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WeLcoming WoRDs

timo meriKallio
metsä fibre oy

recovery boiler co-operation in finland is 
celebrating its 50th anniversary this year. to 
celebrate the occasion this anniversary conference 
is arranged at the 2014 international Chemical 
recovery Conference (iCrC) in tampere, 
finland.  
formal co-operation between finnish recovery 
boiler users and manufacturers to solve problems 
of the field was initiated in 1964 with jointly 
sponsored recovery boiler corrosion study from 
1965 to 1968. a few years earlier several mills 
had experienced severe corrosion in furnace wall 
tubes which had led to expensive maintenance 
shutdowns. The first research project was partici-
pated by all the finnish sulphate pulp mills who 
owned recovery boilers. this research project 
succeeded so well that the need to co-operate even 
more closely was recognised and other investiga-
tions into various operational and constructional 
problems were added to the work programme.

since the beginning, the finnish recovery boiler 
Committee has been active in promoting safe, 
economic and environmentally friendly operation 
of recovery boilers and closely related processes. 
the strength of recovery boiler co-operation in 
finland has always been the open discussion on 
recovery boiler and related problems between 
people who have wide-ranging experience and 
people with in-depth theoretical knowledge. the 
main emphasis of the frbC has been put on 
research, although mutual exchange of experience 
and distributing knowledge of recovery equipment 
and operation both at home and abroad has always 
been an important part in co-operation. annual 

recovery boiler day and chief engineer day are 
important occasions for networking.

today the frbC has 23 members which include 
pulp mills, recovery boiler manufacturers, a num-
ber of insurance companies, engineering compa-
nies, research organisations and universities in 
finland. the frbC publishes different guidelines, 
recommends best practices and arranges meetings 
and conferences. most of the active work is done 
in five subcommittees, which cover the most 
important areas around the recovery boiler.

during the past ten years the frbC has conducted 
two large publicly funded research programs. 
the finnish funding agency for technology and 
Innovation (Tekes) was the main financier on both 
programs. The first program SOTU 2 (2003-2006) 
concentrated on the possibilities to increase power 
production from the recovery boilers. second 
program sKyreC (2008-2012) developed the 
studies of sotu and deepened the understanding 
needed in the design and operation of the high-
efficiency recovery boilers in the future.

today the future of pulp industry in finland looks 
brighter than some years ago and pulp mills are 
developed towards bioproduct mills with wider 
product portfolio and higher energy yield. this 
also puts pressure on chemical recovery and 
recovery boilers.  therefore, the good research 
work on this field and co-operation between the 
members of frbC is just as important as it was 
50 years ago.

it is a great pleasure to welcome you all to this an-
niversary conference. learn, network and have fun.
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RecoveRy BoiLeR ReseaRcH HigHLigHts –
10 steps FoRWaRD

miKKo hupa
Åbo aKademi university
finland

Kraft recovery boiler technology has advanced 
dramatically since the first installations in the 
late 1930s. the advancement is naturally visible 
in a number of technological aspects but maybe 
the most exciting development has dealt with 
the furnace process. a deeper and more detailed 
understanding of the recovery boiler furnace 
process has been one key to a number of major 
improvements of the technology. 

this better understanding is a result of ingenious 
research efforts by talented people at a number 
of universities, research centres and industrial 
laboratories around the world. today, the ar-
chived scientific literature contains around 8000 
papers dealing with black liquor. around 1100 
of the papers deal more specifically with black 
liquor combustion. the interest in black liquor 
combustion research has steadily increased since 
the 1980’s. during the last years around 20 new 
papers have been published per year (figure 1). 

introduction

the 50-year anniversary seminar of the finnish 
recovery boiler Committee at the international 
Chemical recovery Conference is an excellent 
event to summarize some of this great research 
and development work. this presentation aims 
at a not-so-serious list of top-10 past research ef-
forts, which have had a significant influence on 
recovery boiler design or operation. the focus is 
on research related to liquor combustion and the 
furnace process. 

the top-10 ranking is based on a longer initial 
list of candidate research topics defined by this 
author. (there is no reason to hide the fact that 
the topics selected do quite much reflect the 
interests of the present author.) these suggested 
topics were then evaluated and ranked by a panel 
consisted of four senior recovery boiler experts. 
the four panel experts represent boiler users, 
boiler manufacturers and boiler consultants, 
and their total common experience of recovery 
boiler technology exceeds one hundred years. 
two of the panel experts come from europe, two 
from north america.

the panel was asked to comment the suggested 
research efforts and grade them on a scale from 
1 to 5 according to the following: 5 = very sig-
nificant/interesting/useful, 1 = only marginally 
interesting. the panel members did their evalua-
tion independently of each other.

this presentation cannot be a comprehensive 
review of the history and details of all the re-
search topics ranked. Each topic is only briefly 

Figure 1. Number of scientific publications 
dealing with black liquor combustion. Based 
on the Science Finder by April 2014.
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described together with some comments from 
the evaluation panel. in all cases reference is 
made to a few literature sources by some of the 
contributing research groups in the area.

The first five most significant  
research efforts
two research topics received full grades from 
all the four panel members. interestingly, both 
were efforts done already several decades ago. 
maybe not so surprisingly, they are connected 
to the two long-term challenges of the recovery 
boiler technology, corrosion and fouling. 

effort 1 (shared): Lower furnace wall  
corrosion

The first one was the “Research in the mecha-
nisms of lower furnace water wall corrosion 
and development of composite tubes – al-
lowing higher boiler pressures (1970s)”. this 
research was one of the first recovery boiler 
related research activities done as an organized 
co-operation project between the boiler users 
and manufacturers.

the history of this research goes back to the 
end of the 1960s and 1970s when water/steam 
pressures of the new recovery boilers were 
increased for higher electrical efficiency. In 
these new installations the problem of furnace 
wall tube corrosion became aggressive. the 
corrosion was concentrated in the lower furnace 
and it was clearly connected to the higher tube 
material temperatures. the finnish and swedish 
recovery boiler committees initiated a common 
research program to study the chemical details 
of the corrosion and to find solutions to the 
problem.

the studies included short-term corrosion expo-
sure of a variety of steel qualities in synthetic 
environments simulating the lower furnace con-
ditions with reduced sulphur gases present 
(moberg et al. 1974). figure 2 summarizes the 
most important result from theses studies. this 
type of corrosion, sulfidation, steeply increased 
for all low alloy steels when the material tem-
perature increased above some 280-300 °C. 
However, with an addition of sufficient amount 
of chromium in the steel (above some 13%), this 
corrosion was practically completely inhibited 
up to temperatures far higher than 400 °C. 

this research paved the road to replacing of 
the furnace carbon steel tubes with composite 
tubes. the composite tube consists of two alloys 
metallurgically bonded together. the outer alloy 
– Cr containing stainless steel  – withstands the 
fireside corrosion, while the inner – carbon steel 
- is the ordinary approved pressure vessel mate-
rial. The first composite tubes were installed in 
1972 in sweden. by 1982 there were already 30 
composite tube furnaces in scandinavia. today 
composite tubes are the standard solution in all 
high-pressure boilers. 

as mentioned, the panel members all gave 
the full five points and had several positive 
comments:

“A great example of problem-oriented research 
that finally solved the issues and new compound 
materials were launched as a result of the 
project…”

“Vital”

“This was a most important thing. With the 
composite tubes the furnace corrosion was 
controlled. This way the reliability and safety 
could be dramatically improved. When these 
fundamental things were fixed we could focus on 
developing other things”

effort 1 (shared): Dust chemistry and  
melting

the second effort, which received full grades 
from all the panel members, was described 
“Research on dust fouling behaviour and 
the role of potassium and chlorine on dust 
melting properties (1980-90)”. this research 

consists of a great number of studies in several 
research groups, especially at the university of 
toronto, Åbo akademi university, oregon state 
university and the institute of paper science 
and technology. most of this advancement took 
place in the 1980s and early 1990s.

this research has shown how the behaviour of 
the dust particles and deposits is closely con-
nected to the melting properties of the dust. the 
complicated phenomenon of partial melting of 
the dust was described by four characteristic 
temperatures based on the share of liquid phase 
at that temperature (backman et al. 1987, tran 
1997):

• first melting temperature, t0
• sticky temperature, t15
• flow temperature, or radical deformation 

temperature, t70
• Complete melting temperature, t100

these characteristic temperatures are strongly 
dependent on the dust composition and have 
a direct connection to the fouling or corrosion 
properties of the dust in the boiler. the research 
showed how the characteristic temperatures for 
a given dust composition could be determined 
based on phase equilibrium diagrams, or later by 
using advanced thermodynamic equilibrium cal-
culations. the well-cited figure 3a shows how 
the sticky temperature of the fine condensed dust 
is dependent on the content of chlorine and po-
tassium (tran 1997). based on some additional 
assumptions, the fume sticky temperature could 
be later related to the Cl and K content in the liq-
uor dry solids directly. figure 3b shows the same 
sticky temperature of the dust as function of the 
Cl and K contents in the black liquor solids. 

the panel member comments showed the sig-
nificance of this work:

“Used every day!” 

“Superheater damages and incidents have de-
creased dramatically since the 1990s. The major 
reason has been the better understanding of the 
fly ash behaviour and chemistry…” 

“To be able to calculate and predict fly ash 
behaviour in different parts of the RB helps to 
design the boilers and optimize heat transfer 
surfaces more cost-effectively.”

“Very fundamental, today the whole world 
knows the terms T15 and T70”

effort 3. single droplet combustion  
characterization

The research, “Determining black liquor burn-
ing properties (liquor burning stages, swelling 
tendency) by single droplet tests (1980-90)” 
was started at Åbo akademi university and at 
the institute of paper Chemistry in appleton, 
Wisconsin  (later ipst, atlanta) in the early 
1980s. black liquor burning behaviour could 
in an effective way be studied by suspending 
single liquor droplets on thin platinum wire 
and let them burn in a laboratory furnace under 
controlled conditions. this measuring system 
appeared to be very suitable to for the relatively 
large size (several mm) black liquor droplets, 
which typically require 10-30 seconds to burn 

a)

Figure 3. Sticky temperature of the condensed 
dust. 
a) as function of the chlorine-to-alkali and 
potassium-to-alkali ratio in the dust (Tran 1997)
b) as function of Cl and K contents in the black 
liquor solids (Hupa 2004).

b)
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Figure 2.  Effect of Cr content on corrosion
resistance of steels during short term tests
at 400 °C in a simulated lower furnace gas
(Moberg et al. 1974).
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out. by recording the combustion process four 
burning stages could clearly be identified and 
studied:

• drying
• pyrolysis and devolatilization
• Char burning
• inorganic reactions

figure 4 shows results produced with this 
technique (hupa et al. 1987). at the beginning 
the technique was used to detect differences 
in the burning properties of different liquors. 
especially the characteristic swelling of the 
burning droplet during the devolatilization stage 
was shown to vary significantly from liquor to 
liquor (frederick et al. 1991). this difference in 
the swelling tendency was shown to be signifi-
cant from a practical point of view. at identical 
conditions the liquors with a heavy swelling ten-
dency were shown to burn faster than the liquors 
that swell less. The swelling also influences the 
aerodynamic behaviour of the liquor droplets in 
the furnace.

the single droplet technique has been thorough-
ly used to generate experimental information for 
mathematical descriptions of the droplet burning 
process (Järvinen 2002). these droplet-burning 
models have been essential components in all 
more general furnace process models (mueller et 
al. 2004). later the single droplet technique has 
been further developed with a variety of analysis 

techniques to study the fate of sulphur, nitrogen 
and sodium during the combustion process.
the panel members commented this research:

“Introduction of single-droplet furnace was a 
big step towards the understanding of different 
stages in BL burning”

“Knowledge about black liquor in-flight burn-
ing behaviour from nozzle to char bed is vital 
to get proper combustion and char bed burning 
control”

“Fundamental research which also gave a basis 
for CFD modeling.”

one panel member further suggested additional 
work on the root-causes of the different burning 
behaviours (swelling, etc.). 

“Now when we are planning to burn lean black 
liquors, this will be emphasized even more.”
 
effort 4. cFD based furnace modelling

“Development of the CFD-based recovery fur-
nace modelling to simulate novel boiler designs 
(1990-2000)” has been a result of a long devel-
opment process. mathematical furnace models 
based on computational fluid dynamics (CFD) 
have been developed since the early 1980s and 
a great number of research groups at universities 
and companies have contributed to the advance-
ment of these modelling techniques. the main 
development – including creation of several 
commercial Cfd codes – was initially focused 
on furnaces fired with gas, oil or pulverized coal. 
however, black liquor recovery boilers have 
required a lot of additional creative development 
due to the many specific processes that differ 
significantly from the conventional combustion 
systems. 

This work, specific to recovery boilers, was 
started already in the late 1980s. The two first 
publications on recovery boiler furnace model-
ling were presented at the international Chemical 
recovery Conference (iCrC) in 1989.  one 
originated in research from the institute of paper 
Chemistry (today ipst), and the other was a joint 
paper by tampere university of technology 
together with the boiler manufacturer tampella 
at that time (today valmet) (grace et al. 1989, 
uppstu et al. 1989). tom grace concluded his 

paper by some words concerning the computing 
times: “Convergence is a major problem. - About 
three months of Cpu time were needed for the 
base case on a microvaX ii”. a few years later, 
in 1996, Tom Grace wrote the first review on 
computer modelling of black liquor recovery 
furnaces (grace 1996).

later, many other groups have contributed to 
this development including the university of 
toronto, helsinki university of technology (to-
day aalto university), vtt and Åbo akademi 
university in finland, the royal institute of 
technology in sweden and several company 
groups.  by now, some 200 papers concerning 
numerical modelling of the recovery furnace 
have been published. today, the worst bot-
tleneck is no longer the computing time. the 
biggest challenges are connected to the detailed 
descriptions of the many physico-chemical pro-
cesses taking place in the furnace, the so-called 
submodels to be included in the general flow 
model. Such recovery boiler-specific processes 
that have required special development include:

• liquor spraying (course droplets)
• liquor droplet burning behaviour (very differ-

ent from any other fuels) 
• fate of the molten inorganic chemicals re-

maining after burn-out
• Formation/consumption of the char bed
• gaseous chemistry of nitrogen and sulphur 

detailed calculation models to predict the gas 
flows and combustion in recovery furnaces have 
been a very important contributor to the devel-
opment of the recovery technology. the models 
are today used as a standard tool when new 
boiler design features are considered, or when 
operational problems in existing boilers are 
addressed. the courageous dramatic scale-up of 
the boiler sizes that has taken place during the 
very recent years would not have been possible 
without thorough model studies using advanced 
Cfd models. 

panel comments:

“CFD has been of great help to the boiler manu-
facturers…has helped to optimize air system and 
boiler dimensions”

“A tool to allow planning of bigger and bigger 
boilers”

some challenges were also pointed out: 

“Char bed still a black hole in CFD…”

“A drawback in CFD is that different tools give 
different results (WYWIWYG = what you want is 
what you get)” 

Effort 5. High solids firing

Liquor solids content strongly influences the 
overall boiler efficiency. Consequently, the 
evaporation plant technology has been in the 
focus of continuous improvement work since 
the early days of the kraft recovery technology. 
however, in the 1980s this development jumped 
to a new level when the technology allowed 
liquor solids contents to exceed 70%, and later 
even 80%. 

This “Research on development of high solids 
firing – for better furnace behaviour and lower 
so2 emissions (1980s)” was initially strongly 
driven by the boiler or evaporator manufacturing 
companies (hyöty & ojala 1987, ryham 1989). 
later many research organizations such as KCl, 
Åbo akademi university and vtt in finland 
were involved in studying the many details and 
effects of the high solids firing.

it was soon recognized that, besides the 
energy efficiency benefits, this “high solids 
firing” changed the recovery boiler process 
much more than expected. in fact, the changes 
in the furnace and flue gas operation were 
quite dramatic. Liquor firing and bed control 
became significantly easier. However, the most 
remarkable effect of the high solids firing was 
the practically complete elimination of the so2 
emission in boilers when liquor solids content 
exceeded some 73-75%. this effect was shown 
to be connected to the higher temperatures in the 
lower furnace caused by the smaller amount of 
water entering the furnace along with the liquor. 
the higher furnace temperature resulted in a 
dramatically better capture of sulphur dioxide 
by sodium vapours released during combustion.

the elimination of so2 from the flue gases 
caused further changes in the furnace and 
flue gas chemistry. The dust particles became 
alkaline and sticky dust problems, caused by 
formation of acidic sulphates, disappeared. also 

Figure 4. Average diameter and carbon dioxide 
formation (“carbon release”) of a black liquor 
droplet during combustion. The black dots 
indicate observations based on the simultane-
ous image recording (appearance of the flame, 
maximum swelling, end of devolatilization, end 
of char burning) (Hupa et al 1987, Fredrick et 
al. 1991).
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the fate of chlorine changed, in high solids fir-
ing all chlorine stays in the solid dust and any 
purge of chlorine in the form of HCl in flue gases 
stopped. interestingly, it was later shown that the 
high solids firing could well be realized without 
any significant increase in the NOx emissions.

the panel comments were unanimous:

“High dry solids firing has been one of the major 
development steps in RB history”

“It solved the SO2 emissions, increased the ef-
ficiency of the boiler, etc.”

“The dramatic reduction in SO2 emissions also 
forced us to try to understand the Na-S chemistry 
during combustion. Nobody understood why SO2 
disappeared from flue gases with high dry solids 
firing.”

interestingly, one panel member questioned if, 
or to what extent, this development was a result 
of targeted research efforts:

“Significant thing for the control of sulphur 
emissions. However, it probably had advanced 
gradually along with practical experiences as 
well.” 

The next five highest-ranking 
research efforts
effort 6. nox formation

formation mechanisms of nitrogen oxide emis-
sions in black liquor combustion were shown to 
differ from combustion of other fuels in many 
respects. The “Research on the fate of BL nitro-
gen in combustion and theoretical basis for in-
furnace nox reduction strategies (2000)” started 
already in mid 1990s but became very active in 
the 2000s. 

even if the nitrogen content in the liquors is quite 
low, typically around 0.1%, it appeared that the 
absolute majority of the nitrogen oxides, nox, 
formed in a recovery furnace originated from 
that. the reaction pathways of this black liquor 
nitrogen in the combustion became a highly inter-
esting and demanding research topic. the single 
droplet burning tests at Åbo akademi university 
shed light on the issue (aho et al. 1994). it was 
shown that, during the devolatilization, a part 

of the black liquor nitrogen, typically 20-30%, 
was released as ammonia. this ammonia very 
readily formed no when the volatile gases were 
oxidized in the upper furnace. 

The truly surprising finding was that some part, 
typically 20-40% of the black liquor nitrogen 
could end up dissolved in the smelt. this nitro-
gen was identified as sodium cyanate, NaOCN. 
Some of the first mill measurements showed that 
the distribution of the nitrogen into no or smelt 
cyanate can be strongly influenced by boiler 
operation (saviharju & aho 2006). 

in the dissolving tank and the green and white 
liquors this cyanate gradually converts to ammo-
nia. this ammonia was shown to be a potential 
source of uncontrolled emissions – depending 
on the details of the recovery process of the mill. 

interestingly, the european panel members 
graded this research clearly higher than the 
north american members. 

“NOx chemistry is an important topic, since 
stringent emission limits are also applied to 
recovery boilers and combustion control is still 
the only BAT (Best Available Technology)”

“Complicated chemistry and kinetics play a 
major role in NOx formation.”

“Important research. Based on this the NOx 
emissions could be predicted better than before. 
The results were directly applicable in practice.”

the panel members also mentioned the unre-
solved challenge of the quantitative prediction 
of no emissions:

“Some NOx chemistry has been incorporated 
into CFD models, but still an unresolved area in 
black liquor combustion chemistry…”

“…models are not able to predict N behavior in 
the furnace”

effort 7. alkali chloride induced corrosion

the maximum steam temperatures in recovery 
boilers are just above 500 °C. This is significantly 
lower than in boilers burning conventional fuels; 
in these boilers the steam temperatures can be 
above 600 °C. the lower steam temperature 
results in lower power production efficiency. 
Consequently, there is a great interest in the pos-
sibilities of increasing the steam temperatures in 
recovery boilers. the higher steam temperatures 
have been limited by high-temperature corrosion 
induced by the fireside deposits containing alkali 
chlorides.

“Research on alkali chloride induced superheater 
corrosion mechanisms to pave the road for high-
er steam temperatures (2000-2010)” has been a 
topic for research for long and many research 
groups have contributed with various studies. 
oak ridge national laboratory, paprican (today 
fpinnovations), vtt, university of toronto and 
Åbo akademi university have been the most ac-
tive ones. many research techniques have been 
applied. laboratory exposure furnaces have 
been used to systematically study the influence 
of various factors on the salt-induced corrosion. 
air-cooled probes have been used to test materi-
als in the superheater section of boilers.

recent work has come up with a number of 
interesting new findings. Even extremely small 
amounts of chloride in the alkali salt deposit has 
been shown to dramatically initiate corrosion on 
a variety of steel qualities (skrifvars et al. 2008). 
The deposit first melting temperature has been 
shown to give the upper limit to the material 
temperature in the superheater, which has given 
one useful guideline for the design of the mate-
rial temperatures in the superheater. 
however, the presence of chlorides may cause 
corrosion also at material temperatures below 

the first melting point, and at these conditions 
the corrosion criteria are less well under control. 
relevant new research results concerning the 
corrosion effects of alkali chlorides have also 
been obtained by groups working with super-
heater corrosion in boilers fired with solid bio-
fuels. in these boilers the key compound causing 
corrosion is potassium chloride. the corrosion 
mechanisms of the two alkali chlorides appear 
to be quite similar (enestam et al. 2013).  the 
very first step in the corrosion of stainless steels 
by alkali chlorides appears to be formation of 
alkali chromates, which causes the break-up of 
the protective chromium oxide layer (petterson 
et al. 2005).

the understanding of the corrosion mechanisms 
has increased significantly. With this knowledge 
the reasons for corrosion patterns in boilers can 
in most cases be explained. however, the re-
search has not yet produced any direct solutions 
to allow clearly higher steam temperatures in an 
alkali chloride environment.

also in this research the european evaluation 
was more positive than the north american:

“Important to the control of superheater cor-
rosion and increase of the power production. 
Results can be immediately applied.“

 “This together with the ability to predict fly ash 
behaviour is essential in increasing the power 
output from recovery boilers.”

Some questions were also raised:

“Why is 515 °C still the upper limit for steam?”

“Why do austenitic steels behave well in super-
heaters, but low-alloyed steels do not?”
 
effort 8. acid sulphates

the formation of acid sulphates may make the 
flue gas dust sticky and corrosive in the cooler 
part of the flue gas channel. Acid sulphate for-
mation is a well recognized problem in boilers 
with a high so2 content in the flue gases. The 
research here entitled “Exploring the factors 
governing the formation of acid sulphate in the 
dust for control of sticky ash (1980-90)” was ini-
tiated already in the late 1970s in sweden by the 

Figure 5. Reactions of the black liquor nitrogen 
during combustion of black liquor droplets (Aho 
et al. 1994, Forssén et al., 2000).
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swedish pulp and paper research institute stfi 
(today innventia) and Åf, and in finland by the 
boiler manufacturer tampella (today valmet). 
the initial work was connected to boilers burn-
ing sodium sulphite liquor. in these sodium 
sulphite recovery boilers the so2 content in the 
flue gases is very high and the acid sulphate 
formation was recognized first. Later, the acid 
sulphates were found in kraft boilers as well. 
Åbo akademi university and the university of 
toronto continued the initial work, which gradu-
ally revealed the mechanisms of acid sulphate 
formation and factors affecting the formation 
(backman et al. 1984, poon et al, 1993). 

the sticky ash is formed when low melting 
sodium bisulphate nahso4 is formed on the 
surface of the dust particles. the bisulphate is 
formed via a reaction with sulphur trioxide, so3 
(and water) in the flue gases. Sulphur trioxide, 
again, may form when some small fraction of 
sulphur dioxide, so2, reacts with oxygen in the 
cooling flue gases. Bisulphate is easily detected 
by a lowered “dust pH”, i.e. pH of a water solu-
tion with a few per cent of dissolved dust.

for this particular research the north american 
panel members gave clearly higher grades:

“Very significant…used every day”

the european panellists were more moderate 
and saw this research as mostly relevant to 
sulphite boilers only:

“This is somewhat important, but since sulphite 
recovery boilers are an endangered species this 
topic is slightly out-dated.”

“It gives, however, a nice overview of fly ash 
chemistry and supplements the story of Na-S 
chemistry”

“Interesting issue from the dew-point chemistry 
point of view.”

“Limited applicability to sulphite boilers”

effort 9. Droplet size measurements

In the “Experimental characterization of 
liquor spray droplet size distributions and ve-
locities – basis for better spraying technologies 
(2000–2010)” researchers from the ipst and 

helsinki university of technology (now aalto 
university) have been the pioneers (empie et al. 
1995, Kankkunen & helpiö 1995). sprays of real 
black liquor are an extremely challenging topic 
to study experimentally. the liquor is very dif-
ferent from all other liquid fuels. it is extremely 
viscous and at the presently common high solids 
contents it is strongly non-newtonian. for 
pumping and spraying it has to be preheated to 
a high temperature. the relevant droplet size of 
the liquor in practical boiler furnace operation is 
quite large, several millimetres. 

different experimental techniques have been 
developed to characterize real black liquor 
sprays by advanced video recording etc. tests 
have been performed in special spray chambers 
but recently also in furnaces (miikkulainen et 
al. 2008). Significant new information has been 
produced on factors affecting spray behaviour 
and droplet formation mechanisms. droplet size 
and velocity distributions have been mapped un-
der a variety of conditions (figure 6). attempts 
are also made to further understand the liquor 
behaviour in the nozzles by advanced flow mod-
elling (levesque et al. 2004).

the panellists gave somewhat mixed comments:

“Black liquor spraying has been studied since 
the 1990s and it is an important topic still.”

“One of the key issues for successful combustion 
of black liquor, especially in large furnaces.”

“Liquor droplet formation has been extensively 
studied, with good results but just small impact 
to the practice.”

effort 10. partial autocaustization 

many ideas have been suggested to change the 
recovery boiler process in such a way that the 
causticizing step could be partly or completely 
eliminated. this can be achieved with a suitable 
added substance, which changes the smelt com-
position in such a way that no or less carbonate 
is formed (Jansson 1997). 

in the 2000s there was a great interest in the 
use of boron compounds to produce such an 
autocausticizing effect. The research in “Partial 
autocaustization using boron (2000)” was initi-
ated by the U.S. Borax Company and the first 

key publications came from the university of 
toronto. later, among others Åbo akademi 
university, the oregon state university and the 
university of luleå made a number of studies 
around boron autocaustization.

the boron-based autocaustization implies 
adding in the black liquor sodium metaborate, 
nabo2, which reacts with the smelt sodium 
carbonate forming a more sodium rich borate. 
When dissolved in the dissolving tank this borate 
directly forms sodium hydroxide and converts 
back to the metaborate. the metaborate is fully 
soluble and will follow the recovery solutions all 
the way to the digester and further to the black 
liquor and back to the boiler. this way the borate 
is recycled and used again, and new borate is 
only needed to cover any chemical losses from 
the cycle (figure 7).

the research included laboratory experiments 
and thermodynamic modelling of the exact 
stoichiometry and yield of the smelt-borate 
reactions at different conditions (lindberg & 
backman 2004). it also included studies on the 
potential changes in the boiler dust composition 
and properties caused by the boron addition 
(hupa et al. 2002). finally, the partial auto-
caustization was tested and applied in full scale 
in several boilers (ellis & Kochesfahani, 2005) 

in spite of the creative research efforts made, the 
boron technology has found only limited use in 
practice. the panel also noted this:

“This is a topic that only a limited number of 
mills were interested in.”

“… did not actually solve the bottleneck prob-
lems at the mills.”

“It lived for a while, but the interest died quite 
rapidly.”
 
“Limited application.”

concluding Remarks
the development of the recovery boiler technol-
ogy has been impressive. modern boilers are 
remarkably clean, reliable and – huge in size. 
important contributors to this development are 
the many long-term research efforts by a number 
of people all over the world. this paper wanted 
to salute this successful research by reviewing 
ten examples of efforts that have significantly 
helped to improve the design and operation of 
the recovery furnace process. a common feature 
with the examples qualifying to this “top-10” 
list was that for all of them it took many years 
– typically a decade - of active work before they 
finally produced results which could be used in 
the industry.

Figure 6.  Characterization of  black liquor sprays under different flow velocities and liquor tempera-
tures (Kankkunen & Helpiö 1995, Miikkulainen et al. 2008).

run 1
2.3 kg/s, 111 °C  

run 2
3.6 kg/s, 111 °C  

run 3
6.1 kg/s, 112 °C  

run 2
3.6 kg/s, 111 °C  

run 4
3.6 kg/s, 120 °C  

run 5
3.6 kg/s, 130 °C  
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besides the ten examples described above,  
several other suggestions received support from 
the evaluation panel: 

•  research on char bed cool-down mechanisms 
and means to accelerate cool-down.

•  removal mechanisms of soot blowing, and 
the development of high-efficiency soot 
blowers. 

•  research showing the role of the smelt freez-
ing temperature on smelt viscosity and the 
formation of the so-called jelly-roll smelt.

•  research on sodium and sulphur release and 
dust formation, the historical interrupted com-
bustion tests at rauma and Kaskinen showing 
that most of the fume is formed during in-flight 
and only a minor part is coming from the char 
bed.

•  Composite tube cracking – a major problem 
which now has been cured by the use of cor-
rect materials.
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RecoveRy BoiLeRs - HistoRy anD FUtURe

esa K. vaKKilainen
lappeenranta university of teChnology
finland

recovery boilers are built all over the world. 
the roots of recovery technology are longer 
than the roots of recovery boilers. but it wasn’t 
until the invention of recovery boilers before the 
second World War that the pulping technology 
was revolutionalized. this led to long develop-
ment of essentially the same type of equipment, 
culminating into units that are largest biofuel 
boilers in the world. 

early recovery technology concentrated on 
chemical recovery as chemicals cost money 
and if one could recycle these chemicals then 
the profitability of pulp manufacture would 
improve. For pulp mills the significance of elec-
tricity generation from the recovery boiler was 
for long secondary. the most important design 
criterion for the recovery boiler was a high avail-
ability. the electricity generation in recovery 
boiler process can be increased by elevated main 
steam pressure and temperature or by higher 
black liquor dry solids as well as improving its 
steam cycle. this has been done in the modern 
scandinavian units.

early recovery technology
early recovery technology concentrated on 
chemical recovery (deeley & Kirkby 1967). 
Chemicals cost money and it was easy to 
discover that recycling these chemicals would 
improve the profitability of pulp manufacture 
(vakkilainen 2005).

recovery of pulping chemicals could be based 
to french chemist nicholas leblanc’s process 
for producing soda at reducing furnace. A flame 
oven was hand filled with black liquor, Figure 
1. after that, the black liquor was dried with 
flue gases from burning wood. The dried black 
liquor was then scraped to floor, collected and 
sent to separate smelt pot, figure 2, for reduction 
and burning the remaining organics (rydholm 
1965). recovery of chemicals with this type 
of system was inefficient. Chemicals recovery 
hardly exceeded 60% (Whitney 1968). 

introduction

Figure 1. Early flame oven from late 1800s 
(Edling 1981).

Figure 2. Early smelt pot from late 1800s 
(Edling 1981).
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hand operated recovery grew more complicated 
with additional heat recovery surfaces. pre-
evaporation and scrubbing in a rotary device 
was invented by adolph W. Waern (Combustion 
engineering 1949). the direct contact evapora-
tor improved the heat economy of the recovery 
system. the hand feeding operation was soon 
replaced by rotative oven, figure 3.

use of rotary oven improved the heat economy. 
then it was a small step to introduce heat 
recovery equipment as was done with other 
types of boilers at that time. in 1912 the s-s 
system (sundblad-sandberg) was taken online 
at skutskär. in this system, liquor was sprayed 
into rotary furnace at 50% ds. the evaporation 
took place in a four stage evaporator. the heat 
was recovered with vertical tube boiler.

Tampella was among the first manufacturers to 
build s-s type furnaces, figure 4. preventing un-
necessary air flow through sealing arrangement 
between rotary drum and fixed parts was one of 

the major operating problems. the combustion 
was often conducted at very high air ratio lead-
ing to inefficient energy use. One could generate 
3000-4000 kg of 3.0 mpa steam for each ton of 
pulp (roschier 1952).

the main recovery equipment itself remained 
unchanged, but details were improved on. smelt 
dissolving tank was introduced, final smelting 
was improved on and capacities grew. the use 
of refractory and rotative oven tended to limit 
the recovery capacity to 70-75 tds/d (Sebbas et 
al. 1983). rotary part lengths were 7-10 m and 
diameter about 1.5 m (swartz & macdonald 
1962).

the boilers parts were improved on. in 1930 
seven lamont type forced circulation units 
were built. the use of rotary furnaces pinnacled 
in murray-Waern type units which were suc-
cessfully built around the world. in these the 
rotary precombustion was combined with totally 
water-cooled furnace with lower part refractory 
lined. the murray-Waern recovery units were 
popular until the fifties.

an epitome of inventiveness of that age was the 
godell recovery unit at stevens point Wise in 
1940s. there the liquor was completely dried 
in a chamber after the boiler (edling 1983). 
but that unit and most of those other alternative 
systems were hard to operate and did not achieve 
high availability.

First recovery boilers
the modern recovery boiler has a few strong 
ideas that have remained unchanged until today. 
It was the first recovery equipment type where all 
processes occurred in a single vessel. the drying, 
combustion and subsequent reactions of black 
liquor all occur inside a cooled furnace. this is 
the main idea in tomlinson’s work. secondly, 
the combustion is aided by spraying the black 
liquor into small droplets. Controlling process 
by changing spray proved easy. stationary 
spraying was used in early rotary furnaces and 
with some success adapted to stationary furnace 
by h. K. moore (toivanen 2012). thirdly one 
can control the charbed by having primary air 
level at charbed surface and more levels above. 
multiple level air system was introduced by C. 
l. Wagner.

recovery boiler also improved the smelt re-
moval. it is removed directly from the furnace 
through smelt spouts into a dissolving tank. 
Some of the first recovery units employed the 
use of Cottrell’s electrostatic precipitator for 
dust recovery.

after several attempts and learning from 
co-operation with Wagner when they built a 
stationary recovery furnace at the soda pulp mill 
of howard smith paper mills ltd., in Cornwall, 
ontario, tomlinson built and put into service 
his first experimental stationary furnace with a 
heat recovery boiler in 1929 (steam 1992). this 
was soon followed by the world’s first recovery 
boiler unit with completely water cooled furnace 
at Windsor mills which started operation on June 
27, 1934 (tomlinson 1975). after reverberatory 
and rotating furnaces the recovery boiler was on 
its way (Jones 2004). recovery boiler had two 
substantial benefits. One could build more easily 
larger recovery boilers than rotating furnaces. 
The second was energy efficiency. 

In Finland Oulu Mills invested in the first 
five 120 tds/d recovery boilers in 1937. They 
followed in the footsteps of husum 1936 and 
skutskär 1937 which both had invested in 
similar recovery boilers. Kotka mills meanwhile 
invested in rotating furnaces. When the energy 
efficiency of recovery boiler and rotating fur-
nace was investigated it was found that recovery 

boiler could produce 5000-5300 kg/ADt steam 
when rotating furnace could produce only 4500 
kg/ADt. The most modern boilers produce 4500 
kg/ADt (Fernandez 2001, Antônio 2011). The 
early recovery boilers had net efficiency of 
about 70% (lhv). 

the second early pioneer, Combustion 
engineering based its recovery boiler design on 
the pioneering work of William m. Cary, who 
in 1926 designed three furnaces to operate with 
direct liquor spraying and on work by adolph 
W. Waern and his recovery units. The first CE 
recovery unit, looks a lot like a modern recovery 
boiler. 

recovery boiler were soon licensed and pro-
duced in scandinavia and Japan. these boilers 
were built by local manufacturers from drawings 
and with instructions from licensors. one of the 
early scandinavian tomlinson units employed a 
8.0 m high furnace that had 2.8*4.1 m furnace 
bottom which expanded to 4.0*4.1 m at super-
heater entrance (pettersson 1983). this unit 
stopped production for every weekend. in the 
beginning economizers had to be water washed 
twice every day, but after installation of shot 
sootblowing in the late 1940s the economizers 
could be cleaned at the regular weekend stop.
the construction utilized was very successful. 
One of the early Scandinavian boilers 160 t/day 
at Korsnäs, operated still almost 50 years later 
(sanquist 1987). edling states in 1937 that more 
than 20 units had already been built of which 10 
in scandinavia.

Development of recovery boiler  
technology
spread of kraft recovery boilers was fast as 
functioning chemical recovery gave kraft 
pulping an economic edge over sulfite pulping 
(boniface 1985). they had about 20% bet-
ter energy efficiency as more than 5000 kg of 
3.0 mpa steam for each ton of pulp could be 
generated (roschier 1952, alava 1955). the 
first recovery boilers had horizontal evaporator 
surface followed with superheaters and more 
evaporation, figure 5-6. these boilers resem-
bled the state-of-the-art boilers of some 30 years 
earlier. this trend has continued until today. it is 
easy to understand that when any stop will cost a Figure 4. Early Tampella rotary furnace from about 1925 (Tampella).

Figure 3. Rotating oven from 1890, liquor in at 
20% ds (Edling 1981).
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lot of money the adopted technology tends to be 
conservative. Conservatism meant that e.g. the 
new Oulu Oy, 100000 t/a sulphate mill installed 
four tomlinson boilers when it started operating 
in 1937 (oulu 1937).

The first recovery boilers had severe problems 
with fouling (deeley & Kirkby 1967, roschier 
1952). tube spacing wide enough for normal 
operation of a coal fired boiler had to be wider 
for recovery boilers. this gave satisfactory 
performance of about a week before a water 
wash. mechanical steam operated sootblowers 
were also quickly adopted. to control chemical 
losses and lower the cost of purchased chemicals 
electrostatic precipitators were added. lowering 
dust losses in flue gases has more than 60 years 
of practice. one should also note the use of 
electrostatic precipitators in an early finnish 
recovery boiler, figure 6 (roshier 1952). the air 
levels in recovery boilers soon standardized to 
two. the primary air level was placed at the char 
bed level and the secondary above the liquor 
guns.

In the first tens of years the furnace lining was 
often of refractory brick or refractory on cast 
blocks. The flow of smelt on the walls causes 
extensive replacement and soon designs that 
eliminated the use of refractory were developed. 
the standard then became the tangent furnace 
wall. membrane wall use became widespread in 
the 1960s.

b&W favored use typically a single black liquor 
gun at front wall. in larger units additional gun 
was placed on back wall (tomlinson & richter 
1969). They preferred a significant part of the 
liquor to be sprayed to walls for drying. boiler 
bottom was in angle causing smelt to flow 
quickly out. hardly any space was reserved 
for smelt layer in the furnace. thus this kind 
of furnace is named sloping bottom type. final 
black liquor evaporation was often carried in a 
direct contact evaporator of venturi scrubber or 
cyclone evaporator type. the highest practical 
black liquor solids was 60-65% depending on 
black liquor properties. use of wall spraying was 
promoted by b&W and its licensees götaverken 
and babcock hitachi. b&W adopted three level 
air in the late 1960s.

early on the Ce design stressed use of multiple 
guns in all walls (tomlinson & richter 1969). 
Boiler bottom was flat with space for smelt layer 
on top of the whole floor. Thus this kind of fur-
nace is named decanting floor type. Final black 
liquor evaporation was carried in a direct contact 
evaporator of cascade evaporator type. the basic 
aims of recovery boiler design could soon be 
summarized as; highest possible recovery of 
chemicals, high efficiency, high utilization of the 
calorific values in black liquor and highest safety 
of operation (hochmuth, 1953). Ce sticked for a 
long time with a two level air system that had 
corner fired secondary. They used similar system 
in pCf-boilers.

there are some early examples of single drum 
recovery boilers. both b&W and ahlstrom 
delivered a single drum boiler in the late 1950s. 
The first modern single drum recovery boiler 
was delivered in 1984 by götaverken to leaf 
river at hattiesburg, mississippi. the boiler 
size was 1966 tds/d. By 1990 all manufacturers 
started providing single drum boilers. excluding 
very small boilers, all modern boilers are now of 
single drum design.

there are several advantages in a single drum 
boiler. single drum construction eliminates the 
possibility of water leakage to furnace as it is 
placed outside the furnace. There are signifi-
cantly less holes in a drum wall. therefore it can 
be built thinner. thinner wall of drum allows 

faster startup and stop-down. The gas flow to 
the boiler bank is smoother and heating surface 
arrangement is simple. the erection period is 
shorter because of large block construction. 
there is no rolled tube work. enhanced and 
steady water circulation by separated and un-
heated downcomers. the largest advantage is 
that single drum boilers can be made larger. tube 
stiffness limits cross flow two drum arrangement 
to about 2300 tds/d size (Steam 1992). Vertical 
flow twodrum constructions have suffered from 
plugging because of vibration stiffeners.

first recovery units had brick lined lower 
furnace with straight tubes forming cooling 
section behind bricks. this design persisted 
until the 1960s. some of these units are still 
operating today. another design provided corro-
sion protection of furnace tubes with studs and 
refractory. some manufacturers use studs even 
today, but the need of stud replacement has led 
to decline in stud use. From late fifties onwards 
the membrane wall design took over, first with 
carbon steel walls. tangent tube design was 
replaced with membrane design. the drawbacks 
of tangent design were the difficulties in inspect-
ing welds and doing maintenance work

first furnace walls were of carbon steel. With 
increasing design pressure there were several 
corrosion problems in lower furnace. the ad-
vantage of chrome containing alloys as wall 
corrosion inhibitor was discovered as an answer 
to high pressure boiler sulfidation corrosion 
(Moberg 1974). In 1972 Tampella delivered first 
totally compound tube recovery boiler furnace 
to assi lövholmen mill in piteå, sweden. by 
1982 there were 30 recovery boilers with aisi 
304 compound tube bottoms in scandinavia 
(Westerberg 1983). use of composite tubing in 
united states started as late as in 1981.

sanicro 38 is a widespread material that offers 
improved corrosion protection for lower furnace. 
The first lower furnace made from Sanicro38 
was delivered by valmet. they used sanicro38 
in the lower furnace up to primary ports in 1994 
for their rauma recovery boiler.

Figure 6. Early Finnish recovery boiler (Roshier 1952).

Figure 5. First Tomlinson kraft recovery boiler 
with water cooled furnace from Babcock & 
Wilcox in 1934. Note spray tower using weak 
black liquor before the ID fan.
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earlier the recovery boilers had horizontal tube 
economizers. they plugged fast and had to be 
water washed at intervals of 1-4 weeks (rissanen 
1965). it was not until the early 1960 that install-
ing vertical economizers started. in economizers 

of vertical flow design the gas flows downwards 
and water counter currently upwards (hyöty 
1994). in a period of few years the current 
long flow economizer design emerged, Figure 
7 (moberg 1967). vertical economizer design 
spread fast in scandinavia where by mid 1970’s 
more than a half of the recovery boilers had long 
flow economizers without direct contact evapo-
rator (environmental 1976).

in competition to purely vertical, the three pass 
design featured gas flow which was forced 
crosswise the economizer tubes to improve heat 
transfer.

there have been several rounds of economizer 
header designs. in a typical old design each 
economizer tube is connected to a common large 
header. as maximum number of tube rows that 
fit to this type header is about 8-10. The larger 
economizers must have front and back headers. 
this design has the disadvantage of having a 
header in the gas flow. The header can corrode 
and the welded joints tend to receive thermal 
stress. Modern economizers have flat horizontal 
headers.

High dry solids
Dry solids at as fired black liquor was between 
60 and 65% in sweden in the beginning of the 
1960s (Jönsson 1961). in the beginning of 1950s 
the typical as fired black liquor concentration was 
50% (Vegeby 1961). The final concentration was 
often done with cascade or cyclone evaporator. in 
practice the as fired dry solids could remain dan-
gerously low before refractometers started to be 
applied in late 1960s and early 1970s (hellström 
1970). the only reasons seen for higher dry 
solids were the energy economy and increase of 
bottom loading (vegeby 1961). one advantage 
noted was that partial load capability improved 
with higher dry solids. increasing black liquor 
dry solids from 60% to 68% enabled running 
recovery boiler without auxiliary fuel firing at 
65% of rated mCr (rissanen 1965). at 60% dry 
solids hardly any partial load could be run.

In 1980s the first high dry solids’ units started 
their coming on line. extensive tests of effect 
of increasing dry solids from 72% to 84% were 

run at metsä-botnia Kemi and rosenlew, pori 
(finland) recovery boilers (hyöty & ojala 
1987). they noticed that above 75% dry solids 
the so2 and h2s emissions were practically 
zero. also reduction increased more than one 
percentage point. Other benefits listed were, 
that steam generation and boiler controllability 
increased. high dry solids require that esp ash 
is mixed to the black liquor with 62-65% liquor. 
higher retention time also improves the stability 
of resulting black liquor.

improving air systems
air system development continues and has been 
continuing as long as recovery boilers existed 
(vakkilainen 1996). as soon as the target set for 
the air system has been met other new targets 
are given. Currently the new air systems have 
achieved low nox, but are still working on with 
lowering the fouling.

The first generation air system in the1940s and 
1950s consisted of a two level arrangement; 
primary air for maintaining reduction zone and 
secondary air below the liquor guns for final 
oxidation (llinares & Chapman 1989). the 
recovery boiler size was 100-300 tds/d and 
black liquor concentration 45-55%. frequently 
to sustain combustion auxiliary fuel needed to 
be fired. Primary air was 60-70% of total air with 
secondary the rest. in all levels openings were 
small and design velocities were 40-45 m/s. 
both air levels were operated at 150 oC. liquor 
gun or guns were oscillating. main problems 
were high carryover, plugging and low reduc-
tion. but the main target, burning of black liquor 
could be done.

the second generation air system targeted high 
reduction. in 1954 Ce moved their secondary air 
from about 1 m below the liquor guns to about 2 
m above them (llinares & Chapman 1989). the 
air ratios and temperatures remained the same, 
but to increase mixing 50 m/s secondary air ve-
locities were used. CE changed their frontwall/
backwall secondary to tangential firing at that 
time. in tangential air system the air nozzles are 
in the furnace corners. the preferred method 
is to create a swirl of almost the total furnace 
width. in large units the swirl caused left and 
right imbalance. this kind of air system with 
increased dry solids managed to increase lower 
furnace temperatures and achieve reasonable 
reduction. b&W had already adopted the three 
level air by then.

At first the airport openings were made by bend-
ing one tube away from the opening sideways 
and making room for this by bending another 
tube back. airport width was about tube spac-
ing and large plate areas were needed to make 
airport gas tight. in 1978 Ce began experiments 
with two level primary air. upper primary was 
designed to about 20% of total air with velocity 
up to 60 m/s. Total air split remained the same. 
the aim was to increase hearth temperatures.

third generation air system was the three level 
air. in finland the use of three level air with 
primary and secondary below the liquor guns 
started about 1980. at the same time station-
ary firing gained ground. Use of about 50% 
secondary seemed to give hot and stable lower 
furnace (Westerberg 1983). higher black liquor 
solids 65-70% started to be in use. hotter lower 
furnace and improved reduction were reported. 
With three level air feed and higher dry solids 
the sulfur emissions could be kept in place.

air system main target additional  targets
1st generation stable burning of black liquor
2nd generation high reduction burn liquor
3rd generation decrease sulfur emissions burn black liquor, high reduction
4th generation low nox burn black liquor, high reduction 

and low sulfur emission
5th generation decrease superheater and boiler 

bank fouling
burn black liquor, high reduction, 
low emissions

Table 1. Development of air systems.

Figure 7. One of the first long-flow economizers, 
Sunila (Moberg 1967).
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fourth generation air systems are the multilevel 
air and the vertical air. as black liquor dry solids 
to the recovery boiler have increased, achieving 
low sulfur emissions is not anymore the target 
of the air system. instead low nox and low car-
ryover are the new targets.

The three level air system was a significant 
improvement, but better results were required. 
use of Cfd models offered a new insight of air 
system workings. The first to develop air system 
with additional air levels was valmet (tampella) 
with their 1990 multilevel secondary air in Kemi, 
finland, which was later adapted to a string of 
large recovery boilers (mannola & burel 1995). 
valmet also patented the four level air system, 
where additional air level is added above the 
tertiary air level. This enables significant NOx 
reduction.

meanwhile andritz adopted vertical air where 
primary level is arranged conventionally. rest of 
the air ports are placed on interlacing 2/3 or 3/4 
arrangement. vertical air was invented by erik 
uppstu (1995). his idea is to turn traditional 
vertical mixing to horizontal mixing. Closely 
spaced jets will form a flat plane. In traditional 
boilers this plane has been formed by secondary 

air. By placing the planes to 2/3 or 3/4 arrange-
ment improved mixing results. vertical air has a 
potential to reduce nox as staging air helps in 
decreasing emissions (forssén et al. 2000).

High temperature and pressure  
recovery boiler
development of recovery boiler main steam 
pressure and temperature was rapid in the begin-
ning, figures 8-9. by 1955, not even 20 years 
from birth of recovery boiler highest steam pres-
sures were 10.0 mpa and 480 oC (vakkilainen et 
al. 2004). the typical pressures and temperatures 
then backed downward somewhat due to safety 
(mcCarthy 1968). by 1980 there were about 700 
recovery boilers in the world (Westerbeg 1983). 
in Japan, because of high electricity prices, more 
than ten high temperature and pressure recovery 
boilers are in use (tsuchiya et al. 2002). the big-
gest one is the 2700 tds/d, 10.3 MPa and 505 oC 
recovery boiler at iwakuni mill (ohtomo 2000).

new large recovery boilers seem to favor 
high main steam temperatures and pressures 
(vakkilainen 2004). these increase the amount 
of backpressure electricity.

main steam temperature
maximizing electricity generation is driving 
increases in the main steam pressures and 
temperatures. the maximum steam temperature 
can be limited by the ash properties. The first 
melting curve at the superheater front should be 
taken into account. increasing mill closure with 
high chlorine and potassium decreases the melt-
ing temperatures. the overall mill heat balance 
should be used to optimize the feed water and 
flue gas temperatures. 

the main steam temperature of recent recovery 
boilers is shown in figure 9 as a function of 
mCr capacity of that boiler. the average steam 
temperature increases with size. small boilers 
tend to have lower pressures to reduce specific 
cost. there are many boilers with main steam 
parameters higher than 500 oC. most of them are 
in Japan.

Future high energy efficiency  
recovery boiler
the increase of power generation in a pulp mill 
is result of larger recovery boilers being built 
(haaga 2014). the widely adopted industry 
practice of rising the black liquor dry solid 
content and main steam parameters will change 
the recovery boiler to sellable energy generator 

(heinola 2014). the rise of main steam param-
eters after superheaters from 90 bar/490 °C to 
100 bar/505 °C increases generated power 2%. 
When increasing steam parameters and increas-
ing black liquor dry solid content from 75% to 
82% the generated power increases by more 
than 6%.

often neglected way to increase generated 
power is the low-pressure preheating of turbine 
condensate and demineralized water to 100 
°C by turbine condensing section bleeds. this 
increased generated power by some 3% due to 
reduction of low-pressure steam extraction for 
water heating in feed water tank. 

the rise of feed water temperature from 115 °C 
to 140 °C was the next attempt to increase power 
generation. it requires only small investments. it 
did not increase the generated power due to the 
higher flue gas losses. The high-pressure pre-
heating of feed water to 180 °C has even worse 
effect on generated power due to the heat losses 
of the flue gases. The solution is to increase the 
economizer surface areas or to add a heat. 
The flue gas heat recovery devices have high 
investment costs, but they are still highly recom-
mendable. Using flue gas heat recovery devices 
with other alternatives can increase their effect 
significantly. The combination of combustion 
air / demineralized water heating and feed water Figure 8. Main steam temperature as a function of recovery boiler capacity.

Figure 9.  Main steam temperature as a function of recovery boiler main steam pressure.
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preheating has the best result increase of gener-
ated power. the gain is because use of extraction 
steam can be reduced. these combinations have 
short payback periods in slightly more than one 
year.

the coupling using high-pressure preheating 
and combustion air heating means significantly 
increased generated power. this combina-
tion reduces high-pressure steam extraction 
significantly. Adding high-pressure preheating 
increases investment about 1 m€ and has a nega-
tive payback period. 

the combustion air heating to 190 °C increases 
generated power due to higher steam flow. The 
investment cost of an additional steam/air unit 
and modernization of power generation equip-
ment is 1 m€. payback period is in our case a 
few months. the energy improvement’s ef-
ficiency can be increased through combinations 
with alternatives of feed water heating and flue 
gas heat recovery. these combinations reduce 
payback period to 11-13 months due to increase 
of generated power.

the combination of all energy improvements 
can increase generated power more than 15%. 
this requires an additional investment of more 
than 11 m€ but gives payback period of approxi-
mately one year depending on flue gas recovery 
application used.

hence, the total optimization of pulp mill can 
increase generated power up to 23 mW with 
a payback period of the additional investment 
being 13 months. When calculating at a net 
sale price rate of 50 €/MWh it will create an 
additional profit of 10 M€/year from additional 
power sales.

there are some other opportunities for increas-
ing the power output of the mill. one is of course 
designing the mill for lowest possible process 
heat consumption, thus freeing steam for con-
densing power. preheating of boiler feed water 
between the economizer stages is possible, thus 
increasing the mass flow of steam through the 
turbine is another way. many mills already use 
part of the methods mentioned above:

the Wisaforest andritz recovery boiler started-
up in 2004 in pietarsaari, finland (nordbäck 
2004) and Kymi valmet recovery boiler started-
up in 2008 in Kouvola, finland (tikka 2008)  
have steam parameters of 102 bar/505 °C. They 
fire 82-85% DS (without ash) black liquor, use 
turbine bleed steam for sootblowing and heat 
combustion air to high temperature. both the 
plants have siemens extraction back-pressure 
turbines having many bleeds at different pres-
sure levels and extraction for medium pressure 
steam.

in Joutseno pulp mill the abb extraction 
condensing turbine started-up in 1998 has a 
low-pressure pre-heater between the turbine 
condenser and the feed water tank (vakkilainen 
et al. 1999). the Östrand andritz recovery boiler 
started-up in 2006 has steam parameter of 105 
bar / 515 °C and uses flue gas heat recovery sys-
tems (Westberg 2007) (Jakobsson et al. 2007). 
the värö andritz recovery boiler started-up 
in 2003 was retrofitted in 2009 with extra feed 
water pre-heaters, additional superheater stage, 
enlarged economizer and a flue gas cooler. The 
pulp mill in fray bentos, uruguay involves 
many above mentioned energy efficiency items 
(Kiuru 2008). It fires 80% dry solids eucalyptus 
black liquor in andritz recovery boiler with 
steam parameters of 93-105 bar / 495-505 °C. 
it has one 60 mW siemens extraction back-
pressure turbine and one 75 mW extraction 
condensing turbine. now new mills will have a 
high efficiency recovery boiler which can gener-
ate in the order of 260 kg/s of steam. If a large 
single cylinder extraction condensing turbine is 
used then an output of more than 216 mW of 
electricity can be achieved.

conclusions
The energy efficiency of recovery boiler process 
can be improved by
• new modes of operation such as improvement 

of skills and motivation of personnel, energy 
audits, enhanced process integration of exist-
ing processes and industrial plants (secondary 
heat), collecting of reliable process informa-
tion (monitoring and control) and decreasing 
sootblowing steam usage.

• new technology such as higher steam pres-
sure and temperature, higher firing liquor dry 

solids and adopting electricity increasing fea-
tures known from general boiler technology 
(increased feed water temperature, increased 
air preheating, flue gas heat recovery).

• New processes such as additional firing (e.g. 
bark or chips) and combining torrefaction or 
bio-oil production with recovery boiler.

figure 10 shows recovery boiler integrated with 
torrefaction (hamaguchi et al. 2013b). if we 
can adopt our recovery operation to produce ad-
ditional saleable products such as biochar, then 
changes are to be expected. 

the recovery boiler operation will be affected 
by changes in pulping process such as lignin 
recovery and hemicellulose removal, figure 11 
(hamaguchi et al. 2013a).

modern kraft recovery boiler has evolved from 
chemical recycler to energy generator to provid-
ing sellable power. With next ten years even 
more radical changes are expected.
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in 1936 a design of spray furnace was suggested 
in which the boiler was mounted above the 
smelter furnace in a tower arrangement. the de-
sign gave many advantages and reduced the need 
for manual labor (de lorenzi 1949). rotating 
furnaces were replaced by spray furnaces in 
future designs. spraying enabled control of the 
char bed and combustion by changing the spray 
direction and pressure. The mass flow rate and 
droplet size could be easily changed. the air 
distribution to the char bed could be connected 
to the spraying (vakkilainen 2007).

In Finland, the first Tomlinson type boilers were 
built in the 1930s and 1940s (vakkilainen, 2007). 
obviously, a few of them were using oscillating 
nozzles to spray evenly in all parts of the fur-
nace. it was normal to spray on furnace walls 
to a dry black liquor for better combustion. in 
the 1980s, stationary firing became the dominant 
way of spraying black liquor, first in Europe and 
later in the u.s. (llinares & Chapman 1989). 
splash plate nozzles were common, but swirl 
cone nozzles were used in small boilers.
 
the transition to higher solids content black 
liquors started during the 1980s. it had many 
advantages. the most important is the increased 
throughput capacity of a recovery boiler, which 
is often the bottleneck in a pulp mill. other 
advantages are better sulfur reduction, higher 
energy production, decreased emissions, and 
decreased risk of smelt explosion. the nature of 
spraying changed with increased solids content. 

higher black liquor temperature was needed 
to decrease viscosity, and sometimes spraying 
temperature was above the boiling point of 
black liquor. the spraying temperature was 
often above the boiling point, although boiler 
operators were not aware of flashing. Liquor 
heat treatment processes were also developed to 
decrease viscosity and avoid firing temperatures 
that were too high.

the importance of spraying studies was em-
phasized by the volume of heat and power gen-
eration from black liquor burning. in finland, 
almost 11% of primary energy was supplied by 
black liquor combustion in 2001. this was im-
portant in the viewpoint of the Kyoto agreement 
under which Co2 emissions were restricted. the 
combustion of forest-based black liquor could 
be calculated to be neutral concerning Co2 emis-
sions. tightening emission regulations caused 
an increased need for better combustion control.

boiler sizes have been increasing year by year, 
and therefore the cost of shutdowns and other 
problems have also been increasing. the value of 
produced steam and electricity has been increas-
ing all the time. the need to better understand 
the recovery process increased; and at the same 
time, new research findings in other research 
fields became available. The same development 
was seen in black liquor spraying studies starting 
in the late 1980s. active research on black liquor 
spray started in the u.s., Canada and finland.  
 

introduction
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experimental studies
many studies have been carried out to simulate 
the spraying of fuels and other liquids. most 
often, the purpose of spraying is to atomize a 
single component liquid to very small droplets 
with a large surface area and high reactivity. 
the prediction of spray properties is at a good 
level for these liquids and nozzles. in the case 
of black liquor, the liquid is very challenging. 
the solids content is high, and a very high 
number of different organic and inorganic 
species is included. the goal of spraying is to 
produce a proper droplet size for drying and 
devolatilization, distribute the char and solids 
evenly to the char bed, and produce good 
combustion. the properties of black liquor 
and the goals of spraying have led to different 
nozzles that are uncommon in other fields of 
spraying. experimental studies and detailed 
modeling have been necessary to increase the 
understanding of black liquor spray properties.    

after 1985 a large set of experimental studies 
have been carried out. figures 1 and 2 show 
most of the experimental studies carried out 
with substitute fluids and with black liquor. The 
relevant operational range in modern furnaces is 
located between the green dashed lines. smaller 
nozzles, lower spraying temperature, and lower 
solids content experiments carried out in Canada 
and the u.s. are often relevant to older furnaces. 

most of the published experimental studies are 
carried out at the institute of paper technology 
and science (ipst) or at aalto, formerly the 
helsinki university of technology. the indus-
trial scale tests have been carried out mostly 
at aalto. small commercial nozzles have been 
studied at ipst. the university of british 
Columbia (ubC) and tampere university of 
Technology (TUT) were among the first dur-
ing the last two decades to study black liquor 
spraying. Substitute fluid tests with splash plate 
nozzles have been carried out by the university 
of toronto (uoft) during the latest decade.

Table 1 lists the nozzles, mass flow rates, and 
fluids studied. Some of these studies concen-
trated on the sheet breakup, some concentrated 
on the measurement of droplet size, and some 
concentrated on the spray velocity. an overall 
view of the research in this field can be found in 
Figures 1 and 2, where fluid properties, nozzle 
sizes, and mass flow rates of different research 
projects are presented. experiments with substi-
tute fluids are presented in the lowest part of the 
chart in figure 2. 

performed by year of 
pub.

objective* nozzle type inner 
diameter 
of nozzle 
[mm]

Fluid** temperature
[°c]

viscosity
[mpa×s]

Flow
[kg/s]

pressure
[mpa]

bennington and Kerekes, 
ubC

1985 d pressure-swirl 0.7 W, Wg, bl 20, 100, 120, 135 1, 15 0.7-3.5 0.02-0.5

mäntyniemi tut 1987 d pressure-swirl
splash plate

2, 3 W,          
bl

20 1 0.1-0.5

adams et al. ipst. 1990 d,bm splash plate
fan

9.5-12 s, bl 20, 92-104 34-325 0.15-2.5 0.02-0.65

Bousfield/U of Maine 1990 d,bm modulated 
inpinging jets

- W, Wg, bl 20, 105 1, 170 0.4 -

paloposki and Kankkunen 
aalto

1991 d splash plate 2, 3, 5 v, Wg, ml 20 1, 45, 91 0.02-0.4 0.02-0.6

spielbauer and aidun  ipst 1992 d,bm splash plate 4.8-8.5 Wg 20 51-102

Kankkunen et al. aalto 1993 d splash plate 2 ,3 W, Wg 20 1-60 1-10 0,1-0,6

Kankkunen et al. aalto 1994 d splash plate 2, 3 bl 97-128 3-300 4-11 0.2-1.8

empie et al. ipst 1995 d splash plate
fan
pressure-swirl

9.5-18 bl 32-125 130-215 0.9-5

helpiö and Kankkunen aalto 1995 d,v,bm splash plate 15, 27 bl 65,112-125 11-177 0.7-8 0.05-0.3

loebker and empie, ipst 2001 d,bm 9, 12 s 20 100- 10000 0.5, 0.75 0.05-0.65

Kankkunen et al. aalto 2001 d,v,bm splash plate 27,28 bl 131-135 120-200 4.2-6.1 0.015-
0.11

miikkulainen et al. aalto 2009 v, bm splash plate 26-40 bl 100-250 3-16

Karami et al.  uoft 2013 d, v, bm splash plate 2, 27 W,s, bl 20, 130-135 1, 110-160 0.01, 
4.2-6.1

Figure 2. Test series carried out, defined by fluid viscosity and difference from boiling point.

Figure 1. Test series carried out, defined by nozzle size and mass flow rate.

  * d=drop size, v=velocity, bm=breakup mechanism
** W=water, WG=water/glycerol mixture, S=syrup , BL=black liquorTable 1. Black liquor spraying studies.

Droplet size, shape, and size  
distribution
the size and shape of a black liquor particle de-
fines its drying, combustion, char burning rate, 
and of course also the trajectory of the droplet. 
therefore, the location for those burning stages 
in a furnace is defined by the particle size and 
shape and the size distribution of the particles. 
Additional important variables are mass flow 
distribution and the velocity of the spray. an 
understanding of spray behavior and droplet 
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size and size distribution can be utilized to op-
timize boiler operation. naturally, droplet size, 
shape, and velocity are a part of the input data 
to computational fluid dynamics (CFD) models 
and the basis for the study of experimental single 
particle combustion.

Bennington & Kerekes (1985) were the first to 
systematically study black liquor spraying with 
droplet size measurements. they studied labora-
tory scale grooved-core nozzles with glycerol/
water mixtures, superheated water, and a black 
liquor of solids content of 56%. the spraying 
temperatures of black liquor in their experiments 
were 100 °C, 120 °C, and 135 °C, and the con-
sequent boiling point was estimated to be 112 
°C. they suggested that the droplet size could be 
best predicted based on the black liquor viscos-
ity. No sudden change caused by flashing was 
found. the distribution of drop sizes was found 
to be much broader than that of a newtonian 
fluid having the same apparent viscosity.  

spielbauer et al. (1989) studied black liquor 
spraying with two sets of experiments. in the 
first set, they used black liquor of 53% solids 
content at room temperature, so the viscosity 
was 150 mpa•s. The splash plate nozzle orifice 
size was 9.5 mm and the droplet size was meas-
ured by a laser light diffraction based droplet-
size analyzer. the second set was carried out 
with black liquor of solids contents from 66% 
to 72%. temperatures varied from 104 °C to 
127 °C. these were typical values of recovery 
boilers at that time and corresponded to a viscos-
ity range of 29 mpa•s to 66 mpa•s. the splash 
plate nozzles used were 9.5 and 12.7 mm of 
nozzle-orifice size. The third nozzle was a swirl 
cone type nozzle with a 12.7 mm exit orifice. 
Droplet size was measured by an X-ray flash 
based imaging system. they found that a square 
root-normal distribution provides very good 
correlations of black liquor spray distributions. 
the normalized size distribution was found to 
be almost independent of nozzle geometry, flow 
conditions, or fluid parameters. 

in finland, the drop size of black liquor sprays 
was studied first by Mäntyniemi (1987) at 
tampere university of technology. he studied 
splash plate nozzles in a small recovery boiler to 
find better spraying practices. He also measured 
droplet size distribution for a swirl-cone nozzle 

by spraying water. droplet size was measured 
with a laser diffraction based method. 

at the helsinki university of technology, 
laboratory of energy engineering and 
environmental protection, the black liquor 
spraying research started in 1990. the basis of 
the starting research was on the earlier experi-
ence of drop size measurement with easier fluids 
like water, oils, and coal-water slurry. many of 
these studies were confidential. They enabled 
the purchase of research instruments and 
inspired researchers to deepen their understand-
ing of spray studies. it was important to have 
finnish boiler manufacturers, tampella oy 
and ahlström machinery oy, and the finnish 
recovery boiler Committee introduce the needs 
of industry for spraying studies. they funded 
the research in co-operation with the ministry of 
trade and industry. 

The first experiments connected to black liquor 
spraying were carried out with small-scale splash 
plate nozzles and substitute fluids in a vertical 
spray test chamber. dimensional analysis was 
used to scale the results to industrial scale noz-
zles (paloposki & Kankkunen 1991). the equa-
tions for scaling laws and droplet size based on 
the reynolds and Weber number were presented 
for the first time for black liquor. The drop size 
was measured with a laser light scattering based 
particle size analyzer. 

the next phase was to measure the drop size of 
small scale splash plate nozzles with cold diluted 
black liquor. drop size measurements could 
be carried out with a laser light based system 
with modified optics using a focal length of 4 
meters (Kankkunen 1993). however, it was not 
possible to reliably measure the drop size of hot 
black liquor because the light was scattered by 
the temperature gradients in the gas around the 
particles. an image-analysis based system was 
therefore developed to measure the drop size of 
hot diluted black liquor sprays (Kankkunen & 
helpiö 1994). the diameter of the splash plate 
nozzle in these tests was 2 mm and the measured 
median droplet size was between 200 µm and 
300 µm. an increase of droplet size caused 
by flashing was detected for the first time, as 
presented in figure 3. the boiling point of di-
luted black liquor was 113 °C, and the dry solids 
content was 70%. 

later, the image analysis was adapted to meas-
ure the drop size of industrial scale splash plate 
nozzles in a vertical test chamber, as reported 
by helpiö & Kankkunen (1996). the choice of 
measuring in a vertical test chamber was moti-
vated by two reasons. first, there is no need for 
spray cutting baffles, and secondly, the lighting 
system for detecting the sheet breakup mecha-
nism can be easily arranged at the sides of the 
spray. in a horizontal test chamber, the lighting 
of the sheet must be arranged below the spray 
and is liable to contamination. 

the next tests were carried out in a horizontal 
test chamber to enable the most reliable test 
chamber conditions. here, the breakup mecha-
nism in a test chamber is as similar as possible 
to spraying into an operating recovery boiler 
furnace. the comparison between the breakup 
mechanism in the test chamber and furnace 
could be fulfilled with a furnace endoscope. 
the comparison indicated similarity in most of 
the cases. this is a sign that the results of drop 
size measurements in the test chamber can be 
applied in the furnace calculations as shown by 
miikkulainen et al. (2002) & by Kankkunen and 
miikkulainen (2003). 

droplet size distribution of a large set of test 
cases was measured in a vertical test chamber 
with industrial-scale splash plate nozzles and 
industrial spraying practices by Kankkunen 
& miikkulainen (2003). a large fraction of 
non-spherical particles in the spray was de-
tected. Non-spherical particles were modified 
as spherical particles with consequent volume. 
four droplet size distribution functions were 
fitted to the experimental data for particle size 
distributions. the smallest least-square differ-

ence was achieved most often by the square-root 
distribution function. the median droplet size 
was between 4 mm and 14 mm, as can be seen 
in figure 4.

loebker & empie (2001, 2002) carried out a 
broad study with an effervescent nozzle and a 
splash plate nozzle. they studied droplet sizes 
and sheet breakup with a very wide viscosity 
scale from 100 mpa•s to 3400 mpa•s. the meas-
ured mass median diameters varied from 2 mm 
to 7 mm, depending on the gas liquid ratio.

Karami et al. (2013) measured the droplet size 
of small-scale splash plate nozzle spraying water 
and an industrial-scale nozzle spraying black 
liquor. they developed equations for droplet size 
prediction for substitute fluids with small-scale 
nozzles. the sauter mean diameter is predicted 
by the equation
                                         
D32=677d0.36V-0.35 µ 0.003                              (1)

where d is nozzle diameter, V is velocity, and µ 
is the viscosity of the liquid. 

In the case of the flashing liquid, the median 
droplet size could be predicted by the equation
                      
dmean=1000d1.05 v-0.35µ0.003( Ja+12.6)- 0.35                 (2)
                                  
where Ja is the Jacob number. the Jacob number 
is defined by equation 

                    
                                                                        (3)

Figure 3. Droplet size of black liquor at different 
temperatures (Helpiö & Kankkunen 1996).

Figure 4. The effect of the mass flow rate on the 
mass median diameter.

Ja=
ρ1cp ΔT
ρv hfg 
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where ρ1 is liquid density,  ρv  is vapor density, cp 
is liquid heat capacity, ΔT is excess temperature, 
and hfg is latent heat of evaporation. equation 
(2) is based on a case of a splash plate nozzle 
with an open exit and a diameter of 27 mm and is 
sensitive to changes in spraying practice.  

Mass flow rate 
The total black liquor mass flow rate to the 
furnace is defined by the pulping process. The 
number, size, and geometry of nozzles can be 
chosen by operators. the easiest way to control 
the mass flow rate is carried out by pressure 
control. flow control is an essential variable to 
achieve better combustion and controlled char 
bed processes. 

spielbauer & adams (1990) studied experimen-
tally spraying with two splash plate nozzles (9.5 
mm and 12.9 mm), v-type and u-type nozzles. 
The test fluid was low solids black liquors and 
corn syrup. They concluded that the flow rate 
could be predicted by a correlation equation 
based on the Reynolds number and the fluid 
pressure for all nozzle types. The flow rate was 
concluded to be insensitive to fluctuations 
in black liquor viscosity, solids content, and 
temperature.  

The mass flow rate in a nozzle is defined by the 
following equation 

                            
                                                                         (4) 

where Ap is the area of the pipe cross-section, 
Cd is the discharge coefficient,  ρ is the density 
of black liquor, and Δp is the available pressure 
difference.

spielbauer & adams (1990) experimentally 
studied babcock & Wilcox splash plate nozzles. 
they suggested an equation in the form of the 
discharge coefficient 

                   
                                                                        (5)

where the constants K1, K2, and n are obtained by 
regression analysis. this type of equation can be 
adapted for conditions below the boiling point. 

the same form of equation was used by empie et 
al. (1995) for three splash plate nozzles. helpiö 
& Kankkunen (1995) studied two splash plate 
nozzle types used by finnish boiler manufactur-
ers, and they were able to obtain experimental 
values for the constants. values for the constants
based on these three test series are presented in 
table 2. it should be taken into account that in 
different tests, the pressure difference Δp was 
measured at different locations. 

study k1 k2 n
spielbauer and 
adams

1.17 373 -0.92

empie et al. 1.24 458 -0.9
helpiö and 
Kankkunen

-0.04 671 -0.73

Nozzle pressure defines mass flow rate through 
a splash plate nozzle. an example for a non-
flashing case is presented in Figure 5 for three 
nozzle sizes. the dry solids content of black 
liquor is 70% (bbr 13 °C).

At constant pressure, the mass flow is decreased 
by flashing, as shown in Figure 6. The inner 
diameter splash plate nozzle is 15 mm. pressure 
difference is 0.9 bar, 1.1 bar, and 1.4 bar 
(Kankkunen 1996).

velocity of the spray 
the velocity of black liquor has many important 
effects on spray properties. At first, it defines the 
sheet break-up mechanism of the black liquor 
and essentially affects the droplet size. next, it 
defines the spray pattern, spray direction, and lo-
cations where droplets hit the char bed or furnace 
walls. in addition to these, it affects heat and 
mass transfer processes around particles and the 
time available for drying and devolatilization. 

Spray velocity was first based only on the cal-
culated values, e.g., empie (1995). spray veloc-
ity was first measured by Helpiö & Kankkunen 
(1994). they used an image analysis based triple 
exposure method. they found that the spray 
velocity increased when the black liquor tem-
perature increased, as can be seen in figure 7. 

the boiling point of black liquor was 112.8 °C, 
and their spraying temperatures were above 
boiling point up to 125 °C. they also found that 
for splash plate nozzles, the spray velocity at 
the spray center line was about 1.4 to 1.9 times 

higher compared to the calculated average pipe 
flow even for the non-flashing case. 

late black liquor velocity measurements 
were carried out with small-scale nozzles by 
Kankkunen et al. (1998) and mill scale nozzles in 
spray test chamber by Kankkunen & nieminen 
(1997) and by Kankkunen & miikkulainen 
(2003). 

it was suggested that spray would behave dif-
ferently in the furnace than in the spray test 
chamber. therefore a special furnace endoscope 
was constructed to measure spray velocities 
in furnaces as presented by miikkulainen et 
al. (2004). a set of measurements in recovery 
boiler furnaces is presented by miikkulainen et 
al. (2000, 2002, 2006, 2009). they developed a 
new way to define spray center line velocity, and 
the concept of the dimensionless velocity was 
presented. Dimensionless velocity was defined 
as the ratio of measured spray velocity and cal-
culated non-flashing velocity through the nozzle 
outlet. a very useful way to make comparable 
measurements with different nozzle sizes and 
spraying practices was by using a flashing map, 
as presented in Figure 8. In the flashing map, 
the mass flux is used to normalize different 
nozzle diameters, and dimensionless velocity 
is presented on the vertical axis. an important 
parameter is the difference from the boiling 
point – the excess temperature (ΔTe). With the 
flashing map, the velocity could be predicted 
rather reliably for a known spraying practice and 
nozzle geometry.

Figure 6. Mass flow rate defined by black 
liquor temperature for a splash plate nozzle 
(Kankkunen 2006).

Figure 7. Spray center line velocity as a function 
of temperature (15 mm nozzle, Δp=0.75 bar) 
(Helpiö and Kankkunen 1994).

pACm pd ∆= ρ2

Table 2. Discharge coefficient constants based 
on three test series.

Figure 5. Mass flow rate defined by pressure at 
a temperature of 113 oC, DS 70%, and boiling 
point of 113 oC (Kankkunen 1996).

Figure 8. A flashing map for splash plate nozzle 
type A (Miikkulainen et al. 2006).
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nieminen et al. (1996) measured the spray 
velocity of splash plate nozzles using an im-
age analysis system. he found that velocity 
decreased almost linearly from the spray center 
line to higher spray angles, as can be seen from 
figure 9.

Karami et al. (2013) measured the velocity for 
flashing black liquor, as presented in Figure 
10. experiments were carried out in a spray 
test chamber, and velocity was measured by 
an image analysis system. the velocity was 
almost constant in the spray center line and at 
other angles of the spray. the velocity was ap-
proximately 8 m/s for the excess temperature of 
14.2 °C and approximately 15 m/s for the excess 
temperature of 18.5 °C.

Mass flow rate distribution 
the distribution of mass within the spray affects 
the penetration of the spray to the formation of 
the char bed and to the drying and combustion of 
droplets. the splash plate angle and the shape of 
the nozzle exit area affect the mass distribution. 
Also, flashing is assumed to affect the mass flow 
rate distribution. 

nieminen (1996) measured spray mass distribu-
tion in spray angles by a spray collector. figure 
11 shows the mass distribution for a full-scale 
splash plate nozzle with non-flashing black liq-
uor and a small-scale splash plate nozzle with a 
substitute fluid. The mass distribution decreases 
almost linearly from the spray center line to the 
highest spray angle.  

Spray mass flow rate distribution was also stud-
ied by empie et al. (1997) for a splash plate and 
v-jet nozzle. they sprayed 55% to 65% solids 
content black liquor at temperatures below 
boiling point and measured spray distribution in 
spray angles by spray patternators. they found 
that the mass distribution could be estimated 
by a parabolic function of the angular position, 
so that the highest mass flow was in the spray 
center line.

Karami et al. (2013) presented a new method 
to estimate mass distribution in the spray. the 
estimation was based on the light intensity vari-
ation of the spray images taken in a horizontal 
spray test chamber. figure 12 shows the mass 
distribution in the spray for two conditions. at 
a lower excess temperature (14.2 °C), the mass 

flow rate decreases towards the spray edges. At 
a higher excess temperature (18.5 °C), the mass 
flow rate to all spray angles is almost constant.

Black liquor sheet break-up  
mechanism
black liquor forms a sheet when sprayed at 
temperatures slightly above (<5 °C) or below 
boiling point. the sheet thickness decreases 
when the distance to the nozzle increases as the 
sheet cross-section gets wider. disturbances in 
the liquid and aerodynamics drag around the 
thinning sheet breaks the sheet into ligaments 
and then to droplets. the thickness of the 
sheet and corresponding wavelength (i.e., the 
length between two fracture points) defines the 
ligament diameter and consequent droplet size. 
When the spraying temperature is sufficiently 
above the boiling point (typically >10 °C), the 
sheet is not necessarily formed and at least the 
sheet break-up is affected by bubble formation. 
a high temperature in the furnace may dry the 

surface of the sheet and therefore affect the 
break-up process. 

Bousfield (1990) made an interesting test serial 
producing a coherent jet with low solids content 
black liquor. the jet was introduced inside and 
came out of tubular furnace at temperatures of 
950 °C and 1110 °C. he studied the break-up 
length of the black liquor jet. he found that the 
length of the jet was decreased for black liquor 
at room temperature. in the case where the black 
liquor temperature was 108 °C, the jet length 
was increased by the hot furnace. he concluded 
that the viscosity was increased by the drying 
of the surface of the jet when the black liquor 
temperature was near its boiling point.

Kankkunen & nieminen (1997) and Kankkunen 
(1998) studied black liquor sheet break-up 
mechanisms. they found three mechanisms. 
below the boiling point, the main break-up 
mechanism was a wavy break-up. around 5 oC 
above the boiling point, the break-up was caused 
by sheet perforations. around 15 °C above the 
boiling point, the break-up was caused by high 
velocity and boiling. The configuration of splash 
plate nozzles seemed to affect the break-up 
mechanism, and a combination of break-up 
mechanisms was detected.

miikkulainen (2006) systematically studied 
the length and break-up mechanisms of black 
liquor sheets. he found decreasing length at 
increasing temperature when the mass flow rate 
was constant. he also measured the wavelength 
of a black liquor sheet by image analysis based 
methods. experiments were carried out at tem-
peratures from 14 °C to 18 °C above the boiling 
point. 

Figure 10. Spray velocity at spray angles for a 
splash plate nozzle (Karami et al. 2013).

Figure 12. Mass flow rate distribution for two 
flashing cases (Karami et al. 2013).Figure 9. Spray velocity when spraying black 

liquor below the boiling point (Nieminen 1996). 

Figure 11. Mass flow rate distribution of a splash 
plate nozzle (Nieminen 1996).

Figure 13. Sheet break-up mechanisms, wave formation, perforation, and flash break-up (Kankkunen 
1998).

ΔTe = -4 oC ΔTe = 5 oC ΔTe = 15 oC
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Karami et al. (2013) found four different break-
up regions for splash plate nozzles. the closed 
rim break-up mechanism is applicable for small 
flow rates. In the open rim break-up mechanism, 
the liquid sheet is continuous until it starts to 
oscillate and break up into ligaments and drop-
lets. the perforated sheet break-up mechanism 
produces a sheet that is perforated by flashing 
vapor bubbles. in fully shattered spray, there 
is no sheet, but a large number of bubbles and 
a high velocity at the nozzle exit disintegrates 
black liquor directly into droplets. figure 14 
shows different break-up mechanisms defined 
by the reynolds number and the Jacob number.   
the secondary break-up of droplets does not 
seem to be important. velocities are low – below 
15 m/s. Although droplet size is high, second-
ary atomization is unlikely because of the low 
velocity and high viscosity of black liquor, as 
found by Kankkunen & miikkulainen (2003). 

sprays in the furnace
the purpose of all experiments and theoretical 
calculations is to predict phenomena and pro-
cesses taking place in the furnace. spray proper-
ties in the furnace are not necessarily similar as 
in a spray test chamber. Gas flows in the furnace 
and heat conduction and radiation may change 
spray properties. therefore, experimental stud-
ies in the furnace are needed. 

sprays in the furnace have been studied by 
miikkulainen et al. (2009) with a furnace endo-
scope. he could study the spray velocity, sheet 
length, and breakup mechanism. With another 
endoscope, Kankkunen et al. (2011) studied 

spray dimensions and velocities at the distance 
of 2.3 meters from the nozzle by spraying along 
the furnace wall. imaging took place by empty 
nozzle gun ports. a decrease in the droplet ve-
locities was detected. a part of the images was 
showing hollow or exploded droplets, which 
was explained as being caused by excess steam 
vaporizing from the black liquor. an example 
is presented in figure 15. later, engblom et 
al. (2013) showed by Cfd simulations that 
the velocity decrease could be predicted by the 
decreased density of droplets.  

overall spray studies in the furnace was carried 
out by brink et al. (2009). they could see spray 
directions and opening angles by ir camera.

computational spray modeling 
nozzles can be simulated by computational 
methods. foust et al. (2002) used the volume of 
fluid (VOF) model to simulate flow through the 
splash plate nozzle up to initial sheet breakup 
and droplet formation. the vof model solves 
the conservation equations of volume fraction 
and momentum utilizing the finite volume tech-
nique. the results obtained by the model were 
different compared to the experimental part of 
their work. they concluded that the coarse mesh 
and insufficient computational power hindered 
reliable results. 
 
fard et al. (2007) developed a 3d numerical 
model of free surface flows with an Eulerian 
fixed-grid algorithm that utilized a volume 
tracking approach to track fluid deformation. 
The governing flow equations were assuming an 
incompressible, Newtonian, and laminar flow. 
A 3D fixed-grid Eulerian method was written 
specifically for free surface flows with surface 
tension. Calculation results of the code, blspray, 
were compared to a set with water sprayed to 

the perpendicular splash plate and to a set 
where corn syrup was sprayed with a typical 
11.9 mm splash plate nozzle. the results were 
highly similar in predicting spay velocity, sheet 
thickness, and break-up mechanisms, and even 
droplet size. the code was used to simulate a 
new nozzle type that was developed.

sarchami et al. (2010) at toronto university used 
Kiva code to simulate the sheet break-up of a 
splash plate nozzle. they predicted the droplet 
size for water sprays produced by 1 mm and 2 
mm splash plate nozzles. the predicted droplet 
size was found to be similar to the experiments.  
 
Järvinen et al. (2006) started a computational 
analysis of flashing nozzle flow based on the 
earlier black liquor droplet combustion model 
(2002). they developed a new model for the 
growth of a single vapor bubble during flash 
evaporation of highly viscous liquids. the model 
consisted of the simultaneous solution of the heat 
transfer equation combined with the generalized 
rayleigh equation for bubble growth dynamics. 
A simplified thermodynamic, Raoult law based 
equilibrium model described the vapor pres-
sure of water in a multi-component solution. 
by using the new model, unit processes during 
flashing could be studied and understood. It was 
found that when viscosity increased to values 
close to black liquor, the initial stages of bubble 
growth were controlled by viscous and surface 
tension forces. as the bubble continued to grow 
further, heat transfer to the bubble surface be-
came the dominating mechanism. the role of the 
mass transfer of water in black liquor was not 
studied in detail. When water is removed from 
the surface, new water should be transported 
to the evaporation surface to maintain the rate. 
Järvinen et al. (2006) assumed that as a new 
surface is constantly created, water is also trans-
ported by the radial convection mechanism. the 
role of water diffusion to the drying front should 
be better understood and further studied.

later, Järvinen et al. (2011) used this un-
derstanding of the bubble growth for a new 
computational flow model for a flashing black 
liquor gun. the model was based on the numeri-
cal solution of one-dimensional conservation 
equations of mass, momentum, energy, steam 
mass fraction, and bubble number density. 

mass-momentum coupling was solved by the 
simple method. scalar equations were solved 
by the fully implicit control volume method. 
using experimentally measured spray veloci-
ties, the model could predict the spray velocity 
of flashing liquid for a flashing black liquor gun. 
the initial bubble nuclei concentration in bulk 
black liquor was found to be an important vari-
able without reliable estimation. the estimation 
could be obtained from experimental spray 
velocity measurements. 
   
computational combustion 
modeling 
adapting the data in Cfd takes the most advan-
tage of the initial data produced by experimental 
sprays studies and spray modeling. most calcu-
lations are based on the fluent program. 

Cfd is an important tool for furnace design 
and engineering. the accuracy of simulations 
has improved with increased computational 
capabilities and especially with the increased 
understanding of flow, heat transfer, and chemi-
cal reactions taking place in the furnace. special 
emphasis is on the increased understanding 
achieved by the single droplet experiments by 
hupa et al. (1987) and the single droplet com-
bustion model by Järvinen (2002).  

Working in co-operation with groups using 
Cfd for furnace simulations is important for 
experimental spray studies. this has enabled an 
increased understanding of phenomena affecting 
furnace operations by spraying. the co-oper-
ation with aalto university and Åbo academy 
university has been an excellent example of this.

conclusions and future directions 
The droplet size in a non-flashing case is rather 
well understood. In the case of flashing spray, 
the droplet size is difficult to define. The spray 
velocity is first increased by flashing inside the 
nozzle. after that, nozzle droplets are exploded 
by the excess steam coming out from the drop-
lets. experimental studies carried out for sprays 
in the normally operating furnace should give 
a better understanding of a droplet’s fate in the 
furnace.

Figure 14. Spray patterns at different Reynolds 
and Jacob numbers (Karami et al. 2013).

Figure 15. Droplet expansion in the furnace, 
triple exposure and an image with a hollow 
droplet.  (Kankkunen et al. 2007).



44 45

The work for a better nozzle flow model for 
flashing black liquors is actively going on. A 
one-dimensional plug-flow model was presented 
by Järvinen et al. (2011). this new model uses 
measured non-newtonian properties of black 
liquor. The validation results of firing pressure, 
flow rate, and velocity predictions are promis-
ing. in the future, the model can be used to 
develop better spraying practices and nozzles 
in co-operation with Cfd simulations. an im-
portant part of improvement in the combustion 
and recovery process is a better understanding of 
spray properties, especially droplet size affected 
by flashing.  

new measurement technologies connected to 
a better understanding of spray behavior and 
drying and combustion process enable better 
on-line process control. the lifetime of a nozzle 
in the harsh furnace environment is normally 
not an issue after proper material selections and 
spraying practice have been carried out.  

black liquors are changing in the future, when 
side flows like lignin, tall oil, and others are 
utilized. the changes will affect the behavior 
of black liquors in the nozzle and during the 
drying and combustion phases. the effect of 
these changes must be measured and modeled to 
achieve better furnace control strategies. 
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RecoveRy BoiLeR sootBLoWeRs -
HistoRy anD tecHnoLogicaL aDvances

honghi tran and danny tandra
university of toronto
Canada

The accumulation of fireside deposits on heat 
transfer tube surfaces is a persistent problem in 
many kraft recovery boilers. the severity of the 
problem depends mainly on the amount and the 
melting behaviour of fly ash particles (carryover 
and fume) entrained in the flue gas, and the 
efficacy of the deposit cleaning system that the 
individual boiler employs (tran 1997, 2004). if 
left unattended, deposits may form a thick insu-
lation coating on the tube surface, significantly 
reducing the boiler thermal performance and 
steam production capacity. in severe cases, de-
posits may completely plug the flue gas passes, 
leading to costly unscheduled boiler shutdowns 
for cleaning. they might also fall, and if large 
enough, damage screen tubes and floor tubes 
directly below (villarroel et al. 2005).

sootblowers are the principal means of cleaning 
deposits in recovery boilers. during boiler op-
eration, sootblowers blast deposits off tube sur-

introduction

faces with high pressure steam (figure 1), while 
during boiler outages, they use hot water instead 
of steam to remove the deposits and clean the 
boiler tubes. maintaining a high deposit removal 
efficiency and availability of sootblowers is of 
vital importance in recovery boiler operation 
(Chapel  1987, barsin 1992).  

over the last three decades, much research and 
development has been done on deposit removal 
and sootblowing technology by researchers at 
the university of toronto, and by researchers 
and engineers at recovery boiler and sootblower 
manufacturers. this includes jet hydrodynamics 
and nozzle design (Jameel et al. 1994, 1996, 
moskal et al. 1993), interactions between a jet and 
tubes and between a jet and deposits (Kaliazine 
et al. 1997, 1999, tandra et al. 2007), and the 
mechanisms of deposit breakup and removal 
by a jet (pophali et al. 2009, 2013). the work 
was carried out through laboratory experiments, 
mathematical modeling and computational fluid 
dynamic (Cfd) modeling (emami et al. 2010, 
2012), as well as through mill trials (moskal et 
al. 1993, saviharju et al. 2011 , tran et al. 2012). 
The results provided significant insight into how 
a sootblower jet strikes and removes deposits 
from the tube surface, and factors influencing 
the removal efficiency. These research and de-
velopment efforts resulted in two major innova-
tions. one is the fully-expanded sootblower jet 
concept (Jameel et al. 1994, 1996) which served 
as the basis for the development of the new 
generation of high intensity sootblower nozzles 
on the market today (Clyde bergemann 2012, 

Figure 1. Sootblower in action in a recovery 
boiler.
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diamond power 2007, habib et al. 2006, Jameel 
1996). the other is low-pressure sootblowing 
technology (Kaliazine et al. 2006, tran et al. 
2008), that has been tested (tandra et al. 2005, 
tavares & youssef 2006) and implemented in 
several recovery boilers in the united states and 
brazil (tandra et al. 2008).

the availability of high-computing power com-
puters, superfast microprocessors and data ac-
quisition systems, sophisticated process control 
logics, and versatile Cfd modeling capabilities 
in the past two decades has also contributed 
greatly to the advancement of sootblowing tech-
nology. several deposit monitoring methods 
based on boiler and sootblower operating 
parameters were developed to estimate the state 
of fouling (or cleanliness) of the heat transfer 
surfaces in different regions of the boiler, and to 
incorporate the information to optimize the soot-
blowing operation (adams 2010, Jones 2001, 
tandra et al. 2010, thabot et al. 2010, uloth et 
al. 1996, versteeg & tran 2009). 

there has been enormous change in recovery 
boiler technology since the first Tomlinson 
recovery boiler was built in 1934 (steam 
2005). The black liquor firing capacity of the 
boiler has increased substantially from under 
200 tds/d (tons of black liquor dry solids per 
day) in the 1930s to slightly over 2000 tds/d 
in the 1980s, over 3000 tds/d in the 1990s, and 
to 5000 tds/d in the 2000s (Vakkilainen 2009). 
several recently built recovery boilers are in the 
6000-7000 tds/d range (Haaga 2013), and pres-
ently the world’s largest recovery boiler is being 
built at the new greenfield pulp mill in OKI, 
Indonesia, with a staggering designed firing 
capacity of 11600 tds/d. The superheated steam 
parameters have also increased, from a maxi-
mum temperature/pressure of 350 °C/30 bar in 
the 1930s, to 480 °C/60 bar in the 1990s and 
2000s (vakkilainen 2009), with a few recovery 
boilers in scandinavia and Japan operating at 
515 °C/110 bar to maximize the electricity gen-
erating efficiency (Arakawa et al. 2014, haaga 
2013, Tran & Arakawa 2011). As the firing ca-
pacity and steam quality increase, the boiler size 
and heat transfer surface area also increase. this 
inevitably requires not only a larger number of 
sootblowers per boiler, but also longer and larger 

sootblowers that can deliver stronger and better 
controlled jets.  

this paper reviews the history of recovery boiler 
sootblowers, and several important techno-
logical advances that have been made in the past 
three decades. 

the history
The word “soot” refers to black, carbonaceous 
fine particles that are formed during the combus-
tion of coal, wood, oil, etc. soot forms deposits 
on the walls of the combustors, chimneys and 
pipes that convey the flue gas. In the context of 
recovery boilers, soot is synonymous with car-
ryover/fume deposits. A sootblower is simply a 
device which is used for blowing and removing 
deposits from tube surfaces.

The first sootblower for on-line deposit cleaning 
was patented and first used in coal-fired boilers 
by diamond power in 1903 (barsin 1992). the 
technology evolved slowly but eventually found 
its way to other applications including recovery 
boilers. 

in the early days, recovery boilers were designed 
with close tube spacings that were difficult to 
keep open. hand lancing was carried out fre-
quently to remove deposits but was only able to 
keep the boiler in operation for a short period 
of time (Chapel 1987). as the boiler became 
plugged, the operators stopped the liquor fir-
ing, opened the boiler mandoors to locate the 
deposits, and used a long steel rod (or lance) to 
manually knock them off the tubes. hand lanc-
ing could only handle deposits that were close to 
the boiler wall. for deposits that were far from 
the boiler wall or were obscured by tubes/other 
deposits, hand lancing was difficult as the steel 
rod needed to be extended deeper into the boiler. 
for deposits that were behind tubes, it was even 
more difficult since the steel rod needed to be 
bent in order to reach the deposits. hand lanc-
ing was dangerous to carry out during boiler 
operation due to the constant puffing of hot flue 
gas from the boiler, particularly when the boiler 
became plugged. 

hand blowing became a preferred means of 
deposit removal. a hand blower was basically 

a long steel pipe with a handle on one end and 
small nozzles on the other end. Compressed air 
was manually regulated through the pipe to pro-
duce an air jet of various strengths. depending 
on the nozzle design and position, operators 
could direct the air jet straight into the boiler or 
at an angle to clean deposits. since the passing 
air helped cool the pipe lance, hand blowing 
could be carried out during boiler operation.

hand lancing and hand blowing were labori-
ous and useful only for small boilers. as the 
boiler size increased, these manual cleaning 

devices became obsolete and were replaced by 
fixed-position (stationary) multi-nozzle cleaning 
systems, as shown in figure 2. in this system, 
several lance tubes were connected to a common 
steam header (steam is mostly used since it is 
readily available and less costly than compressed 

air). the nozzle at the end of each lance tube was 
designed so that the steam jet could be directed 
to a desired area. these stationary multi-nozzle 
cleaning systems were later replaced by station-
ary rotary cleaning systems to increase the 
coverage area. this was achieved by mounting 
multiple nozzles along the length of the lance 
tube, which was manually rotated by pulling the 
chain around the lance tube (figure 3). 

the large number of nozzles mounted on each 
lance tube reduces the steam flow rate per noz-
zle, and hence, reduces the cleaning power of the 
jet. furthermore, the portion of the lance tube 
that stays inside the boiler has a short service 
life since the lance tube corrodes quickly if it is 
exposed uncooled to the corrosive environment, 
particularly in the superheater region of the boil-
er. even in the cooler and less corrosive regions 
of the boiler, the lance tube temperature is still 
high, close to the flue gas temperature. When the 
cleaning is initiated, the cooler steam supplied 
to the lance tube causes the tube temperature to 
drop abruptly, resulting in thermal cyclic stresses 
that can shorten the lance tube life. as a result of 
these drawbacks, stationary rotary sootblowers 
were soon replaced by retractable sootblowers

Retractable sootblowers
retractable sootblowers were developed to 
retractable sootblowers were developed to ad-
dress the shortcomings of stationary rotary soot-
blowers. When the sootblower is not in use, the 
lance tube is fully retracted and parked outside 
the boiler, and thus is not exposed to the hostile 
environment in the boiler. in order to maximize 
the jet cleaning power as well as to balance the 
lance tube, retractable sootblowers are equipped 
with only two opposing nozzles at the tip of the 
lance tube. 

retractable sootblowers were introduced to 
recovery boilers in the 1940s; this significant 
development made large recovery boiler design 
practical (steam 2005). 

early retractable sootblowers had a chain drive 
system that moved and rotated the lance tube 
in and out of the boiler. the chain was driven 
by a stationary motor mounted on top of the 
sootblower canopy (figure 4). safety and reli-

Figure 2. Stationary cleaning system (Vulcan 
1921).

Figure 3. Stationary rotary cleaning system 
(Vulcan 1921).
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ability were the main concerns for this version 
of retractable sootblowers. the chain system 
required constant maintenance. if it failed and 
broke during sootblower operation, the high 
pressure steam in the lance tube would cause 
the tube to torpedo forward and strike the boiler 
wall on the opposite side at a high speed. this 
could cause severe damage to the wall tubes and 
injuries to mill personnel who happened to be 
nearby.     

modern retractable sootblowers replaced the 
stationary motor and chain system in the early 
version to a traveling motor with dual-rack and 
pinion drives. With such an arrangement, the 
motor travels together with the carriage as the 
lance tube is pushed in and retracted from the 
boiler. the dual-rack and pinion drives have 
greatly improved the reliability of the lance tube 
movement. this retractable sootblower design 

is currently used by the two major sootblower 
manufacturers, Clyde bergemann (figure 5) and 
diamond power (figure 6). 
 
a schematic of multiple retractable sootblowers 
installed in a modern recovery boiler is shown in 
figure 7. the number of such sootblowers may 
range from 60 in a small unit to as many as 150 
in a large unit. 

technological advances
up to the early 1990s, most improvements made 
on sootblowing technology were limited to the 
design and mechanical aspects of the equip-
ment; little attention was given to optimizing 
the sootblower cleaning power, the steam usage 
and deposit control strategies. the sootblowing 
technology used in recovery boilers was literally 
the same as that used in coal-fired boilers. 

in 1991, with the support of 11 pulp and paper 
related companies and the ontario university 
research incentive fund, an industry-university 
collaborative research program on “Recovery 
boiler fireside deposits” was initiated at the 
university of toronto. the research program 
included, for the first time, projects on soot-
blower jet fundamentals and issues related to 
deposit removal in recovery boilers. the results 
of this research program, and of programs that 
followed over the subsequent two decades, and 
the work of recovery boiler and sootblower 
manufacturers, have significantly advanced 
the basic knowledge of sootblowing: how a 
sootblower jet behaves, how it interacts with 
tubes and deposits, and identification of the key 
parameters that influence the deposit removal 
efficiency. Two important innovations that 
resulted are fully-expanded nozzles, and low 
pressure sootblowing technology. 
 
Fully-expanded nozzles

the design of sootblower nozzles used in indus-
trial boilers until the mid 1990s ranged from two 
simple holes drilled into the lance tube to a more 
sophisticated venturi type, known convention-
ally as high performance peak impact pressure 
(hi-pip) nozzles (figure 8a). hi-pip nozzles 
were the most commonly used nozzles in recov-
ery boilers from the mid 1980s to the mid 1990s.

the ability of a sootblower to remove deposits 
is directly proportional to the jet energy, which 
is closely related to the peak impact pressure 
(pip) of the jet. pip depends greatly on the steam 
pressure in the lance tube and the design of the 
nozzle through which the steam jet passes. by 
examining the hydrodynamics of a jet pass-
ing through a convergent-divergent section 
of a hi-pip nozzle, Jameel et al. (1994, 1996) 
showed that the steam jet at the nozzle throat is 
supersonic. as the jet passes beyond the nozzle 
throat, it expands and accelerates to a velocity 
well above the speed of sound, while its pressure 
decreases in a manner controlled by the shape 
of the divergent section of the nozzle. because 
of the short distance between the throat and the 
nozzle exit, the jet pressure cannot adjust to the 
ambient pressure; it is then “under-expanded”, 
and must complete its expansion outside the 
nozzle through a series of shock waves. this 
means that a substantial fraction of the energy 

available in the steam jet is dissipated as the jet 
passes through the shock waves, and only a frac-
tion of the initial jet energy is delivered to heat 
transfer surfaces for cleaning. 

Jameel et al. (1994, 1996) also showed that 
with under-expanded nozzles, increasing the up-
stream steam pressure above the nozzle design 
condition only results in a small increase in jet 
pip, due to the formation of a larger shock wave. 
by extending the nozzle length and redesign-
ing the nozzle contour (figure 8b) to allow the 

steam to expand fully before it leaves the nozzle, 
the shock waves can be substantially minimized, 
and this can greatly improve the sootblower 
performance. as shown in figure 9, for the  
same steam consumption, fully expanded noz-
zles provide much greater cleaning power than 
under-expanded nozzles (Jameel et al. 1996, 
Kaliazine et al. 1997, moskal et al. 1993). 

Figure 4. Early retractable sootblower (Clyde 
Bergemann).

Figure 5. Clyde Bergemann’s sootblower (Clyde 
Bergemann).

Figure 6. Diamond Power’s IK-555 sootblower 
(Diamond Power).

Figure 7. Schematic of retractable sootblower 
installation in a modern recovery boiler. Figure 8. Nozzle design comparison. 

Figure 9. Peak impact pressure profile compa- 
rison (Jameel et al. 1994).

a)

b)
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this discovery led to the development of a new 
generation of sootblower nozzles that allow 
the jet to achieve full (or close-to-full) expan-
sion before it exits the nozzle. With the help of 
Cfd modeling and efforts made by sootblower 
manufacturers, the dimension, shape, and posi-
tion of the nozzles around the tip of the lance 
were refined to make it easier for the stream to 
pass through the nozzles, thereby increasing the 
cleaning power of the steam jets even further. 
figure 10 shows the most advanced nozzles 
presently offered by the two major sootblower 
manufacturers: the diamond power gemini noz-
zles (diamond power 2007, habib et al. 2006)
and the Clyde bergemann Cfe (Contoured 
fully expanded) nozzles (Clyde bergemann 
2012, Jameel 1996). 

due to their superior performance compared to 
hi-pip nozzles, these fully expanded nozzles are 
now used in virtually all new recovery boilers 
and utility boilers today. 

Low pressure sootblowing technology

recovery boilers operate at a superheated steam 
pressure ranging from 41 bar on older units to 
as high as 103 bar on modern units (vakkilainen 
2009). The high pressure steam from the final 
superheater outlet is passed through a steam 
turbine to generate electricity. the exhaust 
steam from the turbine, typically at 9 to 17 bar, 
is subsequently used in various processes in the 
pulp mill (figure 11). 

sootblowing steam is typically taken directly 
from the final superheater steam outlet and is 
passed through a poppet valve to reduce the pres-
sure 7 to 24 bar before entering the sootblower 
feed tube. since sootblowers consume 3 to 12% 
of the total superheated steam produced by the 
boiler, sootblowing with high pressure steam can 
be a costly operation. if sootblowers were to op-
erate at a lower pressure, for instance 9 to 14 bar, 
there would be a significant economic advantage 
to pulp mills. this is because low pressure steam 
is less valuable than high pressure steam, as it 
can be taken from the steam turbine exit after 
the steam has been used to generate electricity 
(figure 12). 

the concept of low pressure sootblowing was 
first introduced to us by a mill representative 
during our annual research review meeting at 
the university of toronto in 2001. theoretical 
analysis, laboratory studies and mill trials 
(Kaliazine et al. 2006, tandra et al. 2005, 2008, 
tavares & youssef 2006, tran et al. 2008) were 
subsequently performed to evaluate the feasibil-
ity of the concept. the results clearly indicated 
that low pressure sootblowing is technically 
and practically feasible. however, in order for 
low pressure sootblowers to provide a deposit 
cleaning power that is comparable to that of 
high pressure sootblowers, they require a larger 
jet (a higher steam flow rate) to compensate for 
the adverse effect of reduced pressure. this can 
be accomplished by using larger fully-expanded 
nozzles with a modified design to achieve opti-
mum performance at the lower pressure. 

The economic benefits of implementing low-
pressure sootblowing technology depend greatly 
on the amount of additional low pressure steam 
required to make up for the low pressure, in or-
der to attain the same deposit cleaning power as 
high pressure sootblowers, and the differential 
cost between high pressure steam and low pres-
sure steam (tran et al. 2008). furthermore, the 
technology is difficult to implement on existing 
recovery boilers due to the need for re-piping 
the sootblowing steam lines to accommodate the 
higher steam flow rate. For new recovery boil-
ers, this is not an issue, as sootblowing steam 
lines can be properly designed and installed 
from scratch. presently there are three recovery 
boilers in the united states and two in brazil us-
ing low pressure sootblowers. a few other new 
recovery boilers are expected to follow suit.  

sootblower jet strength

in 2007, a collaborative project was initi-
ated by andritz inc., in collaboration with the 
university of toronto, diamond power and 
Clyde bergemann, to systematically examine 
the strength of sootblower jets in-situ, using a 
jet force measurement system (saviharju et al. 
2011, tran et al. 2012). four trials were con-
ducted under various sootblowing conditions in 
recovery boilers at two different kraft pulp mills. 
the main conclusions were that the jet force 
increases linearly with an increase in lance pres-
sure (figure 13). 

at a given lance pressure, the jet force dimin-
ishes markedly with an increase in distance from 
the nozzle. at a distance farther than 1 m from 
the nozzle, the jet exerts only 10% of its original 
force on the same target (figure 14). at greater 
distances, the jet strikes the target not only with 
a weaker force but also for a shorter period of 
time.

the angle at which the jet hits the target also has 
an impact on jet force (tran et al. 2012). for a 
given projected area of the target, the larger the 
impact angle (closer to the normal direction), 
the greater is the jet force, i.e. fɵ = f90  x ɵ/90, 
where fɵ is the jet force exerted on the target at 
ɵ angle and f90 is the jet force at 90o (head-on).

Figure 11. Conventional high-pressure soot-
blowing operation (Tran et al. 2008).

Figure 12. Low-pressure sootblowing operation 
(Tran et al. 2008).

Figure 13. Jet force vs. Lance pressure at 
different distances (Tran et al. 2012).

Figure 14. Average Jet force vs. distance at 
Lance pressure of 9-11 bar (Saviharju et al. 
2011, Tran et al. 2012). 

Figure 10. New generation of sootblower 
nozzles (Habib et al. 2006, Jameel 1996).
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sootblower Dimension

presently, there are only a few old and small re-
covery boilers in operation that have sootblow-
ers mounted on one sidewall, with lance tubes 
that extend across the boiler width, 8 to 10 m, 
to the other side wall, in order to achieve full 
coverage. in most recovery boilers, sootblowers 
are mounted on both sidewalls so that they need 
to reach only half of the boiler width. since the 
lance tube rests at about 6” outside the boiler 
when it is fully retracted, the travel length (or 
distance) is slightly greater than 1/2 of the boiler 
width. 

prior to 1990, recovery boilers were relative 
small with a firing capacity under 2500 tds/d. 
sootblowers were equipped with an 3.5” od 
lance tube and had a travel distance of 5 m. as 
boilers become larger and larger in recent years, 
larger 4” od sootblowers have been used to 
support a longer lance tube, as well as to accom-
modate longer fully-expanded nozzles better. 
figure 15 shows the sootblower travel length 
(L) versus boiler firing capacity (F) for a few 
selected recovery boilers (actual data points). 
since most boilers are designed such that the 
total heat input to the boiler per unit furnace 
floor area is constant, roughly under 3.3 MW/m2, 
l is proportional to the square root of f (broken 
curve).   

the world’s largest recovery boiler to be built at 
the pulp mill in oKi, indonesia will be equipped 
with 5” od and 11.6 m long sootblowers. While 
they will be the largest and longest sootblowers 
ever installed in recovery boilers, sootblowers of 
this size are rather common in utility boilers. 

Sootblowing Efficiency

flue gas pressure drop (draft loss) across indi-
vidual heat transfer banks, attemperator flow 
rate (% valve opening), steam production rate, 
boiler bank exit gas temperature, id fan speed, 
etc. have traditionally been used to indicate 
the state of cleanliness (or fouling) of recovery 
boilers, and to decide when to operate the soot-
blowers more intensively in the heavy buildup 
area. While these operating variables provide 
some indications of boiler fouling, they are not 
accurate, and often are influenced by other boiler 
operating variables.

in the early days, sootblowers were operated 
manually by pushing a button beside each soot-
blower or in the recovery boiler control room. 
based on the experience and logic developed at 
the mill over the years, the blowing sequence 
and frequency were programmed into the mill 
programmable logic controller (plC) and dis-
tributed control system (dCs), which automati-
cally operate the sootblowers “blindly” without 
any feedback on the state of fouling or boiler 
cleanliness. in recent years, thanks to the avail-
ability of high speed microprocessors and data 
acquisition systems, several intelligent/smart 
sootblowing systems have been developed. 
these systems use more reliable fouling indica-
tors to advise boiler operators when and where 
to activate the sootblowers, and to optimize 
sootblowing operation. these include:

•  Heat balance: this involves the use of a foul-
ing index based on the steam side heat balance 
performed on each individual superheater 
section (i.e. primary, secondary and tertiary 
superheaters), boiler bank and economizer, 
and the gas side temperatures (tandra et al. 
2010, uloth et al. 1996). the fouling index 
is essentially a measure of the efficiency of a 
tube bank to transfer heat from the flue gas to 
the steam flowing inside the tubes. Thus, it can 
also serve as a key indicator of the sootblow-
ing effectiveness. 

•  strain gauge system: this system was pat-
ented by international paper (ip) (Jones 2001) 
and has been installed exclusively in recovery 
boilers at ip mills. it uses strange gauges 
installed on the hanger rods that support su-
perheater platens to measure the elongation of 

the rods, which is directly proportional to the 
weight of the deposit buildup on the platen. 

•  Local deposition rate: this system analyzes 
the instantaneous fluctuations of flue gas tem-
peratures at the boiler bank exit during single 
strokes of all sootblowers in the boiler, and 
converts them into a time series of raw data 
that indicates fouling of the tube surfaces 
(adams 2010). this, in turn, can be used to 
indicate the short-term carryover deposition 
rate and the efficiency of deposit removal by 
the sootblowers. this approach yields a 3-d 
map of the local fouling rate in the vicinity of 
each sootblower that is useful in establishing 
the sootblowing sequence for minimum steam 
use or for plugging prevention.

•  principle component analysis (pca): this 
system uses a multivariate statistical program 
to monitor the gradual and sudden shifts in 
boiler thermal efficiency for individual runs, 
allowing day-to-day analysis of changes in 
boiler fouling conditions (versteeg & tran 
2009). 

inspection cameras 
the availability of compact, high quality and 
inexpensive infrared inspection cameras in 
recent years has enabled mills to inspect the 
state of deposit buildup at different locations in 
the boiler during operation, as well as to assess 
the deposit removal efficiency of sootblowers. 
figure. 16 shows images of a piece of deposit 
being knocked off by a sootblower blowing from 
behind the tube, while figure. 17 shows little 
evidence of deposit removal by a sootblower 
in a different recovery boiler as the sootblower 
moves in and out of the boiler. 
  
inspection cameras have also helped identify i) 
the swinging of sootblower lances caused by the 
imbalance of jet forces exiting the two opposing 
nozzles at the tip of the lance tube, ii) locations 
where massive deposits buildup in the boiler, iii) 
the cleanliness of the tube surface after thermal 
shedding events, iv) the swinging of superheater 
platens and the vibration of boiler bank tubes 
caused by sootblowing.

Figure 15. Sootblower travel lengths of selected 
recovery boilers. 

Future outlook
sootblowing is a fairly mature technology, 
particularly with respect to hardware. With the 
trend toward operating recovery boilers with 
fewer and fewer operators in years ahead, it will 
be a challenge for sootblower manufacturers to 
provide equipment that is easy to operate and to 
maintain, e.g. gear boxes and other moving parts 
can be quickly greased; poppet valves and lance 
tubes can be easily replaced, etc. 

Sootblowing efficiency depends on two factors: 
i) the force exerted by the jet on the deposit, and 
ii) the strength/tenacity of the deposit on the 
tube. the peak impact pressure of the sootblower 
jet and the resulting force can now be predicted 

Figure 16. Images recorded by an infrared 
inspection camera showing a deposit being 
removed by a sootblower from behind.

Figure 17. Ineffectiveness of a sootblower in 
removing massive superheater deposits during a 
blowing cycle (time=mm:ss).
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accurately based on the nozzle design, stream 
conditions inside the lance tube, and the distance 
between the nozzle and the deposits. the de-
posit strength, however, is not as straightforward 
since it varies widely with location in the boiler, 
depending on gas temperature, deposit composi-
tion, and tube surface condition. these, in turn, 
are a strong function of black liquor composition 
and boiler operating conditions. Without the 
knowledge of deposit strength, it would be dif-
ficult to optimize the deposit removal process, 
unless reliable fouling indicators can be devel-
oped to advise boiler operators when and where 
to activate the sootblowers and to optimize 
sootblowing operation. 

fully-expanded nozzles will remain the pre-
ferred choice. since the present nozzle designs 
have been optimized for best performance, these 
nozzles will be used for years to come. new re-
covery boilers will likely adopt the low pressure 
sootblowing technology due to its economic 
advantage. 

We will probably see more research and de-
velopment work on Cfd modeling of jet-tube 
and jet-deposit interactions in the near future. 
application of Cfd results will help improve 
understanding of sootblowing jet behaviors.

summary
sootblowers are required to keep heat transfer 
surfaces clean in order to ensure high steam 
production efficiency and high runnability of 
recovery boilers. sootblowing technology used 
in recovery boilers originated from that used in 
coal-fired boilers. It started with manual clean-
ing with hand lancing and hand blowing, and 
evolved slowly into on-line sootblowing using 
retractable sootblowers.

prior to 1991, most improvements to sootblow-
ing technology were limited to the design and 
mechanical aspects of the equipment. since 
then, intensive research and development has 
focused on sootblowing jet fundamentals and 
deposit removal in recovery boilers. the results 
have provided much insight into sootblower jet 
hydrodynamics, how a sootblower jet interacts 
with tubes and deposits, and factors influencing 
its deposit removal efficiency, and led to two 

important innovations: fully-expanded soot-
blower nozzles are used in virtually all recovery 
boilers today, and the low pressure sootblowing 
technology that has been implemented in several 
new recovery boilers. 

the availability of powerful computing systems, 
superfast microprocessors and data acquisition 
systems, and versatile Cfd modeling capabil-
ity in the past two decades has also contributed 
greatly to the advancement of sootblowing tech-
nology. high quality infrared inspection cameras 
have enabled mills to inspect the deposit buildup 
conditions in the boiler during operation, and 
helped identify problems with sootblower lance 
swinging, and superheater platens and boiler 
bank tube vibrations.

As the recovery boiler firing capacity and steam 
parameters have increased markedly in recent 
years, sootblowers have become larger and 
longer, and this can present a challenge in terms 
of both sootblower design and operation
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higher steam values, higher dry solid contents in 
black liquor and mill closure have led to major 
changes in the flue gas and superheater deposi-
tion chemistry in recovery boilers. the effects 
of these trends on superheater corrosion and 
materials selection are considered with refer-
ence to literature data. there is a wide variety of 
available superheater materials to choose from. 
there are even few newer materials that should 
be considered. the operating conditions and 
deposit properties must be looked at when mate-
rial selection is done to ensure operational safety 
and high availability.

the black liquor recovery boiler has multiple 
roles in a pulp and paper mill which makes it 
a critical component of a mill. the black liquor 
recovery boiler is fired with evaporated black 
liquor that is the spent cooking liquor from the 
kraft process. it burns the organic material that 
is contained in the black liquor to generate high 
pressure steam and nowadays also increasing 
amounts of electricity; it regenerates the used 
chemicals in black liquor, and reduces some 
waste streams in an environmentally friendly 
way (vakkilainen 2005).

the modern black liquor recovery boiler tech-
nology originates from 1930s and after that 
a lot of changes have taken place. the most 
prominent fact characterizing the development 
of recovery boilers is that their features have 
changed rather slowly; when any outage will 
cost a lot of money, the technology tends to be 

introduction

conservative. economic reasons and environ-
mental constraints have put pressure to increase 
the energy efficiency of the recovery boilers 
and traditionally this is achieved by increasing 
the steam values i.e. temperature and pressure 
figure 1). the trend to increase electricity 
generation is forcing to increase steam values 
further. it is calculated that if the steam pressure 
and temperature can be increased to 104 bar and 
520 °C from typical current values of 80 bar 
and 480 °C the electricity generation capacity 
of the recovery boiler plant increases about 7% 
(vakkilainen 2004).

a key issue for the recovery boiler, as mentioned 
earlier, is the high availability need. and when 
recovery boilers are designed one of the most 
difficult questions that arise is; what kind of ma-
terials should one use for different parts of the 
recovery boiler. in future this is expected to be-
come even more complicated since the demand 
to increase steam value increase the corrosion 
risk especially in the superheaters. When select-
ing superheater materials one needs to consider 
several factors (bruno 1997, 1999). set design 
conditions (pressure, temperature, corrosion, 
erosion) determine the boundary conditions. 
tube material mechanical properties (strength) 
determine the tube thickness. manufacturing 
properties (weldability, need for heat treatment) 
determine the required time to manufacture a 
piece of heat transfer surface. Cost of material 
and relevant manufacturing cost give the total 
cost for heat transfer surface. often also material 
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availability (time the material can be delivered 
for manufacturing) plays a significant role. 
one should not forget that variation of process 
values during operation (e.g. temperature 
spikes, overheating and liquor chemistry) can 
significantly affect corrosion rate and strength of 
some materials but not others. and in the case of 
new materials high temperature aging may cause 
unexpected failures. 

superheater corrosion
the superheater corrosion behaviour depends on 
three factors (salmenoja 2004): 1) the tube sur-
face temperature, 2) the deposit chemistry and 
3) the local atmosphere at the vicinity of tubes.

typical steam temperatures in current recovery 
boilers are ranging from 480 to 500 °C, i.e. sub-
stantially lower than that of the coal fired boilers 
where superheating temperatures in top-of-the-
line plants exceed 600 °C. in comparison to coal 
fired boilers kraft recovery boilers have higher 
rates of alkali metals, chloride in gaseous form 
and often highly reducing conditions caused by 
carryover particles, which alter superheaters to 
deposit induced corrosion. on the other hand 
levels of heavy metal chlorides causing cor-
rosion problems in waste to energy plants are 
typically low. 

oxidation
high temperature oxidation occurs when metals 
are exposed to temperatures above 300 °C in 
gases containing more than 1 vol.-% oxygen. 
oxidation resistance depends on operational 
conditions like temperature, gas composition 
and moisture level as well as on material com-

position. oxidation behaviour is affected by 
combustion products (e.g. carbon monoxide, 
carbon dioxide) and generally the oxidation 
rate in flue gases is higher than that in the air. 
respectively studies have shown that oxidation 
rates in moist environments are higher than in 
dry environments (figure 2). temperature limits 
for different type boiler materials above which 
oxidation is excessive for 25-30 service years 
are presented in table 1. oxidation resistance is 
improved by alloying e.g. with chromium, sili-
con and aluminium. high temperature oxidation 
is not normally considered to be a problem in 
recovery boilers due to moderate steam values.

material temperature 
°c

Carbon steel (sa210, 
sa106)

450

Carbon steel -1/2Mo 
(sa209)

480

Low alloy steel 1-1/4Cr-
1/2Mo (T11, P11)

550

Low alloy steel 2-1/4-1Mo 
(t22, p22)

580

austenitic stainless steel 
18Cr-8ni (304, 321, 347)

700

Sulfidation
typical deposition conditions prevailing in the 
superheater area of recovery boilers until late 
nineties, and still common in most of the op-
erating boilers, have been discussed by various 
workers in detail (tran 1997, hupa et al. 1990, 
bruno 1997, see also mäkipää et al. 2001b). the 
ash depositing in the superheater area consists 
of both fume particles and carryover particles. 
fume particles are composed largely of alkali 
sulphates, with lesser amounts of alkali chlo-
rides and alkali carbonates. Carryover particles 
are, in the main, black-liquor residues. in terms 
of chemical composition, the greatest difference 
between carryover particles and fume particles 
is the higher content of alkali carbonates in car-
ryover particles. superheater tube deposits ide-
ally consisting of sodium sulphate and sodium 
carbonate that are mutually soluble in the solid 
state, may form melts but in the temperature 
range about from 826 to 884 °C and higher. 
sodium sulphide in the deposit composition 
may decrease the first melting point of down to 
715 °C.  recovery boiler ash in contact with the 
tubes is thus normally solid. superheater tube 
material wastage rates appreciably less than 0.1 
mm/a are typical under optimal conditions. 

Significant corrosion risks are associated with the 
high sulphidity of the black liquor (high value of 
(S/Na+K)), which might lead, especially when 
the temperature in the lower furnace is low, to 
high partial pressures of sulphur oxides (up to 
1000–5000 vppm of so2, 100 vppm of so3). 
if the material temperature is high, high partial 
pressures of sulphur oxides cause sulphidation-
oxidation of superheater tubes. the mechanisms 
of sulphidation-oxidation in recovery boilers are 
basically the same as in power boilers (bruno 
1997). this mode of corrosion is successfully 
counteracted by using austenitic stainless steel 
or composite tubing (oldestam 1982, ahlers 
1987), and/or by shielding the lower parts of 
the superheater from direct heat radiation by 
applying screen tubes in conjunction with the 
“bullnose”, which is the protruding part of the 
water wall.

Carry-over deposits, composition of which 
are close to black liquor composition may, if 
molten, cause excessive material wastage on 
the windward side of the leading superheater 

tubes. the corrosion conditions in question may 
be modelled in laboratory exposing materials to 
molten mixtures alkali sulphates, carbonates, 
sulphides and chlorides. Klöwer and White 
(1995) found that under deposit of 45% na2s, 
21% na2Co3, 21% of na2so4 and 13% naCl 
and at temperatures ranging from 550 to 650 
°C austenitic stainless steels and high nickel-
high chromium steels suffer corrosion. silicon 
containing alloy 45-tm performed best, as may 
be expected considering the solubility behaviour 
of silica in the fluxing conditions in question. 
proper boiler design and high-solids operation, 
however, effectively eliminate carry-over corro-
sion. High solids firing enables good mixing and 
eventually more complete combustion of black 
liquor droplets entrained in the flue gas flow. In 
high solids boilers there seems to be low sulfide 
content in deposits (raukola & haaga 2004).

as a concluding note, high chlorine pressures 
advocating active oxidation may be generated in 
the presence of a thin molten salt film of complex 
composition (mäkipää & Koivisto 1999). this 
corrosion morphology might relate to operation 
conditions of a peculiar kind, where alkaline 
deposit conditions prevail but so3-pressure in 
flue gases is at least temporarily high. Then, 
molten alkali chloride – alkali sulphate film 
will react vigorously with flue gas atmosphere 
and protective oxide scales to release chlorine, 
as previously shown in (Karlsson et al. 1990). 
as far as known, no metallic material including 
high molybdenum nickel alloys is completely 
resistant under such conditions.

as discussed by bruno (1997) and ahlers (1987), 
among others, more favourable corrosion condi-
tions occur in the superheater in boilers operated 
in the  high-solids firing mode. In modern boilers 
firing high-solids black liquor, temperatures in 
the lower furnace are high, from which it follows 
that, under steady-state conditions, relatively 
low concentrations of  so2 are encountered in 
the upper furnace. maximum steam conditions 
that were reached during seventies and eighties 
were in the range from 480 to 490 °C. low al-
loy steel tubing (10Crmo910) with lower bends 
made of austenitic stainless steel of type 304 
were used with success (Jaakola & rose 1983). 
more lately, gradually increasing mill closure 
leading to enrichment of chloride and potassium 

Figure 1. Maximum steam temperature and 
pressure of recovery boilers in the world vs. 
their start-up year (Bruno 1997).

Figure 2. Effect of moisture on isothermal 
oxidation of 9% Cr P91 steel in N2–1 vol% O2–  x 
vol%H2O mixtures at 650 °C (Ehlers et al. 2006).

Table 1. Temperature limits for different type 
boiler materials above which oxidation rate 
exceeds 25-30 year service life (French 2014).
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in the flue gases did put an end to this develop-
ment. the steam conditions from the high level 
achieved e.g. in scandinavia backed down to the 
range of 430-450 °C.

Deposits
recent trends in kraft recovery process as well 
as trends in fuel technology related to produce 
more electricity using renewable fuels has led 
to major changes in operation conditions. in 
specific, there is an increased risk of significant 
alkali chloride deposition in the superheater area 
of kraft recovery and biomass fuelled boilers 
(Jokiniemi et al. 1996). depending on the alkali 
metal volatilisation in the furnace, and sulphur 
and chlorine contents of the fuel, condensation 
of vaporised alkali chlorides on flue gas particles 
or directly on heat transfer surfaces may cause 
accelerated corrosion in the superheater area. 
Known deposit corrosion mechanisms include 
corrosion by solid alkali sulphates or alkali 
chlorides and molten salt attack by low melting 
mixtures of alkali sulphates, alkali chlorides 
and alkali carbonates. Contact of tube surface 
with molten alkali salts causes rapid corrosion. 
active oxidation can affect superheater tubes 
even at temperatures lower than the first melt-
ing temperature (fmt). therefore operating 
the recovery boiler without gaseous chlorine at 
superheaters is essential. As sulfidity increases 
the polysulfide content of deposits on the heat 
transfer surfaces can increase which increases 
corrosion (e.g. yli-olli et al. 2007).

molten salt attack

sodium and potassium may enhance formation 
of ash deposits with low melting points 510–600 
°C. minimum melting points in deposits consist-
ing of complex mixtures of alkali and alkaline 
earth metal salts are in the range of 490–510 
°C, which is much lower than 550–575 °C, i.e., 
material temperatures related to steam values 
500–525 °C. in various practical corrosion 
failure cases one finds that corrosion environ-
ment has actually been a low melting salt film 
spreading on the superheater tube surfaces 
leading to excessive material wastage in spite 
of reasonable material temperatures (mäkipää 
& Koivisto 1999, Crowe & youngblood 1998, 
fujikawa et al. 1999). Complex dissolution pre-

cipitation reactions may take place in thin salt 
films and, depending on the melt and gas phase 
composition, may therefore radically change the 
corrosion potentials and the ranking of various 
alloys and steels.

high cost of 25% Cr -grade austenitic materi-
als and their tendency to localised corrosion in 
the presence of alkali chlorides has motivated 
a number of materials development and test-
ing programmes in north america, Japan and 
europe. however, methodologies used for 
corrosion testing in laboratory or for material 
exposures in full scale using cooled probes are 
not uniform. the only standardised hot corro-
sion test method, which applies thin salt layer 
covering replenished with relatively regular 
intervals, does not reproduce corrosion rates 
observed in practice in cases, where salt cover 
and atmosphere goes to reactions, which im-
poverish corrosive species or increase melting 
point. Corrosion rates more close to practical 
ones have been reported to be achievable us-
ing so-called crucible method. this method is 
rather simple to apply. in a recent variation of 
the crucible method, metallic specimens have 
been exposed to flowing flue gas atmosphere as 
buried in synthetic or real deposit, which may 
be partially molten at the experimental tempera-
ture (Kawahara et al. 1997).  test temperature 
should be chosen so that the content of melt in 
the bed is less than about 30% allowing for the 
gaseous atmosphere an access to the corrosion 
front, typically leading to test temperatures in 
the range of 550–560 °C. specimen cooling may 
be applied to simulate temperature variation 
and temperature gradient. materials evaluation 
is based on post-experiment examination of 
specimens and their cross-sections. however, 
this method does not allow with ease to separate 
between reactions of solid and liquid phases 
in the deposits, or to analyse the effect of gas 
phase composition on the corrosion reactions. 
electrochemical measurements in combination 
with crucible tests are in principle very helpful, 
but these measurements are too intricate to be 
applied widely.

in the study of oksa and mäkipää (2001) modi-
fied crucible test method was introduced that 
simulates this corrosion condition. metallic 
specimens exposed in air atmosphere as half-im-

mersed into a fully molten alkali chloride - alkali 
sulphate salt mixture of eutectic composition in 
520–530 °C.  materials used in the test were 
low-alloy steels, stainless steels and nickel al-
loys: 13Crmo44, 10Crmo910, aisi 304, hr3C, 
aC66, 45tm, yus 170 tbm s-C, sanicro 
28 and inconel 625. for low-alloy steels and 
austenitic stainless steels the characteristic cor-
rosion attack mode was intergranular attack and 
growth of oxide scales. more corrosion resistant 
steels and alloys suffered from pitting attack. 
Corrosion morphologies observed had a close 
resemblance to practical corrosion morpholo-
gies in cases involving alkali sulphate - alkali 
chloride melt attack. Corrosion morphologies, 
which were obtained in 44 or 65 h testing for 
low-alloy steels, correspond reasonably well 
with corrosion morphologies observed for low-
alloy steels in various corrosion failure cases, 
where excessive material wastage has occurred. 
short-term exposures give some additional in-
formation about the initiation stage of the rapid 
general material wastage of low-alloy steels and 
austenitic stainless steels as well. as shown in 
figure 3a for 10Crmo910, and in figure 3b for 
austenitic stainless steel type aisi 304, deep 
intergranular attack occurs causing individual 
grains to detach from the substrate to form in-
dividual islands of metal. these results suggest 
that the ranking of austenitic stainless steels is 
largely dependent on their relative susceptibility 
to grain boundary attack. yus 170 material had 
endured test well below the melt line. material 
surface, which had been above the melt, was 
covered with small corrosion pits. thus, steels 
like yus 170 without any signs of grain bound-
ary attack in the half-immersion test, should 
perform better than some other steels of similar 
composition but prone to grain boundary attack 
in the test. 

initiation of grain boundary attack may be 
suppressed under various conditions, basic or 
acidic, by alloying silicon. silicon is known to 
be useful in two ways. silicon enhances chro-
mium diffusion in the alloy accelerating protec-
tive chromium oxide scale formation. on the 
other hand, silica may form a thin amorphous 
silica subscale, which is not soluble into alkali 
sulphate melts, and is practically impermeable 
to chromium, nickel, chlorine etc. furthermore,
it has been claimed by various workers that solu-

bility of silica is low in sulphate-chloride melts 
independently of the melt acidity. furthermore, 
it has been noted that it is rather basic fluxing by 
na2O than acid fluxing by SO3 that is respon-
sible of protective scale dissolution in sodium 
carbonate- sodium sulphide - sodium sulphate 
- sodium chloride salt mixtures found on blrb 
superheater tubes under carryover conditions 
(Klöwer & White 1995). accordingly, various 
silica forming alloys have been developed for 
use in superheaters of waste incinerators, and 
recommended to be used also in high-pressure 
recovery boilers. half-immersion tests made 
put this proposition in some doubt: silicon-con-
taining nickel alloy was found to be susceptible 
to grain boundary attack on specimen surface 
areas located above the immersion line (oksa 
& mäkipää 2001). in opposition to the case of 
alkali-sulphate-chloride-carbonate-sulphide 

a)    

b)

Figure 3. a) Cross-section of 10CrMo910 and 
b) cross-section of AISI 304 stainless steel after 
20 h exposure in eutectic alkali chloride melt 
(6.5 wt-% NaCl , 59.0 wt-% Na2SO4 and 34.5 
wt-% KCl) at 525 °C (Oksa & Mäkipää 2001).
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melt, see (Klöwer & White 1995), dissolution 
of chromium and iron into alkali sulphate-alkali 
chloride melt seems to create extremely basic 
conditions in present test conditions, counteract-
ing beneficial effects of silicon.

the corrosion behaviour of pure metals and 
commercial high-temperature alloys exposed 
to recovery boiler superheater tube deposits has 
been studied recently (mayer 2012). theoretical 
principles developed previously by rapp (2002), 
rapp and Zhang (1986) seem to apply. alloys 
and steels showing negative solubility gradient 
in the molten salt film showed poor corrosion 
performance. all of the stainless steels studied 
had negative solubility gradients but less alloy-
ing reduced the effects of mutual synergistic 
reactions between iron oxides and refractory 
oxides. overall, the best alloys were high nickel, 
high chromium, low iron alloys where nickel 
provides molten salt resistance and chromium 
reduces sulphidation. the experimental results 
are in good accord with previous work (mäkipää 
& Koivisto 1999, fujukawa 1999, oksa & 
mäkipää 2001).

one may consider closed volumes of molten salt 
film and metal surface in the case of higher al-
loys showing no intergranular attack. One finds 
that chromium and iron will be depleted from 
the alloy (figure 4). molybdenum is considered 
beneficial alloying element because it stabi-
lizes chromium oxide instead of alkali chromate 
ions as stable corrosion product in oxidative 
conditions. however, it is notable that two high-
chromium alloys with moderate molybdenum 
content suffered from serious pitting corrosion at 
and above of the immersion line as studied oksa 
& mäkipää 2001. again, this may be attributed 
to the specific test conditions, where extremely 
basic conditions may be locally created. in a 
modern recovery boiler operated in high solids 
firing mode, carry-over of unburnt black liquor 
is minimal and basic deposit conditions may 
develop. however, considering ranking tests for 
superheater parts exposed to carryover deposi-
tions, test conditions should be modified to be 
less basic.

in summary and with reference to the excellent 
review prepared by Keiser, Kish and singbeil 
(2009) major findings of the studies related to 

molten salt corrosion are reasonably consistent 
with each other. the prevailing corrosion mode 
is mostly localised intergranular, for low alloy 
and austenitic stainless steels (figure 3), and 
pitting for highly with chromium and nickel al-
loyed materials (figure 4). for the latter the iron 
content is critical.

active oxidation / Low temperature oxidation 
under thermal cycling conditions

a number of corrosion failures concerning recov-
ery boilers and biomass-fuelled power boilers of 
the pulp and paper industry are reported where 
the morphology of the corroded tubes exhibits 
Cl-enrichment at their metal surfaces (bruno 

1997, salmenoja & mäkelä 1999, mäkipää et al. 
2001a, 2001b). however, the hCl content in the 
flue gases of such boilers is rather low. Hence, 
in exposure experiments aiming to simulate 
such boiler conditions another source of chlorine 
(e.g. chlorides) rather than gaseous hCl should 
be used. alkali chloride sulphation reactions 
in recovery boilers are slow or non-existent at 
temperatures below 800 °C. accordingly, some 
workers exclude active oxidation as an operat-
ing corrosion mechanism in recovery boilers, 
whereas rapid chloride induced low-temperature 
oxidation corrosion, active oxidation (spiegel et 
al. 1997, reese & grabke 1993), may occur in 
fluidised bed at material temperatures which are 
well below the first melting point of the depos-
its, then being due to alkali chloride sulphation 
reactions (salmenoja & mäkelä 1999, 2000). it 
has been found, however, that alkali chlorides 
induce active oxidation even under so2-free 
atmospheres (mäkipää et al. 2001b,  hilden et 
al. 1999, mäkipää & fordham 2000, mäkipää 
& et al.  2001c, skrifars et al. 2008, lehmusto 
et al. 2013). material wastage rates of low alloy 
steel specimens exposed to alkali chlorides un-
der oxidative atmospheres are excessively high 
(> 0.1-10 mm/a) starting from temperatures of 
about 450 °C and depending on the alkali chlo-
ride and actual gaseous atmosphere composition 
and flowing conditions in different corrosion 
morphologies.

as noted by Keiser et al. (2009) there is, how-
ever, seemingly no consensus between various 
groups on the relative corrosivity of various 
alkali chlorides and on the critical temperature 
interval of corrosion reactions. one may write 
a number of hypothetical corrosion reactions 
suitable, in principle, also for their experimental 
verification in laboratory, see Rapp & Grabke et 
al. (1993), spiegel et al. (1997), skrifvars et al. 
(2008), lehmusto et al. (2013), among others: 

na2Co3/2NaCl(s,g) + Fe2o3(s) +o2(g) → 
na2fe2o4(s) + Co2(g)/Cl2(g)  (1)
K2Co3/2KCl(s,g) + Fe2o3(s) + o2(g) → 
K2fe2o4(s) + Co2(g)   (2)
4K2Co3 + 2Cr2o3 + 3O2(g) → 4K2Cr2o4 + 
4Co2(g)     (3)

validated thermodynamic data do not sup-
port the view that alkali chlorides react with 

iron oxide to from stoichiometric alkali ferrite 
(na,K)feo2 and gaseous chlorine (mäkipää 
& fordham 2000). instead, initial formation 
of various ferrates (of type (na,K)2feo4) and 
various nonstoichiometric gamma-ferrites and 
polyferrites (i.e. of type (na,K)fe11o17), ac-
companied by adsorption of liberated chloride 
ions on oxide surfaces would be more plausible 
explanation for experimental findings. Contrary 
to the case of alkali ferrites, thermodynamics 
strongly favour formation of alkali chromates, 
molybdates and manganates as corrosion prod-
ucts under oxidative conditions. using X-ray 
diffraction, sodium chromate (na2Cro4) was 
found in the phase composition of corrosion 
products detached from cooled probe exposed 
for 2000 h in recovery boiler superheater area 
(mäkipää et al. 2001). the presence of chromate 
has been reported several times by Japanese 
workers.

When instead of oxides of the alloying elements 
their metallic form is considered, affinities of 
the gross corrosion reactions referred to above 
are greatly enhanced. accordingly, metal and 
alloy specimens prepared using standardised 
methods, respectively the formers of a very thin 
oxide (Cr2o3) scale only, may be suspected to 
underperform in laboratory testing or boiler 
exposures using ground specimens attached in 
cooled probes, see figure 5 and figure 6.

One must however, be aware that the affinities of 
the hypothetical corrosion reactions considered 

a)    

b)

Figure 4. a) Large corrosion pit on the surface 
and b) cross-section from the bottom of a large 
corrosion pit (BE-image) on UNS N08028 after 
20 h exposure in eutectic alkali chloride melt 
(6.5 wt-% NaCl , 59.0 wt-% Na2SO4 and 34.5 
wt-% KCl) at 525 °C (Oksa & Mäkipää 2001). 
Note: Selective corrosion of chromium (and 
iron) and enrichment of nickel (and iron) at the 
pit bottom.

Figure 5. TGA-curves showing weight gain in 
various cases. Specimens embedded in NaC1 or 
KC1 beds in a Pt crucible. Total exposure time 
35 h (Mäkipää et al. 2001a).
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above are themselves critically dependent of 
material temperature and gas phase composition 
both.  actual, or local, values of po2/pCO2 and 
pCO/pCO2 are highly important parameters in 
theory, but experimentally hardly controllable. 
thus, reaction products formed in corrosion 
scales may dissociate and form again locally and 
timely, as well in full-scale as in experimental 
conditions in laboratory. alkali metal-, h3o

+, 
nh4

+ and chloride ions are known to stabilize 

gamma-iron oxide (maghemite), thus having the 
potential to affect stress and growth properties 
of the oxide scale (aleksander 1963, davies 
et al. 1973, boettger & umland 1974). alkali 
chlorides possess this ability even when present 
at ppm-level. exposure to alkali chlorides even 
temporarily may enhance oxide scale growth 
(boettger & umland 1974, ross & umland 
1984). Water vapour enhances, and carbon 
dioxide somewhat reduces alkali chloride ag-

gressiveness (malkow et al. 2001). Corrosion 
reaction schemes in simplified theoretic models 
may fail in practical work. seemingly contradic-
tory results concerning corrosiveness of sodium 
and potassium salts as pure or in their mixtures 
may be obtained by various laboratories as 
noted before. experiments using thermal ramps 
or thermal cycling may result to very different 
corrosion morphologies as compared to experi-
ments at constant temperature, figure 7.

in particular, due to the higher thermodynamic 
stability and to the higher vapour pressure of 
sodium iron oxide and complex sodium iron 
chloride, respectively, as compared to the cor-
responding potassium compounds, metallic 
specimens of low alloy steels (10Crmo910 and 
15mo3) tend to lose some weight when exposed 
to sodium chloride whereas they show weight 
gain and thick  multi-layered oxide scales 
when exposed to potassium chloride, figure 
8. thermodynamic background of the very 
complicated corrosion reactions in question is 
known inadequately, and should be carefully 
scrutinized. as an example of the usefulness of 
such exercises for practical corrosion science,  
the works on vaporised species in the system 
Cr-o-Cl-h may be referred to (liu et al. 2009, 
Jiao et al. 2011, asteman et al. 2002). see also 
figure 5 and figure 6.

 
The experimental findings referred to above 
experimental are in line with earlier results, e.g. 
with those of alexander (1963), davies et al. 
(1973, boettger and umland (1974), and also 
of shinata and nishi (1986). austenitic stainless 
steels have been found to suffer from general 

corrosion attack as exposed to both sodium and 
potassium chlorides, (mäkipää et al. 2001b, 
mäkipää & fordham 2000, malkow et al. 2001), 
whereas various high chromium alloys corroded 
only if exposed to potassium chloride. most 
resistant in both sodium and potassium chlorides 
are high-nickel, high-molybdenum alloys of 
type Alloy 625. This finding is consistent with 

the view that corrosion resistance of high-
performance alloys under severe alkali chloride 
deposition conditions largely correlates to the 
sum of nickel, chromium and molybdenum 
contents in the alloy, see e.g. figure 9.

material selection for superheaters
Common understanding is that corrosion of 
superheaters is not a problem in boilers where 
steam temperature is below 450 °C. according 
to (vakkilainen & pohjanne 2010) typical 
recovery boilers fire black liquor at a dry solid 
of 80% and operate at a steam pressure of 80 
bar and a temperature of 480 °C to reduce super-
heater corrosion and ensure boiler availability. 
in the future the situation is expected to change. 
reason to this is the aim and need to increase 
Co2 free, green electricity. this requires that 
the steam values are increased maybe even to a 
level of 160 bar and 550 °C. at present a number 
of modern boilers exist in sweden, finland and 
Japan that operate at more than 100 bar and 500 
°C. no current recovery boiler operates at higher 
pressure than 120 bar and higher temperature 
than 520 °C.

Figure 6. SEM imaging of Sanicro 28 specimen surfaces exposed to different alkali chlorides for 35 h 
at 530 °C. Left column: NaCl, Right column: KCl. Atmospheric conditions; Top row: Air, Bottom row: 
Moist air. On the basis of EDS-analyses of the corroded surfaces, evaporation of complex alkali metal 
-containing species was obvious under the moist air atmosphere (Mäkipää et al. 2001b).

a) b)

Figure 7. SEM images of the scale morphologies of 10 CrMo 9 10 exposed to KCl a) in synthetic air 
cyclically at 480–530 °C and b) isothermally at 480 °C  (Malkow et al. 2001).

Figure 8. Cyclic oxidation of 15Mo3 in synthetic 
air at 440–575 °C when embedded in solid alkali 
chlorides (Malkow et al. 2001).

Figure 9. Overall thermogravimetric weight 
changes of various high alloyed steels during 
the 35 h exposure in alkali chlorides measured 
after the initial weight losses happened until 
cooling starts (Malkow et al. 2001).
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the main steam temperature is the main param-
eter that affects the choice of superheater materi-
als, this because the corrosion rate increases as 
the superheater steam temperature increases, 
figure 10. however it should be noted that the 
superheater corrosion rates are not uniform, 
but depend strongly on the local conditions. 
superheater surface temperature can be tens of 
degrees higher than the bulk steam temperature, 
figure 11. a rough estimate is that in areas were 
radiation is present the metal temperatures are 
about 50 °C higher than the steam temperature 
(lafond et al. 1992). this is taken into account 
when positioning superheaters. the corrosion 
risk of hottest superheaters can be reduced 
by placing behind the nose or protecting it by 
screen tubes. Corrosion risk can also be reduced 
by controlling deposit chemistry and avoid-
ing condensation of potassium chloride i.e. by 
removing non-process elements (npe) (potas-
sium and chlorine) from the chemical recovery 
process (tuiremo & salmenoja 2001, Kaneko et 
al. 1998, Jaakkola 2009).

carbon steel and low alloyed steels
Carbon steel is only used in the coldest part of the 
superheaters, their corrosion rates are acceptable 
if steam temperatures are below 400 °C (corre-
sponding metal temperature 430-450 °C) (sharp 
2007). according to vakkilainen & pohjanne, 
(2010) typical primary superheater materials, 
when they are protected from direct furnace 
radiation are carbon steel (SA/A-210 Gr A-1, 
s235Jrg2) which can be used up to 350–400 
°C. secondary and tertiary superheater materi-
als contain often 1-3% Cr to improve corrosion 
resistance. examples from these are 13Crmo44, 
T11/10CrMo5-5 and T22/10CrMo910 which are 
used up to 400–480 °C. these are characterized 
by significantly increased strength at elevated 
temperatures and elevated scaling temperature. 
however, their corrosion resistance is quite 
limited and therefore they are useful at tempera-
tures significantly below the FMT (Sharp 2010). 
similar guideline is presented in Clement & 
grace (2009) where it is mentioned that t22 can 
be operated at steam temperature of 496 °C if 
chloride levels are kept low.

stainless steels
Corrosion resistance is increased with chromium 
alloying and martensitic (X10Crmovnb9-1, 
X20Crmov11-1) and austenitic (X1niCr-mo-
Cu31-27-4, niCr22mo9nb) steels are used in 
hottest and most corrosive superheaters up to 
500–520 °C (vakkilainen & pohjanne, 2010). 
aisi 347 has been widely used in current su-
perheaters typically as short pieces in most cor-
rosive places. parts manufactured from aisi 347 
have no record of corrosion failure in finland. 
in high temperature boilers, where improved 
intergranular corrosion resistance is needed 
alloys like 309 and 310, with higher amounts 
of chromium should be used. according to 
tuthill (2002) austenitic type 310 stainless steel 
or more highly alloyed material either as solid 
or compound tubes is recommended for super-
heater tubing when the outlet steam temperature 
exceeds 480 °C.

nippon steel & sumitomo metal Corporation 
(nssmC) is supplying grades hr2m 
(22Cr14ni1.5mon), mn25r (25Cr14ni0.8 
mo0.3n), hr3C (25Cr20ninbn) and uns 
N08028/X1NiCrMoCu31-27 (27Cr31Ni3.5Mo) 

either as mono or compound tube. Compound 
tubes and the grade X1niCrmoCu31-27 
(27Cr31ni3.5mo) is targeted to european mar-
ket whereas mono tubes are supplied to domes-
tic customers (nippon 2014). Composite tubes 
are attractive, because they are not susceptible 
to steam/water side stress corrosion cracking. 
the experiences have been mainly positive. in 
example cases unifuse 310 welded coating is 
reported to last more than two years without 
visible damage. in the same conditions the old 
steel (T11) corroded 3.9 mm/year (Lai & Blogg 
2003).

High cr – high ni – Fe base alloys
sanicro 28 (uns n08028) is currently used in 
recovery boiler superheaters as compound tube. 
it has a good corrosion resistance because of high 
Cr- (27%) and ni- (31%) content, other alloying 
elements being 3.5% mo and 1% Cu. sanicro 28 
has low carbon content to which also Japanese 
tube manufacturers are targeting. aC66 (1.4877) 
is like sanicro 28, but it doesn’t contain Cu and 
it is nb-stabilised because of the higher carbon 
content. this material has not been widely used 
in recovery boilers, but in comparable corro-
sion conditions at biomass boilers it has been 
proven as one of the best materials. alternative 
grades from nippon steel & sumitomo metal 
Corporation (nssmC) are uns n08825 and 
hr11n (uns n06811) (nippon 2014).

High cr – high mo – ni base alloys
materials belonging to this category are e.g. 
sanicro 63, sanicro 67, super  625. these high 
molybdenum grades have excellent service 
records from waste incineration. When selection 
these materials special attention should be paid 
on manufacturing as well as on long-term stabil-
ity and ageing at high temperatures (Kawahara 
& Kaihara 2001). Wsi has also developed and 
used unifuse 52 type welded coating (28% Cr, 
14% fe with minor amounts of al and ti) for 
use in coal fired boilers (Lai & Blogg 2003). 
Coating can be welded to carbon or austenitic 
steel tube.

conclusions
higher steam values, higher dry solid contents in 
black liquor and mill closure have led to major 

changes in the flue gas and superheater deposi-
tion chemistry in recovery boilers and increased 
super heater corrosion failures. following 
corrosion modes may be present either alone 
or in combination; 1) molten salt attack, 2) low 
temperature oxidation / active oxidation and 3) 
sulfidation under reducing deposit conditions.
high sulphidity of the black liquor (high value 
of (S/Na+K)), which might lead, especially 
when the temperature in the lower furnace is 
low, to a high partial pressure of sulphur. if the 
material temperature is high or even moderate, 
high partial pressures of sulphur oxides may 
cause sulphidation-oxidation of superheater 
tubes. the mechanisms of sulphidation- oxida-
tion in recovery boilers are basically the same 
as in power boilers. this mode of corrosion is 
successfully counteracted by using austenitic 
stainless steel or composite tubing. excessive 
carryover of unburned black liquor droplets 
may cause conditions in superheater deposits 
which are locally reducing, and sifts the deposit 
composition to the one where the melt is rich 
in alkali sulphides. the melting point might 
be suppressed to the extent that rapid material 
wastage occurs. even polysulphide rich melts 
may become stable in the salt system in ques-
tion in presence of elemental carbon, leading to 
extremely rapid material wastage.

another typical corrosion problem is molten salt 
attack, which is most likely to occur when the 
boiler is operated outside the designed capac-
ity. In reducing flue gas conditions the partial 
pressures of oxygen and sulphur oxides may 
be too low, sulphation of alkali chlorides in the 
furnace is much less, and chloride rich deposits 
with low melting points may form. molten 
phase corrosion can be mitigated by keeping 
the superheater metal temperatures below the 
fmt of the deposits. this can be achieved either 
with correct steam values or by removing npe 
(potassium and chlorine) from the chemical 
recovery process. As known from other fields 
of boiler technology, alkali chloride rich melts 
have the potential to cause rapid corrosion even 
at material temperatures of 400 °C and lower.

Low temperature oxidation / active oxidation 
mechanisms which occur below fmt of the 
deposits, involving complex volatile corrosion 
products and low melting mixtures, are not well 

Figure 10. Effect of temperature on superheater 
corrosion rates (Vakkilainen & Pohjanne 2010).

Figure 11. Effect of steam velocity on super-
heater surface temperature (Vakkilainen & 
Pohjanne 2010).



72 73

enough understood, when applied in recovery 
boiler deposit conditions and under thermal 
cycling.

recovery boiler operation in a pulp mill is a 
complex process with several interrelated pa-
rameters and almost infinite variables. Therefore 
the selection of materials for long time trouble 
free service is not an easy task. optimal boiler 
operation, together with application of suit-
able tube materials, allows increasing the steam 
values from the present ones. low alloy steels 
like T22/10CrMo910 can usually be used up to 
480 °C. austenitic stainless steels like grades 
347, 310 are recommended for superheaters 
when steam temperature exceeds 480 °C. for 
the future recovery boilers, where the targeted 
steam temperatures are clearly beyond 500 °C, 
materials solutions are looked from the highly 
alloyed austenitic iron and nickel based alloys.
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Continuous chemical process industries seek 
to reduce economic, safety, and environmental 
losses in order to primarily meet societal 
demands, governmental regulations, and the 
competitive market. all of them are increas-
ingly tight. any information that contributes to 
at least mitigate such potential losses is desir-
able. however, large-scale chemical systems 
are complex by nature. they are multivariable, 
with non linear relationships and noisy measure-
ments, and are of partial knowledge. in addition, 
continuous chemical systems are characterized 
by presenting multiple normal operating modes. 
This scenario makes its description difficult in 
practice. Quantitative (purely mathematical) and 
qualitative (such as expert systems) models are 
limited in this task, either because of a lack of 
knowledge or an arduous mathematical descrip-
tion (venkatasubramanian et al. 2003a,b,c). an 
alternative approach is getting information di-
rectly from data, which is more and more avail-
able in chemical industries. nowadays, with 
the advance of the informatics, database and 
industrial instrumentation areas, hundreds and 
even thousands of process variables, among flow 
rates, temperatures, pressures, concentrations, 
and so on, are continuously collected from a 
multitude of plant sensors and stored until every 
second (Chiang et al. 2001, Wang, 1999). the 
resulting databases are called process historical 
data (phd) since they carry the history of the 
operations. thus, the availability of data is no 
longer a problem. from a past poor-data world 
to a current rich-data world, the new challenge 

introduction

is how to transform these massive amounts of 
raw data into relevant information to be applied 
in the benefit of the company. In other words, 
the common lack of data in the past decades has 
been replaced by the challenge of mining rele-
vant information from massive amounts of data. 
this new paradigm imposes new questions with 
regard to data analysis (venkatasubramanian, 
2009). due to the limitations of both quantita-
tive and qualitative models, in conjunction to 
the growing availability of process historical 
data, data-driven models, which are developed 
directly from the data, have increasingly been 
employed to transform raw data into useful 
information. this approach opened a new pos-
sibility of directly extracting relevant informa-
tion from very large data sets. its use in place of 
the process-driven concept gains strength every 
day. handling and interpreting massive amount 
of data manually is infeasible in practice, and 
supporting computational tools are absolutely 
essential. These tasks become more difficult as 
the number of process variables increases and 
the sample time gets lower.

next section describes the way collected data 
are usually employed in recovery boilers. in 
sequence, recent studies making use of new 
techniques or approaches to transform process 
historical data into relevant information are 
illustrated.
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Use of process historical data in  
recovery boilers
the availability of process data collected in 
recovery boilers increased from the nineties. 
nowadays, massive databases are available in 
every medium or big mill. like chemical indus-
tries, this data is very little explored. its on-line 
use is in general limited by monitoring key 
process variables through univariate trend plots. 
one drawback of this independent procedure is 
that the spatial correlation among the variables 
is not taken into account. then, a measurement 
seen as normal may be in fact the onset of an 
abnormal condition. in addition, this disregard 
causes distrust of the alarm levels, and in conse-
quence an unsafe operating condition may arise. 
another characteristic of process data is the seri-
al correlation. When constructing control charts 
it is also needful to consider this point mainly 
in case of low sample times. the off-line use of 
the stored data is mostly in diagnosis tasks. in 
general, it is carried out with the aid of scatter 
plots, which show the relationship between two 
process variables. however, as a multivariate 
process with high correlations among variables, 
diagnosis tasks in recovery boilers would benefit 
from a simultaneous visualization of a group of 
process variables. visualizations based on the 
orthogonal space (as scatter plots) are limited 
to a maximum of three variables. by applying 
attributes such as color, shape, and size, it is 
feasible to represent about eight dimensions 
(Cleveland, 1993). other solutions include sub-
space selection (i.e. multidimensional reduction) 
or axis translation by using for example princi-
pal component analysis. both approaches cause 
loss of information. then, multidimensional 
visualizations would be valuable in helping the 
understanding of recovery boilers's operations. 
Another point is related to the definition of a key 
variable subset with the purpose of monitoring, 
whose selection is based on process expertise 
in general. however, in addition to this chosen 
set of process variables, it may be possible that 
other relevant variables exist. these variables 
may be uncovered by investigating the stored 
process historical data. subsets of variables may 
also contain redundant information. by using 
them to construct data-driven models such char-
acteristic may cause the deterioration of their 
performances. in brief, as occur in continuous 

chemical process industries in general, process 
historical data are still little explored in recovery 
boilers.

the following studies give examples of uti-
lization of process historical data in recovery 
boilers. almeida et al. (2004a) applied variable 
selection techniques and artificial neural net-
works to select best variable subsets with respect 
to steam generation. almeida et al. (2004b) 
used data visualization techniques that allowed 
a visual representation of a set of process vari-
ables simultaneously. versteeg and tran (2008) 
and versteeg et al. (2007) applied principal 
component analysis and partial least squares to 
analyze the fouling problem in recovery boilers. 
major operating variables that caused fouling 
and plugging were identified with monitoring 
purpose. martinelli et al. (2008) employed arti-
ficial neural networks for detection of incipient 
defects in control systems. the case study was 
the secondary air system of a recovery boiler. 
examples of graphical analysis using scatter 
plots and trend plots were given by porter et al. 
(2010) and vakkilainen et al. (2010). the former 
carried out a data analysis on the black liquor 
being fed to a recovery boiler, and the latter 
examined the emissions from a recovery boiler 
using different time point views. vakkilainen 
(2010) also made use of such plots to study the 
relationship between dust properties and a set of 
operating variables.

new approaches for use of process 
historical data in recovery boilers
this section presents a collection of studies 
conducted by the authors with respect to the use 
of process historical data in recovery boilers. 
the data-driven techniques employed belong 
to the multivariate statistics, computational 
intelligence, and the signal processing fields. An 
example of simultaneous multidimensional visu-
alization is also given. the case studies include 
sensitivity analysis, visual representations, and 
communication facilities; abnormal situation 
management; fault detection and diagnosis, and 
visual analytics; abnormal operating variability 
detection; and handling of multiple normal op-
erating states, and minimization of false alarm 
rates. all case studies employ real data collected 
in recovery boilers from pulp mills in brazil. 

the structure of each case study is given by the 
practical challenge in question, the goal of the 
application, and the employed data-driven tech-
nique, the main obtained results, followed by a 
brief closing. the title of each section is related 
to the goal that motivated the study.

communication facilities
the understanding of massive numerical da-
tabases is not a natural task for human beings. 
this fact explains in part the growing tendency 
of representing them in a graphical way. the 
motivation behind it is the human capacity to 
process visual information (marakas, 2002). 
graphical representations can be employed to 
attend explanatory, exploratory, confirmatory, 
and communication goals.

the following results were presented in almeida 
et al. (2008a, 2010). the collected database re-
fers to four months of a recovery boiler operation 
that belongs to a pulp mill in brazil. its operation 
was considered normal during the whole period. 
there are eight process variables with about 
three thousand measurements for each one. the 
goal was to construct a cause-effect map show-
ing the contribution of this set of process vari-
ables to the output steam. this was achieved by 
performing a sensitivity analysis study. firstly, 
a predictive artificial neural network model for 
the output steam was obtained. this data-driven 
technique belongs to the computational intelli-
gence field. It was used due to its capacity of ac-
complishing direct input-output mappings once 
only process variables were available, as well 
as of dealing with noisy data. next, the input 
process variables were disturbed, one at a time, 
and the output steam measurements collected at 
the mill compared to the corresponding model 
outputs. the mean squared error (mse) metric 
was used as a measure of this discrepancy (table 
1). the larger it is, the higher the contribution 
(fourth column of table 1) of the input variable 
on the steam generation.

in sequence, a graphical representation of the 
previous (numerical) results was constructed 
(figure 1). the eight input variables were al-
located into three groups, namely combustion 
process heat (Qss), preheated combustion air 
(QCa), and sensible heat (in the fuel) (Qbl). 

each one relates to a distinct heat source in the 
boiler. this segmentation makes the interpreta-
tion of the contribution of each group (or each 
variable in a particular group) on the steam pro-
duction easier. the map shows arrows from all 
input variables towards the output steam. their 
thicknesses are proportional to the previous 
results obtained for the mse values (table 1), 
and hence they represent the contributions of the 
variables over the steam produced by the boiler. 
the thicker the arrow, the stronger the effect. 
block 1 gives the main source of heat (76.9%) 
in the boiler. in modern recovery boilers, which 
it was not the case here, it may account for more 
than 85% of the total heat available. block 2 an-
swers for the second greater influence on steam 
generation (23.0%). the contribution of block 3 
is negligible. figure 2 shows a submap derived 
from block 2. it allowed a cleaner visualization 
of the contribution given by each level of com-
bustion air on the steam generation. it showed 
the greater effects of the secondary (37.8%) and 
tertiary (51.7%) levels of air compared to the 
primary level of air (10.5%), whose focus is on 
the char bed. the obtained cause-effect strengths 
are in accordance with the literature (adams et 
al. 1997, vakkilainen, 2005) and common oper-
ating practices. the relative magnitude of each 
effect became more intuitive by using both maps 
compared to the numerical results (fifth column 
of table 1). the higher the number of process 
variables, the clearer the role visual representa-
tions play. the grounded knowledge concerning 
steam generation by recovery boilers served as 
a benchmark for validation of the methodology. 
Having process historical data available, at first 
it can be applied to any other boiler's subsystem.

graphical representations provide a more 
intuitive understanding of system's structures. 
here numerical results (table 1) involving nine 
process variables (eight inputs and one output) 
were transformed into 2d visual representations 
(figures 1 and 2). for instance, they can be 
useful for knowledge dissemination, decision-
making processes such as variable selection, and 
for leveling when putting together analysts from 
distinct areas. visual representations may also 
give unexpected or new insights into the system.



80 81

abnormal situation management
Abnormal situations can be defined as distur-
bances that deviate the operations from the 
normal states. their causes are the human 
factor, the process itself, and the equipments. 
human factors relate to the lack of procedures, 
incorrect actions, and noncompliance with 
instructions. overloads and mechanical failures 
are the main sources of abnormal situations with 
repest to process and equipment disturbances, 
respectively (asm, 2005). to prevent or at least 
mitigate potential losses, automatic and reliable 
monitoring systems are more and more needed 
in mill control rooms (pas, 2000).

a risk situation in recovery boilers refers to the 
accumulation of ash deposits, mainly composed 
for sulfur- and sodium-based salts, along its 
convective heat transfer section. potential losses 
in this case refer to the reduction of the steam 
generation efficiency, the lower disponibility of 
the boiler due to blockage of the fuel gas path, 
and the greater maintenance costs. pulp mills 
manage it in day-by-day through the use of a set 
of sootblowers as well as the continuous moni-
toring of key process variables in the control 
rooms (vakkilainen, 2005, adams et al. 1997). 

the following study (almeida and park, 2009) 
constructed a system to monitor the state of the 
ash deposits over the heat section. the database 
covers ten months of operation of a recovery 
boiler at a pulp mill in brazil, with a sample time 
of one minute. five measurements of fuel gas 
pressure drops (∆P) across the heat exchangers 
of the heat section and also the electrostatic pre-
cipitator were employed as monitoring variables 
(figure 3). the monitoring system was given by 
a data-driven technique belonging to the signal 
processing field called hidden Markov model.

every chemical process is under random 
influences due to an inherent variability. Then, 
measurements of process variables may be 
seen as realizations of an underlying stochastic 
process. This way, specific operating condi-
tions can be described by particular probability 
distributions (venkatasubramanian et al. 2003c). 
this is the motivation for applying the hidden 
markov modeling to chemical process monitor-
ing, once it is capable to identify changes of 
statistical nature in signals (in this case, given 
by process variables measurements) over time. 
Its output is a likelihood value (–log[P(O|λ)]), 
which is a measure of the capacity of the model 
(with parameter λ) in generating a temporal 

Disturbed variable symbol mse
(ton/h)2

Dev1

(ton/h)2
Dev2

(%)

Black liuor flow rate fbl 551.6 477.4 51.2
black liuor temperature tbl 75.2 1.0 0.1
dry solids content %ss 313.8 239.6 25.7
Primary air flow rate fpa 89.2 15.0 1.6
primary air temperature tpa 81.7 7.5 0.8
Secondary air flow rate fsa 113.7 39.5 4.2
secondary air temperature tsa 115.8 41.6 4.5
Tertiary air flow rate fta 185.2 111.0 11.9
Total - 932.6 100.0

Table 1. Deviations (Dev) from the Reference Mean Squared Error (MSER = 74.2 (ton/h)2).

Figure 1. Graphical representation of the contributions of the input process variables (Table 1) over the 
steam generated by the boiler.

Figure 2. Graphical representation showing the individual contributions in the preheated combustion 
air block (see Figure 1) for all three levels of air, namely primary, secondary, and tertiary, on the output 
steam.

†  Dev1 (ton/h)2 = MSE – MSER, where MSER = 74.2 (ton/h)2.
‡ Dev2 (%) = (Dev1/Total Dev)•100, where Total Dev = 932.6 (ton/h)2.
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sequence of data (o) continuously made avail-
able over time (rabiner, 1989). for instance, a 
hidden markov model characteristic of normal 
operating conditions can be used to detect de-
viations from it (caused by disturbances) over 
time. this new situation would be perceived in 
a control room through lower likelihood values 
in a trend plot in the course of time. the suc-
cessful applications are in the speech processing 
field, including speech recognition and speaker 
verification, since the seventies (Rabiner, 1989). 
More recently, others fields have experienced its 
potential, namely telecommunications (Cappe 
et al. 2010), bioinformatics (Kosky, 2002), 
and financial engineering (Mamom and Elliott, 
2007).

then, a hidden markov model-based monitor-
ing system, characteristic of fuel pressure 
drops higher than 1000 pa across the second 
economizer (a critical condition in the present 
boiler), was constructed. in sequence, lower 
control limits were calculated for a set of fuel 
gas pressure drops across it. (the correlation of 
fuel gas pressure drop measurements across this 
heat exchanger with those across the convector 
and the first economizer is close to 1. These 
heat exchangers are the most critical regard-
ing ash deposits accumulation (vakkilainen, 
2005)) table 2 summarizes the results. for 
instance, a model output above –36.1 given by 
the monitoring system means that it is already 
possible to have a pressure drop across the 

second economizer higher than 850 pa. figure 
4a shows the significant correlation (ρ = 0.985) 
between the model outputs (likelihood values) 
and the measurements of fuel gas pressure 
drops across the second economizer (∆PEcoII). 
higher the monitoring system outputs, greater 
the fuel gas pressure drop (towards to the higher 
values above 1000 pa this boiler can undergo in 
practice). this result illustrates the use of hidden 
markov models as decision support systems in 
monitoring tasks. figure 4b shows the resulting 
monitoring chart.

hidden markov models are able to handle noisy 
data, spatial and serial correlations, and non 
gaussian distributions. these features are valu-
able for developing reliable systems regarding 
abnormal situation management in continuous 
chemical processes. its explicit modeling, based 
on the probability theory and statistics, also al-
lows both getting insights learned by the model 
about the process, and in the opposite direction 
adjusting the model parameters to capture the 
phenomena more efficiently. Other case study 
in recovery boiler applying this technique with 
purpose of monitoring is given in almeida et al. 
(2008b).
 

Figure 3. Scheme for the convective heat transfer section and the electrostatic precipitator of the boiler, 
with the five measurements of fuel gas pressure drops along it.

Table 2. Lower control limits.

†∆PEcoII = Fuel gas pressure drop across the second economizer.

Figure. 4 a). Significant correlation between model outputs (likelihood values) and measurements of fuel 
gas pressure drops across the second economizer (∆PEcoII), and b) resulting monitoring chart.

meaning: an output value, given by the 
monitoring system, equal to …

.... means a possibility of already having a 
value for ∆Pecoii† equal to ...

–3.2 950
–19.6 900
–36.1 850
–51.8 800
–110.3 700
–160.3 600

Fault diagnosis
in on-line process monitoring activities diagno-
sis task arises after the detection of a fault. the 
goal is to uncover the root causes in order to 
intervene and normalize the operations. on one 
side the pressure for fast decision makings, and 
on the other hand interactions among process 
variables and dynamic operations, make it a 
hard task in practice. usually fault diagnosis is 
carried out off-line with the aim of learning and 
then avoiding the same occurrence in the future.

the following study is given in almeida et al. 
(2012). the focus is also a recovery boiler from a 
pulp mill in brazil. the collected database refers 
to four months of operation. It has fifteen process 
variables with about three thousand measure-
ments for each one. initially, a fault detection 
system for monitoring the output steam flow 
rate was obtained. it was based on a multi-layer 
perceptron (mlp), which is the most employed 

artificial neural network model for chemical 
process description since the nineties (bulsari, 
1995). the monitoring task made use of the 
shewhart control chart for individual measure-
ments (montgomery, 2004). on september 3rd, 
a fault condition was detected by such monitor-
ing system (figure 5; register 2204).

due to the human being capacity for processing 
visual information, data visualization techniques 
are the most powerful tools that can help ana-
lysts to deal with very large data sets (marakas, 
2002). here, parallel coordinate plots were used 
for accomplishing fault diagnosis, with the aim 
of uncovering the root causes of the event previ-
ously classified as faulty. This data visualization 
technique provides a simultaneous projection 
of multidimensional data onto a single plane 
(inselberg, 2009, 1985). as an example, con-
sider that in a given sample time, the flow rate 
(f), the temperature (t) and the pressure (p) 
of the output steam are equal to 297.8 ton/h, 
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740.2 oC and 6.4 mpa, respectively. figure 6a 
shows the representation of this 3-dimensional 
point (297.8, 740.2, 6.4) in the commonly used 
orthogonal euclidean space. this point in such 
space becomes a polygonal line in the parallel 
space, as shown in figure 6b, where each verti-
cal axis (coordinate) represents a process vari-
able. this approach provides an extension of the 
euclidean space, since theoretically an unlimited 
number of variables can be represented. due to 
interactions, simultaneous visualization of sev-
eral process variables is valuable. now, consider 
a set of successively collected multivariate data 
points as is the case regarding recovery boilers. 
plotting them in a parallel coordinate plot results 
in a corresponding set of polygonal lines, each 

one associated to a specific sample time. The 
simultaneous visualization of several variables, 
together with this time information, made the 
understanding of the interactions among them as 
well as the dynamic behavior of the boiler easier.

Figure 7 shows the final parallel coordinate plot 
presented in the study. it was possible to visual-
ize two distinct but normal modes of operation 
in the boiler during the period encompassing 
register 2204 (figure 5). the former, between 
registers 2192 and 2201 (group of black lines), 
is characterized by low black liquor flow rates 
(f-bl) and high dry solids contents (C-ds), 
whereas the latter, from register 2216 up to 
register 2224 (group of red lines), had the oppo-

Figure 6. Representation of a multivariate measure (F = 297.8 ton/h, T = 740.2 K, P = 6.4 MPa):
a) a point in the common 3-D orthogonal space, and b) an equivalent polygonal line in the parallel 
space.

Figure. 7. Final parallel coordinate plot. (group of black lines: 1st normal operating mode, with low 
black liquor flow rates (F-BL) and high dry solids contents (C-DS); group of red lines: 2nd normal op-
erating mode, with an opposite condition; and green, blue, red, and group of light green lines: transition 
period between both normal operating modes, where P-SD: steam drum pressure and F-HPS: output 
steam flow rate).

Figure 5. Fault detection (at register 2204) by a reference monitoring system.

site condition. from register 2202 (green line), 
register 2203 (blue line), register 2204 (thick red 
line), until register 2215 starting from register 
2205 (group of light green lines), there was in 
fact a period of transition between both normal
modes of operation, rather than a faulty condi-
tion as stated by the fault detect system (figure 
5). the stabilization of the boiler could also be 
visualized. the steam drum pressure (p-sd) 
returned to the same operating range as before 
the transition period. thereafter, there was also 
the stabilization of the output steam flow rate 
(f-hps). (both occurrences can be noted by 
means of the overlapping of the groups of black 
and red lines.) perceptions like these are valuable 
in order to achieve more efficient operations.

figure 8 presents univariate trend plots, which 
are commonly used in mill control rooms 
worldwide, for the same operating interval as in 
figure 7. the easier way to extract information 
from parallel coordinate plots in comparison to 
a simultaneous analysis of a set of trend plots 
is clear. such information refer to dynamic 
behavior, interactions among process variables, 
modes of operation, and anomalous data. it can 
also support the setting of more reliable alarm 
levels (not shown). in brief, visual data analytics 
in recovery boilers may benefit by the use of 
multidimensional data visualization tools, as are 
parallel coordinate plots.
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Detection of abnormal operating  
variability
Continuous chemical processes suffer from 
an inherent variability even under fixed condi-
tions. the problem arises when the operations 
significantly exceed it. For example, consider a 
fixed condition in a recovery boiler, given by a 
black liquor flow rate of 50 m3/h and a dry solids 
content of 74%. figure 9a shows the dispersion 
in the flow rate of the primary combustion air. 
The corresponding coefficient of variation                    
(coefficient of variation = sample standard 
deviation / sample mean) is equal to 5.4%. The 
variability in input process variables cause vari-
ations in the outputs. figure 9b shows the case 
for the output steam flow rate having a variation 
around 100 ton/h. The corresponding coefficient 
of variation is equal to 7.9%. (such values can 
be considered satisfactory or not depending on 

the mill.) more than one operating condition can 
also be noted in figure 9a. this short example 
shows the relevance of the subject. undesired 
process variable dispersion is what we are call-
ing abnormal operating variability. the resulting 
operating inefficiency is responsible for losses 
mainly economic. its detection is not an easy 
task.

the following study (almeida and park, 2012a) 
employed principal component analysis to 
identify and determine more efficient operating 
regions regarding steam production. the case 
study also employs a recovery boiler from a pulp 
mill in brazil. the collected database containing 
eleven process variables refers to one month of 
operation, with a sample time of five minutes. 
the goal was to determine combustion air oper-
ating regions related to higher steam generation 

efficiencies (concerning variability reduction), 
given a fixed dry solids flow (in m3/h).

principal component analysis is a multivariate 
statistics technique. its main purpose is dimen-
sionality reduction contributing to an easier han-
dling and understanding of multivariate systems 
such as  recovery boilers. the key point is its ca-
pacity to explain most of the variability present 
in a data set, composed by p process variables, 
through only k linear combinations of them, be-
ing k << p. such combinations, called principal 
components, are the axes of a new coordinate 
system, derived by rotation of the original one. 
their directions are those of maximum variance 
(Joelliffe, 2002). most applications of principal 
component analysis in the chemical engineering 
field is related to process monitoring since the 
nineties (piovoso and Kosanovich, 1996; Kresta 
et al. 1991). the multivariate control charts 
usually employ both monitoring metrics Q and 
t2. another possibility (illustrated in this study) 
is its use based on operating regions (windows) 
(Wang, 1999). this approach is still little ex-
plored in chemical industries worldwide.

Initially, a filtered database including only 
samples associated to black liquor flow rates 
of 50 m3/h and dry solids contents of 74% was 
prepared. this combination refers to the most 
frequent operating condition in the boiler. in se-
quence, a model based on principal component 
analysis was obtained. Its first three components 
were able to explain 80% of the total variance 
in the original data, composed by eight process 
variables related to combustion air. hence, it was 
possible to describe the system under analysis 
using a smaller number of dimensions (since k 
= 3 and p = 8), which makes its handling, visu-
alization, and understanding easier. after a vali-
dation step, operating regions related to higher 
steam production were determined. figure 10a 
shows scatter plots for all possible combinations 
among the three principal components (cp1, 
cp2 and cp3), where samples related to steam 
flow rates higher than 270 ton/h are highlighted 
(blue points). It can be verified that higher steam 
generation efficiencies are associated to specific 
regions. remember that this result is derived 
from a fixed operating condition in the boiler, 
given by black liquor flow rates of 50 m3/h and 

dry solids content of 74%. figure 10b shows 
the optimum operating ranges (concerning 
higher steam production) for the eight original 
process variables (which were used in the model 
construction) considering the operating region 
highlighted in figure 10a. for instance, the 
secondary air flow rate (F-SA) should operate 
above whereas its temperature (t-sa) should 
remain below the respective mean operating 
values.

in practice, multivariate control charts using 
operating regions can be employed to keep 
the process condition inside desired operating 
ranges (not shown), which are defined as opti-
mum according to pre-established criteria. this 
control chart may provide information about the 
current state as well as the trend of the opera-
tions. Concluding, unexpected variations of key 
process variables are responsible for abnormal 
process variability. Its identification and diagno-
sis contribute to more effective actions towards 

Figure 9. Operating variability in the a) primary 
combustion air and b) output steam flow rate, for 
a fixed black liquor flow rate (50 ton/h) and dry 
solids content (74%).

(b)

(a)

Figure. 8. Trend plots for the same operating interval as in Figure 7.
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its reduction. the result is the achievement of 
more stable operations and lower maintenance 
costs.

management of false alarm rates
an inherent characteristic of continuous chemi-
cal processes is the presence of multiple states 
of normal operation with frequent transitions 
between them. For instance, black liquor flow 
rates fed to recovery boilers change from time 
to time inside a considerable operating range 
(figure 11a). higher number of normal states 
pose another difficult regarding the development 
of reliable monitoring systems: how to manage 
them in order to achieve reasonable false alarm 
rates?

this point motivates the study in almeida and 
park (2012b). the data comprehends three 
months of operation of a recovery boiler from a 
mill in Brazil, with a five minutes sample time. 
the operations were considered normal during 
the whole period. the case study refers to the 
critical situation concerning thermal efficiency 
reduction that may happen in the heat section 
due to ash deposits accumulation. Common 
practices worldwide are routine patrols around 
the boiler and monitoring of key process vari-
ables mainly fuel gas temperature (vakkilainen, 
2005, 2000; adams et al. 1997). the case study 
made use of two of these temperatures, namely 
those measured after both the super-heater 
(tsh, in oC) and the boiler bank (tbb, in oC). 
under normal conditions, they present a high 

positive correlation. the goal was to verify the 
capacity of hidden markov models (described in 
a previous section) to manage false alarm rates. 
its ergodic topology was adopted. theoretically, 
such model structure allows the description of 
any transition that occurs in practice between the 
normal states. figure 11b shows three gaussian 
probability distributions each one associated to 
a particular state of the model constructed. an 
overlapping of the whole region given by the 
temperature ranges (tsh and tbb) can be ob-
served with each distribution covering a portion 
of the process data in particular. this specializa-
tion means that the model is able to describe 
specific boilers' operating conditions (given by 
distinct black liquor flow rates; shown for 25, 40 
and 50 m3/h), as desired.

table 3 summarizes the quantitative results to 
false alarm rates. the performance of the hid-
den markov model-based monitoring system 
was compared to monitoring systems based on 
principal component analysis, a well-established 
multivariate statistical process control technique 
(piovoso and Kosanovich, 1996; Kresta et al. 
1991), and on self-organizing maps, a compu-
tational intelligence technique (Kohonen, 1995). 
both of them were employed in a dynamic way. 
for a fair basis comparison, they were previ-
ously adjusted to give the same false alarm rate 
as the hidden markov model-based monitoring 
system, equal to 4.5% (first row of Table 3). 
two independent test data sets were then used. 
unlike the former, all data samples in the latter 

consist of transition periods between normal 
states in the boiler. To the first, the false alarm 
rate given by the hidden markov model-based 
system was slightly worse than the others (9.1% 
against 8.8% and 8.1%) (second row of table 
3), whereas to the second (third row of table 
3), the false alarm rate compared to the others 
was significantly lower (8.3% against 15.1% 
and 11.6%). this result suggests its potential in 
handling multiple normal modes of operation, 
an inherent and challenging characteristic of 
continuous industrial chemical processes as are 
recovery boilers, contributing to more satisfac-
tory false alarm rates. also, the proximity of 
both rates (9.1% and 8.3%) suggests its ability 
to deal with normal transitions in a more stable 
way. the reason for this relates to the speciali-
zation of the model in describing the multiple 
normal modes of operation (figure 11b).

hence, the hidden markov model approach may 
contribute to reach reasonable false alarm rates 
once it may handle multiple states of normal 
operation. this ability is also welcomed to 
achieve early fault detection since it competes 
with satisfactory false alarm rates. both issues 
are crucial for developing automatic and reliable 
fault detection systems, yet an open question in 
practice.

Final considerations
from a set of real case studies, examples of 
utilization of process historical data in recovery 
boilers were illustrated. its complex operation, 
by being multivariate, non linear, noisy and of 
partial knowledge, as chemical processes usually 
are, makes hard a pure mathematical description 
of it. despite the knowledge accumulated over 
the years, naturally there are knowledge, insights 
and perceptions to be still uncovered. this sce-
nario, in conjunction to a plenty of process vari-
ables continuously collected through a multitude 
of plant sensors nowadays, has encouraged the 
employment of data-driven approaches since the 
nineties. Current applications involve mainly 
the use of both techniques principal component 
analysis and (feedforward) artificial neural net-
works. this chapter illustrated the use of mul-
tivariate statistics, computational intelligence, 
and signal processing tools. the applications 
covered sensitivity analysis, visual representa-
tions, communication facilities, abnormal situa-
tion management, fault detection and diagnosis, 
visual analytics, abnormal variability detection, 
handling of multiple normal operating states, 
and minimization of false alarm rates.

Concluding, the growing availability of very 
large data sets in chemical industries worldwide 
in the last years established another paradigm. 
The poor-data world, where getting data to finish 

Figure 10. a) Optimum operating regions given by steam flow rates higher than 270 ton/h (blue points), 
where cp1, cp2 and cp3 are the resulting scores of the principal component analysis, and b) operat-
ing ranges (blue points) of the combustion air variables associated to the optimum operating region 
highlighted in a).

Figure. 11. a) Multiple normal operating states, and b) overlapping of the whole operating range, 
defined by TSH and TBB (temperature normalized values), by Gaussian probability distributions (each 
one belonging to a particular model state), and association of them with boilers’ operating conditions, 
given by distinct black liquor flow rates (shown for 25, 40 and 50 m3/h).

(b)(a)
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a report was a hard task, gave way to a rich-data 
world. the current challenge is how to transform 
massive raw data into useful information for 
cleaner, safer and more economical operations. 
new ways of data analysis are needed to reach 
such goals, however there are still no established 
recipes for this new required intelligent data 
analysis.
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Table 3. Comparison of false alarm rates (in %) among monitoring systems. 
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XXL RecoveRy BoiLeRs - HoW We DeveLopeD tHem

Kari haaga
valmet poWer oy
finland

the chemical wood pulp production has during 
the last decades grown with about 2-3 Mt/a. This 
capacity increase consists of new installations, 
including green field mills and capacity increases 
on existing recovery boilers. the main part of 
the new projects is hardwood lines operating on 
planted eucalyptus and acacia. those mills are 
typically located in south america and far east.

new developments in technology have made it 
possible to take advantage of the economy of 
scale when building those new big pulping lines. 
obviously the recovery boilers had to grow in 
size in order to meet the production capacity in 
the large new single line pulp mills. excellent 
process and availability experiences from big 
and Xl size recovery boilers have smoothened 
the way to XXl size recovery boilers.  

the new XXl size recovery boilers are charac-
terised by high black liquor firing capacity, high 
dry solids content, high power features, low air 
emissions and environmenttaly friendly process 
solutions like burning non condensable gases 
(nCg) and other side streams coming from other 
parts of the mill.

high power XXl size recovery boilers are 
becoming more and more common in pulp 
mill industry as electricity price has increased. 
electricity produced by recovery boilers is seen 
as green energy in many countries meaning 
incentives to electricity price which make high 
power feature investments more profitable. 

introduction

other interests are in reductions in usage of fos-
sil fuels and with high power recovery boilers it 
is possible use less fossil fuels like coal, oil and 
natural gas in power boilers if located at pulp 
mill site. this trend means that new technical 
features used now in recovery boilers have been 
adapted from power boilers like high steam 
parameters, high pressure feed water heaters, 
high combustion air temperatures, flue gas cool-
ers etc. these new solutions have caused certain 
changes to present designs of recovery boilers 
compared to units built 10-20 years ago.

World’s biggest boilers consist of the latest 
design from environmental point of view; all 
nCg and vent gases are burnt in recovery boiler. 
diluted non condensable gas, weak gas (dnCg) 
dissolving tank and mixing tank vent gases are 
typically introduced to the high secondary air 
system, concentrated non condensable gas, 
strong gas (CnCg) burner is located at second-
ary air level. boilers are also designed for high 
dry solids firing of 80% or higher black liquor 
dry solids content in virgin black liquor.  

the plant designs have been made in pdms 
which has given a complete 3d model of re-
covery boiler including all details.  the pdms 
model is also of great help in the erection phase.  
other sophisticated engineering tools like 
computational fluid dynamics (CFD), fouling 
advisor, recovery boiler designer (rbd) have 
been used when big recovery boilers have been 
designed.
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very important nowadays when engineering 
XXl size recovery boilers is the knowledge of 
corrosion theory because huge boilers have a 
lot of heating surfaces and it is not possible that 
those units will encounter sudden corrosion be-
cause production losses of big pulp mills would 
be huge. 
  
increase of recovery boiler size  
during last decades
pulp mill and so also recovery boiler capacity 
has increased a lot during last decades. in the 
beginning of 1980s there was a common opinion 
that recovery boilers had reached their maximum 
physical dimensions. During that time the floor 
cross section was about 100-120 m2. however, 
one recovery boiler in finland started up in 1990 
which had black liquor firing capacity of 2600 
tds/d. Boiler can be called as first so called XL 
size recovery boiler. this big boiler was some 
kind of threshold for other coming big boilers. 
this boiler was also a forerunner for black liquor 

high dry solids firing, CNCG combustion and 
bio sludge combustion. Six years later the first 
3800 tds/d boiler was started up in Indonesia. 
at that mill there are three similar boilers which 
have been upgraded to the load of 4000 tds/d. 
development continued. again after eight years 
first so called XXL size 5500 tds/d recovery 
boiler was delivered to China. With that boiler 
6000 tds/d peak load was reached in 2005 and 
it was world record during that time. figures 1 
and 2 show how the size of recovery boilers has 
increased during last decades. the pictures also 
shown the floor area and start-up year of those 
boilers.

Two 7000 tds/d boilers started up in 2010 in 
Indonesia and in China. Those boilers have floor 
area of  293 m2 and furnace total height is 64.5 m. 
boilers have quite traditional steam parameters; 
temperature is 480 ºC and pressure 84 bar and 
their gross steam generation is 285 kg/s. They 
do not have any high power features except 80% 
black liquor dry solids content. mainly they are 
burning eucalyptus and acacia black liquors.

boilers are sister boilers except that the boiler in 
China has Quaternary air level for reducing nox 
emissions. this also means that composite tube 
level on furnace walls is extending higher than 
in indonesia boiler.

present biggest recovery boiler in the world is 
located in Brazil and its floor area is 323 m2 and 
furnace total height is 68.2 m. its main steam 
temperature is 492 ºC and pressure 94 bar. steam 
is generated 325 kg/s and boiler has certain high 
power features like high dry solids firing (80%), 

all combustion airs are heated to 185 ºC, feed 
water tank is so called full pressure tank (140 
ºC),  feed water before economizer i is heated to 
160 ºC in preheater. as can be noticed the boiler 
does not have very high steam parameters and 
that has been typical for big boilers. boiler was 
started up successfully in January 2014.

What will happen in the future? even bigger 
and bigger boilers have been discussed and most 
probably 10000 tds/d load will be exceeded in a 
couple of years, figure 2.

 

figure 3 shows what are certain physical differ-
ences between small and big recovery boilers. 
On the left hand side of the figure there is shown 
one new small boiler delivered to india in 2013. 
this boiler size was quite typical about 30-40 
years ago.  the middle one is built in the begin-
ning of 1990 and the boiler on the right is world’s 
biggest recovery boiler. if we compare certain 
design parameters between smallest and big-
gest ones we can see the following differences: 

•  Capacity is 11.7 times higher
•  floor area is 7.9 times bigger
•  furnace total height is 2.1 times taller
•  furnace volume is 16.9 time bigger

most interesting from above values is furnace 
height. as can be seen it is only about two 
times taller in big unit than in small one. other 
parameters are varying much more between 
those two compared boilers and differences 
are more logical to understand. some design 
criteria in recovery boilers are furnace volume 
load and flue gas residence time in the furnace. 
In small boilers volume load can be 160 MW/
m3 and corresponding value in big boilers has 
typically been 80-100 MW/m3. volume load is 
indicating also what flue gas residence time in 
the furnace is and in small boilers it is 3.5-4.5 
s and in big units 7-8 s (calculated from floor to 
nose). theoretically the furnace of big recovery 

Figure 1. Capacity increase of recovery boilers.

Figure 2. Boiler sizes higher than 5500 tds/d.

Figure 3. Comparison of boilers’ physical sizes in real scale.
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boiler is not needed to be as tall as it is if only 
volume load and residence time had taken into 
account because many small boilers are operated 
well with above mentioned design parameters. 
however, when furnace height is determined 
then also flue gas temperature after furnace and 
superheaters, sticky area location etc. must be 
considered. 
 
figure 4 shows world’s biggest recovery boiler 
height vs. hotel ilves which is a famous hotel 
in tampere. as can be seen the recovery boiler 
located in brazil is about 23 m taller than hotel 
ilves.

 
figure 5 shows how recovery boilers’ black 
liquor burning capacity has increased since 1970 
based on our reference list. as can be seen about 
in 1990 black liquor burning capacity exceeds 

2000 tds/d load. Real big step happened in 2004 
when boiler load increased from 3800 tds/d to 
5500 tds/d.
 
one of the most important design criteria in 
recovery boilers is a floor loading. Floor loading 
is calculated by using black liquor dry solids 
higher heating value (hhv), black liquor load 
and furnace floor area. Nowadays typical floor 
load design in big boilers is about 3.5 MW/m2 or 
even higher when it was earlier 2.0-3.0 MW/m2. 
In some new upgrade cases even 3.8-4.0 MW/m2 
floor loads have been operated.  

Why is it possible to have so high floor loading? 
nowadays black liquor dry solids content starts 
to be 80 % (earlier it was 60-70%), boilers have 
modern control systems, air systems and black 
liquor firing practices have been developed a 
lot during last decades, etc. figure 6 shows how 
floor loadings have developed during the last 
35 years.  Blue dots are indicating floor load-
ing with unit of tds/d/m2 and red ones are for  
MW/m2.  as can be seen somewhere in the mid-
dle of 1990’s floor loading exceeded 3.0 MW/
m2.  As an example from the floor loadings we 
could analyze world’s biggest recovery boiler; if 
it had dimensioned by using 2.5 MW/m2 loading 
then floor area would be 452 m2 instead of 323 
m2. this would mean 21 m furnace width and 
depth compared to the design of 18.3 m x 17.7 
m furnace. 

Figure 7 shows how floor area has been in-
creased during the last decades. from mid 1970s 
to mid 1980s in eight years period the floor area 
increased by 45% and then in the following 8 
years by 26%. From 1992 to 2004 floor cross 
section increased only by 3% meaning about 
0.25% annually. then suddenly the area jumped 
upward by 43% when big recovery boiler in 
China started up. after this project the furnace 
size has increased quite steadily meaning about 
20% in ten years. as can be noticed from the 
Figure 7 the highest floor area increase and also 
boiler load increase happened in 2004. before 
and after that average boiler floor area has in-
creased by 3% and 1.3% annually.  

Pre-engineering of first XXL size  
recovery boiler
in the beginning of 2000 special development 
project was carried out in order to study pos-
sibilities to build and deliver a real big recovery 
boiler. main emphasize in that project was to 
identify possible items/designs which may af-
fect boiler availability, furnace processes and 
mechanical design. all boiler parts and equip-
ment were analyzed and when certain risk item 
was detected then it received a code number for 
further analysis, see figure 8. 
 

       

Figure 4. World’s biggest recovery boiler vs.
a famous hotel Ilves in Tampere.

Figure 5. Recovery boiler capacity increase since 1970.

Figure 6. Development of floor loadings.

Figure 7. Increase of floor areas in recovery boilers.
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every item was studied deeper by using for 
example risk analysis. When certain risks were 
detected then action plans were developed in 
order to find corrective actions. As an example 
code 19 which is located just beside secondary 
superheater. When this item was analyzed then 
main targets were concentrating on manufactur-
ing of very long elements (22-25 m), how forth 
and back movement of elements is minimized 
especially during boiler start ups when heating 
surfaces are relatively clean but sootblowers are 
used etc. in economizer and boiler bank areas 
long 24-27 m elements are very flexible and 
therefore it was important to find solution for 
minimizing sideward vibration/movement of 
elements.  

after this study we principally had a readymade 
big recovery boiler concept for upcoming big 
pulp mills. Soon after this work first inquiry of 
XXl size recovery boiler came and it was very 
easy to start to prepare technical specification 
when knowing how this kind of big unit should 
be built. that project was awarded to us in 2002.   
 
some physical facts from XXL size 
recovery boilers
steam boilers are built by using a lot of tubes, 
pipes, downcomers, headers etc. table 1 shows 
how much heating surface tubes are there in 
world’s biggest recovery boiler. as can be seen 
total amount of tubes is about 500 km.  distance 
from tampere to helsinki is 170 km and so 
this boiler has three times more tubes than this 
distance.  there are still many other pipes in 
recovery boilers which are not listed in the table 

like downcomers, headers, main steam pipe, 
drain and vent pipes, process pipes etc. if those 
are added then total tube/pipe length is close to 
600 km.

Heating surface tube amount (km)
economizers 192
boiler bank 55
screen tubes 43
primary i sh 22
primary ii sh 22
secondary sh 29
tertiary sh 29
Quaternary sh 25
  sh total 149
furnace walls 83
totaL ~ 500

as an example in world’s biggest recovery boiler 
there is about 190 m furnace downcomer pipes 
with size of 711 x 55 mm (outer diameter od x 
wall thickness). Weight of this pipe is 890 kg/m 
and so total weight of downcomers is about 170 
tons.

furnace lower part is made by using composite 
material (aisi 304l or sanicro 38) which con-
sists of carbon steel base material and outer layer 
of stain less steel material. in above mentioned 
boiler there is about 18 km this composite mate-
rial. material grades of those heating surfaces

mentioned in table 1 are typically the following 
(en and asme materials) table 2.

Figure 9 shows tubes/elements for manufactur-
ing of boiler bank in one big recovery boiler. 
on the left hand side there are bundles of tubes 
which have come from the tube supplier and on 
the right hand side there is the output from the 
manufacturing process; a readymade boiler bank 
package for transportation.

heaviest single component in recovery boiler is 
a steam drum. it is principally heart of a recovery 
boiler. purpose of the steam drum is to separate 
water and steam from each others. figure 10a 
shows the steam drum of one big boiler on the 

truck when transporting it from the manufactur-
ing facility to harbor for sea transportation. in 
figure 10b there is erection of steam drum going 
on in one XXl size boiler in China. figure 10c 
shows drum inside of world’s biggest recovery 
boiler ready for installation of steam drum in-
ternals. in figure 10d there is welding of risers 
going on. 

in big recovery boilers the weight of steam drum 
can be 150-200 tons, its length can be about 20 
m, outer diameter 2.4 m and wall thickness 120-
150 mm. 
 

Figure 8. Indentified possible risk areas.

Table 1. Heating surface tubes in world’s biggest 
recovery boiler.

en asme Components
p265gh sa-210 a1 furnace, primary superheaters, screen 

tubes, boiler bank, economizers
16mo3 sa-209 t1 furnace, primary superheaters
Composite 304l Composite 304l lower part of furnace
13Crmo4-5 SA-213 T11 / T12 secondary superheaters
10Crmo9-10 sa-213 t22 secondary, tertiary and quaternary 

superheaters 
7Crmovtib10-10 sa-213 t24 tertiary and quaternary superheaters
X10Crmovnb9-1 sa-213 t91 tertiary and quaternary superheaters
X7Crninb18-10 (1.4912) sa-213 tp347h hottest superheaters in corrosive 

atmosphere
Composite sanicro 28 
and 310, overlay welded 
materials

sanicro 28, overlay welded 
materials

hottest superheaters in corrosive 
atmosphere

Table 2 Typical tube materials in recovery boilers.

Figure 9. Boiler bank tubes and readymade boiler bank elements/package.
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Recovery boiler as a multi-fuel boiler
modern XXl size recovery boilers are multi-fuel 
boilers. boilers have latest advanced designs 
from environmental point of view; all nCg and 
vent gases are burnt in recovery boiler.  dnCg, 
dissolving tank and mixing tank vent gases are 
typically introduced to the high secondary air 

main fuel is of course black liquor coming 
from the pulping process. nowadays, very typi-
cally as fired dry solids content of black liquor 
is 80-83%. black liquor systems are therefore 
pressurized systems meaning that for example 
black liquor burning temperature is controlled in 
heavy black liquor tank to targeted value which 
can be at the level of 140 ºC. oil and natural 
gas are typically used during boiler start-ups and 
shutting down procedures in start-up burners 
and load burners. in some cases load burners are 
used for generating more steam to steam net and 
controlling its pressure. nCg gases are collected 
around the mill from atmospheric tanks/equip-
ment (dnCg) or from non-atmospheric tanks 
(CnCg). dnCg gases are mixed with air and 
burnt together with air at the secondary air level. 
CnCg gases are burnt in a dedicated burner. as 
a support/main fuel in the CNCG burner can 
be liquid methanol/turpentine mixture, oil or 
natural gas. in some softwood mills also soap is 
burnt by mixing it with black liquor. 

Secondary bio-sludge from waste water effluent 
plant can be mixed with black liquor and burnt 
in the recovery boiler furnace.

variety of fuels is causing challenges for boiler 
optimum design from emissions, corrosion and 
fouling point of view. therefore when boilers 
are designed it is very important to know all 
incinerated fuels in order to select furnace size 
and materials properly. especially minimizing 
nox emissions in XXl size boilers is sometimes 
causing challenges because many of those fuels 
are including ammonia which can then generate 
more nox emissions.

table 3 shows an example which fuels are burnt 
in certain big recovery boilers.

as can be noticed one big boiler in finland has 
designed for burning really many fuels. boiler 
has been operated now for five years without any 
problems due to type of fuels. 

materials in XXL size recovery  
boilers
Furnace floor and walls 
XXl size recovery boilers have principally same 
materials as other recovery boilers have. furnace 
lower part has been made by using composite 
material of AISI 304L/SA-210 A1. This mate-
rial has been used already nearly for 40 years. 
reason for using stainless steel material is a 
corrosion risk in reducing atmosphere in lower 
part of furnace. if material would be carbon steel 
and we have a high pressure boiler which has 
tube surface temperature 320-330 ºC then tube 
corrosion is very evident in environment which 
exists in furnace lower part. 

floor tubes are typically made by carbon steel 
and that is possible because they are protected 
during operation by frozen smelt layer. earlier 
it was common to make floor also by composite 
tube (aisi 304l) but in some boilers stainless 
steel outer layer cracking has been encountered. 
When cracks exist there is always risk that they 
penetrate trough carbon steel base material 
and therefore water leak may occur and worst 
scenario is smelt water explosion. reasons for 
cracking are not 100% sure but they are initiated 

Figure 10. Steam drum on the way to the erection site and its lifting to the top of boiler support structure.

system and so mixed with air. CnCg burner is 
located at secondary air level.

figure 11 shows normal fuels burnt in recovery 
boilers.
 

Figure 11. Possible fuels in recovery boilers.

fuel boiler a boiler b boiler C boiler d boiler e
black liquor X X X X X
biosludge X X X
oil X X X X X
diesel X
natural gas X X
methanol X X X
turpentine X
CnCg X X X X X
dnCg X X X X X
vent gas X X X X X

Table 3. Fuels in different big recovery boilers.

a) b)

c) d)
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due to tensile stresses prevailing in stainless 
steel layer when tube surface temperature has 
been high and stainless steel part has yielded, 
figure 11. 

due to cracking problems in 304 l composite 
tubes new materials have been developed for re-
placing that material on floors and in some other 
critical areas in recovery boiler lower furnace 
like in primary air port openings. one developed 
material is sanicro 38 composite tube. in this 
material outer layer has about 40% ni and 20% 
Cr whereas in 304l material ni is 10% and Cr 
20%.  Also heat expansion coefficient of Sanicro 

38 outer layer is closer to carbon steel than in 
304L which is beneficial from thermal stresses 
point of view. figure 12 shows main material 
alternatives in recovery boiler furnace.

   
figure 13 shows modern material selection in 
XXL size recovery boiler floor area. As can be 
seen the floor heart is made by carbon steel ma-
terial. floor bends toward front and rear walls, 
side most tubes adjacent to side walls and pri-
mary air port bended tubes are made by sanicro 
38 material. this kind of design has proven to be 
a very reliable solution.            

on figure 14 there is a lower part of furnace 
during erection of one XXl size recovery boiler. 

             
superheaters
one of the most challenging material selections 
in recovery boiler is superheaters. typically 
in recovery boilers many kind of corrosion 
phenomena can be detected in heating surfaces 
as is shown in figure 15. many of those corro-
sions have been managed to minimize in modern 
recovery boilers:

•  acidic sulfates are not formed any more as 
easily as earlier due to high dry solids firing, 
good air systems, low sulfidity level in euca-
lyptus and acacia mills.

•  High dry solids firing and good air systems 
with effective air/flue gas mixing  have 
minimized risks to sulfidation corrosion in 
furnace.

•  optimized material selection with increased 
knowledge of  K (potassium) and Cl (Chlorine) 
chemistry and their effect to superheater cor-
rosion have decreased corrosion findings in 
superheater areas.

                      
in new recovery boilers there is a clear trend 
to have higher steam parameters in order to 
increase electricity production. this has caused 
special challenges to superheater material selec-
tion and how to prevent sudden corrosion. in 
XXl size recovery boilers there can be 150 km 
superheater tube materials and everybody can 
image that what could happen if tubes are cor-
roded and boiler will have unplanned stop due 
to heavy material losses. big mills can produce 
pulp 1.5 million ADt/a meaning about 4200 ADt 
per day. if pulp price is us$ 1000 per ton then 
losses of income can be us$ 4.2 million per day. 
very typically when superheaters are repaired 
due to unpredicted failures then outage may take 
at least 4-7 days from liquor to liquor depending 
of course on how severe damages are. figure 16 
shows secondary and tertiary superheaters hang-
ing from the furnace roof when one XXl size 
recovery boiler is in under erection. length of 
elements is about 24 meters.
                              

Figure 11. Composite floor and cracks in tubes and membranes.

Figure 12. Tube material alternatives in recovery boiler furnace.

Figure 13. Material selection of floor and lower part of furnace.

Figure 14. Furnace lower part during erection 
stage.

Figure 15. Occurrence of corrosion in recovery boilers.
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molten phase corrosion may be very severe in 
hottest superheater stages. It occurs when ash/
deposit melts on the tube surface. this corrosion 
is controlled by the first melting temperature 
(fmt) of the deposit. the fmt is the tem-
perature, at which the first melt appears in the 
deposit (also known as t0). main contributors 
to fmt are chlorine (Cl) and potassium (K). 
high amount of carbonates (Co3) i.e. carryover 
lowers also the fmt of the deposits. even small 
amount of sulfides (0.1 wt.-%) in the deposits 
lowers the fmt about 50 °C.

the most challenging superheater stages are 
hottest ones from where superheated steam is 
going to main steam net. figure 17 shows an 
example from the corroded tubes in the hottest 
superheater stage.
 

as mentioned earlier the knowledge of corrosion 
theories has increased a lot during the last years 
and therefore it is very important to know what 
are K and Cl in black liquor when new boilers 
are designed because those components are most 
critical from corrosion and superheater fouling 
point of view. 

how then to avoid corrosion? When designing 
new recovery boilers it is very typical to deter-
mine maximum K and Cl values for black liquor 
or esp ash. those values can be controlled to 
desired levels by handling esp ash with ash 
leaching or Crystallization processes and also 
with ash dumping. one alternative is also to use 
better materials in critical part of superheaters. 
this better material means higher alloyed tubes. 
for example sanicro 28 or corresponding mate-
rials have been used quite often in recovery boil-
ers which have high steam parameters and/or 
black liquor is containing a lot K and Cl. sanicro 
28 material has Cr content about 28%. high Cr 
is favorable for preventing corrosion to happen.  

table 4 shows a couple of recovery boiler ref-
erences with stainless steel material selection 
in superheaters. stainless steel has typically 
been whether sanicro 28, aisi347l or overlay 
welded tubes. in the table 4 there is shown 
steam outlet temperature, how many tubes have 
stainless steel material, code s means secondary 
superheater, t means tertiary superheater and Q 
means quaternary superheater. table also shows 
if esp ash is handled or not for controlling K 
and Cl in black liquor/ESP ash. 

Figure 16. Superheater elements under erection.

some operational experiences from 
XXL size recovery boilers
XXl size recovery boilers have been operated 
extremely well from process and mechanical 
point of view. flue gas emissions like so2 and 
trs have been typically at the level of zero. 

nox emission targets have been managed to 
reach with normal air systems and when lower 
values are required then more air staging has 
been used by installing Quaternary air level.  
figure 18 shows a couple of examples from one 
XXl size boiler operation. in figure 18a there 
is black liquor load and steam generation when 
capacity test was carried out. virgin black liquor 
load was about 7200 tds/d and corresponding 
as fired load was 7700 tds/d. Steam generation 
during test was targeted to be 300 kg/s. In Figure 
18b there are reduction rate values when boiler 
had a performance test. measured values in 
smelt exceeded 97% which is really good result. 
reduction rate is one of the most important per-
formance data which is followed during boiler 
operation. it tells how much sodium sulphate 
(na2so4) is reduced to sodium sulphide (na2s) 
in char bed. figure 18c indicates what has been 
oxygen level in flue gases after economizers. 
low value means good combustion process in 
the furnace and it also indicates low flue gas heat 
losses. 

Figure 17. Corroded tube in superheater outlet.

Table 4. Recovery boiler references with
stainless steel materials in superheaters. 

project sh steam 
outlet 
temperature 
(C)

stainless steel 
material in 
hottest stages

ash 
handling

boiler a 505 8/T yes
boiler b 480 N/A yes
boiler C 480 4/S and 4/T yes
boiler d 485 1/T yes
boiler e 487 2/T yes
boiler f 460 1/S and 4/T yes
boiler g 487 1T adn 4/Q yes
boiler h 492 1/T yes

Figure 18. Some operation parameters from an XXL size boiler in China.

a)

c)

b)
black liquor in green liquor in smelt
Acacia 100% (7232 tds/d) 97,2%, 96,4%,  

96,3%  97,1%
97,5%, 97,4%, 
97,53%

Euca 100% (6994 tds/d) 97,0%, 96,8%, 
97,1%

97,8%, 97,4%, 
97,5%
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summary
New green field pulp mills are huge. Pulp pro-
duction starts to be 1.5-2.0 million ADt/a. This 
means that also the size of recovery boilers has 
come very big. boiler size for those big mills 
is about 7000-8000 tds/d. Valmet has delivered 
many boilers which have had  a capacity of 
4000-5000 tds/d and experiences from those 
references have been extremely important when 
developing even bigger boilers like XXl size 
units. We have also seen certain difficulties in 
those boilers but all problems have been suc-
cessfully solved and therefore we have been 
very confident with our design when bigger and 
bigger boilers are built.  

XXl size recovery boilers have operated re-
ally well and availability has been good. from 
process point of view we have not experienced 
any setbacks. mechanically certain big com-
ponents have caused challenges mainly due to 
unexpected movement of elements but they have 
been managed to fix in normal outages meaning 
that no abnormal availability problems have 
been encountered.  

bigger and bigger boilers are planned to build 
and therefore we feel very confident for those 
coming magnum size boilers because the refer-
ences which are working well are a must in order 
to get customers trust on your technology and on 
you as a reliable supplier.     
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HigH eneRgy RecoveRy BoiLeRs

marJa heinola and KeiJo salmenoJa
andritZ oy
finland

introduction

since the focus has earlier been on the chemical 
recovery and not on the power production, the 
power generation efficiency (power-to-heat-
ratio) has always been rather low in traditional 
boilers. in order to improve the power genera-
tion from the recovery boilers, several technical 
solutions have been developed and adopted. it 
is not, however, only in the recovery boiler area 
where savings can be done, but it is possible to 
achieve significant savings also in other process 
areas.

 
power production in modern mills is presently 
around 1100 kWh/ADt at a softwood mill and 
around 900 kWh/ADt at a hardwood mill. Power 
consumption at softwood and hardwood mills is 
ca. 600 kWh/ADt and 500 kWh/ADt, respec-
tively (figure 2) (salmenoja & heinola 2013).  

the kraft recovery boiler is always referred 
as the heart of the pulp mill and is the critical 
component in the closed loop producing energy 
alongside recovering the cooking chemicals. as 
long as the heart sustains well, other systems 
excel. today the mills, constrained with rising 
energy cost and security of supply strive to 
maximize green energy to substitute fossil fuel 
and attain self-sufficiency. 

modern non-integrated pulp mills are nowadays 
totally self-sufficient in respect to steam and 
power production, and the idea of producing and 
selling not only pulp, but also electricity is al-
ready a reality at many mills. even though a mill 
is self-sufficient in energy, there are normally 
still many areas where energy could be saved 
and electricity production could be increased.  
the market is globally demanding less pollu-
tion per produced megawatts (mW) and better 
utilization of renewable resources.

the change to increase power production from 
kraft recovery boilers has been quite rapid. 
in the 1990s, when new mill or new recovery 
boiler was supplied, energy efficiency was 
not a topic. today almost in all new cases, 
however, energy efficiency is the topic number 
one. figure 1 shows the development of power 
production from recovery boilers equipped with 
high-energy features and the possibilities to 
increase energy efficiency at kraft pulp mills. To 
be able to increase the energy efficiency of the 
pulp mills, efforts to decrease the consumption 
of energy at the mills has to be on the focus, too.

Figure 1. Possibilities to increase the energy effi-
ciency at kraft pulp mills (Salmenoja & Heinola 
2013). 
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the main factor limiting the increase of power 
production from recovery boilers is corrosion. 
therefore, the development in the steam outlet 
temperature in kraft recovery boilers has been 
extremely slow compared to power boilers. 
Japanese boiler manufacturers have been the 
pioneers with high-temperature recovery boilers. 
The first recovery boiler having a steam outlet 
temperature of 500 °C was started up in Japan 
in 1983. recovery boiler with steam outlet tem-
perature of 515 °C was started also in Japan in 
1988 (arakawa et al. 2005).  the highest steam 
outlet temperature utilized in kraft recovery 
boilers is still 515 °C.
 
recovery boilers having higher steam outlet 
temperature than 515 °C are not in operation. 
figure 3 shows the development of steam 
parameters in kraft recovery boilers from 1930s 
(vakkilainen, 2005).  
  

due to the originally poor power generation ef-
ficiency, several improving features have been 
applied to the recovery boiler. the high-energy 
recovery boiler (herb) concept was developed 
for this purpose. it increases the power genera-
tion efficiency further than what is possible with 
traditional increase of the steam parameters. the 
herb concept was the answer to the demand 
to increase the power-to-heat-ratio and power 
production of recovery boilers. The first HERB 
with a steam temperature of 505 °C was started 
up in 2004 in finland. figure 4 shows the side 
view of the 2004 vintage first HERB.

the most common methods for increasing the 
power generation efficiency have been higher 
black liquor dry solid content and higher steam 
values. to further increase steam parameters 
from present levels are mainly limited by corro-
sion factors. together with these, new methods 
of feedwater preheating, air preheating with 
fluegas, combining bio-gas firing to the recovery 
boiler, reuse of secondary heat streams in the 
evaporation area, etc. have been introduced. 

With a modern high-energy recovery boiler, 
mills can easily double their power production 

compared to an old recovery boiler. there are 
several ways to increase the power production 
from a recovery boiler and some of those may 
also include operational risks. 
 
this paper recapitulates measures to increase 
power production from recovery boilers and 
summarizes practical experiences from operat-
ing high-energy recovery boilers.

High-energy recovery boiler concept
power generation, in combined heat and power 
system (Chp) is described in terms of the power 
generation efficiency (PGE) or the power-to-
heat-ratio.  in order to improve the power gen-
eration, high-energy recovery boilers employ 
several technical solutions. 

there are several ways to increase the power 
production from a kraft recovery boiler and 
totally, some 20  mW more power can be 
produced by different measures.  however, 
some of the measures may include operational 
risks, which should be taken into account. the 
following is not a comprehensive list, but shows 
the most commonly used measures to increase 
power production:

•  high dry solids in black liquor
•  high steam temperature and pressure
•  sootblowing steam from the turbine
•  preheating of feedwater
•  preheating of combustion air 
•  fluegas cooling
•  hot condensate return
•  heat recovery from vent gases
•  interheater
•  reheater

the optimum way to increase the power gen-
eration efficiency is to utilize all the methods 
mentioned above. although, every measure to 
increase power production has a price tag, the 
payback time of most of the measures is very 
short. Figure 6 shows estimated annual profits 
available with different options. 
 

High dry solids
dry solid content of black liquor has a large 
impact on steam generation. it is more effective 
to evaporate the moisture in a multiple effect 
evaporator with process heat rather than doing 
the same inside the furnace. the increase in net 
steam generation for 65% solids as against 85% 
solids is approximately 7-8%. further, with high 
concentration liquor, it is possible to operate 
with low excess air, which again minimizes loss 
to the flue gas. A comparison of heat balance at 
different dry solid content is furnished in figure 
7.

Figure 2. Development of power consumption 
and production at pulp mills. Mill A represents a 
modern softwood and mill B a modern hardwood 
mill (Salmenoja and Heinola, 2013).

Figure 4. Side view of the first HERB started up 
in 2004.

Figure 5. The first kraft recovery boiler outside 
Japan with steam outlet temperature of 515 °C 
was started up in 2006 (Salmenoja and Heinola, 
2013). 

Figure 6. Estimated annual profits available 
with different measures to increase power 
production (Lehtinen 2005). 

Figure 3. Development of steam parameters of 
kraft recovery boilers (Vakkilainen, 2005).   

Figure 7. Comparison of heat balances for 
recovery boilers (Saviharju and Lehtinen 2005).
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steam temperature and pressure
another methodology for improved pge is to use 
higher steam values (mcKeough and saviharju, 
2007). figure 8 shows the power generating ef-
ficiency as the function of steam outlet tempera-
ture (rahman and lehtinen, 2013). however, 
high-temperature corrosion of superheaters is 
the main limiting factor of increasing the steam 
outlet temperature. in general, potassium (K) 
sets practical constraints in strive towards higher 
final steam temperatures. Potassium is the main 
contributor in molten phase corrosion by dictat-
ing the first melting temperature (FMT) of the 
deposits. a rule of thumb has been to keep the 
material temperatures below the fmt. if molten 
phases are present on superheater tubes, corro-
sion rates will be quite high and unpredictable.
 
With regard to material selection, chloride level 
in black liquor dictates the need of expensive 
materials. Chlorine-induced corrosion below 
the fmt can be handled with material tech-
nology, but it necessitates solid knowhow of 
deposit properties and local material tempera-
tures. maybe due to this fact, no one has had the 
courage to exceed 515 °C as the steam outlet 
temperature in black liquor recovery boilers. 
The benefit of extremely high steam parameters 
may diminish due to exorbitant cost of materials.

sootblowing steam
in older recovery boilers, fresh superheated 
steam was used to sootblowing. depending on 
the boiler and black liquor properties, sootblow-
ing steam consumption can vary from 3% up to 
10%. by changing the source from superheated 

steam to extraction steam from turbine, improve-
ments to the power generation efficiency can be 
achieved.

sootblowing steam is typically taken directly 
from the final superheater steam outlet and is 
passed through a poppet valve to reduce the 
pressure from 17 to 24 bar before entering the 
sootblower feed tube. 

since sootblowers consume 3 to 12% of the 
total superheated steam produced by the boiler, 
sootblowing with high pressure steam can be a 
costly operation. if sootblowers can operate at 
a lower pressure, for instance, 9 to 14 bar(g),  
there will be a significant economic advantage 
to pulp mills. this is because low pressure steam 
is less valuable than high pressure steam, as it 
can be taken from the steam turbine exit after 
the steam has been used to generate electricity. 

Feedwater pre-heating
in a high pressure boiler there is usually a large 
margin between the feedwater temperature to the 
drum and the drum saturation temperature. in 
this case the steam generation can be increased 
by pre-heating the feedwater. first the feedwater 
can be heated with low pressure steam in the 
feedwater tank to the maximum temperature. for 
instance from traditional 120 °C up to 145 °C 
with low pressure steam. between the feedwater 
tank and the economizers the feedwater can be 
pre-heated with medium pressure steam to 160 
°C. between economizer i and ii the feedwater 
can additionally be heated by 15-20 °C with high 
pressure extraction steam. 

pre-heating of combustion air
pre-heating of all combustion airs to 190 °C 
with different level of extraction steam is also 
a quite cost effective way to produce more 
steam and hence improve the power generation 
efficiency. Traditionally, primary and secondary 
airs are heated up to 120-150 °C. by adding a 
few air pre-heaters the power production can be 
increased further. 

Fluegas cooling
the above mentioned measures improve the 
power generation efficiency of the boiler, but the 
total efficiency of the boiler is slightly lowered 

due to the higher flue gas temperature. In order 
to improve the overall efficiency, fluegas cool-
ing after the precipitator could be introduced. if 
the mill has a deficit of low pressure steam or 
hot water, or is using a condensing turbine, the 
fluegas cooling should be exploited.

When cooling the flue gases with 100 °C water 
(water heated to approx. 150-160 °C) it is pos-
sible to set the flue gas temperature in the stack 
to around 140 °C. The heat from the fluegases 
can be used for feedwater pre-heating, air pre-
heating, hot water production etc. 

Hot condensate return
in the pulp mill, there are hundreds of different 
primary and secondary water and steam streams, 
which are either used or dumped to the cooling 
towers. often the best solution for one depart-
ment is not the most economical solution for 
the whole pulp mill. often energy balances are 
reviewed only for one department. one example 
is the flashing of the primary condensate at the 
evaporation plant. Instead of flashing it down 
to 100 °C, the primary condensate could be 
returned un-flashed to the condensate tank and 
from there to the feedwater tank. in this case, the 
need of steam to the evaporation plant increases, 
but the need of steam to the feedwater tank 
decreases. 

Reheater concept
the reheater concept was studied in the research 
project sKyreC by the finnish recovery 
boiler Committee (frbC) to further increase 
the power output from kraft recovery boilers 
(finnish recovery boiler Committee, 2013). 
according to the study, the reheater boiler 
concept seemed not to be profitable for kraft 
recovery boiler purposes.

summary of the measures
the means are almost unlimited, but the most 
optimal way to enhance the efficiency of a pulp 
mill is always a matter of thorough studying of 
the individual mill’s and department’s balances. 
the additional production with the solutions 
mentioned above for a recovery boiler operat-
ing at 92 bar(a) and 490 °C with a condensing 
turbine is presented in table 1.

Features net electricity 
produced

feedwater pre-heating and 
interheating

+ 2.7 mW

air pre-heating + 1.0 mW
internal sootblowing + 0.6 mW
hot primary condensate 
return

+ 0.6 mW

higher dry solids in bl 
-  80%

+ 2.0 mW

fluegas cooling + 4.5 mW
total +11.4 mW

practical operating experiences
The first HERB was started up in 2004 in 
finland and presently 10 such recovery boilers 
are in operation. two boilers are under construc-
tion. The first units were not equipped with all 
the power production enhancing features, but 
due to encouraging experiences from operating 
units, new features to further enhance the power 
production have been adapted.

The first HERB had a relatively high capacity 
(4450 tds/d)  and steam parameters (505 °C, 
102 bar). this boiler is still the largest recovery 
boiler in Finland. The first HERB with a steam 
outlet temperature of 515 °C was started up in 
sweden in 2006. the second herb with the 
same steam temperature was started six years 
later, also in sweden. totally, six of the herbs 
have steam outlet temperature higher than 500 
°C, as shown in table 2.

Figure 8. Power generation efficiency as the 
function of steam outlet temperature (Rahman  
& Lehtinen 2013).

Table 1. Additional power produced with various 
technical solutions in a recovery boiler operating 
at 92 bar(a) and 490 °C (Lehtinen 2005).

Figure 9. Fluegas coolers.
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When the first unit with the 515 °C steam outlet 
temperature was started up, steam temperature 
was gradually increased to the target value, 
as shown in figure 10. this was mainly done 
since previous experiences on high steam outlet 
temperatures were not available.

After the first scheduled annual shutdown, the 
boiler was thoroughly inspected. since no marks 
of enhanced corrosion or other material degra-
dation was not found, steam temperature was 
raised permanently to the design value of 515 
°C. since then, the boiler has been running at 
full load and at designed steam parameters.

corrosion management
the main reason for excellent experiences from 
herbs with high steam outlet temperatures 
is the low K and Cl content in as-fired black 
liquor. proper control of both K and Cl is vitally 
important to avoid high-temperature corrosion 
of the hottest superheaters. since K is the main 
contributor to the fmt, the only way to avoid 
molten phase corrosion of superheaters is proper 
control of K level in as-fired black liquor. High-
temperature corrosion cannot be totally avoided 
although material temperatures are kept below 
the fmt, since active oxidation is responsible 
for chlorine-induced corrosion below the fmt. 
however, active oxidation can be limited by cor-
rect material selection (salmenoja 2000). 

at high steam outlet temperatures, special mate-
rials must be used in superheaters. the amount of 
high-alloyed materials is mainly dictated by the 
Cl content in black liquor and applied steam tem-
perature. in some cases the amount of expensive 
materials may become extremely large, without 
proper optimization of the superheater design. 
to be able to construct cost-effective herb 
solutions, a superheater material temperature 
calculation tool has been developed. it renders 
possible to optimize superheater design and 
the amount of corrosion resistant high-alloyed 
materials (figure 11). With this tool it is possible 
to minimize the amount of expensive materials 
in superheaters and to assure a long service time 
with a high availability. the herb has the same 
design constraints as the conventional recovery 
boilers and high steam parameters must not 
jeopardize pulp mill’s availability.

figure 12 shows a practical example of the effect 
of material grades on corrosion rate. it shows a 
superheater tube sample taken from a recovery 
boiler suffering from rapid degradation of the 
hottest tubes. the tube material below the butt 
weld is austenitic stainless steel and the mate-
rial above is low-alloyed steel. the reason for 
rapid material degradation of low-alloyed steel 
was confirmed to be active oxidation due to high 
Cl level in as-fired black liquor. As can be seen 
from the figure, active oxidation can be effec-
tively avoided by using highly alloyed materials, 
such as austenitic stainless steels.

the herb has the same design constraints as 
the conventional recovery boilers and high steam 
parameters must not jeopardize the pulp mill’s 
availability. to be able to design a high-energy 
recovery boiler with a high availability, there are 
two major things that must be known; 1) mate-
rial temperatures in superheaters and 2) K and 
Cl levels in as-fired black liquor. By knowing 
these two factors, superheater materials can be 
optimized and their lifetime reliably predicted.  
the main factor limiting the increase of power 
production from recovery boilers is corrosion. 
therefore, increasing steam outlet temperature 
and pressure requires a sound knowledge of 
recovery boiler fluegas chemistry, fly ash be-
havior, and the control of heat transfer surface 
temperatures. 

Future development challenges
increased interest in pulp mills to increase the 
energy efficiency sets increasing requirements 
for the boiler suppliers to search for new ways to 

maximize power production from the recovery 
boiler. this has led us to the basic questions, i.e. 
what are the practical constraints to maximize 
the power output. however, every measure that 
increases power output has also a price tag and 
they all increase the investment costs. therefore, 
a feasibility study should always be made to 
optimize the configuration to maximize power 
output.

the sKyreC project aimed at with possible new 
measures to further increase the power output 
from kraft recovery boilers (finnish recovery 
boiler Committee 2013). one objective was to 
evaluate constraints to aim at even higher steam 
parameters than the existing 515 °C and 110 bar. 
the target was set on steam temperature of 540 
°C and steam pressure of 160 bar. 

Several field probe tests were carried out to 
study the suitability of commonly used materi-
als and new potential materials for superheaters 
and furnace walls (figure 13). according to 
the studies, it seems possible to find feasible 
materials also for recovery boiler environments 
at increased temperature and pressure (finnish 
recovery boiler Committee 2013).

increasing the steam outlet temperature also 
increases applied steam pressure. this in turn 
means rising furnace wall material temperatures 
and presently used wall materials may not be 
used in the future. in the sKyreC project ex-
isting and potential new furnace wall materials 
were field tested with a special test rig. Figures 
14 and 15 show the main results of these tests.

Figure 10. Steam outlet temperature during the 
first operating years in the HERB with steam 
parameters of 515 °C and 106 bar (Salmenoja 
and Heinola 2013). 

Figure 11. Example of the outcome from the 
optimization tool to calculate superheater metal 
temperatures and to optimize the need for high-
alloyed steels. 

Figure 12. A practical example of the effect of 
material grade on superheater corrosion.  

Table 2. Capacities and steam properties of 
HERBs in operation and under construction.

herb start-up 
year

Capacity
(td s/d)

steam 
temperature

(°C)

steam 
pressure

(bar)

note

1 2004 4450 505 102 -

2 2006 4850 510 103 -

3 2006 3300 515 106 fg coolers

4 2007 1000 505 110 fg coolers

5 2009 2200 485 88 fg coolers

6 2011 1590 493 103 -

7 2012 2500 495 105 fg coolers

8 2012 2400 515 110 fg coolers

9 2012 5710 495 97 fg coolers

10 2014 1750 495 96 fg coolers

11 2015 2300 515 110 fg coolers

12 2016 11600 515 110 fg coolers

Figure 13. Measured corrosion rates of sev-
eral superheater material candidates (Finnish 
Recovery Boiler Committee, 2013).

Low-alloyed 
steel

austenitic 
stainless 

steel
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further increase in the steam outlet temperature 
requires larger amounts of more expensive 
superheater materials. in addition, largely used 
lower furnace material 3r12 (304l) may not be 
any more feasible at higher operating pressures. 
therefore, new materials need to be searched 
and tested. the question still remains: could the 
steam outlet temperature of 540 °C be possible 
in the future?

increasing power output brings more power 
boiler features also to kraft recovery boilers. 
One practical example is cooling of fluegases 
after the precipitator. this increases the en-
ergy efficiency and power output significantly. 
Today, fluegas temperatures after the coolers are 
around 140 °C. but how low can we go with the 
fluegas temperature without losing the boiler 
availability? 

recovery boiler capacities have been increasing 
extremely rapidly during the last few years and 
it seems that this is the trend also in future.  this 
is due to increased pulp mill capacities. new 
mills are in the 1.5 million ADt/a capacity range, 
which means that the recovery boiler capacity 
is around 7000-8000 tds/d. The world’s largest 
kraft recovery boiler is now under construction 
(Figure 16). Its capacity is 11600 tds/d and it 
will be started up in 2016. it will also be the 
most energy efficient kraft recovery boiler ever 
built, with steam parameters of 515 °C and 110 
bar. it has all the features to maximize the power 
output.

emission limits will be tightened in the future. 
new european legislation sets new and more 
stringent emissions limits for the recovery boil-
ers.  other countries are following the european 
route towards lower emissions from kraft 
recovery boilers. this trend is not a problem 
with other emissions, except with nitrogen oxide 
(nox). 

aiming at high power output with low nox emis-
sions is somewhat contradictory. maximizing 
power output requires high furnace tempera-
tures, but minimizing nox emissions requires 
as low temperatures as possible. therefore, the 
outcome is always a compromise in this respect. 

summary
there are several ways to increase the power 
production from a kraft recovery boiler. totally, 
slightly over 20 mW more power can be pro-
duced by different measures. With the herb 
concept, mills can easily double their power 
production compared to an old recovery boiler. 

proper superheater design and optimal heat 
transfer rate are the key to predicted performance 
and high steam production. increasing steam 
outlet temperature and pressure requires a sound 
knowledge of recovery boiler fluegas chemistry, 
fly ash behavior, and the control of heat transfer 
surface temperatures. operational experiences 
have confirmed that the HERB concept is pos-
sible to realize without endangering the mills 
availability.

new ways to produce more electricity have been 
introduced during the years. however, all the 
easy ways to enhance power production have 
been adopted and to be able to further increase 
the power-to-heat-ratio of recovery boilers may 
include high-risk measures. 

high-temperature corrosion is mainly limit-
ing the increase of steam outlet temperatures. 
therefore, efforts have been put to overcome 
material issues in kraft recovery boilers. the 
finnish recovery boiler Committee has also 
been active in promoting material studies and 
material research in different areas. the coopera-
tion between boiler suppliers, mill operators, as 
well as with research institutes and universities, 
has led to practical solutions that have already 
been exploited in practical applications.
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energy efficient kraft recovery boiler in the 
world.

Figure 14. Estimated maximum corrosion rates 
for 3R12, HR11N, Sanicro 38, Super 625, and 
Sanicro 67 materials according to the SKYREC 
field probe test (Finnish Recovery Boiler 
Committee 2013).

Figure 15. Estimated maximum corrosion rates 
for 3RE28, 3XRE28, HR11N, and Sanicro 38 
materials according to the SKYREC field probe 
test (Finnish Recovery Boiler Committee 2013).



120 121

cFD moDeLing oF kRaFt RecoveRy BoiLeRs - 
a RetRospective

andreW Jones
international paper
united states

Progress in the field of kraft recovery boiler 
modeling is assessed by retrospectively look-
ing at the proceedings of the 1991 timberline 
Colloquium on recovery boiler modeling 
(1991). the focus being on: the players involved 
then and now; the extent to which gaps have 
been closed since this colloquium and progress 
(or lack thereof) that has occurred since the time 
of this meeting.
 
The 1991 Timberline Conference was the first 
large gathering of those interested in developing 
kraft recovery boiler Cfd capability, using Cfd 
models and validating the results. it was a com-
ing of age of this technology that had its infancy 
in the late 1980s.

organized by Weyerhaeuser and b&W, two 
early leaders in this development activity, the 
conference had 51 attendees. i will delve a bit 
more into the attendees and their affiliations 
later in the paper.

before diving into this topic we need to ask: 
What is the intent of this retrospective? i believe 
a proper study of history can provide valuable 
insight. the following are a few quotes that i bor-
rowed from the american historic association 
(1985). 

. . .the changing perspectives of historical un-
derstanding are the very best introduction we 
can have to the practical problems of real life.

Clearly we need careful reflection about, and 
search for, enduring patterns and critical turning 
points in the past, for these are the historical 
facts that everyone needs to know ...

... ignorance of history--that is, absent or defec-
tive collective memory--does deprive us of the 
best available guide for public action...

this gives me my cue on how to go about this 
presentation: how has our understanding of 
Cfd for kraft recovery boilers changed in the 
intervening time, what does this tell us about 
the problem of modeling, verifying and using 
Cfd models; can patterns be extracted from the 
application of this technology that we can learn 
from and guide us moving forward; and how can 
this presentation be best used to retaining this 
knowledge so we can be guided going forward, 
so that this valuable tool can continue to become 
more useful.

i would be remiss in not mentioning the location, 
just outside of portland, oregon; the timberline 
lodge is located above the tree line on mt. 
hood, a dormant volcano in the cascades range. 
the lodge was completed in 1938 by the Works 
progress association (Wpa). many of you may 
have unwittingly seen footage of the lodge in the 
movie “The Shining” (red rum, red rum…). One 
of the snowiest places on earth it averages 14 
meters per year. i encourage anyone visiting the 
portland area to make the trek up to the lodge 
and stay at least one night. an old photo taken in 
1943 is shown in figure 1. 

introduction



122 123

so let’s look back 23 years, before some of the 
audience was born and when most of us had far 
less gray hair.

Attendees and affiliations
as mentioned previously Weyerhaeuser and 
b&W were the organizers of the Colloquium. 
the introduction to the colloquium was given 
by denny hunter and Joe barsin. denny has 
recently retired from Weyerhaeuser. most 
recently he was Cto at Catchlight energy, the 
Weyerhaeuser-Chevron Joint-venture for biofu-
els development. Joe barsin, a long-time b&W 
employee retired a number of years ago but still 
remains active as a consultant.

the two keynote presentations are very in-
formative and were given by two very well 
known researchers: dr. rolf Collin of the royal 
institute of technology (Kth) and dr. martha 
salcudean at the university of british Columbia. 
both of these institutions have continued ac-
tive research into Cfd development but with 
distinctly different directions. ubC developed 
their own code, using multigrid segmentation 
and advanced solvers, eventually spinning off 
a company, process simulations limited that 
continues to provide modeling service on kraft 
recovery boilers and a variety of other pulp and 
paper process equipment. Kth based on subse-
quently published research has made extensive 
use of fluent a commercial code as a basis for 
the development of useful sub-models. these 
two different pathways will be touched on again 
later in the talk. 

the other theme that is also worth considering is 
that of physical flow modeling as a basis for the 
validation of Cfd and also as a valuable trouble-
shooting tool in its own right. rolf described a 
technique where acid-alkali reactions are used to 
simulate mixing as a way to predict nox  emis-
sions on a utility boiler. this theme will also be 
touched on further.

the other early pioneers on the attendee list in-
cluded: dr. tom grace, who led the development 
of the first comprehensive CFD model at the 
institute of paper Chemistry in the 1985-1989 
time frame; two of his team members were in 
attendance, myself then representing abb, 
and allan Walsh, representing the J.h. Jansen 
Company. Allan continues to work in the field 
to this date; Woody fiveland was also present, 
he was working for b&W, another company 
that has successfully developed and maintained 
their own Cfd models to this date. rick Wessel 
has long since taken over Woody’s efforts at 
b&W; tampere university represented by reijo 
Karvinenen and tampella represented by pekka 
siiskonen were already active in sub-model 
development using fluent. 

there were no representatives of fluent at the 
meeting, but there were a number of end users 
of the commercial code, gotaverken, ahlstom, 
tampella, Jansen, abb and perhaps some oth-
ers. i will touch on fluent’s role in kraft Cfd 
development a bit more later on.

i’ve attempted to describe the attendees based on 
four different categories at the time of the meeting:  
Cfd model user, Cfd model developer, 
validators – interested in proving value of Cfd 
modeling, and other interested parties. 
Cfd model developers – ipst, abb, Jansen, 
b&W, Kth, ubC, tampere university of 
technology, byu (for utility boilers mostly).
Cfd model users – gotaverken, ahlstom, oy 
polyrec, Chemrec, tampella (all using fluent)
validators – paprican, Quest integrated, 
sandwell, Weyerhaeuser (also a user of the ubC 
code), advanced fuel research.
interested parties - longview fiber, university 
of toronto, u.s. doe, international paper, Åbo 
akademi university, James river, Kimberly 
Clark, swedish pulp and paper research 
institute. none of these attendees presented at 

this meeting. Within this group are two aca-
demic organizations (the university of toronto 
and Åbo akademi university) that have become 
critical contributors to model development, 
taking over from ipst. i believe some of the 
catalyst for taking on these roles was provided 
by this colloquium. 

the topics
there were 5 topic areas: Combustion 
fundamentals, physical modeling of recovery 
boilers, the role of models in boiler design, 
Computer modeling of recovery boilers and 
model validation.

i will not address all of the individual presen-
tations, but rather just touch on some of the 
highlights.

the combustion fundamentals work highlighted 
research on the burning properties of black 
liquor a topic that has been a key research topic 
to this day. many phds have been received in 
an effort to fully examining this topic. a full 
understanding of these fundamentals is essential 
if accurate predictive Cfd models are to be 
developed. a vital partnership exists between 
these developers of fundamental models suit-
able for Cfd application and those using Cfd 
to predict recovery boiler operation. the need 
for this partnership was recognized very early 

on in the development of kraft recovery boiler 
Cfd models.

this session ended with a panel discussion on 
char bed combustion. What was most interesting 
in this session was the discussion for a need for 
a dynamic char bed model that could predict the 
influence of operating parameters on char bed 
shape. it took another 17 (!) years to develop this 
type of model as described in a recent paper by 
engblom et al. (2008).

the next session on the physical modeling of 
recovery boilers is a research area that most 
young engineers are probably not very familiar 
with. before the rise of Cfd, physical models 
were the only tool for predicting gas flows and 
mixing in combustion equipment. early in the 
development of recovery boiler Cfd models, 
validation of Cfd results versus physical mod-
eling results was an active research area. it was 
this work that allowed us to gain confidence in 
the Cfd results, and in some case grave doubts. 
there are still some cases, such as very complex 
geometries, where only recently has Cfd mod-
eling advanced sufficiently to replace the utility 
of physical models.

in a subsequent panel discussion on the role of 
Cfd on recovery boiler design the remarkable 
fact that b&W has been doing computational 
flow modeling since 1971 was mentioned. Some 
early kraft recovery boiler modeling results 
are shown in figure 2. abb, ahlstrom (some 
early results shown in figure 3), tampella and 

Figure 2 - Ahlström Recovery Boiler “Slice” 
Model.

Figure 3 - Early B&W Recovery Boiler CFD 
results.

Figure 1 - Old image of Timberline Lodge Circ 1943 
- USFS photo #424587 by George Henderson.
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gotaverken also presented examples of Cfd be-
ing used for recovery boiler design, some of the 
earliest references to the work of recovery boiler 
vendors in this field. These modeling efforts 
have continued to this day the players have new 
names though, metso (valmet now!), andritz 
and alstom. it has been a very interesting history 
of recovery boiler manufacturers, but that is a 
topic for another day.

the next session on computer modeling of 
recovery boilers had a paper from bob horton 
of ipst, bob led the modeling effort at ipst in 
the early 1990’s. Work was completed on a doe 
project focused on improving droplet modeling 
and char bed modeling in kraft recovery boilers 
and integrating this work into the fluent code.  
martha salcudean also presented a paper in 
this session that described the innovative work 
that was going on at the university of british 
Columbia at this time. they were using a code 
called teach, that used high order differencing 
schemes and multi-grid techniques, improve-
ments that would be adopted by commercial 
codes. Woody fiveland of b&W then presented 
cold flow modeling results using FORCE a very 
early version of the (Como-pr™) code that 
they have extensively developed since this time 
for kraft recovery boiler modeling applications.
the last session on validation presented a few 
ideas on how to take in-situ measurements in 
a recovery boiler. it is unclear if either of the 
techniques: acoustic doppler, or ft-ir have 
ever been successfully applied to recovery boiler 
in-situ measurement.

observations
in reviewing the timberline Colloquium a few 
general observations can be made:
1. fluent played a key role in kraft recovery 

boiler Cfd development, initially by pro-
viding access to source code (ipC develop-
ment), and then later on by the use of user 
defined subroutines that provided a window 
into their code. While obviously a commer-
cial company interested in selling modeling 
code it seems to me they went above and 
beyond this role in the level of support they 
provided to code developers;

2. the concept of using academic organization 
to develop sub-models for use in the com-

mercial code of vendors had its genesis at 
about this time. ipC and tampere university 
of technology had already begun these 
efforts and in the next few years activities 
at both Åbo akademi university and the 
university of toronto began. the doe rep-
resented by stan sobszynski at this meeting 
went on to play a key role in funding the 
early code development activities in this 
field at both of these institutions. Contact at 
this meeting certainly played a role in these 
efforts;

3. a number of topics were not even discussed 
in this meeting including simulation of soot-
blower jets, modeling of fume deposition. 
modeling of fume formation and modeling 
char bed growth were on the wish list but no 
efforts had been started at this time;

4. We have made significant progress since 
meeting in a number of areas: validation, 
using Cfd as a design tool, using Cfd as 
a troubleshooting tool, modeling gaseous 
emission levels – nox, Co, o2, and carry-
over predictions;

5. there is a surprising continuity of play-
ers in this field. Many of the names from 
this conference are still active in the field. 
a number of new players have entered 
including the university of toronto, aalto 
university, Åbo akademi university, 
tampere university of technology, and 
umea university. 

conclusions
1. two valid paths of code development have 

been proven: build your own code (e.g. 
psl, b&W and using a commercial code 
(e.g. andritz, valmet, Jansen). the second 
method has the advantage of being better 
able to support the inclusion of user defined 
sub-routines as the work product from oth-
ers and in being able to rely on the software 
vendors to implement improvements to 
the general code. The “build your own” 
approach allows for possible competitive 
advantages in the quality of results and 
the control of the overall code. history has 
thus told us that there is a place for both of 
these approaches. thus any user subroutine 
should be available as both user defined 
subroutines and as descriptive algorithms 

that can be then adapted by the do-it-
yourself developers; 

2. academic organization have played a key 
role in sub-model development (usually 
freely available), the commercial code us-
ers can more easily benefit from these 
“open-sourced” models. This synergist 
relationship has many benefits and must be 
supported going forward;

3. academic organizations need sources of 
funding in order to play this role. in the 
u.s. the doe played this role, in finland 
the support of  tekes has been vital.

4. What we did not even see in 1991 are now 
active areas of code development, not really 
a surprise but reassuring. additional novel 
modeling applications must be pursued. 
one such idea is the ability to model growth 
and removal of deposits by sootblowers;

5. validation is still elusive, some progress has 
been made but more work needs to be done. 
getting validation data from an operating 
recovery boiler is a challenge and we need 
to continue to pursue means to do this.

On final point is that I have a copy of the pro-
ceedings from the 1991 timberline Colloquium, 
i would be happy to make additional copies for 
anyone interested. please contact me via e-mail 
if you would like a copy.
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Black liquor gasification was proposed as early 
as in the 1960s as an alternative to the conven-
tional tomlinson recovery boiler for recovery 
of energy and chemicals from black liquor. the 
black liquor gasification based recovery process 
has the following potential comparative advan-
tages (Whitty 2009):

•  elimination of the smelt-water explosion risk 
in a recovery boiler

•  elimination of malodorous compounds
•  Improved power efficiency by using inte-

grated gasification and combined cycle power 
generation

•  increased pulp production and increased pulp 
quality by utilization of split sulfidity pulping 
that is made possible by the natural separa-
tion of sulfur and sodium in a black liquor 
gasifier

•  improved control of the sodium-sulfur 
balance

•  Possibility for efficient production of second 
generation motor fuels and high added value 
chemicals from sustainable forest biomass

• the historical development of black liquor 
gasification has been described by Whitty 
(2009) and the interested reader is referred 
to that paper and to the paper by Whitty and 
verrill (2004) for more details. the conclusion 
in 2009 was that the future of black liquor 
gasification looked promising and that the high 
temperature, air/oxygen-blown entrained-flow 
gasification had emerged as the technology of 
choice. 

In this chapter the research on entrained flow 
gasification of black liquor during the last ten 
years will be summarized. most of the research 
has been carried out within the framework of 
two swedish research programs called blg-1 
(2004-2006) and blg-2 (2007-2010) and within 
the eu 7th framework project biodme. the gas-
ifier design around which this research has been 
performed is the so-called Chemrec technology, 
which is an evolution of the original invention 
by Kignell (1989). the current Chemrec process 
is a slagging, oxygen-blown entrained flow gasi-
fier with a direct quench.

the review is divided into sections about pilot 
scale experiments, durability of containment 
materials and mill integration.

the Dp-1 pilot plant
the construction of the dp-1 pilot plant in piteå, 
Sweden (Figure 1) started in 2004 and the first 
hot experiments were made in september 2005. 
The gasifier is an oxygen-blown entrained flow 
gasifier that operates at an internal pressure up 
to about 30 bar. The nominal black liquor flow 
rate is 20 tons dry solids per 24 hours and this 
corresponds to a thermal power of about 3 mW 
with the standard black liquor (app. 73% wt dry 
solids) from the neighbor pulp mill. the typical 
process temperature (as measured by the process 
thermocouples) needed for full carbon conver-
sion is about 1050 °C and the corresponding 
oxygen equivalence ratio is in the range 0.3-0.4. 
the operating temperature is well above the 
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melting point for the spent pulping chemicals 
and the resulting viscosity is very low so that 
any material that ends up on the hot reactor wall 
will form a liquid film that will flow out of the 
reactor lower exit. residues that are suspended 
in the gas are also molten at this temperature.

the reactor pressure vessel is lined with refrac-
tory material consisting of two layers, a hot face 
with fuse-cast material with high resistance to 
chemical attack and one back-up layer with 
higher thermal insulation. the gas and molten 
salts that flow out of the hot reactor are quench-
cooled with several spray nozzles that can be 
fed with water and condensate from the gas 
cooler. all or part of the spray will be evaporated 
until the gas becomes saturated with steam. the 
resulting gas temperature and steam partial pres-
sure depends on the contact between the sprays 
and ratios of the flow rates for syngas and water. 
the lower part of the quench vessel forms a pool 
that collects the un-evaporated liquids from the 
spray nozzle and the molten salts from the hot 
reactor. the liquid mixture in the pool is called 
green liquor and has an elemental composition 
and color that are similar to those in green liquor 
from a recovery boiler.

after quench cooling and coarse removal of 
smelt droplets the syngas is fed to a syngas 
cooler operating in counter current mode. the 
syngas, which at this point is saturated with 
steam, will gradually be cooled in the syngas 
cooler. during this process the moisture will 
collect on particles in the syngas and on the heat 
exchanger surfaces. in the pilot plant the gas 
cooler is a tube-and-shell heat exchanger with 
two tube packages separated by a plenum cham-
ber approximately at mid-height. in a full-scale 
plant the syngas cooler would instead be a heat 
recovery steam generator (hrsg) that would 
recover a significant fraction of both latent and 
sensible heat from the syngas and thereby im-
prove the overall efficiency of the plant.

Chemrec ab, who holds several patents for the 
process, made the design of the DP-1 gasifier. 
the black liquor to the pilot plant comes from 
the neighboring pulp mill in piteå, owned by 
Smurfit Kappa Kraftliner, through a pipeline that 
is connected to the mill’s black liquor evapora-
tion plant. The green liquor from the gasifier 
is pumped back to the mill through a parallel 
pipeline. the pulp mill also provides medium 
pressure steam for preheating of black liquor 
and other purposes.
 

The pilot plant has several hundred sensors/actu-
ators and an industry grade computerised control 
system that records all parameters, including the 
syngas composition measured with an on-line 
gC. the pilot plant design is identical to a full-
scale industrial gasifier with the exception that 
there is a lack of redundant systems that would 
make it possible to do routine maintenance with-
out shutdown of the plant. the limiting factor 
at present is the green liquor return system that 
has to be cleaned from fouling with inorganic 
deposits with three-week intervals. two opera-
tors can run the plant safely.

During the break-in period during the first year 
of operation a number of issues typical for 
start-up of a new process had to be resolved, 
e.g. replacement of pumps and flow meters that 
did not perform according to the requirements. 
other than these rather trivial problems the 
major effort was spent on optimisation of the 
burner nozzle to obtain a stable flame and good 
carbon conversion. at present, in april 2014, the 
plant has an accumulated run time in excess of 
25000 hours and it is routinely operated 24/7 in 
three-week periods (landälv et al. 2014). 

pilot scale experiments
the main goal with the pilot plant experiments 
in the dp-1 plant was to run the plant in the 
same way as an industrial gasifier to prove that 
the technology was reliable and mature enough 
to be implemented in a full-scale commercial 
plant. since the plant, due to budgetary reasons, 
was built without redundant systems the pos-
sibility for continuous operation was somewhat 
limited. the goal for operation was therefore 
set to achieve at least three weeks of continu-
ous operation without interruptions. this was 
achieved for the first time in the fall of 2007. 
another goal was to gradually increase the load 
and to operate the plant at its design capacity 
and pressure and this was achieved the same 
year. after these achievements the goal was to 
maximize the operational time during the rest of 
the program to make it possible to expose any 
unexpected long term problems due to build up 
of trace elements and to quantify the material 
degradation/need for maintenance. In June 2013 
the accumulated operation time had surpassed 
20000 hours (figure 2). in addition to the indus-
trially motivated activities mentioned above, the 
plant was also used for scientific research that is 
described in the following.

closure of the material and energy 
balance for the Dp-1
a key measure of the goodness of pilot scale 
experiments is how well the mass and energy 
balances can be closed, based on direct measure-
ments of the relevant parameters. in the present 
case, in order to analyze the data, the following 
assumptions had to be made:

•  the amount of dilution water entering the sys-
tem is unknown. The flow rate was therefore 
adjusted to close the water balance around 
the system. the resulting value was typically 
around 700 kg/h, which can be compared to 
the black liquor flow rate that was around 900 
kg/h in the experimental campaign for which 
the balances were made.

•  the water formed by the reactions in the reac-
tor was also unknown as a consequence of 
the bullet point above. the formed water was 
assumed, based on a theoretical estimate, to be 
100 kg/h.

Figure 1. Schematic of the DP-1 pilot scale black liquor gasifier (Courtesy of Chemrec AB).

Figure 2. Operating hours of the DP-1 BL gasi-
fier September 2005 to June 2013 (Landälv et 
al. 2014).
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All other flow rates were taken from direct 
measurements. the system boundary for the 
system is defined in Figure 3.

 
a detailed mass and energy balance was done for 
the system defined in Figure 3 in an experimental 
campaign in march 2009 (granberg et al. 2009). 
four independent measurements were done, 
each separated by around 24 hours from the 
previous one. mass balances were checked for 
the total flows and for each major element. The 
mass balance closures were in most cases within 
10% difference between inflow and outflow. 
however, for nitrogen the error was 20-28%. 
the most likely explanation of this discrepancy 
is that nitrogen was bubbled through the green 
liquor to enhance mixing and that some of the 
nitrogen was absorbed by the green liquor and 
was therefore unaccounted for. this explanation 
is further strengthened by direct measurements 
of the dry gas from the green liquor flash tank 
that showed that it consisted mainly of nitrogen 
and hydrogen.

one important result from the mass balances is 
the sulfur-sodium split that results in the transfer 
of a significant fraction of the sulfur from the 
black liquor to the syngas while the majority of 
the sodium ends up in the green liquor. this is an 
important difference compared to the recovery 
boiler where most of the sulfur in the black 
liquor ends up in the green liquor. in the present 
case, according to the mass balances, 36-43% of 
the sulfur in the black liquor was found as h2s in 
the syngas. this can be compared to the value of 
about 60% at a gasification temperature of 1050 
°C obtained from an equilibrium analysis using 

optimized thermodynamic data for black liquor 
(backman 2010). hence, it can be concluded 
that the gasification process is a non-equilibrium 
process for the inorganics.

syngas composition
The syngas composition from the DP-1 gasifier, 
after the gas cooler, was continuously measured 
with an on-line process gC. the data was auto-
matically stored in the process-monitoring data-
base for off-line analysis. in order to investigate 
the influence from quenching and gas cooling on 
the syngas a set of experiments were performed 
in which the syngas was instead sampled from 
the hot reactor. the sampling was done with a 
specially designed water-cooled probe that could 
be mounted in different positions (Wiinikka et 
al. 2010). the cooling rate for the syngas that is 
sampled with this probe is of the order 10000 K/s 
and the gas composition at the sampling point is 
therefore efficiently “frozen”. The samples were 
stored in a sampling pressure vessel that could 
be disconnected for offline analysis with a cali-
brated gC. using this probe a set of experiments 
with variations of process parameters were done 
(Carlsson et al. 2010). a typical gas composition 
from these experiments can be seen in table 
1. notice, that the measured change in most of 
the components before and after the quench are 
within the experimental uncertainty but that the 
COS concentration is significantly reduced after 
the quench.

 

compound inside 
reactor (%)

cooled 
syngas (%)

Co2 33.9±0.3 33.6±0.2
h2s 1.65±0.04 1.71±0.02
Ch4 1.36±0.07 1.44±0.07
Co 28.7±0.2 28.5±0.2
h2 34.3±0.2 34.8±0.1
Cos 468±22 ppm 122±5 ppm
h2/CO 1.19±0.01 1.22±0.01
h2/CO2 1.01±0.01 1.04±0.01
CO/CO2 0.85±0.01 0.85±0.01

the parameter study was done by changing the 
system pressure, oxygen to black liquor equiva-
lence ratio λ, black liquor flow rate to pressure 
ratio and black liquor pre-heat temperature. 
it was found that all of these parameters had a 
significant effect on the product gas composi-
tion and other important process characteristics 
(Carlsson et al. 2010). the main conclusions 
from the study are:

•  the bulk composition of the product gas is 
mainly determined by the water gas Co-shift 
reaction and thus, by the operating tempera-
ture which to a large extent is controlled by 
λ.

•  increased system pressure promotes h2s in 
the gas.

•  Increased λ suppresses the amount of CH4 in 
the gas.

•  the amount of analyzed carbon containing 
gases increase with decreased black liquor 
flow rate to pressure ratio.

•  at constant pressure, the heating value of the 
gas increase with increased black liquor flow 
rate to pressure ratio.

•  increased black liquor pre-heat temperature 
suppresses Ch4 and h2s content in the gas.

The characteristics of the gasifier were further 
investigated in another experimental campaign 
in which the influence from the cooling rate on 
the product gas composition was investigated. 
the cooling rate was varied by changing the 
flow rate of water to the quench (Wiinikka et 
al. 2012). it was found that the hot reactor gas 
composition prior to the quench could either 
be preserved (high cooling rate) yielding the 
same final gas composition after the quench as 
in the hot reactor or shifted (low cooling rate) 
towards a higher concentration of h2 and Co2. 
the conclusions from this study are in line with 
the previous results but with added insight into 
the influence from the quench:

•  the system pressure, o2/BL flow ratio, and the 
primary spray flow affect the final gas com-
position of Co2, Co, and h2 after the quench. 
the system pressure and o2/BL flow ratio also 
affect the concentrations of Co2, Co and h2 
inside the hot reactor. 

•  The primary spray flow rate/load (mass flow 
of black liquor and oxygen) ratio has a critical 

value of about 0.6 below which concentrations 
of Co2, Co, and h2, are significantly changed 
in the quench. 

•  For high primary spray flow rate/load ratios, 
the temperature is reduced adequately fast 
to prevent any significant influence from the 
water–gas shift reaction and therefore the gas 
concentration after the quench is nearly the 
same as in the hot reactor. 

•  For low primary spray flow rate/load ratios, 
the chemistry in the quench is highly influ-
enced by the water–gas shift reaction and the 
gas composition after the quench is shifted to 
more h2 and Co2 and a smaller amount of Co 
than in the hot reactor. 

•  For high primary flow rates, CO2 absorption 
can become significant.

A common problem area in biomass gasification 
is tar in the product gas. the relatively problem 
free operation of the DP-1 gasifier (very little 
fouling on cold surfaces) shows that the tar con-
tent is low but in order to quantify the amount of 
tars Johansson et al. (2013) have made a direct 
measurement. the measurements were done 
both according to the Cen tar measurement 
standard and with a solid phase adsorption 
(spa) method. the tar content was found to 
be about three orders of magnitude lower than 
from low temperature fluidized bed gasification 
of forest biomass, 4-9 mg/Nm3 with the Cen 
standard method and slightly higher with the 
spa method. approximately 50% of the total tar 
content was found to be naphthalene.

other trace components were also investigated 
by Öhrman et al. (2012). the particle concen-
tration in cooled syngas was measured with a 
particle impactor and the particle concentration 
was found to be very low (figure 4). as a refer-
ence, good wood combustion yields a flue gas 
that has particle loading that is about two orders 
of magnitude larger (in the vicinity of 10 mg/
nm3).
 
eleven different elements and compounds were 
also analyzed using impinger bottles through 
which the syngas bubbled. out of the 11 ele-
ments and compounds that were analyzed only 
two, Cl at 3 ppm and nh4-n at 100 ppb, were 
found in concentrations above the detection lim-
it. Chlorine is a potentially problematic element 

Figure 3. System boundary for the DP-1
material balance.

Table 1: Syngas composition from 10 independ-
ent measurements in the DP-1 gasifier (pressure 
27 bar, temperature 1050 °C, λ = 0.3). The num-
bers after the +/- symbol indicates the standard 
deviation of the data.

Gasifier

Quench

MX Cooler

Conden-
ser

Cond.
Flash

Weak wash Green liquor MB water Condensate

Flash gas

Raw syngas

Black liquor Oxygen

Nitrogen

Nitrogen

Bypass
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for catalyst beds since it may cause sintering of 
packed beds of catalysts and the gas cleaning 
system must therefore be designed to reduce Cl 
to sub ppm level.

Recovery of spent pulping chemicals
richards and theliander (2010) made an experi-
mental study in which the white liquor production 
from conventional green liquor was compared 
to the case with green liquor from the dp-1 
gasifier. The black liquor was the same for both 
cases and the green liquor samples came from 
the DP-1 gasifier and from the recovery boiler 
of the host pulp mill (Smurfit Kappa Kraftliner 
in piteå). laboratory experiments were made in 
which the two green liquor samples were first 
filtrated to remove green liquor sludge and then 
cooled. the cooled clean samples were then 
used for causticization experiments in a small 
stirred reactor using the same reburned lime 
mud from the host pulp mill for both samples. 
Finally, the causticized samples were filtered 
before abC-titration was used to determine 

the concentration of sodium hydroxide, sodium 
sulfide and sodium carbonate. The conclusions 
from the study are that the separation properties 
for the green liquor and the total concentration 
of the produced white liquor are almost identical 
between the two cases. moreover, it was found 
that the causticizing efficiency was almost the 
same for gasifier produced green liquor and 
the conventional green liquor in spite of the 
significant differences in green liquor composi-
tion between the two cases and the fact that more 
reburned lime mud must be used to causticize 
the green liquor from the DP-1 gasifier.

One significant difference between a conven-
tional recovery boiler that operates at atmos-
pheric pressure and a pressurized gasifier that 
operates at a pressure around 30 bar is that the 
green liquor temperature will be up to about 100 
K higher in the gasifier case before it is depres-
surized and cooled to below the boiling point. 
In addition, a significant fraction of the sulfur 
in the black liquor will in the gasifier case be 
transformed to gas phase as h2s and possibly 

other sulfur compounds. in all, this means that 
there is a possibility that the formation of depos-
its on solid surfaces in the green liquor system 
will be different in the two cases. bialik et al. 
(2010) have therefore done both theoretical and 
experimental work to assess the scaling risk. the 
theoretical work is based on a solubility model 
for sodium carbonate, calcium carbonate and 
pirssonite (ulmgren et al. 1999) that was used 
to evaluate the scaling risk in green liquor from 
the gasification process. The model was first 
verified against samples from the DP-1 gasifier 
that were obtained under different process con-
ditions. in this study, it was found that the green 
liquor composition was relatively insensitive to 
process variations when the process parameters 
were varied within their normal limits. the 
overall conclusion in the study by bialik et al. 
(2010) is that the risk for pirssonite precipitation 
in gasification green liquor is relatively low.

after the study of bialik et al. was done the 
DP-1 gasifier has been operated for a total of 
more than 20000 hours using optimized settings 
of the gasifier process variables (Landälv et al. 
2014). The green liquor from the gasifier is con-
tinuously flashed and pumped back to the host 
pulp mill for mixing with the green liquor from 
the recovery boiler. the operational experience 
from this extended operating period is that there 
will be a slow formation of scaling on the com-
ponents that are in contact with the green liquor 
but the deposits are easily removed by a standard 
acid wash approximately every three weeks.

As mentioned above, black liquor gasification 
leads to an increased demand for reburning of 
lime mud compared to chemicals recovery with 
a tomlinson boiler. several investigations have 
therefore focused on the possibility to reduce 
or completely remove the need for causticiz-
ing by adding a causticizing agent to the black 
liquor before it enters the gasifier. Nohlgren 
and Sinquefield (2007) presented results from 
experiments in a pressurized drop tube furnace 
in which black liquor with an additive of sodium 
borate (nabo2) was exposed to simulated gasi-
fier conditions. Theoretically, the sodium borate 
should react with sodium carbonate in the smelt 
and produce na3bo3 and Co2. the na3bo3 
would then react with water in the smelt dis-
solver and form sodium hydroxide and sodium 

borate. the sodium borate would then follow 
the liquor cycle until it enters the gasifier with 
the black liquor for a new gasification cycle. 
however, no auto-causticizing was detected and 
the conclusion is that the presence of Co2 in the 
gasifier inhibits the auto-causticizing reactions 
under gasification conditions. 

an alternative to borates for auto-causticizing is 
to use titanates instead. Sinquefield et al. (2010) 
have presented an experimental study similar 
to that by Nohlgren and Sinquefield (2007) and 
obtained slightly better results than for borate 
auto-causticizing. however, also in this case the 
inhibition of the reactions by Co2 makes it un-
feasible to use this method in a gasifier similar to 
the dp-1 where the operating pressure is around 
30 bar.

mill integration
recovery of energy and chemicals from the 
black liquor is a necessity for a modern pulp 
mill, both from an economic and an environ-
mental point of view. the industry standard is 
to use a so-called tomlinson recovery boiler 
(Tomlinson & Wilcox 1939) for efficient recov-
ery of energy and chemicals from spent pulping 
liquors. the main reason why this is so is that 
the recovery boiler can be tightly integrated with 
the rest of the pulp mill and provide the energy 
and the pulping chemicals that are needed for the 
pulping process thereby minimizing the need for 
additional fuel and make-up chemicals. 

larson  et al.  (2000) made a flow sheet analysis of 
several proposed black liquor gasifiers that were 
used for integrated gasification and combined 
cycle power production (igCC) and compared 
the economics to that for a conventional recovery 
boiler. The conclusion is that the financial cost is 
about the same as for the recovery boiler but that 
the power production can be doubled to tripled. 
hence, the power production cost will be about 
half that with tomlinson-based technology.

after the turn of the century much of the inter-
est shifted to the combination of black liquor 
gasification with syngas conversion into motor 
fuels and high added value chemicals. Consonni 
et al. (2009) made detailed mass-energy balance 
simulations and combined that with a financial 
analysis for seven pulp mill biorefinery process 

Figure 4. Particle mass size distribution in the product gas after the gas cooler.
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configurations, all of them based on an oxygen-
blown, high temperature black liquor gasifier. 
six of the alternatives also included a low tem-
perature fluidized bed biomass gasifier for IGCC 
power production that was fully integrated with 
the gasification and syngas cooling section of 
the black liquor gasifier. Three different biofuels 
were considered, dimethyl ether (dme), ft 
liquids and mixed alcohols. the ratio of useful 
energy outputs (steam, power, fuels) to total 
energy inputs (black liquor, wood residuals, fuel 
oil) were in the range 66-74% compared to about 
57% for a tomlinson boiler based system. the 
estimated specific capital investment cost was 
found to be US$60000-150000 / barrel diesel 
equivalent per day which is about the same as 
for a much larger coal-to-liquids plant.

pettersson & harvey (2012) made a similar 
study in which black liquor gasification based 
biorefinery alternatives were compared to recov-
ery boiler-based pulping biorefinery concepts 
both from an economic and climatic point of 
view. It was found that black liquor gasification 
with dme production had the best economic 
performance for all the energy market scenarios 
that were considered. it was also concluded that 
the black liquor gasifier should, from an eco-
nomic point of view, be supplemented by a solid 
biomass gasifier for additional syngas that can 
be used both for synthesis of additional dme 
and for power production.

Durability of containment materials
black liquor is a very corrosive liquid and, 
regardless of the recovery technology, the mate-
rial selection for components that are in contact 
with the medium must be done cautiously. for 
the recovery boiler, more than seven decades of 
development and industrial experience has led 
to material combinations that have an accept-
able lifetime and safety level. for black liquor 
gasification the experience is much shorter but 
the experience from the Weyerhaeuser new 
Bern booster gasifier has yielded a good starting 
point for evolutionary development. initially, 
the lifetime of the refractory lining of the reactor 
vessel in new bern was disappointing (Keiser 
et al. 2007). after systematic development of 
the material solution and extended tests it was 
concluded that the optimized materials will have 

a lifetime of about two years for a gasifier that is 
continuously operated.

conclusions
Pressurized, oxygen blown entrained flow 
gasification of black liquor has undergone a 
significant development since the turn of the 
century. the accumulated operating time of the 
oxygen blown DP-1 pilot gasifier exceeds 20000 
hours (in may 2014 it is over 24000 hours) and 
the process is reliable and predictable. the syn-
gas has very low tar content and is suitable both 
as a gas turbine fuel and as syngas for catalytic 
production of motor fuels and chemicals. 

the process can also be integrated with existing 
pulp mills in a very efficient fashion that has the 
potential to improve the pulp mill profitability 
and reduce its carbon footprint by production of 
fuels that will displace fossil fuels at the same 
time.
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