 700 - 1000°C [10].

Figure 5.   
Carbonate in char residue from gasifi cation of solid particles 
of a kraft black liquor in 5% CO2/rest N2 at 1000°C [10].

Figure 6.   
Carbonate content of black liquor char for dry 
black liquor solids pyrolyzed in different gas 
mixtures at 1000°C [10].
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bustion and gasifi cation processes in black liquor char.  
The fi rst is illustrated in Figure 7, where the fi xed carbon 
yield after 1 second is higher for pressurized gasifi cation 
conditions (CO2 in N2) as compared with pyrolysis in 
N2 [9]. This behavior is explained by chemisorption of 
CO2 on the activated sites within the char, and reaction 
of CO2 with Na2S to produce Na2CO3 and COS [6]. 
Together, these increase the carbon in the char after 
devolatilization by about 15% of the total carbon in the 
black liquor solids versus when CO2 is not present. This 
is nearly the same as the difference between the carbon 
in the char from pyrolysis versus gasifi cation experi-
ments in Figures 7a and 7b.

The second experimental result regarding the impact of 
adsorption of CO2 was reported about a decade ago by 
Frederick et al. [5] as shown in Figure 8. In experiments 
where black liquor char was gasifi ed with CO2 at 700°C 
and elevated pressure, the rate of gasifi cation increased 
with CO2 partial pressure to about 15 bar CO2, but at 
higher partial pressures, the rate did not increase further. 
This suggests that the activated sites may have become 
saturated with CO2. 

The stabilizing effect of CO2 or water vapor on carbon-
ate that we observed is due to the adsorption of CO2 
on the activated sites within the char residue, and the 
ability of both gases to supply oxygen to these sites. 
Oxidation of char carbon proceeds by transfer of oxygen 
from the activated site to nearby carbon atoms, produc-
ing CO. If oxidizing gases such as CO2 or water vapor 
are present, they readsorb on and/or exchange oxygen 
with the activated site, thereby supplying oxygen for 
further oxidation of char carbon to CO. The amounts 
of activated catalytic sites present is determined by a 
balance between the rate at which oxygen is consumed 
to produce CO, and the rate at which CO2 or water 
exchange oxygen atoms onto the activated sites. At 700-
900°C, the rate of oxidation of char carbon is apparently 
slower than the rate of readsorption of CO2 or water 
vapor, and the carbonate content of the char residue 
remains constant with time. However, at 1000°C, the 
rate of oxidation of char carbon is apparently faster than 
the rate of readsorption of either of the oxidizing gases, 
and the carbonate content of the char residue decreases 
with time.

The results from two sets of experiments illustrate the 
impact of adsorption of CO2 and water vapor on com-

Time (s)
0 1 2 3 4 5Fr

ac
tio

n 
of

 B
L 

ca
rb

on
 re

m
ai

ni
ng

 in
 c

ha
r

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Pyrolysis
Gasification (2% CO2)

950oC and 0.5 MPa

slope = -0.25 s-1

slope = -0.03 s-1

Time (s)
0 1 2 3 4 5Fr

ac
tio

n 
of

 B
L 

ca
rb

on
 re

m
ai

ni
ng

 in
 c

ha
r

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Pyrolysis
Gasification (2% CO2)

1000oC and 1 MPa

slope = -0.17 s-1

slope = -0.04 s-1

(a) Figure 7.   
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gas on the total carbon remaining in the 
char; a) at 950°C and 0.5 MPa and b) at 
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Figure 8.   
Effect of CO2 partial pressure on the rate of gasifi cation of black 
liquor char at 700°C and a CO partial pressure of 0.8 bar [5].
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Figure 9.   
Sodium in char residue from pyrolysis of solid 
particles of a kraft black liquor in N2 at 700 
– 1000°C [10].

Figure 10.   
Effect of CO2 levels on Na and 
K release during gasifi cation of 
black liquor in CO2/N2 mixtures 
at 1100°C.
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IMPACT OF CARBONATE STABILITY ON 
THE FATE OF ALKALI METALS IN THE 
CHAR RESIDUE

The state of the activated sites is the main factor that 
determines the rate of volatilization of alkali metals 
during combustion or gasifi cation of black liquor char. 
The catalytic sites are stabilized by oxygen, and do not 
readily release alkali metals. However, as oxygen is 
removed and not replaced, these sites are far less stable, 
and alkali metals are readily volatilized from them. This 
is the process by which most of the sodium is volatilized 
during black liquor combustion. Figure 9 shows how 
the sodium content of black liquor char changes with 
temperature and reaction time during pyrolysis in N2. 
The sodium retained in the char decreases with time at 
all temperatures investigated, and the rate of decrease 
increases with temperature.

The stabilizing impact of CO2 and water vapor on 
sodium in char is illustrated in Figures 10 and 11. This 
data shows clearly that volatilization of both sodium and 
potassium are depressed in the presence of CO2, water 
vapor or CO. CO2 and water vapor suppress sodium 
volatilization by stabilizing the activated catalytic sites 
in char, while a higher CO partial pressure suppresses 
the rate at which the carbon oxidation process proceeds, 
thereby reducing the rate of reduction of the activated 
cataytic sites.

EXTRACTION OF ALKALI METALS FROM 
BLACK LIQUOR CHAR

When black liquor char is extracted with water, the 
sodium salts that are recovered in solution come from 
two sources. One is the inorganic salts that exist within 
the char. The other is the hydrolysis products of the 
sodium carboxylate and phenolate groups that are part 
of the char residue. When char is extracted with water, 
the carboxylate and phenolate moieties are hydrolyzed 
to carbonate and hydroxide, respectively. This means 
that pyrolysis, partial combustion or gasifi cation of black 
liquor can be used to produce caustic directly. 

This concept for direct caustic production has been 
evaluated in experiments in which black liquor was 
pyrolyzed at temperatures 1000°C in nitrogen for 0.5 to 
1.5 seconds. The chars from the experiments contained 
from 49% to 67% of the carbon in the black liquor solids, 
and the carbon content decreased nearly linearly with 
reaction time. The chars were extracted in distilled water 
and analyzed for hydroxide, carbonate, chloride, and sul-
phur anions. The effective alkali content of the extracts, 
as mole-% of the Na + K extracted, averaged 79.6±1.9%. 
The carbonate content of the extracts, also as mole-% of 
the Na + K extracted, averaged 13.6±2.4%. Both were 
nearly independent of the pyrolysis time.
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Effect of water vapor levels on Na and K release during gasifi cation of black 
liquor in H2O(v)/N2 mixtures at 1000°C.
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These results indicate that caustic can be produced di-
rectly by pyrolysis of black liquor, followed by extraction 
of the char in water. It would therefore be possible to 
causticize directly, with no causticizing agent, in a two-
stage combustion or gasifi cation process. We are now in 
the process of evaluating the degree of causticization that 
can be accomplished in the presence of oxidizing gases 
such as CO2 or water vapor.

SUMMARY

Alkali metals serve an important role as catalysts in 
combustion and gasifi cation of fi xed carbon, and reduc-
tion of NO. They perform this role by facilitating the 
exchange of oxygen from CO2, water vapor, and NO to 
activated sites on the char surface. When chars that con-
tain alkali metals are extracted with water, a high per-
centage of the alkali metal adsorbed on the char surface 
is converted to alkali metal hydroxides, and a smaller 
percentage to carbonates. The presence of oxidizing 
gases helps to stabilize the adsorption of alkali metals 
on the char surface. The extent to which the presence of 
CO2 alters the ratio of hydroxide to carbonate produced 
in this way (if at all) needs to be investigated.
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INTRODUCTION

Recovery boilers are being built all over the world. The 
history of recovery technology is longer than the history 
of recovery boilers, but it was not until the invention 
of recovery boilers before the Second World War that 
pulping technology was revolutionized. This led to the 
development of essentially the same type of equipment, 
culminating in units that are among largest biofuel boil-
ers in the world. Now, the fi rst commercial black liquor 
gasifi ers are challenging the recovery boiler [14].

For pulp mills, the electricity generation of the recovery 
boiler has been of secondary importance. The most 
important design criterion for the recovery boiler has 
been the need for high availability. Electricity generation 
in the recovery boiler process and steam cycle can be 
increased by using elevated main steam pressure and 
temperature, or higher black liquor dry solids, as has 
been done in modern Scandinavian units.

DEVELOPMENT OF RECOVERY BOILER 
DESIGN

The basic aims of recovery boiler design can be sum-
marized as follows: the highest possible recovery of 
chemicals, high effi ciency, high utilization of the calorifi c 
value of black liquor and maximum safety of operation 
[6]. In the early days, the mill engineer was often left 
to his own devices to develop a method for burning 
the black liquor with the sole objective of recovering 
chemicals [4].

Even though the development of recovery boilers has 
continued, these aims have remained the same for the 
past 50 years. According to Adams et al. [1], the two 
main functions of the recovery boiler are to recover 
inorganic cooking chemicals used in the pulping process 

FUTURE OF RECOVERY BOILER TECHNOLOGY

and to make use of the chemical energy in the organic 
portion of the liquor to generate steam for the mill. 

The most prominent fact characterizing the development 
of recovery boilers is that their features have changed 
slowly; when any stoppage will cost a lot of money, the 
technology tends to be conservative.

Modern recovery boiler 

The modern recovery boiler, Figure 1, is of single-drum 
design, with a vertical steam generating bank and 
widely spaced superheaters. The biggest change around 
1985 was the adoption of the single-drum construc-
tion. The construction of the vertical steam generating 
bank is similar to the vertical economizer. The vertical 
boiler bank is easy to keep clean. The spacing between 
superheater panels increased and plateaued at over 300 
mm. The wide spacing in superheaters helps to minimize 
fouling. This arrangement, in combination with sweetwa-
ter attemperators, ensures maximum protection against 
corrosion. There have been numerous improvements in 
recovery boiler materials to limit. 

The nominal furnace loading has increased during the 
past ten years and will continue to increase [12]. Chang-
es in air design have increased furnace temperatures 
[2,8,10,11]. This has enabled a signifi cant increase in 
hearth solids loading (HSL) with only a modest design 
increase in the hearth heat release rate (HHRR). The 
average fl ue gas fl ow decreases as less water vapor is 
present. So the vertical fl ue gas velocities can be reduced 
even with increasing temperatures in the lower furnace. 

The most prominent change has been the adoption of 
the single-drum construction. This change has been 
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partly driven by the need for more reliable water 
quality control. The advantages of a single-drum boiler 
compared to a bi-drum construction are its improved 
safety and availability. Single-drum boilers can be built 
to higher pressures and bigger capacities. Savings can 
be achieved through a shorter erection time. There are 

less tube joints in the single-drum construction, allowing 
drums with improved startup curves to be built.

The construction of the vertical steam generating bank 
is similar to the vertical economizer, which based on 
experience is very easy to keep clean [22]. The vertical 
fl ue gas fl ow path improves the cleanability with high 
dust loading [28]. To minimize the risk of plugging and 
maximize the effi ciency of cleaning, both the generating 
bank and the economizers are designed with a generous 
spacing. In two-drum boilers plugging is often caused by 
the too tight spacing between the tubes.

The spacing between superheater panels has increased. 
All superheaters are now widely spaced to minimize 
fouling. This arrangement, in combination with sweetwa-
ter attemperators, ensures maximum protection against 
corrosion. With an increased number of superheaters, 
the difference in heat transfer between a clean and 
fouled surface is reduced. This facilitates the control of 
superheater outlet steam temperature, especially during 
start-ups. Plugging of the superheaters becomes less 
likely, deposit cleaning is easier and sootblowing steam 
consumption is low. 

The lower loops of the hottest superheaters can be made 
of material with better corrosion resistance. The steam 
velocity in the hottest superheater tubes is high, decreas-

Figure 1. 
One of the most modern boilers, at Gruvön [30].

ing the tube surface temperature. Low tube surface tem-
peratures are essential to prevent superheater corrosion. 
A high steam-side pressure loss over the hot superheat-
ers ensures uniform steam fl ow in tube elements. 

TRENDS IN RECOVERY BOILER MAIN 
PARAMETERS

The strong evolution of recovery boilers is continuing. 
The desire to maximize electricity generation is driving 
increases in main steam pressures and temperatures. 
If the main steam pressure is increased to 104 bar(a) 
and temperature to 520 °C, the electricity generation of 
the recovery boiler plant increases by about 7 %. With 
a design dry solids load of 4000 tds/d, this means an 
additional 7 MW of electricity [16].

The trend in recent years has been defi nitely in favor 
of increased temperatures and pressures. The newest 
Scandinavian lines have chosen main steam values in 
excess of 80 bar and 480 °C [25,30]. Only a marginal 
increase in power production is attained by changing the 
steam temperature from 480 °C to 500 °C, if the steam 
pressure is kept constant. 

The maximum steam data can be limited by the ash 
properties. The fi rst melting curve at the superheater 
front should be taken into account. Increasing closure of 
mill systems, with high chlorine and potassium concen-
trations, results in decreased melting temperatures. The 
overall mill heat balance should be used to optimize the 
feedwater and fl ue gas temperatures. 

Main steam temperature

The main steam temperature of recently installed recov-
ery boilers is shown in Figure 2 as a function of MCR 
capacity of the boiler in question. The average steam 
temperature increases with size. This is because small 
boilers tend to have low pressure to reduce the unit cost. 
There are many boilers with main steam parameters 
higher than 500 °C. Most of them are in Japan. 
Main steam pressure

The main steam pressure of recovery boilers is shown in 
Figure 3, with corresponding main steam temperature. 
Looking at the steam pressures, one can see that an 
increase in main steam temperature is usually accompa-
nied by an increase in main steam pressure. An increase 
either in steam pressure or temperature has only a small 
effect on back-pressure electricity generation.

BLACK LIQUOR DRY SOLIDS

The black liquor fi red in a recovery boiler is a mixture of 
organics, inorganics and water. Typically, the amount of 
water is expressed as the mass ratio of dried black liquor 
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Main steam temperature as a function 
of recovery boiler capacity.

Figure 3. 
Main steam temperature as a func-
tion of recovery boiler main steam 
pressure.

Figure 4. 
Virgin black liquor dry solids as a 
function of the purchase year of the 
recovery boiler.



54

per unit of black liquor before drying. This ratio is called 
black liquor dry solids. If the black liquor dry solids is 
below 20 % or the water content in black liquor is above 
80 %, the net heating value of black liquor is negative. 
This means that all heat from combustion of organics in 
black liquor is spent evaporating the water it contains. 
The higher the dry solids, the less water the black 
liquor contains and the hotter the adiabatic combustion 
temperature.

The black liquor dry solids ratio has always been limited 
by the ability of available evaporation technology to han-
dle highly viscous liquor. As the technology has evolved, 
so has the fi nal black liquor dry solids. The virgin black 
liquor dry solids of recovery boilers is shown in Figure 4 
as a function of the purchase year of the boiler. 

On average, the virgin black liquor dry solids has 
increased. This is especially true for the latest very large 
recovery boilers. The design dry solids of new greenfi eld 
mills has been 80 or 85 %. In Asia and South America 
80 % (or before that 75 %) dry solids is in use. In Scandi-
navia and Europe 85 % (or before that 80 %) is in use. 

Size and design

Today, boilers with over 200 square meter bottom area 
are being built. The largest boilers are designed for 6000 
tds/d. The recovery boiler is now challenging circulating 
fl uidized boilers for the title of the largest bio-fuel fi red 
boiler. Natural circulation units have now reached the 
mechanical and commercial limits for furnace size

The higher main steam outlet temperature requires more 
heat to be added in the superheating section. Therefore, 
the furnace outlet gas temperature has increased. The 
alternative is to increase the superheating surface and 
decrease the boiler bank inlet fl ue gas temperature. This 
approach has been abandoned because of the higer costs 
involved. The furnace exit temperature has been raised 

safely without signs of excessive corrosion.

The higher recovery boiler main steam temperature 
affects the corrosion of superheaters. Higher recovery 
boiler main steam pressure increases the design pressure 
for all boiler parts. The recovery boiler lower furnace 
wall temperatures increase with higher operating pres-
sure. New and better but more expensive lower furnace 
materials are used. 

MAXIMIZE YOUR BIOENERGY POTENTIAL 
WITH NEW SOLUTIONS

The pulp and paper industry is facing a new era. It is no 
longer enough to cut down emissions; pulp and paper 
mills should also maximize their bioenergy potential and 
minimize their electricity consumption [16].

Pulp mills have successfully reduced their energy con-
sumption and at the same time increased their electricity 
generation. Higher black liquor dry solids generate more 
steam and electricity. But today’s challenge is to have 
integrated pulp and paper mills that operate totally with-
out auxiliary fuels, producing a net surplus of electricity 
from 100 % biomass fuels.

Trends in modern mills

Changes in pulping and bleaching with increased black 
liquor dry solids have affected the heat and power bal-
ance of a modern mill, Table 1. 

Energy effi ciency has increased both in generation and 
consumption, with the newest pulp lines producing a 
surplus of electricity without fi ring mill bark and wood 
residues. The reduced heat consumption in the mill has 
reduced the back pressure power potential, and more 
and more of the power generated is actually condensing 
power. 

Table 1.  
Heat and power demand of chemical pulp production [19].

 GJ/t kWh/t 
Softwood   
  Unbleached 7.5 – 10.6 400 – 490 
  Unbleached dried 10 – 13. 9 520 – 630 
  Bleached 9 – 12 540 – 680 
  Bleached dried 11.5 – 15 660 – 800 
Hardwood   
  Unbleached 7 – 10 390 – 500 
  Unbleached dried 9.5 – 13.2 500 – 650 
  Bleached 8.5 – 11 510 – 620 
  Bleached dried 10.9 - 14 630 – 760 
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MAXIMIZING BIOENERGY

Jaakko Pöyry has been extensively involved in maximiz-
ing the profi ts offered by new bioenergy production 
opportunities [24]. This has resulted in new concepts for 
connecting the recovery boiler and turbine. Up-coming 
Scandinavian lines will have main steam values around 
100 bar and 505 °C. In these installations, potassium 
and chlorine removal equipment is defi nitely needed. 

Pulp mills’ capabilities for producing electrical energy 
have grown in the past years, Table 2. One reason for 
this is that it is more cost-effective to apply energy sav-
ing technologies in newer and larger mills. For the larg-
est lines this means utility sized power production (>100 
MWe). Energy saving technologies with decreased heat 
consumption in modern cooking processes has reduced 
the mill’s heat consumption by 20 %. This has enabled 
condensing power generation. The increase in condens-
ing power with improved recovery boiler parameters has 
had a profound effect on the electricity generation of a 
pulp mill.

A typical modern Scandinavian softwood pulp mill with 
an annual capacity of about 600 000 t/a produces more 
than 30 MWe for sale. Already, a net revenue of around 
10 % can be achieved through sales of surplus electricity, 
bark and wood residue. This amount can be further 
increased with the adoption of utility-type power plant 
connections.  

  Old Modern New Utility 

Dry solids t/Adt 
%ds
GJ/tds

1.7
65

14.3

1.7
78
14

1.7
85
14

1.7
85
14

Heat to steam % 63.7 71.6 74.8 75.0 
Heat generation 
 - RB 
 - RB NCG+sludge 
 - PB 

GJ/Adt 15.5
0.2
3.0

17.05
0.2
3.0

17.8
0.2
3.0

17.9
0.3
3.0

Heat to 
 - Process 
 - Power to heat ratio 
 - BP power 
 - Condensing power 

GJ/Adt
%
GJ/Adt
GJ/Adt

14.1
22
3.1

1.50

11.47
27.4
3.14
5.64

11.7
33
3.9
5.4

11.7
38

4.45
5.05

Power balance 
 - BP power 
 - Condensing power 
 - Mill power use 
 - Power sold 

kWh/Adt 850
140
800
190

860
585
707
738

1050
575
715
910

1215
590
735

1070

Table 2.  
Steam and power balance when fi ring bark and wood waste.

CHALLENGE FROM GASIFICATION

The industry’s visions of the early 1990s that black 
liquor gasifi cation could be a viable alternative within 
the next ten years have not yet materialized.  

Black liquor gasifi cation is a viable alternative to the 
recovery boiler because bioenergy and biobased products 
hold great promise to reduce CO2. Pressurized black 
liquor gasifi cation increases the power production and 
can be used to produce liquid fuels [17]. 

Figure 5. 
A new industrial black liquor gasifi er [14].
With the installation of TRI’s steam reformer, Norampac 
will utilize its new recovery system to generate energy and to 
recover sodium carbonate for reuse in the wood pulping process.
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Original HHV, MJ/kg bl 14.7 13.3 
 HHV in net gas 

% of original 
HHV in net gas 
% of original 

Commercial processes   
  Chemrec 55.9 50.7 
  StoneChem (MTCI) 49.0 42.6 
Piloted processes   
  ABB 70.4 66.6 
  Tampella 60.7 55.9 
 Conventional RB 61.1 58.6 

First commercial black liquor gasifi ers

The challenger to the recovery boiler is already here. 
The fi rst Canadian black liquor gasifi er, and one of the 
fi rst commercial gasifi ers in the world, is starting up at 
Norampac Trenton, Ontario, Canada. It is designed for 
115 tons per day of black liquor solids. This is far from 
the largest recovery boilers of today, but enough for 
full recovery of current (and future) mill liquor solids 
production. 

The reason why the mill purchased a black liquor 
gasifi er was simply the need for an effi cient recovery 
method. The mill had no recovery system and the spent 
liquor was sold to local counties for use in road dust sup-
pression and binding. Continuing this practice became 
environmentally unacceptable and a new recovery was 
needed. TRI won the contract. 

OBSTACLES TO GASIFIERS

Black liquor gasifi cation is still a developing technology. 
Only small commercial atmospheric units have been 
built. No pressurized demonstration units have been 

built so far, and it will take some time before reliable 
large units are available. 

The fi rst demonstration units cost two to three times 
more than a conventional recovery boiler. Although this 
will improve with time, the high price will hinder the 
progress of black liquor gasifi cation.

A commercial gasifi er needs to be over 250 MWe in 
size. A small black liquor gasifi er with a commercial gas 
turbine of 70 MWe requires a mill size of more than 500 
000 ADt/a. Therefore, black liquor gasifi ers are likely to 
be built in new greenfi eld mills, not as replacement units 
of old, small and ineffi cient recovery boilers.

The gasifi er requires more additional causticizing.  The 
full impact of black liquor gasifi cation on recovery cycle 
chemistry needs to be studied carefully with commercial 
units.

IS GASIFICATION THE ANSWER?

Black liquor gasifi cation can produce more electricity, 
but current processes are not as effective as the Kraft 

Table 3,  
Effectiveness of converting black liquor HHV into fuel value in net product gas [5].

Table 4.  
Power balance with gasifi cation and recovery boiler processes.

                           Generation Consumption Sales 
                            kWh/Adt kWh/ADt  kWh/ADt 
Pressurized gasification *        
 Chemrec type    1800 950 850 
 ABB type           2100 920 1180 
New pulp mill with RB       
 Conventional RB 1450 700 750 
 High power to heat RB 1700 730 970 

* Note: For extra electricity extra fuel is needed! 
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recovery boiler [5,13]. To offer an energy advantage, the 
black liquor gasifi er needs to operate under pressure. 

Even though there are signifi cant gains to be made, as 
shown in Table 3, there still remain a lot of unresolved 
issues [23]; fi nding materials that survive in a gasifi er, 
mitigating increased causticizing load and how to carry 
out start-ups and shut-downs. 

POWER BALANCE

The cost of extra electricity produced by gasifi cation is 
still uncompetitive for integrated mills, but approaches 
competitive fi gures for single pulp mills [13]. 

LOOKING AT THE FUTURE

Recovery technology is now in a breakthrough era. On 
the one hand, recovery boilers are turning into genera-
tors of saleable electricity for the fi rst time in history. 
On the other hand, the fi rst commercial black liquor 
gasifi ers challenge the recovery boiler. In the area of 
black liquor gasifi cation, a lot of costly development 
work needs to be done. Only time will tell whether the 
benefi ts of higher electricity generation will outweigh the 
lower effi ciency and higher installation cost.
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BACKGROUND

Co-extruded 304L stainless steel/SA210 carbon steel 
tubes were fi rst used to make recovery boiler walls in 
Nordic countries in the early 1970s.  Experience quickly 
showed these tubes to have improved resistance to 
environments that sometimes caused severe thinning 
of carbon steel tubes [1].  Consequently, by the end of 
the decade, application of composite tubes had been 
extended to service in many boilers as fl oor tubes, as 
well as wall tubes.  A similar pattern of implementation 
of composite tubes in recovery boilers occurred in North 
America, but offset by nearly 10 years. 

The increased operating experience gained with 
composite tubes in kraft recovery boilers soon led to the 
realization that these tubes could be subject to different 
corrosion problems and failure mechanisms than the 
carbon steel tubes they replaced.  These included acceler-
ated preferential corrosion of the stainless steel outer 
layer in recesses around port openings (“balding”), and 
cracking of the stainless layer in tubes that formed spout 
openings in some boilers.  By the mid-1980s, cracking 
of the stainless steel layer of fl oor tubes was reported in 
the Nordic countries [2-5], and this was followed in the 
early-1990s by similar reports of cracking of the stainless 
steel cladding of fl oor tubes in North American boilers 
[6].  It was only a few years later that the fi rst reports 
were received of cracking of 304L/SA210 composite 
tubes forming primary air port openings in some boilers 
[6].

As the widespread nature of the cracking problem in 
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composite fl oor tubes fi rst became apparent, a study 
funded primarily by the U.S. Department of Energy was 
undertaken to try to identify the cracking mechanism 
and to identify solutions.  A second program was 
eventually begun to determine why cracking and corro-
sion were occurring at primary air port openings. Both 
projects were led by Oak Ridge National Laboratory, 
and included the Pulp and Paper Research Institute of 
Canada (Paprican) and the Institute of Paper Science 
and Technology (now affi liated with Georgia Institute of 
Technology) as direct contributors.  Many North Ameri-
can pulp and paper companies, two tube suppliers, and 
fi ve boiler manufacturers provided substantial assistance 
and in-kind support.  Collaborations and information ex-
changes were also established with European engineer-
ing consulting fi rms and research laboratories, including 
Åbo Akademi and VTT in Finland, and ÅF-IPK in 
Sweden.  For the second phase of work on primary air 
port tubes, Process Simulations Limited was added to the 
project team.  This paper summarizes the fi ndings from 
these extensive research efforts.

RECOVERY BOILER COMPOSITE FLOOR TUBE 
CRACKING

Characterization of fl oor tube cracking

The fl oors of many boilers were inspected, and cracked 
fl oor tubes removed from boilers in North America and 
Europe were examined metallographically to gain infor-
mation for better characterization of fl oor tube cracks.  
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Photos taken after dye penetrant inspection of composite 
tube fl oors are shown in Figure 1, and examples of the 
appearance of cracked fl oor tubes that were removed for 
laboratory inspection are shown in Figure 2.  Cross-sec-
tions were cut from a large number of cracked tubes, 
and the sections were subjected to extensive metal-
lographic examinations.  From examination of these 
sections, as well as sections of as-fabricated tubes, some 
typical features were identifi ed.  The cracks generally 
had signifi cant branching, or at least did not advance 
perpendicularly to the outer surface, and in many cases 
the features on opposite sides of a crack had matching 
patterns suggesting that the crack had been pulled open 
rather than material removed by corrosion,  see Figure 3.  
When the cracks advanced in the stainless steel as far as 
the stainless/carbon steel interface, the cracks typically 
terminated at that point or turned and followed the 
interface, as shown in Figure 4, rather than advancing 

Figure 1.
Sections of recovery boiler tube fl oors showing 
cracking on 304L stainless steel/carbon steel 
co-extruded tubes.

Figure 2.
Photographs of dye penetrant tested recovery boiler fl oor 
tube sections.  The upper right tube is 309L stainless steel 
weld overlay tubing; the other tubes are 304L stainless 
steel/carbon steel co-extruded tubes.

Figure 3.
Photomicrographs of cross-sections of cracked 304L 
stainless steel/carbon steel fl oor tubes showing 
branching and cracks with matching sides that 
suggest the crack has been pulled open.

into the carbon steel.  In only a few isolated cases were 
fl oor tube cracks observed to advance into the carbon 
steel.  In these cases, the tubes were always adjacent to, 
or the second tube away from, the side wall in a location 
where water fl ow through the tube has sometimes been 
measured and/or reported to be less than desired or 
sometimes even fl owing in the reverse direction.

Information about the thermal history of a tube can also 
be deduced from examining the stainless steel/carbon 
steel interface of a composite tube in cross-section.  
During fabrication, a decarburized region develops in 
the carbon steel adjacent to the interface, and a region 
containing chromium carbides develops in the stainless 
steel on the opposite side of the interface.  In unexposed 
tubes, the decarburized region was generally about 
80 �m thick and contained no visible carbides.  In 
tubes that had experienced sustained high-temperature 
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Figure 4.
Photomicrographs of cross-sections of cracked 
304L stainless steel/carbon steel fl oor tubes 
showing cracks terminating at the stainless/carbon 
steel interface or turning and advancing along the 
interface.

Figure 5.
Photomicrographs showing the stainless steel/carbon steel interface 
of two tubes.  The upper pair of photos shows a tube that has been 
subjected to overheating; the decarburized zone is wider than normal 
and the interfacial precipitation is more than normal.  The bottom pair 
of photos shows the interfacial area in a typical unexposed tube.

Figure 7.
ASME fatigue design curve for 300 series stainless 
steels for 427°C with additional laboratory-gener-
ated data included.  Note that for cyclic strains of 
about 0.25%, the fatigue life is predicted to be about 
100,000 cycles.

Figure 6.
ASME fatigue design curve for 300 series stainless steels 
for 427°C.  Additional data for 304H and 304L have been 
added to the plot.

exposure, the decarburized region was generally wider, 
and the interface often contained an extensive layer of 
carbides or other precipitates.  Examples of a typical as-
fabricated tube and a tube exposed to excessive tempera-
tures are shown in Figure 5.  Overall though, very few 
composite tubes with such evidence of overheating have 
been found among all of the cracked tubes removed from 
service and examined throughout the history of this 
research program.  Therefore, it is a clear conclusion that 
overheating (at least to the point of leaving metallurgical 

evidence in the microstructure) is not a necessary precur-
sor to cracking in the boiler fl oor.

Fatigue data for 304L stainless steel

Because of the signifi cant difference in the thermal 
expansion coeffi cient between the components of 
composite tubing, 304L stainless steel and carbon steel, 
it is reasonable to expect that considerable stresses could 
develop when the tubing is subjected to thermal cycling.  
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Figure 8.
Photomicrographs generated with a transmission electron microscope showing the disloca-
tion structure for four stainless steel samples.  Note that the cracked primary air port tube 
has roughly the same degree of dislocation tangles as the control sample while the cracked 
fl oor tube has fewer tangles and the cracked smelt spout tube more tangles.

Figure 9.
Sketch showing how thermocouples were attached to fl oor tubes.  Strain 
gauges were mounted in six locations in the original set-up, and this 
sketch shows their position.

Figure 10.
The arrangement of thermocouples installed near a spout wall on a recovery boiler fl oor that 
experienced fl oor tube cracking near the spout wall.

Laboratory control sample Cracker fl oor tubes

Cracked primary
air port tube

Cracked
smelt spout
opening tube
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To determine whether composite fl oor tube cracking 
could be attributed to thermal fatigue that was caused by 
thermal cycling, a review of 304L stainless fatigue data 
was undertaken and laboratory studies were conducted 
to generate fatigue data that provided more information 
on the behavior of this alloy.  The ASME Code Sect. 
III, Subsect. NH design curve provided information 
for coarse-grained 300 series stainless steels.  Figure 6 
shows this design curve for 427°C with mechanical and 
thermal fatigue data for 304H and 304L stainless.  The 
results of laboratory tests are shown in Figure 7 added 
to the same design curve [7].  If thermal cycles from 
300 to 450°C are considered, the cyclic strains would 
be about 0.25%.  According to the ASME design curves, 
the fatigue life for a composite tube subjected to cyclic 
strains of this magnitude would be expected to be at 
least 100,000 cycles.  As discussed in a subsequent sec-
tion of this chapter, there is no evidence that a composite 
fl oor tube experiences anywhere close to that number of 
thermal cycles.

Microstructural examination was also used to gain some 
information about the mechanical and thermal cycling 
history of the tubes. The plastic deformation that occurs 
during exposure of an austenitic stainless steel, such as 
304L, to severe thermal or mechanical cycling causes 
multiplication of microstructural line defects called 
dislocations.  The back and forth movement of disloca-
tions during any type of cycling provides opportunities 
for self-annihilation or dynamic recovery.  Often, this 
recovery is manifested by development of a substructure 
in which walls of high dislocation density surround 
relatively dislocation-free areas.  This substructure is 
unique to fatigue loading conditions and its presence is 
indicative of severe fatigue loading. Its absence could, 
but does not necessarily, indicate that fatigue loading did 
not occur [8].

In order to study these dislocation structures, a very high 
magnifi cation technique like transmission electron mi-
croscopy (TEM) must be used.  TEM studies of cracked 
fl oor tubes have shown that the stainless steel in these 

tubes did not develop the microstructures characteristic 
of fatigue.  In contrast, specimens taken from cracked 
air port opening tubes showed more evidence of thermal 
cycling than fl oor tubes, but not as much as samples 
removed from spout opening tubes, which contained 
the same characteristic substructure as a laboratory-
produced thermal fatigue sample, Figure 8. These results 
were interpreted to indicate that the fl oor and air port 
opening tubes had been subjected to thermal cycling, but 
not a suffi cient amount to cause thermal fatigue cracking 
[8,9].

Floor tube temperature measurements and 
thermal cycling studies

Another approach to determining whether thermal 
cycling plays a major role in fl oor tube cracking was to 
measure the temperature on the crown of fl oor tubes 
in areas with a history of cracking and in areas where 
little or no cracking had been observed.  To make these 
measurements, a 5 x 5 array of thermocouples was 
installed near the spout wall of a slope-fl oored recovery 
boiler that had a history of cracking in the tubes very 
near the spout (front) wall.  The method of thermocouple 
attachment is shown schematically in Figure 9, and the 
location of the thermocouples is shown in Figure 10 [10].

Analysis of the data, which was collected every ten 
seconds for each thermocouple, showed temperature 
fl uctuations occurred at most locations, and the duration 
for these “spikes” was generally on the order of a minute 
or two.  A plot showing one of these temperature spikes 
is given in Figure 11, and a depiction of the temperature 
variations for the entire thermocouple array is given 
in Figure 12 [10].  In this latter fi gure, each of the 25 
thermocouples is represented by the point where the 
grid lines intersect, and the temperature measured by 
each thermocouple is represented by the color at the 
intersection point.  When two adjacent thermocouples 
are signifi cantly different in temperature, the plotting 
program assumes a smooth variation in temperature in 
the region between the two thermocouples.  Within the 
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Figure 11.
Plot of time versus temperature showing a 
temperature spike that was measured by a 
fl oor tube thermocouple.
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fi gure, each of the six displays shows the temperatures at 
a particular time as indicated above each display.  This 
shows a spike occurring on tube 50 in the second row of 
thermocouples from the spout wall (~0.9 m), and this 
spike decays within about 90 seconds.

The collected temperature data were also used to 
determine the number of spikes occurring on each 
thermocouple during a six month period.  The measure-
ments included numbers for spikes of at least 50 °C at 
each location and for spikes of at least 100 °C.  For both 
parameters, the greatest number of spikes occurred on 
the thermocouples on tubes 53 and 56 at the greatest 
distance (1.8 m) from the spout wall [10].  There are 
two important fi ndings to be drawn from these data.  
First, based on the spike frequency and the available 
information on fatigue cracking of stainless steel, the 
number of spikes over the operating period of the boiler 
does not project to be enough for thermal fatigue to be 
the cause of the cracking.  Secondly, the area of the fl oor 
where cracking of the tubes was the greatest is an area 
where temperature spikes are the fewest.  This study 
did show that timing of the temperature fl uctuations 
correlated fairly well with the operation of the fi rst row 
of sootblowers that cleaned the screen tubes and the 
fi rst bank of superheater tubes.  This strongly suggests 
that the thermal fl uctuations on the fl oor tubes in this 
boiler are caused by debris falling from the screen and 
superheater tubes.

CHARACTERIZING THE BOILER ENVI-
RONMENT

Smelt bed during operation  

As part of a comprehensive effort to identify the 
mechanism of composite fl oor tube cracking, studies 
were conducted to defi ne the chemical environment ex-

perienced by the tubes.  Under operating conditions with 
adequate fl ow of water in the tubes, the outer surface of 
the tubes should only be in contact with solidifi ed smelt.  
Several attempts were made by European collaborators 
to collect and characterize the composition of smelt 
against the surface of fl oor tubes [11].  In a decanting 
fl oor boiler, signifi cant enrichment of sulfur was reported 
in a thin layer of smelt directly against the tube surface.  
This was taken as evidence for the existence of sodium 
polysulfi de, which would be liquid within the tempera-
ture range experienced by the fl oor tubes.  It proved 
impossible to confi rm whether similar enrichment could 
occur in sloped fl oor boilers where the turnover of the 
bed material would be expected to occur more rapidly, 
thus preventing enrichment of sulfur against the tube.

Water washes

During the water washing of the boiler, a liquid phase 
will be in contact with the tubes, and for at least some 
of the time, the temperature will be somewhat elevated.  
In order to characterize the solution in contact with the 
tubes, samples of wash water solutions were collected 
from several mills as a function of time during the 
water washing of the boiler [12].  These samples were 
analyzed to determine the dissolved species.  The results 
of the analyses of one set of samples collected from 
a southeastern U.S. mill are listed in Table 1.  These 
results show that the pH of the wash solution remained 
fairly constant and in the range of 11.5 to 11.9, but the 
concentration of many components decreased with time.  
The concentrations of potassium and chloride decreased 
very rapidly while sodium, carbonate, sulfate and sulfi de 
decreased much more slowly.  Despite the relatively low 
concentrations for some of these components, concentra-
tions would be expected to increase as pools of water 
collected in some areas or heating of the boiler caused 
some of the water to evaporate.  To answer the question 

Figure 12.
Depiction of the temperature pattern associ-
ated with a temperature spike.  Note that 
a spike is seen in the top center frame by 
a thermocouple about 0.9 m (3 ft) from the 
spout wall on tube 50.  The spike has sig-
nifi cantly decreased in intensity 20 seconds 
after it was fi rst noted.
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Figure 13.
Plot showing the relative amounts of smelt 
derived constituents dissolved in a given amount 
of water.  Note that when the amount of water 
is severely limited the concentrations of NaOH 
and Na2S2O3 are the greatest.
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of what the composition would be if the amount of water 
were limited, laboratory studies were conducted in which 
smelt was dissolved in controlled amounts of water.

The study of the solubility of smelt constituents in a 
limited amount of water produced some surprising re-
sults.  The test was conducted by putting 1000 g of smelt 
in controlled amounts of water (250, 500, 750, 1000 and 
2000 ml) then holding the mixture for 48 hours at room 
temperature.  After the 48 hour exposure, the water was 
collected and analyzed.  As shown in Figure 13, it was 
found that with the smallest amount of water (250 ml), 
sodium hydroxide and sodium sulfi te were the compo-
nents present in greatest concentration.  As the amount 
of water was increased, the concentration of these two 
components decreased while the concentrations of 
sodium carbonate and sodium sulfate increased.  The 
presence of signifi cant amounts of sodium hydroxide 
was not expected, but these results provided informa-
tion that had to be considered during selection of the 
salt compositions for stress corrosion cracking tests.

Circumstantial evidence suggesting that the presence 
of residual smelt on the fl oor during washing plays a 
part in the development of fl oor tube cracks is shown 
in Figure 14.  The pattern of cracking found on the 
fl oor of this boiler closely matches the location of 
the smelt left after the bed was burned down and 
the boiler water washed.  As discussed below, 304L 
stainless is particularly susceptible to SCC within 
a temperature range of 160 to above 220°C.  A 
particularly dangerous situation for cracking would 
therefore exist when a residual bed of wet smelt is 
left on the boiler fl oor during a dry-out fi re.  Floor tube 
temperatures can remain within the range of maximum 
susceptibility to SCC for several hours during a dry-out 
fi re [12].

Laboratory studies of cracking in solutions 
containing hydrated salts

Since thermal fatigue was largely eliminated as a source 
of cracking for composite fl oor tubes on the basis of the 
above arguments, attention was turned to environments 
capable of causing stress corrosion cracking (SCC) of 
304L stainless steel. One key requirement for SCC is 
the presence of a liquid phase in contact with the metal 
surface.  As discussed above, it was diffi cult to imagine 
this condition being fulfi lled during normal operation of 
a boiler, which left water washing as one of the few occa-
sions in the life of a recovery boiler when the fl oor tubes 

Figure 14.
Photo and sketch showing the fl oor of a recovery boiler.  The 
sketch indicates the area where cracking was seen and the 
photo shows the smelt bed remaining after the boiler was 
shutdown.



66

Figure 16.
Maximum crack depth for alloys tested in various heat-treated 
and cold-worked states in a mixture of 75 wt% Na2S + 25 wt% 
NaOH at 180°C.

would be exposed to a liquid phase. The key questions 
were whether the water wash environment could cause 
SCC, and if so, was the time of exposure long enough to 
initiate cracks in the tubes?

As discussed in the previous section, water washing a 
recovery boiler subjects the hot fl oor tubes to a chemi-
cal environment rich in sulfi de, carbonate, hydroxide, 
sulfate and other oxidized sulfur compounds.  This is 
particularly the case when a large residual bed is left in 
contact with the fl oor tubes without being burned down.  
Constant stress tests were used to expose tensile and 
ASTM G-30 U-bend specimens to mixtures of sulfi de, 
hydroxide and carbonate at temperatures between 100°C 
and 250°C. Early experiments demonstrated quite 
conclusively that SCC of 304L stainless steel will occur 
over a temperature range between about 160°C to more 
than 220°C in hydrated mixtures of these salts, Figure 
15 [13].  Furthermore, cracks were initiated in very short 
times (<60 mins) in some of these tests.  The presence of 
sulfi de was found to be essential for SCC, and cracking 
was more severe as the content of hydroxide in the salt 
was increased [13,14].  Signifi cantly, SCC was induced 
in test samples exposed only to a moist salt mixture of 
sulfi de and carbonate with no added hydroxide, also at 
temperatures between about 160 and 200°C – conditions 
which closely match those expected in the early stages 
of a water wash.  SCC will not occur at temperatures 
lower than about 160°C within the concentration range 
of chemicals that might be expected during water wash-
ing, but has been demonstrated at temperatures as low 
as 60°C in a highly concentrated or saturated solution 
of sulfi de and hydroxide [13]. It is noteworthy that 
the stress-corrosion cracks formed in these laboratory 
tests were branched and transgranular and very similar 
to those reported in metallographic examinations of 
cracked composite tubes removed from recovery boiler 
fl oors [8,13,15].

The SCC data suggest that a narrow window of sus-
ceptibility to cracking exists when the boiler fl oor tubes 
are still hot, and covered by a relatively thick insulat-
ing layer of smelt. In the early stages of a water wash, 
saturated wash water will pass over the tubes, or moisten 
the smelt in contact with the tubes, forming the perfect 
environment for initiation of SCC.

If 304L was so readily susceptible to SCC in these 
environments, the obvious question to ask was whether 
or not other alloys were more resistant.  Signifi cantly, 
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laboratory tests showed that no alloy available for 
manufacture as composite tubes is immune to SCC in 
these environments.  ASTM G-30 U-bend specimens 
made from generic alloys were exposed to a simulated 
water-wash environment consisting of mixtures of either 
75 wt% Na2S + 25 wt% NaOH at 180ºC or 20 wt% Na2S 
+ 80 wt% Na2CO3 at 160 ºC. The former environment is 
thought to be severe relative to typical boiler exposure, 
while the latter environment is considered to be more 
realistic, and typical of many boilers [16]. In both cases, 
a nitrogen-fed atomizer was used to maintain a continu-
ous mist of water over the surface of the salt mixture to 
maintain the presence of a liquid phase in contact with 
the U-bend specimen. 

Note that data from U-bend tests are subject to consider-
able variability, and the results should be interpreted 
accordingly.  Nonetheless, signifi cant differences in 
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Figure 15.
Plot of time to failure versus test temperature for 304L stainless 
steel samples subjected to a load of 275 MPa in a solution of 
Na2S + 10% NaOH.  Note that below about 160°C, the samples 
do not fail.
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resistance to stress corrosion cracking were observed 
across the range of alloys evaluated. Test data for the 
less aggressive test conditions are not shown.  In those 
tests, only 304L cracked in a substantial fashion.  Small 
incipient cracks (no more than one or two grains deep) 
were found on the alloy 825 specimens, and no cracks 
were observed in the alloy 625 specimens.

Selected data are shown in Figure 16 for the more severe 
test environment.  Overall, 304L was observed to be very 
susceptible to SCC in all metallurgical conditions, while 
alloy 825 and alloy 625 were successively more resistant 
to cracking in their wrought forms.  When the alloys 
were sensitized by heat treatment, there was only a small 
change in crack propagation observed for each alloy, 
relative to the non-heat treated specimens.

Specimens subjected to cold-work proved to be least 
resistant to SCC. In particular, U-bends made from 50% 
cold-worked alloy 825 and alloy 625 were as susceptible 
to stress corrosion as 304L in these tests.  All cracking 
was found to be transgranular, with the exception of the 
cold-worked alloy 625. In this latter case, the cracks were 
found to have propagated intergranularly. This mode of 
crack propagation is consistent with reported cracking of 
alloy 625 composite tubes in the fi eld [12].

EFFECT OF STRESS STATE ON COMPOSITE 
FLOOR TUBE CRACKING

Modeling of stresses in fl oor tubes 

In order for essentially all cracking mechanisms to be 
operative, the stresses on the component must be tensile 
during some stage of its operation.  In order to estimate 
the stresses on the surface of the stainless steel portion 
of composite tubes, fi nite element modeling and residual 
stress measurements were used to provide information 
on the stress state of the tubes as well as validation for 

Figure 17.
Hoop and axial stresses predicted to develop on the 
fi reside crown of a 304L stainless steel clad composite 
tube.  Note that when the temperature is raised to operat-
ing conditions, the stresses are compressive and when the 
tube is cooled to room temperature, the stresses become 
tensile.

the model predictions.

The fi nite element modeling utilized the commercial 
software ABAQUS [17] to predict the stresses that 
developed when composite tubes, with previously 
measured fabrication residual stresses, were welded to 
a clad membrane to produce the tube panels [18].  The 
model was extended to account for the effects of tube 
pressurization and the application of heat on one side to 
produce a temperature gradient across the tube wall on 
the fi reside of the boiler.  This modeling predicted that 
before being heated the fi rst time, the axial stresses were 
compressive and the circumferential or hoop stresses 
were tensile in the stainless steel layer on the tubes in 
the tube panel.  However, as shown in Figure 17, both 
became compressive as the panel was heated from room 
temperature to the operating temperature, but when the 
panel was cooled to room temperature the axial and 
hoop stresses became tensile.  As will be described in 
the next section, room temperature stress measurements 
confi rmed these stress predictions.

Finite element modeling of stresses in the carbon steel 
layer near the interface on the fi reside showed that axial 
stresses are compressive, thereby tending to prevent 
cracks from propagating into the carbon steel layer of 
a tube.  However, in the membrane axial stresses are 
tensile in both 304L and carbon steel layers near the 
interface, so that transverse cracks can advance into the 
carbon steel layer as has been observed in some fl oor 
membranes.

In order to evaluate materials that might be consid-
ered alternatives to the 304L in composite tubes, the 
modeling studies were repeated for alloy 625/carbon 
steel and modifi ed alloy 825/carbon steel composite 
tubes.  Manufacturing stresses in these composite tubes 
were assigned based on X-ray and neutron diffraction 
measurements.  Modeling of welding to make the tube 
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panels showed development of tensile hoop stress 
and compressive axial stress at the tube crown.  Upon 
heating to operating temperature, stresses changed in 
magnitude but not in sign.  Upon cooling of the tube to 
room temperature, the stresses returned to their original 
values indicating that they remained elastic through the 
entire cycle.  An important aspect of these results is that 
axial stresses for both modifi ed alloy 825 and alloy 625 
remain compressive throughout the cycle.  Observations 
of cracked fl oor tubes revealed that most cracks were 
circumferential and hence their growth would be aided 
by axial tensile stresses.  On this basis, it would appear 
that modifi ed alloy 825 and alloy 625 are better choices 
than 304L stainless for the outer material of composite 
tubes.

The information used to draw the conclusion on alter-
nate materials was from a generic modeling study where 
stresses were calculated for model alloys as a function of 
yield stress and thermal expansion coeffi cient.  In order 
to avoid stress conditions under which stress corrosion 
cracking or thermal fatigue could occur, tensile stresses 
on the tube surface should be avoided and stresses 
should not exceed the elastic limit anytime during serv-
ice.  These modeling results were used to generate a plot 
showing regions in the yield stress vs thermal expansion 
coeffi cient graph where the constraints on stress were 
satisfi ed.  As shown in Figure 18, the properties of alloys 
625 and 825 put both materials in the “preferred” region 
where the stress conditions are more desirable [18]. 

Stress measurements on unexposed and 
exposed fl oor tubes 

The measurement of residual stresses in composite tubes 
has been accomplished using two techniques [19].  X-ray 
diffraction can provide information on the residual 
stresses on or very near the surface of a sample.  This 
technique takes advantage of any shift in the location of 
diffraction peaks to determine if there is any change in 
lattice parameters resulting from compressive or tensile 
stresses on the component being examined.  In order to 
make stress measurements well below the surface of the 
component, more penetrating radiation has to be used.  
This has been done using neutron radiation generated by 
a research-oriented nuclear reactor.

Measurement of residual stresses on the surface of 
unexposed 304L stainless/carbon steel composite tubes 
from both major manufacturers showed both axial and 
circumferential stresses were compressive but a cyclic 
stress pattern was measured along the length of the tube.  
This cyclic pattern was attributed to the straightening 
operation that is the fi nal fabrication step used by at 
least one of the tube manufacturers.

Residual stress measurements were also made on sec-
tions of previously exposed composite tubes that were 
part of a tube panel removed from a recovery boiler 
fl oor, and as predicted by the fi nite element model, the 
axial and circumferential surface stresses were found to 
be tensile.  These measurements provide validation for 
the composite tube residual stress modeling.  Field meas-
urements of residual stresses were made on modifi ed 
alloy 825 clad fl oor tubes before start-up of the boiler 
and after about a year’s service.  The measured stresses 
remained compressive as predicted by the fi nite element 
modeling.

To provide experimental results on the stresses in tubes 
at operating temperatures and higher, neutron diffraction 
was used to measure the stresses in the stainless steel 
layer of a composite tube while the tube was being 
heated.  As the tube was heated from room temperature 
to a nominal operating temperature of about 300°C, the 
stresses at mid-thickness of the stainless layer changed 
from tensile to compressive as predicted by the fi nite 
element model.

CONCLUSIONS FOR COMPOSITE FLOOR 
TUBE CRACKING

Cracking of composite 304L stainless steel/carbon steel 
fl oor tubes has been seen in every type of recovery 
boiler employed in North America.  Of the hundreds 
of cracked tubes examined during this project, almost 
no cracks were found that progressed past the stainless 
steel/carbon steel interface in any of the fl oor tubes 

Undesirable

Preferred

Undesirable

Preferred

Figure 18.
A plot of yield stress versus thermal expansion coeffi cient with 
the regions identifi ed where the stresses that develop in the 
tube meet certain constraints.  The “preferred” area defi nes a 
combination of yield stress and expansion coeffi cient where the 
stress conditions are more desirable.
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Figure 19.
Photographs of dye-penetrant tested, cracked smelt 
spout opening tubes.

examined.  The few exceptions to this observation were 
in tubes that were adjacent to the walls of the boiler in 
a location where water circulation has sometimes been 
observed to be poor.

The information collected does not support the idea 
that thermal fatigue is the mechanism responsible for 
composite fl oor tube cracking.  It is more likely that a 
stress corrosion mechanism that involves sodium sulfi de 
at a somewhat elevated temperature >160°C is an es-
sential component in the mechanism.  Laboratory tests 
have shown that exposure of stainless steel in hydrated 
sodium sulfi de can cause fairly rapid cracking if the 
temperature is suffi ciently high and the stresses in the 
tube are tensile.

For stress corrosion cracking (SCC) or a mode that 
incorporates some aspect of SCC, there are some 
conditions that must be met for the mechanism to be 
operative: suffi cient tensile stress, proper temperature 
range, and appropriate chemical environment.  The 
studies indicate that all of these conditions are satisfi ed 
only when the boiler is being cooled during a water 
wash, heated during a dry-out fi ring, or heated after a 
shutdown.  Consequently, cracking can be avoided by 
completely burning out the bed before beginning a water 
wash, by delaying the start of the wash until the tube 
surfaces are cooler than 150°C, and removing moist 
(hydrated) smelt or concentrated wash water from the 
fl oor before heating the tubes above 150°C.

Finite element modeling and residual stress measure-
ments have established that the stresses in the stainless 
steel layer of a composite tube change from compressive 
to tensile as the tube is cooled below operating tempera-
ture and change from tensile to compressive when the 
tube is heated to near the operating conditions.  These 
studies show that modifi ed alloy 825 and alloy 625 do 
not develop tensile stresses during normal operation, 
and these alloys, at least on this basis, are suitable alter-
natives to 304L stainless steel for composite fl oor tubes.

CRACKING OF SMELT SPOUT OPENING 
TUBES

Cracking in the tubes that form smelt spout openings or 
the tubes adjacent to the opening tubes were reported 
fairly soon after composite tubes were fi rst used in 
wall panels [6].  The environment around smelt spouts 
might be expected to be especially severe because of the 
intermittent splashing that occurs as the smelt drains 
through the spout.  

Field observations of cracking in smelt spout 
opening tubes

Although this project has not concentrated on the crack-
ing seen in smelt spout opening tubes to the extent that 
fl oor tube and primary air port opening tube cracking 
has been examined, there have been opportunities to 
examine cracked tubes in the fi eld and in the laboratory.  
Examples of cracked smelt spout opening tubes observed 
during boiler inspections are shown in Figure 19.  Both 
craze and circumferential cracks have been observed.  In 
some cases the cracking is fairly shallow, but in other 
cases the cracks have been found to continue into the 
carbon steel indicating the stress state at the stainless 
steel carbon steel interface of spout opening tubes is 
different from that in fl oor tubes.

Laboratory observations of cracked tubes

A number of cracked smelt spout opening tubes have 
been examined to get some indication of the depth of 
cracks.  In addition to the conventional 304L/carbon 
steel composite tubes, co-extruded tubes with an outer 
layer of modifi ed alloy 825 or alloy 625 have been exam-
ined.  It is worth noting that cracking was seen in all the 
openings examined.  A number of tubes made with mod-
ifi ed alloy 825 were examined, but the cracking in those 
tubes was sometimes quite shallow.  The observation of 
shallow cracks matched the reports from some mills that 
cracks on modifi ed alloy 825 tubes could sometimes be 
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removed with light buffi ng.  Only one opening fabricated 
with alloy 625 tubes was examined, and, as shown in 
Figure 20, intergranular cracking was found on those 
tubes.  All of these alloys have been observed to corrode 
when used as smelt spout opening tubes.

CRACKING OF PRIMARY AIR PORT OPEN-
ING COMPOSITE TUBES

During the latter stages of the study of composite fl oor 
tube cracking, it was noted that an increasing number 
of mills were reporting cracking of the tubes that form 
primary air port openings [9,21].  Both craze and 
circumferential cracks were reported, and in all cases 
the cracks were limited to the lower portion of the air 
ports.  Most frequently, the cracks were on or very near 
the bent portion of the tubes at the bottom of the port, 
but the cracks were sometimes seen some distance below 
the bottom of the port.  The most signifi cant aspect of 
this cracking was that, unlike fl oor tube cracks, some 
of the cracks continued through the stainless/carbon 
steel interface into the carbon steel.  This was reason for 
serious concern and an indication that this cracking was 
not totally like that seen on composite fl oor tubes.  Con-
sequently, as the study of composite fl oor tubes reached 

a conclusion, the research efforts were directed toward 
determining the cause of, and solutions for, cracking of 
the primary air port tubes.

Field observations of cracking of primary air 
port tubes

Members of this research team visited many North 
American mills to observe the inspection of the com-
posite tubes and particularly the tubes forming primary 
air ports.  Cracking was seen on air port tubes for most 
boiler types utilized in North America.  Examples of 
cracking are shown in Figure 21.  In this fi gure, exam-
ples of craze and circumferential cracking are shown on 
air ports with cast inserts, and circumferential cracking is 
shown on air ports with welded sleeves.  It is important 
to note that cracks in air port tubes were not always easy 
to detect.  Cracks were most likely to be found if, prior to 
dye penetrant inspection, the surface corrosion products 
were removed from the tube by cleaning with a 120 (or 
smaller) grit “fl apper wheel” until shiny metal could be 
seen [22,23].

Figure 21.
Examples of cracked primary air port opening tubes with (left to 
right) craze cracking, circumferential cracking, membrane crack-
ing and cracking in the membrane to tube weld.

Figure 20.
Photomicrograph of cross-section of alloy 625 clad 
smelt spout opening tube showing the intergranular 
cracking of the alloy 625.
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Figure 23.
Cracks in a 304L stainless steel clad air port opening tube.  The cracks in location 4 are 
shown in cross section in the micrographs on the right.  Note that many of these cracks 
terminate in a corrosion “pit” at the stainless steel/carbon steel interface.

Laboratory observations of cracked air port 
tubes

A number of recovery boiler owners/operators have 
provided sections of wall panels that were removed in 
order to replace primary air ports. These sections were 
subjected to a dye penetrant examination, then samples 
were removed from areas where crack indications 
were found. These samples were mounted so that the 
cross section of the tube wall could be viewed. The 
samples were carefully ground and polished, and when 
considered appropriate, etched with an acid solution 
to highlight microstructural features. Examination of 

these cross-sections provided information about crack 
characteristics and whether the cracks continued into the 
carbon steel. Any evidence of excessive heating of the 
tube would also be revealed by this examination.

Figures 22-24 show cracks in tubes revealed by dye 
penetrant inspection along with views of cracks in the 
tube cross-sections that were selected on the basis of the 
dye penetrant examination.  The 304L stainless steel 
clad tube used for the primary air port opening shown 
in Figure 22 had severe circumferential cracking just 
below the bottom of the air port. As shown in the fi gure, 
metallographic examination of cross section samples 

Figure 22.
Cracks in 304L stainless steel clad tubes just below the air port opening.  Micrographs of the cross 
section of the tube show that these cracks penetrate into the carbon steel.
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Figure 25.
Examples of the thermocouple installations used in the fi rst three boilers equipped with thermocou-
ples on the primary air port tubes.

Figure 24.
Cracks in an alloy 625 clad air port opening tube.  Many of these cracks continue through the alloy 
625 layer to the interface.  Note that the cracking is intergranular in nature.

showed that some of the cracks advanced into the carbon 
steel. The primary air port shown in Figure 23 was taken 
from a different recovery boiler, but the opening tubes 
were also fabricated with 304L stainless steel.  The cross 
sections of cracks that are shown in Figure 23 reveal that 
cracks advanced to the stainless steel/carbon steel inter-
face, but no signifi cant penetration into the carbon steel 
occurred.  Alloy 625 co-extruded tubing was used to form 
the air port shown in Figure 24, and as shown in the 
micrographs signifi cant cracking occurred in the tubes.  
The laboratory examination did not fi nd any cracks that 
advanced into the carbon steel.

Temperature studies

Since thermocouples were successfully used to obtain 
information on the temperature variations experienced 

by fl oor tubes, it was a logical extension to consider 
installing thermocouples on air port tubes.  It was not 
clear that temperature variations should be expected, 
but it was initially decided to install thermocouples on 
primary air port tubes in three mills - two with a history 
of primary air port tube cracking and one new boiler 
nearly identical to one of the other two, but with no 
history of cracking.  In the two boilers where air port 
tube cracking had been observed, thermocouples were 
installed on air ports with a history of cracking and air 
ports where no cracking had been previously observed.  
In both cases, thermocouples were mounted in the lower 
portion of an air port on the bent portion of the tubes 
in the general area where cracking was most often seen.  
Photos of typical thermocouple installations are shown 
in Figure 25.
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An example of the results for one of the mills is shown 
in Figure 26 where it can be seen that the temperature 
fl uctuations were much larger in amplitude on the air 
port where cracking had previously been observed [9].  
This pattern of larger fl uctuations occurring on air ports 
where cracking had been observed was also seen at the 
second mill.  In the third boiler where no cracking had 
been observed, some fl uctuations were seen but there 
was no preferred pattern and no regular pattern of large 
fl uctuations.

Ultimately, thermocouples were installed on primary 
air ports in ten different boilers.  Table 2 lists the ten 
boilers, provides some of the specifi cations for each and 
tells which experienced cracking of the primary air port 
tubes [24].

In one of the mills, in addition to the thermocouples 
installed near the bottom of the air port, thermocouples 
were installed at a number of other locations around 
the air port opening.  The locations of these installation 

Figure 26.
Typical temperature data for a 24 hour period on an air port (left) that had previously experienced cracking and 
an air port (right) with no prior history of cracking.

Figure 27.
Sketch showing the locations at which thermocouples were installed in one boiler to determine the variation 
in temperature patterns around the air port.  Note that no air port had thermocouples installed at all the loca-
tions indicated.  The plot on the right shows typical temperature patterns measured for the locations indicated.

points are shown on the left side of Figure 27.  It was 
found that the largest fl uctuations occurred in the areas 
where cracking was generally most severe (locations 1 
and 2), while the smallest fl uctuations were consistently 
in the area the farthest from the opening (location 11).  
The thermocouples at the top of air ports (locations 
5, 6, 7 and 8) consistently ran hotter than the lower 
thermocouples but had fewer fl uctuations with smaller 
amplitude.  Thermocouples near the opening, but at or 
below the midpoint (locations 3, 9 and 12) sometimes 
showed considerable activity but had very little activity 
at other times.  The right side of Figure 27 shows some 
of the typical temperature patterns for several of the 
thermocouples around an opening.  A few other mills 
had thermocouples in some of these locations, particu-
larly positions 5 and 6, and there was good consistency 
between boilers with respect to the patterns likely to be 
observed at any one location.

To resolve whether the measured temperatures were 
truly representative of the temperatures at the tube 
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surface, a tube with a modifi ed version of chordal 
thermocouples, was also instrumented with thermocou-
ples like those used on the air port opening tubes.  Since 
chordal thermocouples (which are embedded in the tube 
wall) are considered to give representative indications 
of tube wall temperatures, they were used as a reference 
for thermocouples mounted on the tube surface.  The 
tube was air cooled and the surface was heated with 
high-intensity lamps to simulate the sudden application 
of a heat pulse.  Although the surface and chordal ther-
mocouples did not give exactly the same temperatures, 
the measured values were substantially equivalent such 
that the surface thermocouple measurements could be 
considered representative of the actual conditions on the 
surface of the tube.

A further effort was made to characterize the severity 
of temperature fl uctuations on the tube surfaces [25].  
The parameters defi ned as a result of this study are 
identifi ed as cycles and excursions.  A cycle is defi ned as 
a temperature increase of at least 75 °C from the previ-
ous minimum temperature followed by a decrease of at 

least the same magnitude from the previous maximum 
temperature.  The choice of this particular temperature 
change was based on fi nite element modeling studies 
showing 75 C° as approximately the temperature change 
required to take the 304L stainless steel layer on a 
composite tube from the yield state in compression to 
the yield state in tension.  An excursion is defi ned as a 
data point for which the temperature is at least 450°C.  
Since data points are collected every ten seconds, six 
excursion data points would be interpreted as represent-
ing operation at a temperature of at least 450°C for an 
accumulated time of one minute.  Selection of the 450°C 
temperature was based on many observations of instru-
mented air port tubes.  Thorough documentation of each 
boiler showed that instrumented ports that were cracked 
experienced signifi cant periods where the temperature 
was above 450°C.  Consequently, that temperature was 
selected as the lower limit for the defi nition of excur-
sions.

In addition to the temperatures around the primary 
air port openings questions were raised about whether 
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Figure 28.
Plot of the temperature fl uctuations measured on 
the opening tubes near the bottom of four second-
ary air ports in a North American boiler that 
experienced severe primary air port tube cracking.
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Figure 29.
Plot of temperatures measured at two loca-
tions on the fi reside of a primary air port 
tube (R24-1 and R24-5) and the tempera-
tures measured at equivalent locations on 
the windbox side of the same tubes.  Note 
that negligible fl uctuations were measured 
on the windbox side of the tubes.
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temperature fl uctuations would occur on the second-
ary air ports in a boiler experiencing primary air port 
cracking or on the windbox side of the primary air port 
tubes.  Temperature fl uctuations at the secondary level 
would indicate the environment causing the heat pulses 
also exists at the secondary level, and fl uctuations 
on the windbox side of opening tubes might indicate 
disturbances in the fl ow of pressurized water in the tube 
as a result of local heating on the fi reside.  To address 
both of these issues, thermocouples were installed on the 
bent portion of the opening tubes at the bottom of four 
secondary air ports and near the top of primary air ports 
on the windbox side of two tubes.  As shown in Figure 
28, surface temperatures of tubes forming secondary 
air port openings showed very few fl uctuations.  The 
cleaning of the openings by the port rodders appeared 
to cause the greatest variations in temperature.  The 
thermocouples on the windbox side of air port tubes 
similarly showed very little variation in temperature (see 
Figure 29) indicating that any fl ow disturbances were not 
intense enough to be refl ected by temperatures on the 
windbox side of the tubes.

Cause of temperature fl uctuations

Based on many years of temperature monitoring along 
with periodic boiler inspections, it became apparent that 
the magnitude of temperature fl uctuations on thermocou-
ples near the bottom of an air port were a good indicator 
of the likelihood of cracking occurring in the tubes that 
form the air port opening.  Consequently, it became 
important to determine the source of the intense local 
heating that caused the abrupt temperature changes.  In 
an effort to identify the heat source, several approaches 
were used.  First, a specially developed camera that 
could be inserted into the boiler through a primary 
air port opening was used to try to characterize the 
activities on the surface of the air port tubes.  Secondly, 
modeling of possible heat sources, particularly oxidation 
of sulfi de to sulfate and combustion of liquor droplets, 
was performed.  In addition, temperature patterns were 
monitored while changes in operating parameters were 
conducted as a means to estimate the effect of different 
boiler conditions. 

Video imaging of primary air port tubes

The use of temperature patterns to monitor changes 
in the air port environment is being complemented by 
video imaging [26].  Team members have developed a 
cooled camera that is specially designed to be inserted 
through a primary air port into the boiler (see Figure 
30).  Once in the boiler, the camera can be directed to 
observe what is occurring on the surface of the tubes.  
Figures 31 and 32 show the camera’s view of the air port 
tubes during a shutdown, and the view of the boiler dur-
ing operation with a low and high bed.  This camera has 

Figure 30.
Photograph of video camera designed to go through a 
primary air port and record the activities on the fi reside 
of a primary air port.

been used, along with the thermocouples, in an effort to 
determine what might be happening, physically and/or 
chemically, to cause the temperature changes.  These 
studies have shown a thin coating of condensed and fro-
zen material is always present on the fi reside of the wall 
tubes and membranes.  Molten salt frequently fl ows over 
the coated tube and membrane surfaces, and under some 
conditions, signifi cant amounts fl ow across areas of the 
tubes where cracking has been observed.  The camera 
studies have also shown black liquor particles in a wide 
range of consumption states (evaporation of water, 
volatilization of organic material or melting of inorganic 
material) with rapidly varying deposition rates on the 
tubes at the bottom of the primary air ports.  Steady 
temperatures, close to the saturated water temperature 
of the steam/water in the tubes, were demonstrated to be 
largely due to a quiescent bed completely covering the 
surface of the thermocouple shields.  Likewise, steady 
temperatures within a band approximately 80 to 100 °C 
higher were recorded when the bed was extremely low, 
and the thermocouple shields were completely exposed 
to the radiant energy within the furnace cavity. 

Temperature increases of up to ~100 °C above the 
baseline (just above water side temperatures), are associ-
ated with particle removal, exposing the thin coating on 
the tube surface.  The particles are primarily removed 
either by an increase in molten salt fl ow down the 
surface of the tubes or a change in the balance between 



76

Thermcouple 
Shield

Thermcouple 
Shield

Bottom of Air Port 

Low Bed High Bed Thermocouple 
Shields 

a. b.

Figure 31.
Video camera’s view of the bottom of a primary air port.  Note the view of the 
casting and the two thermocouple shields.

Figure 32.
Video camera’s view of the bottom of a primary air port during boiler operation.  In the picture on the left, 
the bed is quite low while in the picture on the right the bed is near the bottom of the primary air port.

Figure 33.
Schematic of the tubes that form half of a primary air port with 
the grid markings and the area subjected to increased heat fl ux 
for the modeling study of local heating.

Figure 34.
Plot showing the variation in temperature at the tube surface as 
a result of combustion of a pulse of liquor droplets.
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particle deposition and consumption rate.  None of these 
conditions has been shown, by itself, to be the source 
of high temperature excursions above 450°C on the 
thermocouples.  

Modeling of local heating 

A three-dimensional fi nite element model was used to 
predict the temperature variations that might occur on 
a primary air port composite tube subjected to localized 
changes in the heat fl ux.  In keeping with the observa-
tions from the camera work, two sources of heat release 
at the fi reside surface of the tube were considered 
– combustion of black liquor droplets and oxidation of 
Na2S from the smelt layer [24].

For both cases, the model used the assumptions that the 
inside surface of the tube was in contact with water at 
295°C and the increase in heat fl ux was assumed to oc-
cur over a 2 x 2 element area on the lower portion of the 
bent tube, as shown in Figure 33.  The area of localized 
heating is approximately 375 mm2.  Furthermore, it was 
assumed all of the heat generated by the combustion is 
directly felt by the tube surface, whereas in practice the 
tube fi reside surface is nearly always covered by a thin 
layer of frozen smelt; this has been documented by the 
video camera.

For the case of heat release from the combustion of black 
liquor droplets on the tube surface, the contributions 
from the volatile combustion and the char burning stages 
were considered.  It was assumed the total heat gener-
ated can be approximated by a heat fl ux profi le which 
increases linearly over a fairly short period of time 
(1.5-2.5 s), before decreasing more gradually to the initial 
value.  It was also assumed that the entire 2 x 2 element 

Figure 35.
Plot showing the variation in temperature at the tube surface 
as a result of the oxidation of a given volume of smelt.

region of the tube surface was simultaneously under the 
infl uence of liquor droplets undergoing combustion. 
The variation in temperature at the tube surface due to 
the increased heat fl ux from the combustion of liquor 
droplets is shown in Figure 34 for three different droplet 
sizes.  The smaller the droplet size, the higher is the 
peak heat fl ux and the temperature increase, and also 
the faster is the drop in temperature to its initial value.  
Since the heat fl ux is computed using an area measure 
based on the initial diameter of the droplet, the smaller 
droplet leads to a greater heat fl ux.  It should be noted 
the smaller droplet size causes a larger increase in 
temperature, but the duration is not very long.

The other source of heat for a localized increase 
in temperature considered in the analyses was the 
exothermic reaction of smelt oxidation, which converts 
Na2S to Na2SO4.  The maximum heat generation by the 
oxidation of a smelt layer on the tube surface is also 
estimated.  It is assumed suffi cient oxygen is available 
so all the Na2S in the smelt is oxidized.  In this case, the 
heat release was assumed to occur over a fi xed period 
of 10 seconds, with a linear increase in heat fl ux over 3 
seconds, followed by a linear decrease over the next 7 
seconds.  The heat fl ux increases with the thickness of 
the smelt layer as does the maximum temperature at the 
center of the heated region, Figure 35.  Similar to the 
previous case, all of the heat from the smelt oxidation is 
assumed to go into heating the tube surface.

The analyses described show smelt oxidation is capable 
of causing a fairly large increase in temperature, 
although the magnitudes shown are based on calcula-
tions with several simplifying assumptions.  The possible 
insulation offered by the frozen smelt layer has not been 
included in the analyses, and this would lower the maxi-
mum temperature during the localized heating.  Never-
theless, the modeling results show smelt oxidation can 
lead to a fairly high heat fl ux and signifi cant increase 
in temperature, while the combustion of black liquor 
droplets leads to a comparatively smaller temperature 
rise.  Thermocouple data recorded at 10 second intervals 
show, in some instances, the tube surface experiences 
elevated temperatures for signifi cant periods of time, 
whereas the temperature variations shown here last 
for less than a minute.  However, these analyses only 
considered “single event” cases, and it may be important 
to consider sustained heat release due to smelt running 
down the tube surface or continuing delivery of black 
liquor droplets to the tube surface over much longer 
periods of time.

EFFECT OF STRESS STATE ON PRIMARY 
AIR PORT CRACKING

Measurement and modeling of residual stresses in fl oor 
tubes helped defi ne the conditions when cracking could 
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Figure 37.
Plot of the axial stresses measured along the 
surface of the tube shown in the previous 
fi gure.  The results indicate that surface 
stresses are tensile in the “stretched” areas of 
the tube and compressive in the areas bent 
the other direction.  Note that the patterns are 
equivalent for both ends of the tube.

Figure 38.
Radial and axial strains measured in the carbon 
steel base material using neutron diffraction 
techniques.  Note that the strains in the carbon steel 
are compressive in the straight portion but tensile 
in some of the bent portions.
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Figure 36.
Photo of a 304L stainless steel clad tube bent in the shape required for the most common air port design used 
in North American boilers.  The shiny circles are the electropolished areas where X-ray diffraction residual 
stress measurements were made.
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occur and provided an explanation for why cracks didn’t 
propagate into the carbon steel.  Similar measurements 
and modeling have been conducted on primary air port 
tubes, but the more complex design (bent tubes, tubes 
out of the plane of the wall, etc.) made the air port work 
considerably more diffi cult.  Nevertheless, some very 
useful information has been gained from the stress 
studies.

Stress measurements on wall panels 

X-ray and neutron diffraction residual stress measure-
ments have been made on unexposed bent tubes and 
on two air port sections, both removed from boilers con-
structed with 63.5 mm (2½ in.) tubes on 76 mm (3 in.) 
centers.  One of the sections examined was fabricated 
from 304L stainless steel/carbon steel composite tubing 
while the other was made from alloy 625/carbon steel 
composite tubing.  Both sections had cracks or were from 
an area in the boiler where cracking had been observed.  
As with the fl oor tubes, surface stresses were measured 
with X-ray diffraction techniques while neutron diffrac-
tion was used to measure stresses within the tube wall 
[16,24,27].

X-ray diffraction has been used to measure the surface 
stresses in the single, unexposed, bent tube shown in 
Figure 36.  To avoid most effects of surface cold-work, 
the surface was electropolished to remove about 0.04 
mm in the areas where measurements were to be made.  
The bright circles on the side of the tube in Figure 36 are 
the areas that were electropolished and used for surface 
stress measurements.  Figure 37 shows the variation in 
axial residual stress measured along the length of the 
tube in the locations indicated.  In the unbent portion 
of the tube, the axial stress is compressive, but as the 
measuring location moves around the “stretched” portion 
of the tube, the stresses become tensile.  As the measur-
ing location moves on to the “compressed” area of the 
tube, the stresses become highly compressive, then the 
sequence is reversed as the measuring location moves on 
to the second half of the tube.

Neutron diffraction measurements have also been made 
to determine the stresses within the stainless steel clad 
layer and within the ferritic carbon steel material.  These 
measurements were made below the surface at approxi-
mately the same locations where the surface residual 
stress measurements were made.  Figure 38 shows the 
results of the neutron diffraction residual stress measure-
ments.  These indicate that the axial strains in the car-
bon steel are compressive in the straight portion of the 
tube, but they become tensile in some of the bent regions 
of the tube.  It has to be noted that these measurements 
were made at room temperature in unwelded tubing and 
represent an average over the thickness of the carbon 
steel shell.  Nevertheless, there is a clear indication that 
signifi cant changes occur in the strains (and stresses) 
when the tubes are bent at this radius.  Plans call for 
measuring stresses in comparable locations in a single 
tube bent on a considerably larger radius.  This might 
make it possible to defi ne the effect of bending radius on 
residual stresses.

Residual stress measurements made on two sections of 
exposed air port panels indicate stresses are different 
between the top and bottom of primary air ports.  The 
stress measurement results shown in Figure 39 for an 
air port fabricated from 304L stainless steel/carbon steel 
tubes indicate the stresses in the carbon steel are near 
neutral in certain areas at the bottom of the air port.  
Measurements of surface stresses on an air port section 
fabricated with co-extruded alloy 625/carbon steel show 
the room temperature stresses are different between the 
top and bottom of the air port.  These results are shown 
in Figure 40.  It is important to note that electropolishing 
had to be done in order to remove the surface material 
that was likely cold-worked during the cleaning of the 
air port for the in mill inspection.

Modeling of stresses in primary air port tubes 

As part of the overall effort to understand the cracking 
of composite tubes in primary air ports, modeling of the 
temperature and stress distributions in the composite 

Figure 39.
Axial strain measured at several points 
through the wall thickness of a previ-
ously exposed 304L stainless steel/car-
bon steel tube.  The locations shown are 
near the bottom of the air port and the 
strains are near neutral near the inter-
face.  The strains measured at the top of 
the air port were more compressive.
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Figure 40.
Axial stresses measured using X-ray diffrac-
tion on the surface of alloy 625 clad tubes.  
Note that some material had to be removed by 
electropolishing to get below the work-hard-
ened surface layer.  Note that stresses on the 
bottom half of the air port opening tubes are 
more tensile than are those on the top half of 
the air port.

tubes has been conducted using the commercial fi nite 
element program ABAQUS.  The fi nite element mesh 
for the air port opening was generated using detailed 
measurements on primary air port sections provided by 
the mills.  Based on the measurements, the geometry 
of the bent tube was approximated using a cubic spline.  
Assuming symmetry, only one side of the air port open-
ing was discretized using shell elements for the tubes 
and membranes, and solid elements for the welds.  The 
temperature values on the fi reside surface were assigned 
based on the data from the various thermocouples.  Rep-
resentative values were assumed so that the temperature 
increased from 310ºC at the bottom of the air port to 
360ºC at the top.  The temperature was also assumed 
to be slightly higher at the crown of the tube compared 
to the membrane.  Under normal operation, the inside 
surface of the tube is exposed to pressurized water at 
295ºC.  The cold side of the panel was assumed to be 
exposed to air at about 100ºC.  Thermal analysis was 
used to determine the temperature distribution in the air 
port for these conditions [16,24,27].

The computed temperature distribution was used in sub-
sequent mechanical analyses to determine the resulting 
changes in the stress distribution in the air port panel.  

Since collection of residual data for the primary air port 
tubes has not been completed, the panel was assumed to 
have no initial residual stresses.  Analysis of a normal 
operating cycle, i.e., starting from room temperature and 
heating to normal operating condition followed by cool-
ing back to room temperature, showed that the thermal 
expansion mismatch between 304L stainless steel and 
SA210 carbon steel resulted in the stress components 
at the surface of the 304L layer becoming tensile dur-
ing cooling.  (This result is similar to what was found 
earlier during analysis of the fl oor tubes; see above and 
reference 18).  The stress at the inside surface of the tube 
became compressive at the end of the operating cycle, as 
shown in Figure 41.

As noted earlier, there is a signifi cant difference in the 
nature of cracking seen on recovery boiler fl oor tubes 
and the bent tubes that form primary air ports.  Cracks 
initiate at the surface in both cases, but they rarely pro-
ceed past the interface into the carbon steel in the fl oor 
tubes.  However, cracks have been observed to propagate 
into the carbon steel in the lower portion of the bent 
tubes of primary air ports.  Earlier work on modeling 
of fl oor tubes showed compressive axial stresses in the 
carbon steel, thus limiting circumferential cracks to the 
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Figure 41.
Plot of the axial and hoop stresses predicted on 
a 304L stainless clad tube for a normal cycle to 
operating conditions.

clad layer.  The model for the primary air port was used 
to examine the operating conditions under which the 
stresses in the carbon steel could become tensile, thus 
aiding crack propagation.

The thermocouple data being collected from several 
mills indicate that the majority of primary air ports 
experience fl uctuations in temperature, which sometimes 
reach fairly high magnitudes.  These variations are often 
limited to the lower portions of the air port opening, 
and their duration in some cases is suffi ciently long to 
possibly cause the development of steam in the section 
of the tube experiencing the temperature excursion.  The 
effect of these localized temperature excursions and of 
the contact with steam was investigated through fi nite 
element modeling.  The temperature rise was limited 
to a small section on the lower portion of the primary 
air port, while the balance of the tube remained under 
normal operating conditions, Figure 42.  The results 
of the modeling are presented at two locations in the 
carbon steel layer at the crown of the tube on the fi reside 
since the interest is mainly in checking for development 
of tensile stresses in the carbon steel.

For a localized temperature excursion with a peak value 
of 450ºC, a fairly large temperature gradient develops 
through the tube wall since the inside surface of the 
tube is cooled by water at 295ºC.  In the bent tube, the 
presence of steam was modeled during the temperature 
excursion, and the resulting stress variation is shown in 
Figure 43.  Contact with steam leads to almost uniform 
temperature through the tube wall.  While the stress 
values undergo large changes due to this, the effect is 
reversed when contact with water is restored.  Subse-
quent cooling to normal operation as well as back to 
room temperature causes the stresses to become slightly 

Figure 42.
Schematic of the tubes that form half of a primary 
air port with the grid markings and the area 
where the temperature is temporarily raised to a 
higher than normal temperature.
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Figure 43.
Plot of the axial and hoop stresses developed in the carbon steel during a temperature excursion to 450°C for the area marked in 
the previous fi gure.

less compressive at the interface and more compressive 
at the inside surface.

A similar analysis was also conducted assuming a 
peak value of 600°C during the localized temperature 
excursion.  The overall trends are similar to the previous 
case with a 450°C peak temperature, although the stress 
magnitudes are quite different.  As in the previous case, 
the presence of steam (represented by greatly reduced 
transfer of heat to the fl uid in the tube) causes large 
changes in stress values, which are reversed upon 
contact with water, as shown in Figure 44.  In this case, 
the stresses at the interface are slightly tensile after the 
temperature excursion, with a slight increase in magni-
tude upon shutdown.  Stresses at the inside surface are 
compressive after the temperature excursion and even 
more so after shutdown.

It must be emphasized that the results presented here 
were obtained assuming no initial stresses in the prima-
ry air port, and the magnitude of stresses would clearly 
change if the initial stresses were known.  However, the 
modeling does indicate certain trends in the stress vari-
ation, and shows the possibility for developing tensile 
stresses in the presence of suffi ciently large localized 
temperature excursions.  The large temperature gradient 
through the tube wall thickness appears to play the most 
signifi cant role in development of the tensile stresses, 
with the presence of steam also contributing, but to a 
much smaller degree.  The fact that tensile stresses de-
velop at the interface would suggest that cracks that initi-
ate in the clad layer could proceed into the carbon steel.  
However, the presence of compressive stresses at the 
inside surface would indicate that the cracks will most 
likely stop.  The change in stress from approximately 
neutral near the interface to highly compressive at the 
inside surface is supported by experimental data using 
neutron diffraction measurements at the lower portion 
of the bent tube on an air port panel taken from service 
[9,21] (see fi gure 39).  Measurements on the same bent 
tube at the top of the air port showed compressive axial 

stresses throughout the carbon steel layer, which is con-
sistent with the results when the temperature excursions 
are absent or when the peak temperatures are not as 
high.  The data from the primary air port thermocouples 
also show the occurrence of temperature excursions with 
greater frequency and magnitude at the lower portion of 
the bent tube.

Clearly, in addition to an association with cracking in 
the vicinity of the bottom of the air port, the tempera-
ture fl uctuations, if severe enough, can make the tube 
vulnerable to penetration of the crack into the carbon 
steel.  Experience from years of monitoring temperatures 
on primary air port tubes on the ten boilers has shown 
the air port tubes that suffer from the cracking problem 
have occasional fl uctuations that exceed 600°C; in fact, 
temperatures over 750°C have been recorded.

In view of this analysis, it is important to understand 
the cause of the temperature fl uctuations and how this 
can be controlled without otherwise adversely affecting 
boiler operation.  In addition, the residual stress state of 
tubes in other air port designs needs to be measured to 
determine if the air port design can play a major role in 
preventing crack propagation into the carbon steel.

EFFECT OF OPERATING PARAMETERS ON 
PRIMARY AIR PORT CRACKING

Determination of the effect of operational parameters 
on the cracking of primary air port tubes has been ap-
proached in two ways – fi eld studies and mathematical 
modeling.

Field studies to evaluate operating parameter 
effects 

On several occasions during the past few years, team 
members from Paprican have worked with operators of 
a particular mill to systematically vary parameters of 
the fuel (black liquor) supply system and the combus-
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Figure 44.
Plot of the axial and hoop stresses developed in the carbon steel 
during a temperature excursion to 600°C for the area marked 
in Figure 42.

tion air delivery system.  Monitoring of the pattern of 
temperature fl uctuations during the time the operating 
parameters were being changed has made it possible to 
identify some conditions for which the magnitude of the 
fl uctuations is signifi cantly changed.  Figure 45 illus-
trates the importance of the combined effect of both the 
air and liquor delivery system; it shows thermal cycles 
versus time for a period before and after a number of 
major changes were made to the operation of the boiler.  
Temperature cycles and excursions were high during 
initial operation, but cycle frequency subsequently 
decreased signifi cantly following the changes that were 
made to boiler operation. Through this period, a number 
of key operational variables were changed nearly 
simultaneously, and subsequent trials have focused on 
quantifying the relative infl uence of the most important 
changes.

Analysis of the data from the trials is still in progress, 
but operating conditions have now been established that 
limit temperature fl uctuations at the air port open-
ings, relative to initial operation of the boiler and to 
fl uctuations observed in other boilers with cracked tubes 
at air port openings.  Parameters addressed included 
the liquor fi ring temperature, nozzle design, size, and 
gun angle.  For the air distribution, the split between 
primary, secondary and tertiary air, windbox pressures, 
and secondary air interlacing patterns were covered in 
the recommendations.  A general conclusion has been 
that liquor parameters have a stronger infl uence on 
temperature fl uctuations at the primary air port level 
than any moderate modifi cations to the air delivery 
system in the boiler.  For example, Figure 46 shows 
that temperature fl uctuations measured on the side wall 
thermocouples decreased slightly, but those on the front 

Cumulative Totals of Cycles and Excursions for 6 Thermocouples in Continuous Service
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Figure 45.
Plot showing the cumulative totals 
of cycles and excursions for six ther-
mocouples in continuous service in a 
recovery boiler that has experienced 
extensive primary air port tube 
cracking.  In April 2000, the liquor 
temperature, the liquor gun type and 
the air distribution patterns were 
changed.
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Figure 46.
Plot of temperatures measured by primary air port 
thermocouples on the right hand side wall and 
the front wall when the secondary air pattern was 
changed from 5 versus 5 to 3 versus 2.

Figure 47.
Plot of temperatures measured on the left hand side wall when the liquor temperature was 
repeatedly changed.

wall showed very little change when operators switched 
from a 5 versus 5 interlaced arrangement to a 3 versus 2 
interlaced mode.

Other mills have conducted similar, but more limited, 
studies in which attempts have been made to limit the 
changes to a single parameter.  Results of a test where 
the liquor temperature was changed are shown in Figure 
47, and this shows that increasing the liquor temperature 
in this particular boiler resulted in a decrease in thermo-
couple fl uctuations.  Factors such as carryover and rate 
of sulfate reduction were not measured, and it is likely 
that other boiler conditions, such as air system splits 
and distributions, were also changed with the liquor 
temperature change.

Modeling studies to evaluate operating param-
eter effects

Very detailed computational fl uid dynamics (CFD) mod-
els of recovery boilers have been developed to explore 
the dynamics of fuel and air fl ow within a recovery 
boiler.  Over the past few years, attempts have been 
made to extend the use of these models to explain why 
some boilers are particularly prone to cracking at air 
port opening tubes, or why some portions of the boiler 
walls (particularly opposing corners) are more prone to 
cracking than others.  To achieve these goals has proven 
to be quite complex, and requires that improvements be 
made to the models that better deal with how liquor is 
distributed off of the nozzles into the boiler, and how 

300

350

400

450

500

550

600

5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time (hr)

Te
m

pe
ra

tu
re

 (°
C

)

LH2-1
LH2-2
LH2-5
LH2-6

High Black Liquor
Temperature

Low Black Liquor
Temperature

High Black 
Liquor

Temperature

Low Black 
Liquor

Temperature

Type 1
Type 2



85

bed dynamics will affect fl ow around the primary air 
ports.  Progress is being made in both areas, but not to 
the point where defi nitive conclusions can be reached 
about boiler operating factors that affect cracking of 
tubes at air port openings.

Observations of cracking and corrosion on 
alternate tube materials

The great majority of the air ports studied were con-
structed of 304L stainless/carbon steel composite tubes, 
but there have been opportunities to examine ports 
fabricated with tubes that have other alloys as the outer 
layer [28].  Specifi cally, co-extruded tubes fabricated with 
alloy 625 and with modifi ed alloy 825 have been studied 
as have been tubes with alloy 625 weld overlay.  The 
studies have generally been limited to examination of 
the tubes while they were still in place in the boiler, but 
625 weld overlay tubes from two boilers and co-extruded 
alloy 625 tubes from another boiler have been examined 
in the laboratory.

To date, no cracking and only one case of corrosion have 
been reported for modifi ed alloy 825 co-extruded tubes 
in service as air port opening tubes, although minor 
cracking is common in spout opening tubes [28].  In con-
trast, substantial cracking of alloy 625 co-extruded tubes 
in air port openings has occurred. Minor cracking and 
substantial corrosion has been reported in weld overlaid 
alloy 625 tubes.  Cracking has been observed at the top 
of primary air ports in weld overlaid 625 tubes as shown 
in Figure 48, and it has also been seen in co-extruded 
625 tubes.  For the weld overlaid and co-extruded alloy 

625, dye penetrant inspections were conducted in the 
laboratory to identify cracked areas, then samples were 
cut from selected tubes for metallographic examination.  
Examples of the cracking seen in the co-extruded 625 
tubes are shown in Figure 24.  The cracking in these 
tubes was extensive.  None of the cracks in the labora-
tory samples advanced into the carbon steel, but reports 
from the mill indicated that cracks were found that 
advanced into the carbon steel.

Studies have also been conducted to document the extent 
of localized corrosion on the air port tubes [28].  The 
thinning of the composite layer caused by this corrosion 
is generally limited to the areas at the top and/or bottom 
of the air ports, and sometimes it is observed on tubes 
along the edge of the castings.  Thinning at the tops and/
or bottoms of primary air ports is frequently seen on 
304L stainless/carbon steel tubes, and thinning of tubes 
along the edge of the port castings has been observed on 
weld overlaid 625 tubes in several boilers.  Examples of 
this thinning are shown in Figure 49.  Severe thinning of 
modifi ed alloy 825/carbon steel tubes has only been seen 
in one boiler, but experience with this material is still 
somewhat limited.

Infl uence of air port design on cracking

Each boiler manufacturer has its own particular design 
for primary air port openings, and some manufactur-
ers have used several different designs [29].  However, 
there are common features among air ports used in most 
boilers constructed with 2½ inch diameter tubes on 3 
inch centers.  The air port opening is formed by bending 

Figure 48.
Photographs of cracking in alloy 625 weld overlay tubes at the top of primary air ports.
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Figure 49.
Examples of thinning on tubes forming primary air port openings.  The photo on the left shows thin-
ning of weld overlay 625 tubing along the casting; the center photo shows the decrease in the thickness 
of the alloy 625 overlay at the bottom of a primary air port, and the right photo shows complete loss of 
the 304L cladding on the tubes at the bottom of a primary air port.

Figure 50.
Plot of temperature versus time for two thermocouples on primary air port opening tubes in a boiler 
originally equipped with the longer, narrower air port design.

two adjacent tubes behind the plane defi ned by the 
tubes forming the boiler wall.  Some manufacturers use 
a sleeve or lining inserted into the air port while others 
use a removable casting.  All of these are intended to 
provide some protection to the tubes from the rodders 
used to clean deposits from the air ports as well as 
perform some of the functions of a nozzle in guiding 
the incoming air.  In one design, bending of the tubes 
forming the opening is usually done on a radius on the 
order of 12-15 cm.  In this paper, these are described as 
the shorter, wider air port design.  In contrast, the tubes 
forming the primary air port openings of the other major 
design are bent on a radius of 25-30 cm.  In comparison, 
these ports are longer and narrower than those described 
above, and these openings are described as the longer, 
narrower opening.

Among the many observations being made relating to 
temperature fl uctuations and tube cracking, the informa-
tion shown in Figure 50 is of special interest.  These 
temperature measurements were taken from one of these 
boilers where the longer, narrower style of primary air 
port was installed in all locations as part of the original 
construction.  Clearly, these variations are signifi cantly 
less frequent and much smaller in magnitude than those 
shown in Figs. 26 and 27.  This is true even for the data 
shown from a short, wide port opening with no history 
of cracking.

Within North America, inspections have yet to discover 
cracks in the tubes forming the primary air port open-
ings of 10 boilers from a single manufacturer with a de-
sign of air port that incorporates a long, narrow opening 
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(and, thus, less severe bends for the tubes that form the 
opening).  However, limited cracking has been observed 
in a similar opening design installed as a retrofi t in 
another boiler. These observations suggest that while air 
port design may be an important contributing factor to 
cracking, differences in air and liquor distribution and 
other operating parameters are also important.
 
Taken together, all of these observations are promising, 
in that they suggest that cracking might be minimized, or 
even prevented, by paying careful attention to the design 
and operation of both the boiler and air port opening.  
Consequently, some of the modeling work being under-
taken in this project is being directed toward identifying 
the critical characteristics that defi ne an opening that is 
least susceptible to cracking.

CONCLUSIONS RELATED TO PRIMARY 
AIR PORT TUBE CRACKING

Cracking of primary air port tubes, although not yet at 
the stage of understanding of fl oor tube cracking, may be 
minimized by adhering to one or more of the follow-
ing recommendations on alternate materials, air port 
designs, and changes in operating procedures.

None of the existing alternatives to 304L/SA210 
composite tubes represents a universal materials-related 
solution to cracking and corrosion problems experienced 
in the lower furnace of kraft recovery boilers. However, 
modifi ed alloy 825 co-extruded tubes have, to date, the 
more favorable performance history in both fl oor and air 
port opening applications. Alloy 625 tubes have provided 
crack-free service when used in boiler fl oors, but they 
have experienced both corrosion and cracking when 
used to make air port openings.

Primary air port designs with the larger radius bends 
(25-30 cm) appear to be less prone to cracking than ports 
constructed with smaller radius bends (12-15 cm), but 
cracking is not totally eliminated by retrofi tting these 
types of openings.  Additional steps must also be taken 
to address the cracking problem.

Tube temperature fl uctuations can be reduced by making 
certain changes in boiler operating parameters.  These 
changes are primarily directed toward a common goal 
- a shift from burning liquor on the walls to burning in 
suspension and on the boiler fl oor.  Studies have shown 
that changes in liquor characteristics and/or spray pa-
rameters, as well as secondary air patterns, can change 

Table 1. 
Composition of wash water samples from a southeastern U.S. mill as a function of fl oor tube temperature.

Table 2.  
Characteristics of recovery boilers instrumented with primary air port thermocouples.

Temperature
(°C)

Na+

(mg/g)
K+

(mg/g)
CO3

=

(%)
Cl-
(%)

Total S 
(%)

SO4
=

(%)
S=

(%)
pH

81 93.2 19.1 2.36 1.70 5.59 16.9 0.054 11.7 
79 92.9 19.6 2.64 1.32 5.78 17.3 0.020 11.6 
78 95.9 15.3 2.75 0.66 5.96 17.8 0.019 11.6 
75 68.4 7.6 1.88 0.35 4.25 12.2 0.054 11.7 
66 71.3 5.1 1.93 0.22 4.40 13.0 0.039 11.7 
59 78.8 4.6 1.53 0.21 4.89 14.2 0.031 11.6 
59 74.0 3.8 1.89 0.17 4.33 12.2 0.032 11.7 
57 80.6 3.1 1.57 0.13 5.18 14.6 0.039 11.7 
54 63.2 3.2 2.01 0.14 3.80 10.8 0.057 11.9 
38 54.4 2.4 1.42 0.10 3.44 9.2 0.054 11.9 

Boiler
ID

Nominal 
capacity 
MLbDS/d

Operating
pressure 

(psig) 

Floor type Primary air 
port type 

Sleeve/insert 
type

Extent of PAP 
cracking 

A 3.79 925 Sloped Short, wide Casting Considerable 
B 3.80 1250 Sloped Short wide Casting Minimal 
C 3.95 1250 Sloped Short, wide Casting Extensive 
D 2.67 880 Decanting Short, wide Welded sleeve Considerable 
E 3.50 850 Decanting Short, wide Casting Considerable 
F 4.50 900 Sloped Long, narrow Casting None 
G 5.40 1300 Sloped Short, wide Casting Considerable 
H 4.50 1300 Decanting Short, wide Welded sleeve None 
I 5.67 700 Decanting Short, wide Casting None 
J  425 Sloped “D” shaped Casting Minimal 
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the frequency and magnitude of temperature fl uctua-
tions.  Consequently, it is expected that the cracking of 
primary air port tubes would be similarly infl uenced.
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ABSTRACT

Fouling of tube surfaces in kraft recovery boilers is a 
complicated problem caused directly or indirectly by 
many boiler operating variables. These variables can 
be grouped into three principle parameters: particle 
quantity, particle stickiness and sootblowing effi ciency. 
Understanding these principle parameters, how they 
may be affected by boiler operation, and how they may 
interact with one another is critically important for 
identifying the main cause of fouling, and for devising a 
viable solution to the problem.

INTRODUCTION

Fouling of tube surfaces by deposit accumulation in kraft 
recovery boilers greatly reduces the boiler’s thermal 
effi ciency, creates a potentially corrosive environment at 
the tube surface, and in severe cases, leads to unsched-
uled boiler shutdowns for deposit removal. Much work 
has been done over the past two decades to examine 
the chemical, thermal and morphological properties of 
the deposits, how they form, and the conditions under 
which they are removed by sootblowers [1-4]. These 
fundamental studies, along with experience in boiler 
operation have resulted in signifi cant improvements in 
boiler design, black liquor and air delivery systems, and 
sootblower performance, and have helped reduce greatly 
deposit build-up problems. 

As boiler performance is improved, boilers are often 
pushed to operate at higher black liquor fi ring loads. 
This, in turn, results in more fl y ash, higher fl ue gas tem-
peratures, and hence increased tube fouling. With today’s 

FOULING OF TUBE SURFACES IN KRAFT 
RECOVERY BOILERS

high energy and chemical costs, stringent environment 
regulations, and the trend toward mill closure that leads 
to the accumulation of chloride (Cl) and potassium (K) 
in the liquor cycle, it is a challenge to operate a recovery 
boiler at a high fi ring load with a minimum deposit 
buildup.

Deposits form as particles entrained in the fl ue gas 
strike and adhere to the tube surface. The formation 
mechanism and the characteristics of the deposits 
depend greatly on the types of these particles. There 
are three main types of particles in recovery boilers: 
carryover, fume, and intermediate sized particles (ISP). 
Carryover particles are molten or partially molten, 
partially oxidized smelt particles, and/or particles of 
partially-burned black liquor droplets entrained in the 
fl ue gas. They are relatively large, 0.01 to 3 mm, and 
form deposits by mainly inertial impaction. Carryover 
deposits are typically smelt-like; pink, fused and very 
hard (Figure 1). Fume particles are formed by condensa-
tion of vapours of sodium and potassium compounds in 
the fl ue gas, and thus have a fairly uniform size, about 
0.5 µm, varying from 0.1 to 1 µm. Fume deposits are 
white, soft, and usually easy to remove. 

While the exact mechanism of formation of ISP is not 
known, they are believed to form as a result of rapid 
ejection of material from molten smelt during char burn-
ing [5,7]. As the name indicates, ISP have particle sizes 
between those of carryover and fume particles, typically 
about 10 to 50 µm (Figure 2). ISP are well burned and 
contain no char. 
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Figure 2.   
(a) ISP formed during char 
burning in a laboratory test;
(b) ISP formed on a stainless 
steel coupon exposed to fl ue 
gas in the superheater region 
of a recovery boiler for 20 
seconds.

Figure 1.   
Carryover and fume deposits formed on an 
air-cooled probe in the superheater region of 
a recovery boiler.

Carryover FumeCarryover Fume

(a) (b)

a

dc

ba

dc

b

Figure 3.   
Appearance of deposits at various locations in a recovery boiler

(a) Dark carryover deposits 
on superheater tubes and 
screen tube; and white 
fume deposits on the 
surface of screen tubes
(b) Carryover deposits on 
the sides of superheater 
platens

(c) Fume deposits on 
generating bank tubes
(d) Fume deposits on 
economizer tubes.
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Due to size differences, carryover particles deposit most-
ly on the leading edge of tubes in the superheater region 
of the boiler (Figures 3a and 3b), while fume particles 
tend to form deposits on the colder screen tube surface, 
and on the back of the tubes in the generating bank and 
economizer regions (Figures 3c and 3d). ISP are more 
likely to form deposits in the region in between. They 
are usually mixed with carryover and fume particles and 
can be detected only under a microscope. 

The extent of deposit buildup in a recovery boiler 
depends greatly on the design and capacity of the boiler, 
the composition and combustion behavior of the black 
liquor, the boiler operating conditions in the lower 
furnace, and the capacity and operating strategies of the 
sootblowers. Since many of these variables are inter-
related, it is diffi cult to single out one or two variables 
that are responsible for the problem. These variables, 
however, may be grouped into three principle param-
eters: particle quantity, particle stickiness and sootblow-
ing effi ciency, represented by three circles as shown in 
Figure 4. The interaction between these three principle 
parameters determines the magnitude of the fouling 
problem, represented by the area of the shared portion 
of all three circles. Fouling increases when more particles 
are present in the fl ue gas, when particles are sticky, and 
when the sootblowing effi ciency is low. 

It is therefore important to understand how these 
principle parameters may be affected by various boiler 
operating variables and how they may interact with one 
another in order to identify the main cause of fouling, 
and to devise a viable solution to the problem.
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PARTICLE QUANTITY

The quantity of particles in the fl ue gas is one of the 
three principle parameters that directly affect fouling. 
Fume particles and ISP, once formed, are all expected to 
be entrained in the fl ue gas due to their extremely small 
sizes, regardless of the operating conditions in the char 
bed. On the other hand, because of their much larger 
particle sizes, only a portion of black liquor droplets 
and char particles are carried up by the fl ue gas to form 
carryover particles in the upper furnace. This, along with 
the fact that carryover deposition is the dominant cause 
of superheater fouling, makes it important to examine 
the boiler operating conditions that affect the quantity of 
carryover particles.

As black liquor droplets are sprayed into the boiler, they 
undergo drying, swelling, devolatilization and char burn-
ing before becoming molten smelt [8]. While in fl ight, 
the droplets or particles are pulled downward by gravity, 
but also are lifted upward by the vertical component of 
the gas fl ow. Thus, the velocity of the particles depends 
greatly on the particle size and density and on the 
surrounding gas velocity. A particle will “settle” onto 
the char bed if its terminal settling velocity is greater 
than the upward component of gas velocity; otherwise 
it will be entrained in the fl ue gas. For smelt droplets, 
black liquor droplets and swelling char particles in the 
size range encountered in recovery boilers, the terminal 
settling velocity, Vt, can be estimated as: 

 Vt = 4.33 SGp0.714 Dp1.143

where Vt is particle terminal settling velocity in m/s, 
SGp is particle specifi c gravity relative to water, dimen-
sionless, and Dp is particle diameter in mm [8]. Using 
this relationship and assuming appropriate SGp values, 
the terminal settling velocities for smelt droplets, black 
liquor droplets and char particles with various swelling 
properties were calculated as a function of particle 
diameter, as shown in Figure 5. 

The fl ue gas velocity in the recovery boiler lower furnace 
is typically about 3-5 m/s on the average, but may be 
much higher, 10-20 m/s, in the middle of the furnace 
due to gas channeling. The calculated results in Figure 5 
clearly suggest that swollen char particles have a lower 
terminal settling velocity due to their low density, and 
thus are more readily entrained by upward-fl owing 
gas than black liquor droplets and molten smelt beads 
remaining at the end of char burning. The results also 
suggest that due to their extremely small sizes, fume 
particles (<0.01 mm) and ISP (<0.1 mm) should all be 
entrained in the fl ue gas.

For a black liquor with a given swelling property, the 
most important parameters that have a direct effect on 

Figure 4.  Principle parameters that determine the rate of fouling 
in recovery boilers.
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the quantity of carryover particles are: fi ring load, liquor 
droplet size and gas velocity. Figure 6 shows the interac-
tion between these three parameters. Carryover particle 
quantity increases when more black liquor is burned 
in the boiler; smaller liquor droplets are sprayed; and 
when the surrounding fl ue gas velocity is high. Other 
operating variables may also have an effect on particle 
quantity, but their roles are secondary. For instance, 
increasing the liquor solids content (or decreasing liquor 
temperature) decreases particle entrainment by making 
the liquor more viscous and by producing larger liquor 
droplets. Similarly, reducing the air fl ow to the boiler 
reduces particle entrainment by decreasing the gas 
velocity.

Of the factors shown in Figure 6, the effects of fi ring 
load and gas velocity on particle quantity are straight-
forward. The effect of liquor droplet size, however, is 
not well understood due to the diffi culty in conducting 
studies/experiments directly in the boiler. At present, it 
is not clear what the optimum black liquor droplet size 
and size distributions for carryover control are, and how 
they may be affected by liquor properties and spraying 
strategy. 

The amount of fume particles in the fl ue gas is governed 
mainly by the rate of vaporization of sodium compounds 
from the char bed and the rate of sodium release dur-
ing black liquor pyrolysis. Since these rates increase 
exponentially with temperature and are controlled by O2 
mass transfer to the particles, operating the boiler with 
at a hot bed, a high air fl ow rate and fi ne sprays will 
cause more material to vaporize and result in more fume 
formed in the upper furnace. Boilers fi ring high solids 
liquor have hotter beds and produce more fume than 
boilers that burn normal or low solids liquors. Although 
the amount of ISP is expected to increase with fi ring 
load, the main cause of ISP formation is not known. Sev-
eral fi eld studies have been carried out, but the results 
are inconclusive [7]. 

Advances in computer technology and computational 
fl uid dynamic (CFD) simulations in recent years have 
made it possible to “visualize” fl ue gas fl ow fi elds, 
temperatures and particle trajectories in the boiler. This 
greatly helps when attempting to optimize boiler fi ring 
conditions and reduce particle quantity.

PARTICLE STICKINESS

Particle stickiness is the ability of a particle to adhere to 
a tube as it hits its surface. It is an important parameter 
in determining the rate of fouling in recovery boilers, 
since particles will not accumulate and form deposits 
on the tube if they are not sticky, even when they are 
present in a large quantity in the fl ue gas. Many boiler 
operating variables can affect particle stickiness, includ-

ing particle composition, temperature, size and velocity, 
and tube surface conditions. These variables, however, 
can be related to one common factor: the liquid content 
in the particle. 

Laboratory studies of the deposition of synthetic car-
ryover particles using an Entrained Flow Reactor (EFR) 
show that particles become sticky only when they con-
tain a suffi cient amount of liquid phase [3,9]. As shown 
in Figure 7, for particles in the size range of 150 to 300 
�m, little or no deposition was observed on the probe 
surface at the EFR exit when the particle liquid content 
was below 15%. Above this liquid content, deposition 
increased markedly, then leveled off as the liquid content 
exceeded about 40%. The constant deposition observed 
at a liquid content above 40% suggests that all particles 
hitting the surface stick to it.

The minimum liquid content required for particles to 
be sticky increases with an increase in particle size [9]. 
Larger particles, due to their greater mass and momen-
tum, tend to bounce off the tube surface upon impact, 
and consequently need a larger liquid content to adhere 
to the tube than smaller particles do. The requirement 
for a larger liquid content, however, does not make large 
particles less of a problem, since they impinge more eas-
ily on the tube and resist cooling as they approach the 
colder tube surface. Similarly, although small particles 
require less liquid phase to be sticky, they cool faster 
as they approach the tube surface, and can freeze and 
contain less liquid before impact. Very small particles 
may require almost no liquid phase to adhere to a tube, 
but they are more likely to follow the fl ue gas stream-
lines and travel around the tube, thereby accumulating at 
a slower rate on the tube surface. 

The liquid content of a particle depends greatly on 
the particle temperature and composition, particularly 
chloride (Cl) and potassium (K) contents. Using the 
minimum liquid content requirement and the correla-
tion between particle liquid content, temperature and 
composition, the particle sticky temperature can be esti-
mated [10,11]. Figure 8 shows the sticky temperature of 
carry over deposits as a function of Cl and potassium (K) 
contents [1]. The sticky temperature is signifi cantly low-
ered as the chloride content increases from 0 to 5 mole% 
Cl/(Na+K). The effect of potassium, on the other hand, 
is much less dramatic, particularly when the chloride 
content is below 1.5 mole% Cl/(Na+K). An increase in 
carbonate content can also lower the sticky temperature 
(Figure 9); however, the effect is much smaller than that 
of Cl, particularly when the Cl content is high. 

It is important to note that the sticky temperature can 
be estimated only if the particle composition is known. 
This is not usually the case since the composition 
continuously changes as carryover particles form and 
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Figure 5.  
Terminal settling velocity of particles as a func-
tion of diameter (relative specifi c gravity values 
for molten smelt droplets, black liquor droplets 
and char particles were assumed to be 2, 1.3-1.6, 
and 0.012-0.1, respectively).
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Figure 7.  
Deposition vs. liquid content in 
synthetic carryover particles in two 
different sets of experiments. Particle 
size range=150 to 300 �m.
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Figure 8.  
Sticky temperature as a function of chloride 
and potassium. SO4/CO3 molar ratio= 4:1, no 
sulphide [1].

Figure 9.  
Effect of carbonate on sticky temperature. 
Potassium content = 5 mole% K/(Na+K),  
no sulphide [11].

Figure 10.  
Cl and K contents in carryover particles 
produced by burning dried black liquors 
of various Cl and K contents in the EFR. 
(EFR temperature=800°C, O2 concentra-
tion in the gas=12.3%, Dried black liquor 
particle size: 300-500�m).
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are entrained in the fl ue gas. Results obtained from fi eld 
studies [12] and laboratory studies in which dried black 
liquors were burned in the Entrained Flow Reactor [13] 
show that carryover particles contain much less Cl and 
somewhat less K than the black liquor particles from 
which they originate (Figure 10). The depletion of Cl and 
K in carryover particles is greater for smaller particles, 
and when the O2 concentration in the fl ue gas is higher. 
Under such conditions, the combustion is more intense, 
resulting in higher peak particle temperatures.  

Since the liquid content of a particle is a function of par-
ticle temperature and composition (particularly Cl and 
K contents), particle stickiness is determined by three 
main factors: particle temperature, particle composition 
and liquid content requirement. As shown in Figure 11, 
particles are less sticky at lower temperatures, when 
their Cl content is low, and when the minimum liquid 
content required for particles to be sticky is large.  

SOOTBLOWING EFFICIENCY

Sootblowing effi ciency is the third of the principle pa-
rameters which determine the rate of fouling in recovery 
boilers. In order for deposits not to grow, they need to 
be removed from the tubes at a rate equal to or higher 
than the rate at which they accumulate. The effi ciency 
of a sootblower in removing deposits depends greatly on 
three main factors: i) the power of the sootblower jet, ii) 
the strength of the deposits, and iii) the blowing strategy.  

The power of a sootblower jet is directly related to the 
jet Peak Impact Pressure (PIP), the stagnant pressure 
measured along the nozzle centreline, downstream of 
the nozzle. PIP is characteristic of the sootblower nozzle 
design. It increases with an increase in nozzle size and 
sootblowing steam fl ow and pressure, but decreases rap-
idly in the axial direction of the jet due to the turbulent 
entrainment of surrounding gases and consequent decay 
of the jet kinetic energy [14]. 

PIP is affected greatly by tube arrangement, particularly 
when the spacing between tubes is small. In the super-
heater region, where the spacing between tube platens is 
wide, the PIP profi le in the middle of the platens is gen-
erally similar to that of a free jet [15,16]. However, the 
PIP near the platen surface is much lower due to tube 
interference and upstream jet turbulence. In the generat-
ing bank, where the tube spacing is much narrower, the 
PIP along the centreline between the tubes is about 80% 
of its free jet value, while the PIP near the tube surface 
is about half of the free jet value. The effectiveness of a 
sootblower in deposit removal is greatly compromised by 
the inability of the sootblower to deliver suffi ciently high 
PIP to different locations along the tubes.

The strength of a deposit is the ability of the deposit to 
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Figure 11.   
Main factors that have a direct effect on particle stickiness.

resist the impact of the sootblower jet and to hang on 
to the tube surface against its own weight. Thus, it is 
not the mechanical strength that is important, but the 
adhesion strength of the deposit to the tube surface that 
matters. Deposit adhesion strength (or deposit remov-
ability) has been studied by measuring the force required 
to remove the deposit from a tube surface, and/or by 
determining the minimum PIP of an air jet required to 
blow deposits from a probe located at the exit of the EFR 
[4]. The results show that the deposit adhesion strength 
increases greatly with an increase in the liquid content 
of carryover particles at the moment before impact, 
and as such, it is a strong function of carryover particle 
temperature and composition (particularly Cl and K), 
and tube surface temperature in the boiler.  

Figures 12 shows the effect of Cl content on the mini-
mum PIP required to remove deposits from the probe 
surface. The deposit becomes more diffi cult to remove at 
a Cl content above 5 mole% Cl/(Na+K). Potassium also 
has a great effect on deposit removability, particularly 
when the Cl content is high (Figure 13). These results, 
along with the results shown in Figure 8, suggest that 
burning high Cl and K content black liquors not only 
produces more deposits, but also makes the deposits 
more diffi cult to remove by sootblowers. 

Deposit adhesion strength is also affected by tube 
surface temperatures. As shown in Figure 14, increasing 
the surface temperature makes particles adhere to the 
tube better, forming deposits that are tenacious and more 
diffi cult to remove.
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Figure 12.  
Effect of chloride on the minimum PIP 
required to remove deposits. EFR tempera-
ture 800°C.

Figure 13.  
Effect of potassium on the minimum 
PIP required to remove deposits at two 
chloride levels. EFR temperature 800°C.

Figure 14.  
PIP required to remove deposits from the 
probe with different surface temperatures. 
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Within a piece of deposit on a tube, the adhesion 
strength is usually not uniformly distributed; some por-
tions of the deposit are stronger than others as shown in 
Figure 15. This means that in one blow, the sootblower 
jet may be able to remove some deposits at their weaker 
points but not all of it. The stronger portions may 
survive the jet impact and allow more deposits to build 
up. Repeated blowing is therefore needed to ensure 
maximum deposit removal.

Figure 16 summarizes the interaction between factors af-
fecting sootblowing effi ciency. High effi ciency is attained 
when the sootblower can deliver a high PIP jet, when 
the boiler is operating under conditions that produce low 
strength deposits, and when the sootblowing strategy is 
optimized.
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Distribution of adhesion strength at 450°C, pellet diameter 1 cm.

Figure 16.    
Main factors determining sootblowing effi ciency.
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SUMMARY

Although fouling of tube surfaces by fi reside deposits in 
recovery boilers is a complicated phenomenon, it can be 
attributed to three principle parameters: particle quan-
tity, particle stickiness and sootblowing effi ciency. Each 
principle parameter is a function of a number of factors 
which, in turn, are affected by many boiler operating 
variables which interact with one another. The complex-
ity of the effects of boiler operating variables on tube 
fouling is summarized in Figure 17. At a given liquor gun 

condition, for example, high solids fi ring would produce 
larger droplets, lower particle quantity, and hence reduce 
fouling. On the other hand, increasing air fl ow would 
increase fl ue gas velocity, entrain more particles in the 
fl ue gas, and increase fouling.
 
Understanding these principle parameters, how they 
may be affected by boiler operation, and how they may 
interact with one another is critically important for 
identifying the main cause of fouling, and for devising a 
viable solution to the problem.
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Causes of fouling in recovery boilers.
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INTRODUCTION

The origins of modern black liquor recovery boilers are 
in G. H. Tomlinson’s kraft recovery boiler furnace from 
the late 1920’s and the B&W and CE recovery boilers 
from the 1930’s [38]. Since then, the recovery boiler 
has gone through a lot of changes and its operation and 
effi ciency have been improved during 70 years of devel-
opment. However, the basic principles of the Tomlinson 
recovery boiler are still valid.

Environmental and economic reasons have put pressure 
to increase the power-to-steam-ratio also in recovery 
boilers. Traditionally, this is realized by increasing the 
steam parameters, namely temperature and pressure. 
However, one major limiting factor in this approach is 
the increased risk for superheater corrosion. In addi-
tion to increasing steam parameters, the closing of the 
chemical cycles in pulp mills has increased the risk for 
superheater corrosion. The level of non-process elements 
(NPE), such as potassium (K) and chlorine (Cl), will 
increase in black liquor and thus in superheater deposits 
due to the closure of the cycles. 

Probably the best known experiences of the effects of 
system closure and a high Cl content in the liquor cycle 
on superheater corrosion are from the Great Lakes For-
est Products mill in Thunder Bay, Ontario, Canada [23]. 
High Cl content resulted in rapid and severe corrosion 
of the superheaters. These experiences retarded the 
trend towards higher steam parameters for a decade or 
so. However, material development during the past 20 
years has resuscitated hopes of realizing higher steam 
temperatures also with high Cl levels in black liquor.

Potassium and chlorine are known to change the 
deposit melting properties and signifi cantly lower the 

SUPERHEATER CORROSION IN MODERN 
RECOVERY BOILERS

fi rst melting temperature [14,35]. The fi rst melting 
temperature (FMT or T0) is the temperature where the 
fi rst melt appears in the deposits. A good rule of thumb 
to avoid superheater corrosion is to keep the tube metal 
temperatures below the FMT of the deposits [34,2,5]. 
When the FMT is exceeded, accelerated corrosion will 
usually occur. 

Although the environment is extremely hostile in the 
superheater area, leakages in superheaters due to corro-
sion are quite rare (Grace and Taylor, 1979). Most of the 
reported superheater failures have been due to thermal 
fatigue or other mechanical reasons. However, this does 
not mean that superheater corrosion would not be a 
problem in recovery boilers. On the contrary, super-
heater corrosion is one of the main reasons for excess 
material loss in recovery boilers (Crowe and Youngblood, 
1998), but has not caused any fatal failures. This mainly 
implies that theoretical knowledge and fi eld experi-
ences have been successfully combined to accommodate 
superheater material temperatures according to black 
liquor Cl and K contents. 

In this paper, the main emphasis is on corrosion 
observed in the superheater area. This paper focuses on 
giving a comprehensive overview of the corrosion proc-
esses and phenomena observed in the superheater area 
of modern kraft black liquor recovery boilers. 

CORROSION MODES IN SUPERHEATERS

In the superheater area of recovery boilers, four principal 
corrosion mechanisms can be identifi ed: (1) high-temper-
ature oxidation, (2) sulfi dation, (3) active oxidation, and 
(4) hot corrosion. These can be present individually or 
as a mixture of two or more different mechanisms. High-
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temperature oxidation and active oxidation are typically 
present in oxidizing conditions, whereas sulfi dation 
requires reducing conditions. Hot corrosion may occur 
both in reducing and oxidizing conditions.

Corrosion is considered as “normal” when the corrosion 
rate is below 0.05-0.1 mm/year. This normal corro-
sion is usually taken into account in the design of the 
superheaters as the corrosion allowance. Typically, super-
heater lifetime is expected to be around 20 years, which 
means that the normal corrosion allowance in the tubes 
is between 1-2 mm.

Oxidizing conditions in this context refer to a situation 
where the air-to-fuel-ratio (�) is higher than one. Reduc-
ing conditions are present when the ratio is below one. 
Although the oxygen level in reducing conditions is not 
high enough to produce complete combustion, it may 
still be high enough to  cause oxidation of the metal. 
Thus, reducing conditions in combustion may be oxidiz-
ing from the metal’s point of view, Figure 1.
 
According to Figure 1a, a �-value equal to 0.6 would 
produce an oxygen partial pressure of around 10-25 bar 
at 600 °C. At these conditions oxides of iron (Fe2O3) 
and nickel (NiO) are no longer stable (Figure 1b) and a 
protective oxide layer is not formed on iron and nickel 
based alloys. However, a protective chromium oxide 
(Cr2O3) scale will still be formed on high chromium 
alloys. Therefore, to obtain a good oxidation resistance 
even at reducing conditions (� < 1.0), high chromium 
content in the alloy is desirable. In general, chromium is 
used to improve high-temperature oxidation properties 
of the alloys and around 25 wt.-% of Cr is needed to 
achieve high oxidation resistance at high temperatures.

Figure 1.   
a) Oxygen partial pressure in the combustion of carbon and hydrogen containing fuel as a function of air-
to-fuel ratio (�) at temperatures from 400 °C to 1200 °C[29], b) equilibrium partial pressures for several 
metal-oxide systems [3].

High-Temperature Oxidation

High-temperature oxidation is the most abundant cor-
rosion mechanism and oxides are the most dominant 
corrosion products. Oxidation is present almost in every 
case of corrosion, either as the primary cause or as a 
secondary process together with other mechanisms. 
Oxidation typically occurs when metals are exposed to 
temperatures above 300 °C in gases containing more 
than 1 vol.-% oxygen. Figure 2 shows the oxidation 
behavior of some alloys and metals as a function of 
temperature.

High-temperature oxidation is a function of the amount 
of oxygen in the gas phase, and the rate and mode of 
oxidation depend on the specifi c alloy. Most alloys 

Figure 2.   
Measured oxidation behavior of some alloy and metal 
powders in air [26].
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do not show any strong dependence between oxygen 
partial pressure and the rate of oxidation. Alloys that are 
rich in chromium or aluminum are also very resistant 
to oxidation and tend to oxidize less with increasing 
oxygen concentrations. The increased supply of oxygen 
stabilizes the oxides of major protective scale formers 
and therefore only a slight dependence on oxygen partial 
pressure is observed. 

Alloys that have a limited resistance to oxidation show 
an increase in the oxidation rate as a function of oxygen 
partial pressure. These alloys tend to form rapidly 
growing scales of iron (Fe) and the increased supply 
of oxygen allows less protective oxides to grow more 
rapidly. As a consequence, most of the metal loss in Fe-
Ni-Cr alloys consists of subsurface oxidation [15].

In combustion atmospheres oxidation of metals is 
not solely controlled by the oxygen partial pressure. 
Combustion products, such as water vapor (H2O), carbon 
monoxide (CO), and carbon dioxide (CO2) contribute 
to the oxidation behavior, too. Generally, oxidation 
in the fl ue gases is higher than in pure oxygen or air. 
Especially, water vapor may have detrimental effects on 
the oxidation of the metals. Most technical steels oxidize 
faster in water vapor than in dry air [16].  According 
to Asteman (2002), evaporation of Cr from austenitic 
steels takes place in the form of volatile chromium oxy 
hydroxides (CrO2(OH)2 or CrO2(OH)) in the presence 
of water vapor above 600 °C. Due to the evaporation of 
Cr, the oxide scale will lose its protective properties and 
rapid oxidation of the alloy occurs. 

High-temperature oxidation is normally not considered 
a problem in modern recovery boilers because of the 
moderate steam parameters applied. However, when in-
creasing the steam temperature and pressure, oxidation 
of superheater tubes may become an issue.

Sulfi dation

Sulfi dation is one of the most common corrosion mecha-
nisms leading to metal loss in kraft recovery boilers. 
Sulfi dation typically occurs due to gaseous hydrogen 
sulfi de (H2S), which reacts with the metal according to 
the following reaction:
 
 H2S(g) + Me = MeS + H2(g), (1)

where Me is either iron (Fe), chromium (Cr) or nickel 
(Ni).
  
Sulfi dation typically occurs when the metals are exposed 
to temperatures above 200 °C in gases that contain more 
than 1 ppm H2S. According to equation (1), the rate of 
sulfi dation is also a function of hydrogen (H2) partial 

pressure. High partial pressure of hydrogen retards the 
sulfi dation of the metal. Chromium is stable in sulfi diz-
ing atmospheres, and therefore high Cr alloys should be 
used to avoid extensive sulfi de-induced corrosion. Nickel 
is very susceptible to sulfi dation and alloys composed of 
high Ni contents can sulfi dize very rapidly at tempera-
tures higher than 630 °C. One of the corrosion products, 
a mixture of nickel and nickel sulfi de (NiS), melts at this 
temperature. Therefore, high nickel alloys should not be 
used at temperatures above 630 °C.

Sulfi dation also has strong temperature dependence, 
and the sulfi dation rate in carbon or low-alloyed steels 
increases very rapidly with increasing temperature. 
However, high Cr alloys have only slight temperature 
dependence on sulfi dation. Diffusion in most common 
sulfi des (FeS, Cr2S3, NiS) is generally much faster than 
in corresponding oxides due to a high number of defects 
[21]. This property is more pronounced at high tempera-
tures. High mobility also results in relatively thick scales, 
which have a great tendency to deform plastically and 
induce stresses in the scale. This may lead to cracking 
and spallation of the scales. 

In recovery boilers, sulfur-rich reducing atmospheres in 
the superheater area are mainly due to high gaseous H2S 
concentrations or high amounts of unburnt carryover 
particles depositing on the tube surface. High H2S con-
centrations typically result from poor combustion control 
and air mixing in the lower furnace. Carryover particles 
may contain high amounts of sodium sulfi de (Na2S) and 
unburnt carbon. Unburnt carbon in the deposit is able 
to keep the local atmosphere reducing and thus initiate 
sulfi de-induced corrosion.

High amounts of sulfi des in the deposits may result in 
low melting deposits and induce corrosion of the tubes. 
However, according to Backman et al. [2] rapid corrosion 
may be present although signifi cant amounts of liquid 
phases are not present in the deposits, even in the pres-
ence of high sulfi de contents. Tran et al. [34] also found 
that the corrosion is not caused by molten salt, but is 
rather caused by local, strong reducing conditions with 
high concentrations of H2S present. 

To confi rm reducing conditions and the existence of 
sulfi des in the deposits is not always an easy task. 
Sulfi des are easily oxidized during the analysis proce-
dure and the FMT may therefore be misinterpreted [7]. 
One evidence of sulfi dation caused by carryover in a 
local reducing atmosphere is the carburization of the 
tubes [9]. The carburization of the tubes can be analyzed 
with several different methods, which include metal-
lographic examination, hardness measurements, and 
chemical analysis. 
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Active Oxidation

Active oxidation refers to a process where volatile metal 
chloride formation enhances the oxidation of the alloy 
[20]. In Fe-Cr-alloys, iron chloride (FeCl2) is mainly 
responsible for active oxidation.  Formed FeCl2 has 
signifi cant vapor pressure at normal tube temperatures 
and therefore vaporizes and diffuses outwards, resulting 
in a porous oxide layer [31]. As FeCl2 moves outward, 
it may react with oxygen to form iron oxide (Fe2O3). 
This reaction produces Cl2, some of which re-enters 
the metal surface and may produce FeCl2 again. These 
reactions constitute a chlorine reaction circuit and can be 
expressed as follows:

FeCl2(s) = FeCl2(g)   (2)
3FeCl2(g) + 2O2(g) = Fe2O3 + 3Cl2(g)   (3)

2Cl2(g) + Fe = FeCl2(s)   (4)

Figure 3 schematically illustrates the chlorine reaction 
circuit mechanism, fi rst proposed by Vaughan et al. [39] 

for waste-fi red boilers and a recent modifi cation of the 
process for sodium chloride (NaCl) containing deposits 
by Kwon et al. [17]. Since some of the chlorine escapes 
from the metal, the circuit will cease unless a chlorine 
source is established outside the metal surface.  Possible 
chlorine sources are gaseous or condensed species.
 

In active oxidation, FeCl2 can be formed by three differ-
ent ways: 1) by the reaction of gaseous chlorine species 
(HCl, Cl2) with the metal, 2) by the reaction of solid 
alkali chlorides (NaCl, KCl) with the oxide scale or the 
metal, or 3) by the reaction of gaseous alkali chlorides 
with the oxide scale or the metal. Gaseous chlorine 
species are able to react with the oxide scale only at high 
temperatures, in reducing conditions, and/or at high 
concentrations. Therefore, reactions by gaseous chlorine 

Figure 3.   
Left) Possible chemical reactions leading to corrosion of the boiler tube [39] Right) a schematic representation of 
the mechanisms of simultaneous oxidation-chlorination of Fe-Cr alloys by NaCl in air[17].

species are possible only when the gases are able to 
penetrate the oxide scale to react with the metal [31].

An essential feature in active oxidation is the oxide scale 
integrity. If the scale is continuous and free of defects, 
pores and cracks, corrosion experiences thermodynamic 
limitations to proceed [5]. Alkali chlorides are blamed to 
be the main promoters for scale breakdown [13,11,25], 
but their role or the mechanisms are not yet well estab-
lished. Corrosion attack by active oxidation also strongly 
depends on the alloying elements. According to Spiegel 
et al. [31] Fe-(15-25)Cr alloys without any further 
alloying elements show catastrophic active oxidation, 
characterized by the formation of metal chlorides at the 
metal-scale interface. 

The fi rst compounds depositing on a clean tube surface 
are alkali chlorides, typically KCl if potassium is avail-
able. The deposition on the tubes occurs either by impac-
tion, thermophoresis, or by condensation [40]. A typical 
feature in the deposits is the enrichment of chlorine near 

the tube surface [24,22,27,9]. Chlorine enrichment in the 
deposits is mainly due to 1) the temperature gradient 
established between the tube and the fl ue gases, 2) sulfa-
tion of the chlorine by gaseous SO2, and/or 3) migration 
of the chlorine toward the tube metal surface.
 
Kwon et al. [17] studied the mechanisms of a simultane-
ous oxidation-chlorination process in the presence of 
solid NaCl. They found that the main chlorine source 
for corrosion reactions was NaCl vapor. They concluded 
that the rate of internal and uniform attack of the alloys 
mainly depended on the porosity of the inner spinel 
layer in the Fe-Cr alloys. The fi ndings by Kwon et al. 
[17] imply that the primary cause for FeCl2 forma-
tion and active oxidation initiation are gaseous alkali 
chlorides. 
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Active oxidation may also ignite by the sulfation of alkali 
chlorides in the deposits. Sulfation of alkali chlorides 
occurs when enough SO2 is available in the fl ue gases. 
Alkali chlorides will be sulfated according to the follow-
ing reactions:

Dry:  2MeCl(c) + SO2(g) + O2(g) 
= Me2SO4(c) + Cl2(g)     (5)

Wet:  2MeCl(c) + SO2(g) + H2O(g) + ½O2(g)  
= Me2SO4(c) + 2HCl(g)     (6)

 
where Me is either Na or K. Thus, the sulfation of alkali 
chlorides in the deposits releases either HCl (wet condi-
tions) or Cl2 (dry conditions). Released chlorine is avail-
able for corrosion reactions and if the sulfation occurs 
near the tube surface, this may lead to active oxidation 
and increased corrosion of the tubes. 

Modern recovery boiler superheater deposits typically 
contain 5-25 wt-.% of alkali carbonates. The sulfation of 
alkali carbonates, releases carbon dioxide (CO2)

Me2CO3(c) + SO2(g) + ½O2(g) = Me2SO4 + CO2(g),    (7)

which is not a corrosive gas in recovery boiler environ-
ments. According to Tran and Villarroel [33] alkali 
carbonates are sulfated prior to alkali chlorides. Thus, 
relatively high levels of SO2 are needed to sulfate the 
chlorides if alkali carbonates are present in the deposits. 
Alkali carbonates may therefore act as a buffering agent 
and retard the ignition of active oxidation in recovery 
boiler superheater deposits.
 
Active oxidation in biofuel and waste-fi red boilers is 
well established [25,31]. However, there is only limited 
evidence of the existence of active oxidation in recovery 
boilers [24,22]. Active oxidation may ignite in recovery 
boilers during operational upsets, which produce high 
SO2 levels. The SO2 peak does not have to be long, if 
enough sulfur is available to sulfate all the carbonates. 
However, the ignition of the active oxidation process ne-
cessitates the presence of alkali chlorides in the deposits.

Hot Corrosion

Hot corrosion is the degradation of metals and alloys 
owing to oxidation processes, which are affected by a 
liquid salt deposit. The protective oxide scale of the alloy 
is dissolved in the salt at the reaction site and oxide is 
precipitated at some other site where the local solubility 
is lower. Molten phase corrosion typically produces 
relatively high corrosion rates. Typical places for hot 
corrosion to occur in recovery boilers are lower bends of 
the hottest superheaters. Especially areas subjected to 
radiation are vulnerable to corrosion.

When the deposits melt, all commercial alloys show 
corrosion to some extent. By changing to a better mate-
rial grade, some changes in the corrosion rate can be 
achieved, but corrosion can not be totally avoided when 
the alloys are exposed to molten salts [36]. Melting 
properties of the deposits and the FMT are essential for 
hot corrosion. The melting behavior of recovery boiler 
superheater deposits is well known and the estimation of 
the FMT is today more or less a standard procedure.

The lowest FMT reached in recovery boilers deposits 
containing K, Cl, Na, S, and carbonates is around 505 
°C [35]. Alkali sulfi des (Na2S, K2S) may lower the FMT 
of the deposits further around 50 °C. Formation of iron 
chloride (FeCl2) in the metal-scale interface may also 
accelerate the corrosion. According to Daniel et al. [8], 
addition of FeCl2 in non-corrosive mixtures of NaCl and 
KCl made them corrosive. This might be caused by the 
formation of low-melting mixtures between FeCl2 and 
alkali chlorides. The FMT of the systems FeCl2-KCl and 
FeCl2-NaCl is 349 °C and 370 °C, respectively. Table 1 
shows the FMT of some common mixtures, which may 
be present in recovery boiler deposits.

System FMT (°C)
41 Na2SO4 - 59 K2SO4 832 

26 KCl - 74 K2SO4 690
50 NaCl - 50 KCl 657

48 NaCl - 52 Na2SO4 628 
28 KCl - 38 NaCl - 14 K2SO4 - 20 Na2SO4  518 

58 NaCl - 42 FeCl2 370 
60 KCl - 40 FeCl2 349 

However, if these low melting compounds were present 
in superheater deposits, accelerated corrosion should 
start already below 400 °C. In practice, however, corro-
sion is not observed if the tube surface temperature is 
below 460 °C [7]. This temperature can be considered as 
a threshold temperature for molten phase corrosion. This 
means that the highest steam outlet temperature to avoid 
molten phase corrosion would be of the order of 420 
°C. Thus, the signifi cance of sulfi des and iron chlorides 
in molten phase corrosion of the superheaters is less 
pronounced.

Hot corrosion typically occurs on the ten and two o’clock 
positions of the windward sides of the tubes. Severe 
corrosion is rarely observed on the leeward side of the 
tubes. This phenomenon is a straight consequence of the 
deposit build-up on the tubes. Deposit thickness on the 
ten and two o’clock positions is the thinnest and due to 
effective heat transfer in these areas, the proportion of 

Table 1.   
Common deposit mixtures and their FMT found in recovery 
boiler superheaters. Compositions expressed in mole-%. 
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molten salts is the highest. Figure 4 shows an example of 
heavily corroded superheater tubes from a kraft recovery 
boiler showing severe corrosion only on the windward 
side of the tubes.  

Recovery boiler superheater deposits are not gener-
ally totally molten, but consist of different layers with 
various amounts of molten phases [2]. In a thick deposit, 
a temperature gradient is formed according to Figure 
5, which shows a typical structure and temperature 
gradient in recovery boiler deposits. When the deposit 
thickness grows, the temperature difference between the 
deposit and the fl ue gases gets smaller and less chlorine 
is deposited on the tubes. When the deposit surface 
temperature exceeds the dew point temperature of alkali 
chlorides, the rate of chlorine deposition slows down 
very rapidly [4].

The deposit composition, tube temperature, heat load, 
and deposit conductivity determine the location of the T0 
(FMT). The position of the T0 in the deposit is indicative 
for the risk of corrosion of the superheater tubes. If T0 is 
close to the tube surface, the risk for contact between the 
melt and the tube metal increases. Chlorine enrichment 
near the tube surface decreases the FMT and may in-
crease the corrosiveness of the deposit in a critical place. 

T0 T70

Tgas

Tsteam

Flue gas

Steam

Tube wall

Deposit

Q
•

Figure 5.   
Typical temperature gradient in recovery boiler deposits [2].

The point T70 (fl ow temperature) refers to a temperature 
where the amount of melt in the deposit exceeds 70%. At 
this point, the deposit starts to fl ow and does no longer 
grow in thickness.

PREVENTION OF SUPERHEATER CORRO-
SION

Fireside corrosion of recovery boiler superheaters has 
become increasingly common due to increasing closure 
of the chemical cycles and increasing steam parameters. 
Therefore, present and forthcoming conditions may 
accelerate metal loss by corrosion, unless proper preven-
tive measures are applied. There are several different 
methods to limit the corrosion rate of superheaters in 
recovery boilers. However, corrosion can not be totally 
avoided, but can be effectively controlled with these 
measures. La Fond et al. [18] have made an excellent 
engineering analysis of different measures to prevent 
superheater corrosion in kraft recovery boilers. 

Superheater Design and Materials

The physical arrangement of recovery boiler superheat-
ers plays an important role in preventing fi reside corro-
sion. Several factors are critical in superheater design, 
including the location, tube geometry, arrangement, 
materials, and the direction of the steam fl ow. A typical 
superheater arrangement and confi guration in modern 
recovery boilers is a mixture of both counter- and co-
fl ow (Figure 6 left). In this arrangement, the secondary 
superheater can be exposed to radiation or placed 
behind the nose arch. Another alternative is to protect 
the secondary superheater by screen tubes. Radiation-
affected tubes can also be protected with a shorter tube 
circuit, which has a higher steam fl ow and thus a lower 
material temperature (Figure 6 right).

The steam temperature in the recovery boiler depends 
on the superheater design and recovery boiler operation. 
Due to relatively high heat transfer rates on the steam 
side compared to the fi reside, the tube temperatures are 
mainly tied to the steam temperatures. A rule of thumb 
is that in convective areas tube metal temperatures are 
around 30 °C higher than the local steam temperature. 
In areas where radiation is also present, tube metal 
temperatures are around 50 °C higher then the local 
steam temperatures. These values are usually taken into 
account in the design and placement of the superheaters.

If neither the design nor the tube arrangement is enough 
to avoid high material temperatures and excessive tube 
wastage, improvements can be achieved by selecting 
better materials. The criteria used by materials engineers 
in choosing from a group of materials include a list 
of properties that are either desirable or necessary. 
Unfortunately, all the optimum properties associated 

Figure 4.   
Severe corrosion on hottest superheater tubes. Corrosion is 
observed only on the windward side of the tubes.
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SH III
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with each selection criterion can seldom be found in a 
single material, especially when the operating conditions 
become aggressive.

Ferritic alloys, with additions consisting primarily of 
chromium (0.5-9%) and molybdenum (0.5-1%), are 
most commonly used at temperatures up to 650°C. 
Their comparative cost, high strength, oxidation and 
sulfi dation resistance and their particular resistance 
to hydrogen, for example, make them the material of 
choice. However, these low-alloy steels have inadequate 
corrosion resistance in many other elevated temperature 
environments for which more highly alloyed Ni-Cr-Fe 
alloys are required.

For applications for which carbon or low-alloy steels 
are not suitable, the most common choice of material is 
from within the 18 Cr-8Ni austenitic group of stainless 
steels. These alloys and the 18Cr-12Ni steels are favored 
for their corrosion resistance in many environments and 

Figure 6.   
Typical superheater arrangement and confi gurations in recovery boilers[18,25].

their oxidation resistance at temperatures up to 816°C. 
Above 650°C their falling strength becomes a considera-
tion and more heat resistant alloys must often be used.

In spite of the large number of high-alloyed materials 
available, only a limited number of different material 
grades have been utilized in recovery boilers. In addi-
tion, advanced alloys are rarely used in recovery boiler 
superheaters. For instance, austenitic stainless steels 
are widely used in power boilers [41], but their use in 
recovery boiler superheaters is rather limited. The main 
reason for the limited use of austenitic alloys is their 
susceptibility to stress corrosion cracking (SCC). Stress 
corrosion cracking is mainly a result of poor water qual-
ity, which in the case of recovery boilers needs special at-
tention. Table 2 lists some of the alloys used in recovery 
boiler superheaters.

In Japan, where high-effi ciency recovery boilers have 
been in operation for several years, high- chromium 

Material Fe Cr Ni Mo C Si N Mn Nb Cu P 
15 Mo3 Bal. - - 0.3 0.16 0.3 - 0.6 - - - 
T11 Bal. 1.25 - 0.5 0.15 0.75 - 0.45 - - 0.03 
T22 Bal. 2.25 - 1.0 0.15 0.5 - 0.45 - - 0.03 
T91 Bal. 8.75 - 1.0 0.10 0.2 0.03 0.5 0.1 - 0.02 
AISI 347 Bal. 17.5 11.0 - 0.06 0.4 - 1.8 0.6 - 0.04 
25Cr-14Ni Bal. 23-26 13-16 0.5-1.2 <0.025 <0.07 0.25-0.40 <2.0 - - <0.04
AISI 310 Bal. 25.0 20.5 - 0.06 0.5 - 1.6 - - - 
HR3C Bal. 25.0 20.1 0.35 0.08 0.5 - 1.2 0.34 - 0.02 
Sanicro 28 Bal. 27.0 31.0 3.5 0.02 0.6 - 2.0 - 1.0 0.025
HR11N Bal. 29.2 41.2 1.06 0.01 0.12 0.16 0.5 - - 0.03 

Table 2.   
Alloy grades used in recovery boiler superheaters and their nominal chemical composition (wt.-%). Values 
collected from various sources.
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alloys have been successfully used as superheater materi-
als [32]. Extensive material research has been carried out 
in Japan to fi nd suitable materials for high- effi ciency 
recovery boilers. The most promising materials include 
special low-carbon and low-silicon 25Cr-14Ni austenitic 
stainless steel alloys, which also show high resistance 
to intergranular oxidation [32]. Intergranular oxida-
tion is one of the main limiting factors for the use of 
austenitic alloys in superheater applications. Austenitic 
alloys are typically vulnerable to intergranular oxidation 
in high-alkali environments, typical of recovery boiler 
superheaters.

In intergranular oxidation occurring in alkaline envi-
ronments, grain boundaries are typically attacked by 
chlorine via Cr or chromium carbides. This results in the 
oxidation of the grain boundaries and thus the loss of 
protective properties of the alloy. In intergranular oxida-
tion, corrosion and material degradation proceed via the 

grain boundaries as shown in Figure 7. Intergranular 
oxidation may be detrimental to alloy creep and strength 
properties and is typically found in alloys having a Cr 
content higher than 15-18 wt.-%. 

Some of the problems associated with high-chromium 
austenitic alloys may be solved by the use of different 
coatings. The main purpose of a coating is to act as a 
diffusion barrier between the metal and the corrosive 
species. There are several methods to produce coated 
tubes for superheater purposes: co-extrusion (compos-
ite tubing), weld overlaying, diffusion coating, laser 
cladding, and thermal spraying [37]. These techniques 
make it possible to apply alloy compositions that are 
not available as tubular products. In recovery boiler 
superheater applications composite tubes, weld overlay-
ing, and sprayed coatings have been used. The biggest 

Figure 7.   
Intergranular oxidation in austenitic alloy AISI 347. Note the 
extent of the internal attack along the grain boundaries.

problem experienced is the detachment of the coating 
from the base material [37]. In sprayed coatings the high 
oxide content may also pose problems [28]. High-veloc-
ity oxy-fuel (HVOF) sprayed coatings have proven to be 
very promising in superheater applications.
 
In composite tubes the inner pressure-carrying material 
is carbon steel, which tolerates lower water quality than 
austenitic steels. The outer layer (cladding) is made of 
austenitic steel, which is resistant to corrosion. Several 
different material combinations are commercially 
available. A metallurgical bond is formed between the 
inner tube and the cladding, which prevents peeling of 
the cladding. However, the use of composite tubes in 
superheaters has been limited to the lower bends of the 
hottest superheaters. The main limiting factor has been 
the high price of the composite tubing.
  
On-line Corrosion Monitoring

All the measures to limit superheater corrosion 
in recovery boilers are based on fi eld experiences, 
wide knowledge of the combustion and furnace 
process, and awareness of the properties of avail-
able materials. However, this approach makes it 
impossible to respond to sudden changes in the cor-
rosion environment during operation. Typically, the 
results are seen only after a certain period during a 
scheduled or unscheduled shutdown. This approach 
is totally reactive and the corrosive conditions can 
be confi rmed only afterwards. Therefore, the results 
obtained refl ect the average conditions during the 
test period. Proactive measures to prevent corrosion 
and excess material loss necessitate the use of on-
line monitoring. 

 
Over 30 years ago, on-line corrosion monitoring was 
fi rst applied in the oil production and refi nery industry. 
On-line corrosion monitoring can be used to assess the 
integrity or remaining life of equipment, select new 
materials, and to assess equipment performance. On-line 
corrosion monitoring in boilers can employ various elec-
trochemical techniques [19,10]. These techniques have 
been used for several years for furnace wall monitoring 
in power boilers. However, so far, on-line monitoring has 
not been applied to recovery boiler superheaters, but the 
fi rst steps have been taken in this direction. 

Figure 8 shows an example from the testing of a new 
type of corrosion monitoring device, which is capa-
ble of measuring melting properties and the FMT of 
superheater deposits on-line. The resistivity of the probe 
is directly connected to the FMT of the deposits. A 
high resistivity corresponds to solid deposits and a low 
resistivity implies that molten phases are present. Figure 
8 illustrates a situation where a sudden change in the op-
eration has led to a decrease in resistivity. This implies 
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that the FMT has dropped signifi cantly and melt may be 
present in the deposits. After a short period of time, the 
situation is normalized back to the original level. 

This type of changes, which are present locally and only 
for a limited period of time, are extremely diffi cult to de-
tect with other methods than on-line monitoring. On-line 
monitoring may also help to correlate operational upsets 
to the melting behavior of the deposits and the FMT. 
However, a lot a work is still needed before this kind of 
apparatus can be reliably used for corrosion protection of 
kraft recovery boiler superheaters.

SUMMARY

Environmental and economic reasons have put pressure 
to increase the power-to-steam-ratio also in recovery 
boilers. Traditionally, this is realized by increasing the 
steam parameters, namely temperature and pressure. 
However, one major limiting factor in this approach is 
the increased risk for superheater corrosion. In addi-
tion to increasing steam parameters, the closing of the 
chemical cycles in pulp mills have increased the level of 
non-process elements (NPE) in the liquor cycle. This in 
turn may increase the corrosion problems encountered in 
superheaters.
 
Fireside corrosion of recovery boiler superheaters has 
become increasingly common due to the closure of 
chemical cycles and steadily increasing steam param-
eters. Therefore, present and forthcoming conditions 
may accelerate metal loss by corrosion unless proper 
preventive measures are applied. There are several differ-
ent methods to limit the corrosion rate of superheaters 
in recovery boilers. However, corrosion can not be totally 
avoided, but can be effectively controlled.
  
In the superheater area of recovery boilers, four 
principal corrosion mechanisms have been identifi ed: 
(1) high-temperature oxidation, (2) sulfi dation, (3) active 
oxidation, and (4) hot corrosion. These can be present 

Figure 8.   
Example of on-line measurement of deposit melt-
ing behavior (Courtesy of Savcor Process Oy).

individually or as a mixture of two or more different 
mechanisms. High-temperature oxidation and active 
oxidation are typically present in oxidizing conditions, 
whereas sulfi dation requires reducing conditions. Hot 
corrosion may occur both in reducing and oxidizing 
conditions.

The two main mechanisms leading to excess material 
loss are sulfi dation and hot corrosion. Sulfi dation can 
be effectively avoided by proper combustion control 
and by limiting the amount of carryover. Hot corrosion, 
however, is not easy to avoid by these methods. Hot 
corrosion is related to deposit properties, which are a 
consequence of the black liquor composition. The only 
way to limit material loss via hot corrosion is to keep the 
material temperatures below the FMT of the deposits.
 
With the use of  the best available materials,  best 
available process knowledge, and state-of-the-art on-line 
monitoring devices it might be possible to increase recov-
ery boiler effi ciency by increasing the steam parameters. 
However, if these measures are not adequate, corrosive 
species should be eliminated on a level that renders it 
possible to use existing materials.
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ABSTRACT

The volatilization of trace metals from black liquor was 
studied in a laminar entrained-fl ow reactor. The metals 
could be divided into three groups based on their volatil-
ity. Cd and Pb were highly volatile and they vaporized 
completely or nearly completely at all conditions studied. 
As, Se, Sb and Be were of medium volatility and Mn, 
Ni, Cr and Co of low volatility. The vaporization of 
the metals of low to medium volatility increased as 
temperature and oxygen content increased. The liquor Cl 
or S content had little impact on the metals vaporization. 
With the exception of Se and Sb the volatilization in the 
experiments was qualitatively in good agreement with 
equilibrium predictions. 

Introduction 

Black liquor contains several non-process elements in 
trace quantities and these elements may also be emitted 
in minor quantities from recovery boiler stacks. The 
emissions of the trace elements are orders of magnitude 
lower than those of the main pollutants such as sulfur 
compounds or nitrogen oxides. However, because of 
potential harmful effects the emissions of some of them 
are subjected or may be subjected to limitations. The US 
Environmental Protection Agency has listed eleven met-
als as hazardous air pollutants. These are antimony (Sb), 
arsine (As), beryllium (Be), cadmium (Cd), chromium 
(Cr), cobolt (Co), manganese (Mn), mercury (Hg), nickel 
(Ni), lead (Pb), and selenium (Se). 

Most of the hazardous air pollutant (HAP) metals in 
black liquor originate from wood in which they are 
present in minute quantities. More limited amounts 
enter the recovery cycle with make-up chemicals and 
as impurities in process water [2,3].  Dregs and grits 
are the main purge points from the recovery cycle. The 
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emissions from recovery boiler stacks account only for 
a minor fraction of the total purges. There is a large 
variability in the HAP metal emissions between different 
mills. In a survey by NCASI on the emissions from ten 
mills, the emission for some metals varied by more than 
a factor of one thousand from one mill to another [8]. 
The emissions of the individual HAP metals were 0.3-
1100 lb per 106 tons of air dry pulp.

HAP metals are emitted from recovery boilers either as 
gaseous compounds or as submicron particles, which 
have been formed to a large extent by an evapora-
tion-condensation process. The amount of HAP metals 
emissions thus depends on the input of the metals to the 
boiler, on the volatilization of the metals in the boiler, 
and on the effi ciency of the particulate collection device 
to remove the HAP metals. 

The effi ciency of electrostatic precipitators to remove 
metals depends on the distribution of the metals on 
particles of different size. Mikkanen et al. [5] measured 
contents of some HAP metals before and after the 
electrostatic precipitator in a recovery boiler in which 
secondary sludge was added to black liquor. Four HAP 
metals – Mn, Ni, Co and Cr - were present at detect-
able quantities. The overall separation effi ciency for all 
particular material was above 99.9%. The separation 
effi ciencies for the four HAP metals detected were lower 
than the overall effi ciency but still considerably high, 
87-95%. An analysis of the size distribution showed that 
all of the four HAP metals detected were present both 
in fi ne fume particles and courser particles. Mn which 
had the highest separation effi ciency was most enriched 
in the coarser particles. However, part of the Mn was 
present in fi ne particles as well, indicating that part of 
the Mn had vaporized [6].
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The volatilization of HAP metals has been studied in 
detail for combustion of fossil and waste fuels but there 
is limited information on the volatilization of HAP 
metals in recovery boilers. The aim of this study was to 
determine which variables affect the volatilization of the 
HAP metals from black liquor. The volatilization was 
studied in a laboratory reactor in carefully controlled 
conditions. The results were compared to equilibrium 
predictions. In addition, the contents of the HAP metals 
were determined in ten black liquors. Based on the 
results, possible strategies to reduce the emissions of 
HAP metals were evaluated.

Experimental 

The equilibrium behavior of the HAP metals during 
black liquor combustion was determined using the 
software HSC Chemistry Version 2.03. The calculations 
were made at temperatures of 700-1500°C and air factors 
of 0-1.5. Thus they included pyrolysis, gasifi cation and 
combustion conditions. Separate equilibrium calculations 
were made for each of the HAP metals. In the calcula-
tions, the HAP metals content was 500 ppm on black 
liquor solids basis. 

The volatilization of the HAP metals was studied in a 
laboratory laminar entrained-fl ow reactor (LEFR), in 
which black liquor can be burnt in well-controlled condi-
tions. A schematic drawing of the laminar entrained-fl ow 
reactor is shown in Figure 1. The reactor consists of two 
concentric alumina tubes placed in a three-zone furnace. 
Small particles of black liquor solids (50-100 µm) are 
entrained in a primary gas fl ow and introduced into the 
inner reactor tube from the top. A secondary gas fl ow 
enters the annulus between the tubes and becomes pre-
heated as it fl ows upwards. At the top of the reactor, the 
secondary gas becomes combined with the primary gas 
fl ow.  The primary gas and the black liquor particles are 
rapidly heated by radiation from the hot reactor walls 
and convection from the preheated secondary gases. The 
particles and gases fl ow downward through the reactor 
in a laminar fl ow pattern, and they exit the reactor via 
a water-cooled collector. The gases and particles are 
rapidly cooled by the addition of a quench gas fl ow at 
the upper tip of the collector. In order to prevent fume 
particles from condensing on the walls of the collector 
the walls are porous and there is a constant gas fl ow 
through the wall into the collector. The black liquor par-
ticle residues are separated in a cyclone with a cut-size of 
3 µm and small particles in a fi lter. The residence time 
in the reactor can be changed by moving the collector up 
and down in the reactor. A computational fl uid dynamic 
model was used to calculate the particle residence time. 

In this study, both the cyclone catch particles and fi lter 
catch particles were collected, weighed and analyzed 
for the HAP metals. The analyses were done by acid 

digestion followed by inductively coupled plasma (ICP) 
emission spectrometry. The fi lter catch particles consist 
mainly of submicron fume particles that have been 
formed by condensation of vaporized material. When 
analyzing the data it was assumed that any HAP metal 
that was found in the fi lter particles had vaporized in 
the reactor, and any HAP metal found in the particle 
residues (char or molten ash) had remained unvaporized.

The experimental conditions are summarized in Table 1. 
Experiments were made at four different gas composi-
tions, which included pyrolysis, two different combustion 
atmospheres and one gasifi cation atmosphere. Experi-
ments were made at two residence times, and at two 
furnace temperatures. 

The black liquor used in the study was dried, ground 
and sieved. Particles of size 56-98 µm were used in the 
experiments. Several of the HAP metals were below the 
detection limit in the black liquor studied and it was nec-
essary to add HAP metals to the liquor. The additions of 
the metals were made to the original black liquor before 
drying. For Be, for which the detection limit by ICP is 
low, the target HAP metal contents were 5 and 10 ppm, 
and for all other metals 200 and 500 ppm. The actual 
contents in the dried and sieved black liquors were 
somewhat different but in most cases within 10% of the 
target values. Table 2 shows the compounds added to the 
liquor. These compounds were selected because of their 
solubility in black liquor and availability. 

The composition of the liquor used in the study is shown 
in Table 3. Experiments were also made to determine if 
the liquor S and Cl contents affect HAP metals volatili-
zation. The liquor Cl content was increased from 0.5 to 

Figure 1.   
IPST laminar entrained-fl ow reactor.
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Table 1.   
Experimental conditions (gas atmosphere, temperature, and residence time).

Table 2.   
Metals added to the liquors.

1.5% by the addition of NaCl, and the S content from 
4.7% to 6.1% by the addition of Na2S. The compounds 
were added to the liquor before drying. 

Each experiment was made in duplicate, and the results 
reported are averages of the two experiments. The mate-
rial balance closures for each HAP metal were calculated 
from the measurements of the feed liquor, char, and 
fume amounts and metals contents. The material balance 
closures were excellent for most metals. For the other 
metals except Cd, Pb and Cr, the average closure was 
101%. The average closure for Cd was 32%, and that for 
Pb was 81%. Most of the Cd and Pb were in the fume 
particles and very little was found in the cyclone catch 
particles. The thermodynamic analysis showed that Cd 
and Pb vaporize completely. Therefore, it was assumed 
that the missing Cd and Pb passed the fi lter either as 
tiny particles or as vapor. Consequently the amount of 
Cd and Pb vaporization was calculated based on the 
amount of the metals in the char.

The average closure for Cr was 90%. However, in 

Element Weight % 
C 33.3% 
H 3.0% 
O 38.4% 
Na 18.4% 
K 1.6% 
S 4.7% 
Cl 0.6% 

pyrolysis and gasifi cation experiments Cr closures were 
only 27-45% whereas the closures were excellent in 
combustion experiments. Most of the Cr was in cyclone 
catch particles. The equilibrium calculations suggested 
that all Cr remains in condensed phase but that Cr 
is hexavalent during combustion but trivalent during 
pyrolysis and gasifi cation. Thus the material balance was 
poor only when Cr was expected to be trivalent. It was 
ascertained that the digestion method was not able to 
dissolve Cr2O3 in which Cr is trivalent. It was therefore 
concluded that the Cr missing during pyrolysis and 
gasifi cation was in char particles and the vaporization of 
Cr in the experiments was based on the amount of Cr in 
the fi lter catch and the Cr in the feed black liquor.

For the metals with good materials balance closure, the 
metals volatilization was calculated as the metal found 
in fume divided by the sum of the metal in the fume 
and the metal in char. This method takes into account 
possible inhomogeneities in the feed liquor.

RESULTS 
Contents of HAP Metals in Black Liquor

Ten black liquors including the one used in this study 
were analyzed for HAP metal contents. The results are 
shown in Table 4. The table shows in how many liquors 
out of ten each metal was detected, the lowest content, 
the highest content, and the average metal content.  

All of the HAP metals were present at low levels. The 
highest measured content was 110 ppm for Mn. Mn, Ni, 
and Cr were detected in all the ten liquors, and their 
average contents were 54, 1.6 and 0.6 ppm. Mn was thus 
by far the most prevalent HAP metal in black liquor. 
Co and Pb were the only other HAP metals that were 
detected at levels in excess of 1 ppm. As, Se, and Sb were 
not detected in any of the liquors.

Table 3.   
Composition of liquor used in the experiments.
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Equilibrium Analysis

The equilibrium distribution of the metals was studied 
at temperatures of 700-1500°C and at air factors of 
0-1.5. The equilibrium distribution of the HAP metals at 
1100°C as a function of air factor is shown in Figure 2. 
According to the equilibrium analysis, four of the metals 
- Hg, Cd, Sb, and Se - volatilize completely under all 
conditions studied. Of these Cd and Hg were present 
as elemental vapor, Sb either as sulfi de or oxide and Se 
as metallic vapor or oxide. In addition, Pb was in the 
gas phase at equilibrium under most conditions studied. 
At 1100°C it became completely gaseous except with 
high air factors. The condensed fraction at equilibrium 
remained negligible until air factors of approximately 
1.3. At temperatures below approximately 1000°C there 
were also minor fractions of condensed PbS present at 
all air factors.

Four of the metals – Mn, Co, Cr, and Be - were in the 
condensed phase at equilibrium under all conditions 
studied.  Trivalent Cr was formed in substoichiometric 
oxygen and hexavalent chromium with excess oxygen. 
For the health impact of Cr it is important if the metal 
is trivalent or hexavalent. Hexavalent Cr is a toxic form 
of Cr, whereas trivalent Cr is relatively benign. A fi fth 
metal, Ni was in the condensed phase at all conditions of 
interest. There were minor fractions of elemental Ni in 
the gas phase only at temperatures in excess of 1400°C 
under reducing conditions.

As was in the gas phase at equilibrium under some con-
ditions. At 1100°C there were minor fractions of vapor 
phase AsO in reducing conditions.  However, under re-
ducing conditions the fraction of vapor increased rapidly 
when temperature was increased from 1100°C. During 
pyrolysis (air factor 0) As was completely in vapor phase 

at equilibrium at temperatures exceeding 1300°C, and 
with air factor 0.4 at temperatures exceeding 1360°C.

Volatilization in Experiments

The volatilization of the metals during combustion 
at 1000°C is shown in Figure 3. The metals could be 
roughly divided into three categories based on their vola-
tility. Cd and Pb were very volatile and more than 90% 
of them were found in fume in the experiments. Taking 
into account that a small fraction of fume may actually 
condense on char particles, it is possible that this repre-
sents complete volatilization of these two metals. 

Sb, Se, As, and Be were of medium volatility, and 10-
35% of them volatilized under the present conditions. 
The third group consisted of Co, Cr, Mn, and Ni, which 
were of low volatility. They remained mainly in the 
particle residues, and less than 3% of them were in the 
fume particles. 

The metals could be divided into the same volatility 
groups at all conditions. For most metals the volatility 
in the experiments agreed with the ones obtained by 
the equilibrium predictions. Cd and Pb were of high 
volatility and Mn, Co, Cr and Ni were of low volatility 
both in the experiments and according to the equilibrium 
predictions. Similarly, As was of medium volatility in 
both the experiments and according to the equilibrium. 
However, Se and Sb volatilize completely according to 
equilibrium but they were of medium volatility in the 
experiments. The low volatility may have been due to 
kinetic limitations. Another possible reason for the lower 
observed volatility for Se and Sb could be the formation 
of non-volatile compounds with other metals, such as 
MnSeO4, MnSeO3, and MnSe and AlSb, MnSb, and 
Mn2Sb. These compounds are non-volatile, but they were 

 Detected  
Lowest
Content 

Highest 
Content Average* 

As 0/10 <2.8 <4.3 1.7 
Be 6/10 <0.007 0.2 0.036 
Cd 2/10 <0.1 0.4 0.13 
Co 4/10 <0.2 3.6 0.59 
Cr 10/10 0.2 0.8 0.58 
Mn 10/10 7.1 110 54 
Ni 10/10 0.4 4.4 1.6 
Pb 1/10 <1.7 4.2 1.4 
Se 0/10 <3.6 <5.6 2.2 
Sb 0/10 <1.6 <2.5 1.0 

Table 4.   
HAP metal contents in ten black liquors.

* Concentrations below the detection limit have been accounted for as half the detection limit.
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Figure 2.   
Equilibrium distribution of HAP metals at 1100°C. The liquor contained 19.0% 
Na, 5.0% S, 33.0% C, 3.3% H, 0.5% Cl and 1.5% K, and 500 ppm of the HAP 
metals, and the liquor dry solids content was 75%.
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Figure 3.   
Volatilization of HAP metals during combustion in 
8% O2 at 1000°C. Particle residence time 0.6 s; metal 
contents 200 ppm except 5 ppm for Be.

Figure 4.   
Impact of temperature on HAP metals volatilization at 
8% O2. Particle residence time 0.6 s, metals contents 
500 ppm, except 10 ppm for Be.

Figure 5.   
Impact of oxygen content on HAP metals volatiliza-
tion at 1100°C. Particle residence time 1.2 s, metals 
contents 200 ppm, except 5 ppm for Be.

Figure 6.   
Volatilization of HAP metals during combustion in 
8% O2 and gasifi cation in 15% CO2 + 15% H2O at 
1000°C. Particle residence time 1.2 s, metals contents 
200 ppm, except 5 ppm for Be.

Figure 7.   
Impact of residence time during pyrolysis in 0% O2 at 
1100°C, 500 ppm As, Cd, Co, Cr, Hg, Mn, Ni, Pb, Sb, 
Se, 10 ppm Be.
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not taken into account in the equilibrium calculations 
in which each HAP metal was added separately to black 
liquor. 

Figure 4 illustrates the effect of temperature on the 
volatilization of the HAP metals during combustion. 
Increasing the temperature from 1000 and 1100°C in 8% 
O2 had a modest impact on the volatilization. The impact 
of the temperature increase had the highest impact on 
the volatilization of the least volatile metals (Co, Cr, Mn, 
Ni). However, the volatilization of these metals remained 
below 5% at both temperatures. The temperature had no 
impact on the volatilization of the most volatile elements 
(Cd and Pb), which had volatilized completely or almost 
completely already at the lower temperature. 

Figure 5 shows the volatilization of the metals at three 
different oxygen contents: 0%, 8% and 21%. In general, 
the metals volatilization was lowest with 0% O2, i.e. 
during pyrolysis, and the volatilization increased as the 
oxygen content increased. There was a larger change 
when the O2 content was increased from 8 to 21% than 
when it was increased from 0 to 8%.

It is not possible to separate the effect of gas phase 
oxygen content from the effect of particle temperature. 
The reported temperatures are furnace temperatures. The 
exothermic combustion reactions increase the particle 
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Figure 8.   
Impact of residence time during combustion at 
1000°C, 500 ppm As, Cd, Co, Cr, Hg, Mn, Ni, Pb, 
Sb, Se, 10 ppm Be.

Figure 9.   
Impact of residence time during gasifi cation at 
1000°C, 500 ppm As, Cd, Co, Cr, Hg, Mn, Ni, Pb, 
Sb, Se, 10 ppm Se.

temperatures, and the difference between the particle 
temperature and furnace temperature could be several 
hundred degrees centigrade. For the volatilization of Na 
and K, Reis et al. [9] showed that the enhancement in 
volatilization as the oxygen concentration was increased 
could be completely explained by the corresponding 
increase in particle surface temperature. 

The metals vaporization during combustion and 
gasifi cation is compared in Figure 6. Both the medium 
and low volatility metals vaporized to a larger extent 
during combustion than during gasifi cation. There was 
no difference in the volatilization of Cd and Pb which 
were completely or almost completely volatilized in both 
gas atmospheres. Also here the observed increase in 
volatilization may have been due to an increase in the 
particle surface temperature. Gasifi cation reactions are 
endothermic, and hence during gasifi cation the particle 
temperature may be lower than the furnace temperature, 
whereas the particle temperature exceeds the furnace 
temperature during combustion. 

The thermodynamic analysis suggested that As is more 
volatile under reducing than oxidizing conditions. How-
ever, this was not observed in the experiments. On the 
contrary, As was more volatile during combustion than 
during pyrolysis or gasifi cation. 
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The impact of time on the metals volatilization is shown 
in Figure 7 through Figure 9. During pyrolysis, Figure 7, 
the volatilization of Cd and Pb – the most volatile metals 
– increased with time. The volatilization of most other 
metals were low, and no increase in the volatilization of 
the metals was observed. The overall quantity of fume is 
low during pyrolysis when a large fraction of the fume 
may be formed by fragmentation or ejection of small 
particles at the beginning of pyrolysis. It is possible that 
the majority of the low quantities of the metals in the 
fume were formed by this mechanism and not by actual 
volatilization.

During combustion, Figure 8, Cd and Pb volatilized to 
the same extent at the two residence times studied. Thus 
these two HAP metals volatilize early during combus-
tion. This is expected since the metals volatilized during 
pyrolysis as well. The fraction of the other HAP metals 
studied - As, Be, Cr, Mn, and Ni - in the fume particles 
slightly increased with time. 

During gasifi cation, Figure 9, more As and Be had 
volatilized at the longer time. There was no signifi cant 
difference in the vaporization of the least volatile metals 
Cr, Mn, and Ni. However, with very low fractions of the 
metals in the fume, it is diffi cult to separate the impact 
of particle fragmentation and actual vaporization. The 
volatilization of Pb was the same at both residence times 
but the vaporization of Cd was slightly less at 0.6 s than 
at 1.2 s. 

The effect of liquor Cl and S content on metals volatili-
zation was also studied in the experiments. The liquor 
Cl content had been increased from 0.5 to 1.5% by the 
addition of NaCl, and the S content from 4.7% to 6.1% 
by the addition of Na2S. In most cases the addition of Cl 
or S did not have any effect on the volatilization. This is 
illustrated for combustion in Figure 10. There was some 
variation in the volatilization but no signifi cant trends. 
The only clear difference was a higher Pb volatilization 
during gasifi cation at 1000°C when Cl was added to the 
liquor. A similar but less pronounced trend can be seen 
during combustion in 8% O2 at 1000°C. At 1100°C in 
all gas atmospheres the Pb volatilization was however 
complete. Hence, it is possible that Cl favors the vola-
tilization of Pb but for the other metals there were no 
consistent trends.

For most fuels, HAP metals volatilization increases 
signifi cantly as the fuel chloride content increases since 
HAP metal chlorides are often more volatile than other 
compounds [1,4,7,10]. For black liquor, in contrast, the 
liquor Cl content had a negligible impact on metals 
volatilization. The high alkali metal content in black 
liquor may explain this. During black liquor combustion, 
chlorine is preferentially tied to alkali metals, and no 
HAP metal chlorides are formed. Therefore, the liquor 

chloride content has no impact on HAP metals volatiliza-
tion during black liquor combustion.

The impact of HAP metal content was studied by spiking 
the liquors with two levels of HAP metals (500 and 200 
ppm each except 5 and 10 ppm for Be). There were no 
statistically signifi cant variations in volatility based on 
the HAP metal content. 

In the experiments, the liquor was spiked with the heavy 
metals. For most of the HAP metals, the contents in the 
liquor were signifi cantly higher in these experiments 
than they are in black liquor and the metals that were 
added to the liquors may be in a different chemical form 
than those originally in black liquor Therefore, extrapo-
lation to actual concentrations may be inaccurate.  Mn 
and Ni were present in the original liquor at the highest 
contents, and the volatilization of these two HAP metals 
in the original liquors and the spiked liquors are shown 
in Figure 11 and Figure 12. There was no large difference 
in the volatilization of the two metals in the original 
liquor and the spiked liquor. 

Conclusions

The volatilization of HAP metals from recovery boilers 
was studied in a laboratory reactor. Pb and Cd were 
highly volatile under all conditions studied. Sb, Se, As, 
and Be were of medium volatility and Co, Cr, Mn, and 
Ni were of low volatility. With the exception of the 
highly volatile Cd and Pb, which volatilized completely 
at all conditions, the volatilization of the metals in-
creased as temperature and oxygen content increased. In 
particular high oxygen content during combustion had 
a large infl uence on the metals volatilization. The liquor 
Cl and S contents had a negligible impact on the metals 
volatilization. Volatilization of the metals was lower dur-
ing gasifi cation than during combustion. 

For most metals the volatility in the experiments agreed 
well with the equilibrium predictions. The thermody-
namic analysis predicted complete vaporization for the 
highly volatile metals. Similarly the metals of low volatil-
ity remained in the condensed phase at equilibrium 
and the metals of medium volatility volatilized under 
some conditions at equilibrium. The exceptions were Se 
and Sb for which the equilibrium predicted complete 
volatilization but which were of medium volatility in the 
experiments. 

The experiments suggest that the emissions of all the 
other HAP metals studied except Cd and Pb could be 
abated by minimizing exposure to high temperature 
and high oxygen concentrations. In recovery boilers 
this means avoiding local hot spots with high oxygen 
contents in the lower furnace and by minimizing in-fl ight 
burning of droplets. For Cd and Pb the results suggest 
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Figure 10.   
Impact of Cl and S addition on the volatilization of 
HAP metals at 1.2 s 1000°C and 8% O2.

Figure 11.   
Impact of liquor Mn content on Mn vaporization. 
Original liquor contained 123 ppm Mn. 

Figure 12.   
Impact of liquor Ni content on Ni vaporization. 
Original liquor contained 8 ppm Ni.

that it is not possible to reduce their emissions by 
modifying the combustion conditions in the boiler. The 
volatilization of Hg was not studied here, but based on 
the equilibrium analysis Hg is also very volatile, and 
boiler conditions are not expected to affect its volatiliza-
tion.  

The high observed variability in the metals emission 
from one recovery boiler to another may partly refl ect 
the infl uence of operating conditions in the boiler. With 
the exception of Cd, Pb, and Hg the boiler operating 
conditions are expected to have a major impact on the 
emissions of HAP metals.
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INTRODUCTION

Besides being a steam boiler, the black liquor recovery 
boiler is a complex chemical reactor in which the inor-
ganic constituents of the liquor react in a variety of ways. 
These inorganic processes in the furnace and fl ue gases 
have become increasingly important for the optimum 
design and clean and safe operation of the boilers. Smelt 
reduction and fl ow properties, corrosion, fouling and 
plugging of the heat surfaces, and fl ue gas emissions 
such as SO2, and NO are all one way or another control-
led by the inorganic reactions in the furnace.
 
The understanding of the chemistry in the recovery 
boiler process has advanced signifi cantly as result of 
better and systematic measurements in boilers, ingenious 
laboratory work and, also, due to the advances in overall 
furnace modeling using computational fl uid dynamics.
 
In this presentation I have chosen some examples of the 
research of recovery boiler chemistry at Åbo Akademi 
University. I will fi rst discuss the importance of the 
detailed understanding of the melting behavior of the 
various alkali salt mixtures present in the recovery 
furnace environment, either as smelt, dust particles, or 
deposits on heat transfer surfaces. Particle stickiness 
and formation of deposits on tube surfaces, corrosion of 
the superheater or fl oor tubes are all phenomena which 
are strongly connected to partial melting of the salts. 
Further, I will review some of our recent measurements 
in full-scale boilers to study the origins of the dust 
components. 

I will also summarize the most important recent ad-
vances in the furnace behavior of black liquor nitrogen. 
This nitrogen is the origin of the NO emissions from 
the recovery boilers. It is also the origin of the ammonia 
found in the dissolving tank and in the rest of the 
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recovery liquors.

Finally, I will give some examples of some current and 
near-term future studies in the area of recovery furnace 
chemistry.

This paper focuses on the work made at Åbo Akademi, 
though signifi cant research results in recovery boiler 
chemistry have naturally been recently produced in 
several other research laboratories, see good examples in 
[1-6]. In fact, many of the Åbo Akademi results reported 
here have been achieved in close collaboration and 
interaction with researchers elsewhere.

SALT MIXTURE MELTING BEHAVIOR AND 
FOULING AND CORROSION

Most of the inorganic compounds forming in the 
recovery furnace melt at low temperature and are at 
least partly molten in the furnace environment. The salt 
mixtures formed in the different locations have differ-
ent composition, and, consequently different melting 
behavior.

Advanced thermodynamic equilibrium models developed 
at Åbo Akademi have made it possible to accurately 
predict the melting behavior of the complex multi-com-
ponent salt mixtures found in the furnace. The model 
is able to handle the melting curves for any mixture of 
hydroxides, carbonates, sulfates, sulfi des and chlorides 
of sodium or potassium. The model is based on critical 
thermodynamic analysis and evaluation of all existing 
experimental phase diagrams for mixtures of these 
compounds, and also on recent new laboratory data 
produced at Åbo Akademi and other universities. The 
model is at the moment being extended to take into ac-
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count polysulfi des and borates of the alkali metals.

Figure 1 gives examples of melting curves for fi ve dif-
ferent salt compositions with varying composition [8]. 
The compositions of the salts in Figure 1 are shown in 
Table 1. The salts were used for corrosion studies in the 
laboratory, and they were chosen to have almost the 
same fi rst melting temperature, T0, the temperature at 
which the fi rst molten phase appears when the salt is 
heated. However, the amount of molten phase at this 
fi rst melting temperature is very different for the fi ve 
salts. Consequently, the salts also have widely different 
“sticky temperatures”, T15, i.e. temperatures at which the 
molten fraction is 15 %. Also the “fl ow temperatures”, 
T70, and the temperatures for complete melting, T100, are 
very different for the fi ve salts. These specifi c melting 
temperatures are introduced and discussed more in [9].

The fi rst melting point (T0) is a useful concept when 
interpreting severe corrosion experiences in the boilers. 
The “sticky temperature” (T15) has been shown to corre-
late well with the temperature above which semi-molten 
particles of the salt mixtures easily stick on any surfaces 
they impact on. The temperatures for more complete 
melting (T70, T100) are useful when studying fl ows of 
molten salts on the walls or in the smelt bed. Some 
examples are given below.

Figure 2 gives results from a study where alkali salt 
particles of varying composition were impacted against 
a cooled probe in the entrained fl ow reactor at the 
University of Toronto [4]. The y-axis gives the deposition 
rate on the tube, and the x-axis gives the percentage 
of liquid phase at the temperature of impaction of the 
salt particles as calculated with the Åbo Akademi melt 
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Table 1.  
Chemical composition of salt mixtures referred to in Figures 1 and 5.

Figure 1.  
Calculated melting curves for fi ve different alkali salt composi-
tions with varying composition (see Table 1). These fi ve salts 
have all roughly the same fi rst melting temperature, T0, but 
widely different sticky temperature, T15, and  temperature of 
complete melting, T100 [8].

Figure 2.  
Deposition rate of alkali salt particles as a function of their 
content of molten phase at the temperature immediately prior 
to hitting the cooled probe tube surface [4].

Salt # 1 2 3 4 5 
Composition (wt-%) 
Na2SO4 49.5 47.5 45 40 10
K2SO4 49.5 47.5 45 40 10
NaCl 0.5 2.5 5 10 40
KCl 0.5 2.5 5 10 40
Na2CO3  
K2CO3
T0 (°C) 
DTA 525 523 522 518 515
Calculated 525 524 522 518 509
At T0 (calculated) 
Amount of melt (wt-%) 2.6 12.8 25.3 28.4 38.9
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predictor. The data clearly indicate that particles 
become “sticky”, and start sticking on the probe 
surface if the share of liquid phase exceeds some 
10-20 percent. This type of empirical experience 
well supports the idea of using the temperature 
at which 15 % of the mixture is estimated to be 
in liquid state, T15, as the “sticky temperature” of 
that salt mixture. 

Dust in a recovery boiler fl ue gas originates in 
both condensed alkali compounds and in liquor 
droplet residues carried over from the lower 
furnace. The sub-micron condensed particles, 
“fume” are the main part of the dust caught 
by the electrostatic precipitator. The carry-over 
particles are larger, typically 10-100 micrometers, 
and mostly separated from the fl ue gases by the 
ash hoppers before the ESP.

Figure 3 shows model calculations of how the 
changes in the liquor potassium or chloride 
content infl uence the sticky temperature of the 
fume in fi ve boilers with very different initial 
composition. The fi gure is based on the melting 
model by Åbo Akademi combined with another 
model that gives the approximate fume composi-
tion when the liquor composition is known [10]. 
These kinds of calculations are very useful when 
mills want to consider potassium or chlorine re-
moval systems of some kind and their effects on 
the fi re side fouling. Figure 4 shows the predicted 
melting range (T15 – T70) for the fume produced 
during burning of four very different liquors 
burned in four North-American boilers [10]. The 
sticky temperatures for the four liquors are very 
different: from some 530 ºC up to 700 ºC. The 
fi gure also shows how the sticky temperatures of 
the fume are expected to change if the potassium 
and chlorine contents were decreased by 50 %.

Figure 5 gives an example of laboratory corro-
sion studies in which various steel qualities were 
exposed to salt mixtures of different composi-
tions at specifi ed temperature and gas conditions 
[8]. These studies clearly showed a steep increase 
in the corrosion rate when the temperature ex-
ceeded the fi rst melting point of the salt mixture. 

However, even if present experience indicates 
that a dramatic increase in the corrosion rate is 
related to the appearance of the liquid phase on 
the tube surface, the picture seems more com-
plicated. The chlorine in the deposit may cause 
corrosion which is not directly connected to the 
presence of the liquid phase. More research is 
needed to explore in more detail the role of the 
molten phase for superheater corrosion.

Figure 3.  
Sticky temperature as a function of the chlorine and potassium content of 
black liquor (Åbo Akademi model data).

Figure 4.  
Melting range of fume in four boilers and estimated changes in the melting 
range if potassium and chloride levels are changed [10].

Figure 5.  
Short-term corrosion rate tests in the laboratory for steel specimen of AISI 
310 exposed to salt number 5 in Table 1 [8].
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An interesting observation of liquid phase on 
the furnace fl oor tubes, below the frozen bottom 
of the smelt bed, was recently made using an 
electrical resistance probe (Figure 6) [11]. The 
steep drops in resistivity to levels at or below 
100 Ohm•cm were shown to be caused by the 
presence of a molten phase. 

This liquid phase on the cooled fl oor tubes was 
connected to gradual migration of sulfur and po-
tassium chloride during boiler operation through 
the frozen layer onto the fl oor tube surfaces. 
This migration results in strong enrichment of 
sulfur on the tube surfaces. The sulfur compound 
formed on the tube surfaces was assumed to be 
sodium disulfi de, one of the alkali polysulfi des. 
Figure 7 shows how the melting range of the 
smelt bed salts (sodium sulfi de – sodium carbon-
ate mixture) is dependent on the presence of 
potassium, chloride and disulfi de [11]. Clearly, 
molten phase is possible at the tube surface 
temperatures (below 350 ºC), thus explaining 
the low resistivity fi gures observed. To what 
extent the presence of this polysulfi de melt can 
explain the fl oor tube corrosion cases observed 
in a number of boilers during the last 10 years 
requires additional studies.

One more highlight result worth mention-
ing when discussing the formation of dust in 
recovery boilers is shown in Figure 8. This fi gure 
shows the dust concentration in fl ue gases during 
a sudden interruption of the liquor burning for a 
few minutes in a full- scale boiler. During the in-
terruption, oil fi ring was introduced. The purpose 
of the measurement was to shed more light on 
the question of the origin of the fume. The result 
of this transient test shows that most of the fume 
is formed during burning of the liquor droplets 
in-fl ight. Only about 10 % of the fume was left 
during the interruption, thus giving an estimate 
of the order of magnitufde of fume being created 
by the evaporation of the alkalis from the smelt 
bed.

NITROGEN CHEMISTRY IN THE 
RECOVERY FURNACE

The second big area of research at Åbo Akademi 
deals with the fate of the nitrogen in the liquor 
during combustion in recovery boilers. Liquors 
normally contain 0.05-0.2 % nitrogen, mostly as 
organic amino compounds. It is this nitrogen that 
has been shown to cause the NO emissions in 
the fl ue gases, and also the cyanate nitrogen in 
the smelt which results in signifi cant concentra-
tions of ammonia in the green and white liquors 

Figure 6.  
Resistivity measurement using a special probe attached on the 
fl oor tube surface of a boiler [11].

Figure 7.  
Melting range of typical recovery boiler smelt of sodium sulfi de and sodium 
carbonate (1), when various amounts of chlorine (2), potassium (3), and 
disulfi de (4 and 5) are added. Åbo Akademi melting model data [11]. 

Figure 8.  
Dust  fl ow in fl ue gases during an interruption of liquor fi ring. Measurements 
made using a continuous dust measuring system [12].
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[14,15,16,17,18].

Figure 9 shows an example of our single droplet 
burning studies, which gave the fi rst impor-
tant indication of the reactions of black liquor 
nitrogen during combustion. The fi gure shows 
how the devolatilization (pyrolysis) stage of the 
liquor burning gives a fi rst peak of nitrogen 
oxide. It was shown that this NO formed from 
the volatile fuel nitrogen is indeed the main 
source to the NO found in the recovery boiler 
fl ue gases [18,19].

During the char burning stage little or no 
nitrogen oxides are formed. Only after the end 
of the char burn-out, during the oxidation of the 
smelt residue, there is another NO peak. This 
was later shown to be caused by the oxidation of 
the sodium cyanate which was formed during the 
char oxidation and captured by the smelt.

Figure 10 shows how we were able to follow the 
gradual conversion of nitrogen in the char into 
cyanate as the char was oxidized [16]. During the 
char oxidation the organically bound nitrogen 
was gradually converted into inorganic alkali cy-
anate and captured in the alkali smelt within the 
char particle. This behavior of the char nitrogen 
is unique and had never been reported before 
for any fuels. Figure 11 shows our summary 
of the black liquor nitrogen conversion during 
combustion [18].

Later, we have explored the fate of the smelt cy-
anate in the dissolving tank, green liquor and the 
rest of the recovery cycle. We have sampled the 
various liquor streams in half a dozen pulp mills, 
and there is a fairly good general understanding 
of the various routes of the reactive nitrogen in 
the cycle, Figure 12 [14].
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Figure 9.  
Nitrogen oxide formation during burning 
of a single droplet of black liquor in the 
laboratory. The right hand axis gives the 
simultaneous measurement of the carbon 
dioxide formed. (Åbo Akademi results).

Figure 10.  
Conversion of char nitrogen from organic form into inorganic cyanate during 
char oxidation. Oxidation was done slowly using CO2 and the different con-
version points were obtained by analyzing residues from separate interrupted 
oxidations [16].

Figure 11.  
Overview of the reactions of black liquor nitrogen in the recovery furnace. The 
unique capture of part of the nitrogen in the smelt residue is shown in red. 
[according to 17,18].
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Figure 13 shows how the cyanate gradually, in a 
few hours, converts into ammonia in the highly 
alkaline green liquor. We have been able to 
explain this conversion kinetics by a quantitative 
rate equation [15]. Besides on temperature, the 
rate is dependent on the carbonate content and 
pH of the green liquor. 

This ammonia will be partly released in the vent 
gases in the recaust area, partly it follows with 
the white liquor all the way into the digester 
and further to black liquor evaporation. In the 
evaporation plant, practically all of the ammonia 
is fi nally released together with non-condensable 
gases. This ammonia may be converted into NO 
when the NCG is burned. Process alternatives 
have also been suggested in which  the ammonia 
is removed (absorbed) from the NCG in a sepa-
rate absorption stage. 

ONGOING AND FUTURE WORK

What is interesting in the future in recovery 
boiler chemistry? A major effort will be required 
in the area of trace metals. The main question 
will deal with the distribution of the various 
trace metals in the liquor between fl ue gases 
and smelt, and the capture of these in the ESP 
or possible scrubber, and further their fi nal exit 
from the recovery process. Figure 14 gives a fi rst 
example of a recent mill measurement of the 
fate of the trace metal cadmium in the recovery 
boiler [20].

Furnace process modeling based on computa-
tional fl uid dynamics (CFD) has become a very 
signifi cant tool also to study furnace chemistry. 
Today’s models are already able to produce 
reasonable local fl ow, main gas concentration 
and temperature information in the furnace. 
However, the more complex chemical processes, 
such as fuel nitrogen conversion or fume forma-
tion are still beyond the reach of these models. 
This is partly due to the disproportional increase 
in computing times when detailed chemical reac-
tions are to be included. But mostly the problem 
is still the lack of fundamental kinetic data of the 
key reactions, such as the release of the various 
alkali, sulfur and nitrogen compounds from the 
burning liquor. 

Figure 15 is an example of the most recent CFD 
work at Åbo Akademi. Here we have been able 
to combine a bed chemistry model with the 
overall furnace CFD calculation.
The fi gure shows the local char oxidation rates 

Figure 12.  
Fate of  wood nitrogen in the Kaft recovery cycle [14]. The main exit points 
for the ammonia formed from the smelt cyanate are shown in red.

Figure 13.  
Conversion of the cyanate present into ammonia in two mill green liquors [15].

Figure 14.   
Preliminary balance of cadmium in the recovery boiler process [20].
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Figure 15.  
Char bed oxidation rate as calculated by a char oxidation chemistry model con-
nected to a full CFD calculation of the recovery boiler furnace [21].
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due to the direct oxidation by oxygen, due to gasifi cation 
reactions by H2O or CO2, or also due to the oxidation 
caused by the inorganic salts. This kind of a calcula-
tion still involves many uncertainties, but it shows the 
potential of advanced CFD calculations in exploring 
the signifi cance of chemistry details for the furnace 
processes. 
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