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Diplomityön tavoitteena oli selvittää, voiko eri tiiveydenvalvontamenetelmiä 

yhdistelemällä nostaa tiiveydenvalvontajärjestelmän luotettavuuden ja tarkkuuden 

sellaiselle tasolle, että prosessinhoitajien ei tarvitse oleskella kattilahuoneessa 

mahdollisen vuodon aikana vahvistaakseen vuodon. Työssä tarkastellaan pääasiassa 

massataseeseen, kemialliseen taseeseen, akustiseen emissioon ja käyttöparametreihin 

perustuvia tiiveydenvalvontamenetelmiä. Tiiveydenvalvontamenetelmien nykytilaa 

tutkittiin kirjallisuuslähteistä ja olemassa olevaa järjestelmää kehitettiin simulaatio- ja 

kenttäkokeiden perusteella. Myös erään kiihtyvyysanturin käyttökelpoisuus akustisen 

emission kuunteluun selvitettiin. Työn tuloksena koostettiin esimerkki kehittyneestä 

tiiveydenvalvontajärjestelmä, joka koostuu monitasoisesta hälytyslogiikasta, useista 

vuotosignaaleista ja laskennoista, joiden perusteella operaattorille välitetään 

ajankohtaista ja tarkkaa tietoa mahdollisten vuotojen sijainnista ja koosta. Tällä 

järjestelmällä useimmat suuret sekä pienet vuodot pystytään havaitsemaan, 

paikallistamaan ja vahvistamaan turvallisesti valvomosta käsin. 
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The master’s thesis was done to find out if by combining different methods, the accuracy 

and reliability of a leak detection system can be improved enough reduce the need for 

unnecessary operator presence in the boiler room during possibly hazardous conditions. 

The feasibility of using certain accelerometer sensors as acoustic monitoring equipment 

was empirically tested.  This thesis focuses mostly on analyzing water-steam differential 

(mass balance), boiler water phosphate content (chemical balance), acoustic emission and 

operation parameters as leak signals. By studying the current state of leak detection 

technology and performing field tests and simulations, a proposal for an advanced leak 

detection system was formed. This system would consist of a multi-layer alarm logic, 

multiple leak signals and calculations all working to provide the operator with relevant 

and accurate leak alarms with location and size. With the proposed system structure, most 

small and large leaks can be detected, located and confirmed from the safety of the control 

room.



 

   

 

AKNOWLEDGEMENTS 

This master’s thesis was made possible by the groundwork done by Timo Karjunen of 

Varo Industrial Services Ltd in the field of recovery boiler leak detection. I’d like to thank 

Timo for giving me this opportunity to improve upon his ideas and for giving me guidance 

and support throughout the whole process. Guidance from Professor Esa Vakkilainen of 

LUT University is also much appreciated. A thank you also goes out to my colleagues at 

Varo for answering my many questions about water chemistry etc. The empirical studies 

would have been impossible without the help of Valmet Automation and Valmet 

Technologies in the form of consultation, support and resources. The list of Valmet 

professionals I’d like to thank is too long to be written here. I am grateful to the recovery 

boiler supervisors and operators at Metsä Fibre, UPM-Kymmene and Stora Enso, who let 

me run tests at their facilities and provided me with crucial mill data and silent knowledge. 

I would not be writing the acknowledgements to my master’s thesis without the support 

of my family throughout my educational career. They have challenged me to do my best 

and gently nudged me to make the right decisions. Studying at LUT was a pleasure and 

the many friends I made, helped me make the most of my time there. I think we will do 

great things together some day.  

So, to all the people who this may concern, I say thank you, I owe you one! 

 

Lappeenranta 1.4.2019 

Lauri Kouvo 

 

  



   

 

TABLE OF CONTENTS     

1 Introduction 9 

2 Recovery boiler 12 

2.1 Black liquor firing and smelt ................................................................... 12 

2.2 Combustion air and flue gas .................................................................... 14 

2.3 Heat exchangers ...................................................................................... 15 

 Economizers ................................................................................ 16 

 Steam drum ................................................................................. 17 

 Boiler bank .................................................................................. 17 

 Screen .......................................................................................... 18 

 Furnace ........................................................................................ 18 

 Superheaters ................................................................................ 19 

 Sweet water condenser (Dolezal) ................................................ 19 

2.4 Water quality ........................................................................................... 20 

 Make-up water ............................................................................ 20 

 De-aeration .................................................................................. 20 

 Chemicals .................................................................................... 21 

 Magnetite film ............................................................................. 21 

 Effects of poor water quality ....................................................... 21 

2.5 Auxiliary systems .................................................................................... 22 

2.6 Automation .............................................................................................. 23 

2.7 Interlocks ................................................................................................. 26 

2.8 Emergency shutdown and rapid drain ..................................................... 26 

3 Leaks 27 

3.1 Leak sources in different parts of the boiler ............................................ 27 

3.2 Criticality ................................................................................................. 29 

3.3 Effects of leaks ........................................................................................ 31 

3.4 Leak cases ................................................................................................ 32 

 Case 1: Upper furnace leak ......................................................... 33 

 Case 2: Lower furnace leak ......................................................... 33 

 Case 3: Screen tube leak ............................................................. 33 



   

 

 Case 4: Economizer leak ............................................................. 34 

4 Leak detection techniques 35 

4.1 Operator walkdowns ................................................................................ 35 

4.2 Mass balance ........................................................................................... 36 

4.3 Water quality ........................................................................................... 38 

4.4 Acoustic emission and vibration sensors ................................................. 39 

 Detecting cracks .......................................................................... 40 

 Detecting leaks ............................................................................ 41 

 Background noise ........................................................................ 43 

4.5 Flue gas flow and content ........................................................................ 43 

4.6 Other methods ......................................................................................... 44 

4.7 Existing leak detection systems ............................................................... 45 

 LDS by Valmet ........................................................................... 45 

 RBA by Buckman ....................................................................... 46 

 RBLI by Nalco ............................................................................ 47 

 UPM Kaukas leak detection system ............................................ 48 

 ACM-Optimatic by Andritz ........................................................ 49 

 AMS by Triple 5 Industries ........................................................ 51 

 ALL by AMI ............................................................................... 51 

5 Simulations 53 

5.1 Simulator software .................................................................................. 53 

5.2 Simulator tests ......................................................................................... 54 

5.3 Simulator environment and variables ...................................................... 55 

5.4 Simulation results .................................................................................... 57 

5.5 Verification of results .............................................................................. 63 

 Economizer leak .......................................................................... 63 

 Furnace leak ................................................................................ 65 

 Superheater leak .......................................................................... 66 

5.6 Conclusions about simulator tests ........................................................... 67 

6 Acoustic emission field tests 69 

6.1 Hardware and software ............................................................................ 69 

6.2 Arrangements .......................................................................................... 70 



   

 

6.3 Simulated leaks ........................................................................................ 71 

6.4 Data analysis ............................................................................................ 73 

6.5 Results of accelerometer field tests ......................................................... 74 

6.6 Possible error sources .............................................................................. 81 

6.7 Conclusions  the field tests ...................................................................... 82 

7 Combining leak signals 83 

7.1 Properties ................................................................................................. 83 

7.2 Alarm logic .............................................................................................. 84 

7.3 Operator guidelines ................................................................................. 86 

7.4 Human-Machine-Interface (HMI) ........................................................... 88 

 Main display ................................................................................ 88 

 Mass and chemical balance display ............................................ 90 

 Acoustic emission display ........................................................... 91 

 Operation parameter display ....................................................... 92 

 Other displays ............................................................................. 93 

7.5 Installation ............................................................................................... 93 

7.6 Maintenance ............................................................................................ 94 

7.7 Testing ..................................................................................................... 95 

7.8 Training ................................................................................................... 96 

8 Conclusions 97 

References 99 

Attachment I – Alarm logic Page 1 104 

Attachment I – Alarm logic Page 2 105 



8 

   

 

SYMBOLS AND ABBREVIATIONS 

Roman characters   

c Concentration [mg/l, ppm]   

m Mass  [kg, t] 

V Volume  [m3] 

q Flow  [kg/s, m3/s, t/h] 

 

Greek characters 

Δ Delta (difference) [-] 

 

Subscripts 

ave Average 

PO4 Phosphate 

 

Abbreviations 

BD Blowdown 

BLRBAC Black Liquor Recovery Boiler Advisory Committee 

BW Boiler Water 

BWL Boiler Water Leak 

DCS Distributed Control System 

DSHM Dynamically mapped Shared Memory 

EMS Emergency Shutdown Procedure 

ESP Electrostatic Precipitator 

FFT Fast Fourier Transform 

HMI Human-Machine-Interface 

ID Indused Draft 

I/O Input/Output 

LDS Leak Detection System 

OPC Open Platform Communications / OLE for Process Control  

PD Phosphate Dosing 

RMS Root Mean Square 

TRS Total Reducted Sulphur 

WSL Water Steam Leak 
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1 INTRODUCTION 

The importance of recovery boiler leak detection comes from the risk to health and safety 

due to possible leak-induced smelt-water reactions and gas explosions that are not 

possible or common in other boiler types. Not only is the incident frequency high in 

recovery boilers, but the injuries and material damages are also likely to be more serious 

when compared to other pressure vessels. (Heikkilä, et al., 2000) Globally almost every 

year a recovery boiler experiences a major explosion causing injuries or even fatalities 

and millions in repair costs and production losses. Leak detection technologies like mass 

and chemical balance and acoustic emission monitoring have been studied extensively by 

boiler manufacturers, researchers and the pulp industry in the last 30 years of the 1900’s, 

but lately there has been no significant advances in the field. The current state of leak 

detection in recovery boilers around the world certainly still has room for improvement 

as the instrumentation and automation of recovery boilers has improved significantly. 

(Burgmayer & Durham, 2000) (Kovacevich, et al., 1996) (Buckner & Paradis, 1990)  

There are multiple leak detection systems available on the market, but they seemingly 

have not proven to be reliable or accurate enough. Even though commercial leak detection 

systems are relatively common in North America for example, most recovery boiler leaks 

are first recognized by the operators while doing walkdowns in the boiler room as the pie 

chart of leaks reported to BLRBAC between 2001 and 2018 (Figure 1.1) below shows. 

Only 6 % of reported leaks were detected with a leak detection system even though in 

half of the cases there was one installed. The chart does not include leaks that were 

discovered when the boiler tripped. When a leak is visible or audible to an operator during 

walkdowns, it is most likely already a threat to health and safety. Relying on the data they 

have, even the leading insurance companies can’t recommend specific leak detection 

systems to be installed. (Crysel, 2018)  
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Figure 1.1 Detection of leaks in North America incidents 2001-2018  (BLRBAC, 2018) 

The risk of a recovery boiler explosion can’t be totally erased, but with early leak 

indication they could be avoided in most cases and even if the explosion can’t be 

prevented, no one has to be injured by one. Today’s leak detection systems have not 

prevented operator presence in the boiler room during possibly hazardous boiler 

conditions. By efficiently combining modern leak detection techniques, a leak can be 

detected before it poses a risk to personnel or equipment. It is the goal of this master´s 

thesis to find out if such a system can be developed so that the majority of leaks could be 

detected, located and confirmed from the safety of the control room. 

In this master’s thesis, existing and advanced methods of detecting and locating water 

and steam leaks in black liquor recovery boilers are reviewed and an existing leak 

detection system is further developed based on the findings. The study aims to find out if 

by combining different methods, the accuracy and reliability of the system can be 

improved, and if blind spots of existing leak detection systems can be eliminated. The 

feasibility of using certain accelerometer sensors as acoustic monitoring equipment is 

empirically studied.  

This thesis will focus mostly on analyzing water-steam differential (mass balance), boiler 

water phosphate content (chemical balance) and acoustic emission. Other aspects such as 

furnace pressure, flue gas content and other operation parameters will also be discussed 
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as possible indicators of a tube leak. To study these leak indicators, an array of methods 

is used. An existing recovery boiler simulator is used to study large sudden leaks in 

different parts of the boiler and to find suitable alarm criteria for these leak profiles. Real 

life boiler operation data is used to find similarities in operation parameter trends and to 

verify the findings from simulation studies. Acoustic emission is studied by using a 

portable condition monitoring system to measure acoustic emission in Finnish recovery 

boilers. Leaks are simulated in operating recovery boilers by opening drain valves and 

running single sootblowers. Recovery boiler operators, supervisors and specialists are 

also interviewed to gain empirical data and silent knowledge. Relevant recovery boiler 

processes and structures are explained before going into specific leak detection studies. 

These methods provide valuable information that can be used to generate an advanced 

leak detection system (Figure 1.2) that evaluates multiple leak indicators and provides 

reliable metrics and alarms to the operators in every leak scenario. These alarms and 

metrics will provide information about the criticality of a leak based on leak size and 

location. 

 

Figure 1.2 Principle of an advanced leak detection system  
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2 RECOVERY BOILER 

A recovery boiler is a critical part of a pulp production line and is often referred to as the 

heart of a pulp mill. Recovery boilers have three primary objectives: to recover the 

chemicals used in the kraft pulping process, to generate steam and power to the mill and 

to dispose of the lignin that is extracted from the wood material in the digester. To 

introduce the framework for the leak detection system, the recovery boiler processes that 

are relevant to the leak detection system are presented. 

2.1 Black liquor firing and smelt 

The main fuel of a recovery boiler is black liquor. Oil and natural gas are the most 

common secondary fuels used during startup and shutdown but renewable fuels like tar 

or tall oil like in the new recovery boiler in Äänekoski are also emerging. 

(Aluehallintovirasto, 2015) In normal operation only black liquor is fired using 

specialized nozzles that are designed to atomize the liquid fuel for optimum combustion. 

The purpose of the atomization is to enable rapid drying and volatilization of the organic 

material in the fuel which consists mostly of lignin and hemicellulose that are separated 

from wood fibers in the pulping process. The organic material is roughly 80 % volatiles 

and 20 % fixed carbon, which is common for a biofuel. (Pohto, 2018) 

Black liquor properties have developed a lot over the years, the most significant 

development being the heightened dry solids content as seen in Table 2.1. Although the 

data is a bit dated, the liquor properties have not changed much since higher dry solids 

has not been technically feasible. One of the latest developments in the black liquor 

properties is the elimination of unwanted non-process elements like corrosive chlorines 

and potassium by treating the flyash which is collected and mixed in to the black liquor. 

(Valmet, 2015) 
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Table 2.1 Development of black liquor properties (Vakkilainen, 2002) 

 

Because black liquor contains chemicals used in the kraft pulp process, inorganic content 

is up to 50 % which is very high compared to any other biofuel. The inorganic materials, 

mostly sodium sulfate and sodium carbonate, will melt in the heat of the combusting 

organic material and it flows out of the boiler as molten salt (smelt). Before leaving the 

boiler as mostly sodium carbonate and sodium sulfide, the smelt will go through chemical 

reduction reactions in which the main reduction agent is char that enters the bed after the 

volatiles have gasified. The two main reduction reactions presented below are 

endothermic and will consume a part of the energy released from the combustion of the 

organic material in the black liquor. (Suomen Soodakattilayhdistys ry, 2004) 

 Na2SO4 + 2C →  Na2S + 2CO2  ( 2.1 ) 

 Na2SO4 + 4C →  Na2S + 4CO ( 2.2 ) 

The combustion of black liquor is a delicate process where the balance of firing 

temperature and pressure, nozzle angle and type and liquor quality need to be maintained 
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in order to operate the boiler successfully. Figure 2.1 illustrates the recovery boiler 

combustion zone process. The effects of poor liquor firing include carryover deposits in 

the heat surfaces, inefficient char smelt bed reactions and increased flue gas pollutants. 

 

 

Figure 2.1 Combustion zone of a recovery boiler (Vakkilainen, 2002) 

2.2 Combustion air and flue gas 

Combustion air is fed from the walls of the furnace with combustion air fans and the 

channel pressure is controlled with dampers. A modern recovery boiler has primary, 

secondary, tertiary and quaternary air levels to ensure even combustion, low emissions 

and that all the fuel is burnt. Air division between these levels is unique in each boiler but 
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approximately 25 % of the total air is primary, 50 % is secondary and 25 % is tertiary and 

quaternary. (Tenhunen, 2018) Total combustion air is controlled based on flue gas 

residual oxygen. Oxygen content of 2-3 % is desirable to avoid draft losses and deposits 

that are hard to clean with sootblowers. (Huhtinen, et al., 2004) Too low oxygen level 

could also cause carbon monoxide emissions. 

The flue gases from the combustion chamber are directed through a series of heat 

exchangers with a flue gas fan (ID fan). The flue gas fan will maintain a vacuum in the 

furnace as a pressured furnace would push flue gases through unwanted openings. The 

ID fan is usually controlled by an inverter that gets its setpoint the furnace pressure.  

2.3 Heat exchangers 

The water-steam cycle can be arranged in many ways in a recovery boiler. An example 

of a modern recovery boiler is illustrated in Figure 2.2, where different colors represent 

different heat exchanger types. In general, they are natural cycle steam boilers with 

downcomers feeding the wall headers and the water walls working as risers. Water is fed 

through the economizers (green) to the steam drum, from which water is distributed to 

the boiler bank (blue), screen (blue) and the downcomers. Steam leaves the drum 

(red/blue) saturated via de-moisturizers to the multi-stage superheaters (red) where 

temperature is controlled with attemprators. In older recovery boilers so called sweet 

water condensers, or dolezals, were used to produce spraying water from steam but 

modern recovery boilers have clean enough feedwater to be used as spraying water. It is 

common for an older boiler to have two-drum construction, where the boiler bank would 

have an upper and a lower steam drum. Nowadays one-drum construction is preferred. 

There are also regional preferences for example in whether to use screen tubes or not. 

Modern recovery boilers have also been equipped with high pressure feedwater 

preheaters. (Suomen Soodakattilayhdistys ry, 2018) Despite these few differences, 

recovery boilers are very similar in terms of water steam cycle. In this chapter, main parts 

of the water-steam cycle and their effects to the leak detection are briefly introduced. 
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Figure 2.2 Typical modern recovery boiler side view (Valmet 2014) 

 Economizers 

Economizers are heat exchangers that heat the feedwater close to boiling point before the 

steam generator. Their main benefit is to cool the flue gases which increases efficiency. 

(Huhtinen, et al., 2004) They are placed vertically in the coolest part of the flue gas path 

and usually there are one or two economizers. The flue gases flow in the direction of the 

pipes in a gas tight channel, which means that a leak in the economizers is rarely critical 

as water cannot spray directly to the furnace. 
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 Steam drum 

Steam drum is a cylinder that is situated above the heat exchangers. New boilers are 

usually designed with one steam drum whereas older boilers may have two drums. Since 

most recovery boilers are old, the two-drum construction is still most common. In the 

two-drum boilers the drums are connected with boiler bank tubes and they are placed 

vertically. The lower drum collects impurities and is therefore called the “mud drum” 

whereas the upper drum separates water from steam. Single drum boilers are seen as more 

reliable and easier to construct and less likely to be clogged. (Koskinen, 2013) If there is 

only one drum it is usually placed in the front wall side, whereas in two-drum boilers the 

drums are situated between superheaters and economizers. In a single-drum boiler, 

impurities collect on the bottom of the drum, from where it is removed via continuous 

blowdown. Continuous blowdown is a controlled and steady flow of feedwater that does 

not return to circulation. It is taken from the bottom of the steam drum where the 

impurities of boiler water concentrate. (Vakkilainen, 2002) 

The two main purposes of the steam drum are to separate water from the unsaturated 

steam and to house equipment used to purify the steam. (Singer, 1981) It also works as a 

main header to distribute feedwater and steam flows. From the steam drum, steam goes 

to the superheaters and water flows through the screen to the boiler bank and via the 

downcomers to the furnace floor. 

 Boiler bank 

Boiler bank is situated between the superheaters and the economizers and is sometimes 

accompanied by “grid” tubes that are connected to the top of the nose. Boiler bank is a 

part of the steam generator and in modern boilers it is vertical to the flue gas flow which 

helps to keep it clean. Boiler bank is usually located so that a leak will not be critical 

unless it is in the upper parts of the tubes. As the boiler bank is a part of the steam 

generator and the flow is wet steam and boiler water where phosphate is present, a leak 

here can be detected with phosphate balance calculations. 
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 Screen 

Screen tubes are situated in the upper furnace before the superheaters and are a part of the 

steam generator. They are usually constructed either like in Figure 2.2 or starting from 

the rear wall and going up before the superheaters. The main purpose of the screen is to 

protect the superheaters from radiant heat and to lower the flue gas temperature before 

the superheaters. (Huhtinen, et al., 2004) Not all recovery boilers have screen tubes, 

mainly because they may be damaged by falling deposits from the superheaters. 

 Furnace 

The furnace of a recovery boiler is similar to other large boilers. As the downcomers feed 

boilerwater to the furnace floor, the walls that are also called risers, generate a natural 

flow upwards as the water boils in the tubes. The tubes are welded together using fins and 

the furnace is therefore a gastight enclosure. In the event of an explosion, this gastight 

enclosure might rupture and to prevent it from rupturing from an unwanted spot, there is 

a weak corner in the furnace that opens in a somewhat controlled manner to the desired 

direction. In the upper part of the furnace there is a section called the nose. In the furnace 

floor there is a pool or a pile of molten and partially molten salt and some char. The salt 

is a mixture of mainly sodium carbonate (Na2CO3), sodium sulphate (Na2SO4) and 

sodium sulfide (Na2S). 

The material selection, especially in the lower part and the floor of the furnace, is essential 

to avoiding damage to the tubes. The combustion zone is situated in the lower furnace 

and therefore this area receives a lot of radiant heat which together with the moving smelt 

bed cause thermal stress. The fuel itself and the smelt can also cause corrosion. To avoid 

damage due to thermal stress and corrosion, the lower furnace is often made from 

compound tubes where carbon steel (304L for example) is protected by a layer of 

corrosion resistant alloy of metal (Sanicro 38 in most cases). The upper furnace is mostly 

made of carbon steel. (Vakkilainen, 2005) 
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 Superheaters 

Superheaters are located on top of the furnace protected by the nose because flue gases 

are at their hottest there and the nose protects the elements from the radiant heat of the 

flames. There are multiple types of superheaters but mostly convection superheaters are 

used in recovery boilers. The elements are placed vertically, and they hang from the 

boilers ceiling. There is usually more than one superheater element in a row, and they are 

arranged so that in the direction of the flue gases first comes the secondary superheater, 

then tertiary superheater and in the coolest part of the superheater area are the primary 

superheaters. In the simulator there is also a quaternary superheater as it is a very large 

boiler. (Huhtinen, et al., 2004) 

The main purpose of the superheaters is to heat the saturated steam coming from the steam 

drum. Superheating raises the efficiency of the steam turbine as more heat can be 

recovered. The steam temperature is limited by the materials used in the superheater 

tubes, commonly carbon steel that contains 1-3 % of chromium. (Vakkilainen, 2005) 

Usually the temperature does not exceed 550 °C. (Huhtinen, et al., 2004)  

 Sweet water condenser (Dolezal) 

Dolezal, or the sweet water condenser, is placed on top of the boiler and is used to 

condense water to be used in controlling the steam temperature in the superheaters. This 

water is called spraying water and it needs to be free from boiler water chemicals and 

other impurities since the steam end users, such as turbines, are very sensitive to 

impurities. Therefore, the water is condensed from the saturated steam as it is already 

purified in the steam drum. The coolant used for the condensing is usually coming from 

the economizers so the Dolezal also works as a preheater. In modern boilers, Dolezal can 

be dismissed as water purification technologies have developed so that feedwater can be 

used to control the steam temperature. The Dolezal does not have an effect to the mass-

balance calculation as the spraying water ends up in the steam. (Huhtinen, et al., 2004) 
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2.4 Water quality 

The goal of water quality control is to avoid water side corrosion and scaling (deposits) 

while maintaining a protective magnetite film on the tube walls. (Vähäsarja, 2016) 

Feedwater is a mixture of make-up water and condensate and it is stored in the feedwater 

tank that can be used as a de-aerator, which also works as a direct steam preheater. 

Feedwater quality standards are high in recovery boilers and therefore it should be 

carefully metered and controlled. Quality is measured by analyzing boiler water and 

steam properties. The characteristics of feedwater vary depending on the boiler structure, 

pressure and the steams end use. (Vähäsarja, 2016) When feedwater enters the steam 

generator it becomes boiler water.  

 Make-up water 

Make-up water is purified water that is added to the boiler circulation to make-up for the 

difference between feedwater flow and the condensate that returns after the heat 

exchangers. Make-up water is purified in stages that usually include the following: 

removal of coarse particles, de-aeration, humus removal and removal of salts using ion-

exchanging polymers or reverse osmosis.  

The quality of make-up water is essential in operating the recovery boiler or any other 

steam boiler, as impurities can cause deposits inside the boiler tubes and the deposits can 

damage the tube wall and cause a leak. 

 De-aeration 

De-aeration is usually a part of the feedwater tank. A de-aeration “tower” on top of the 

feedwater tank or partially inside it, takes away most of the unwanted gases such as 

oxygen and carbon dioxide that dilute into the water. It is done in the feedwater tank as 

the solubility of the gases is the lower the closer it is to boiling point. Oxygen accelerates 

corrosion in the steel tubing and carbon dioxide forms an acid when it condenses in the 

condenser, which causes the pH-value of the water to lower which leads to corrosion. 

(Huhtinen, et al., 2004) 
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 Chemicals 

To maintain proper water quality, chemicals are dosed into feedwater and boiler water. It 

is common to use ammonium (NH3) and (trisodium) phosphate (Na3PO4) to control pH-

value and some oxygen scavenger like hydrazine (N2H4) to remove oxygen. Hydrazine is 

being slowly replaced by synthetic, less harmful materials. Ammonium is usually dosed 

before the economizers and as it is a volatile substance, it is also used to control steam 

and condensate pH-value. Trisodium phosphate is not volatile and therefore only controls 

the pH-value of boiler water. Recovery boilers usually operate within pH-value range of 

9-10,5 to prevent corrosion. (Lähde, 2018) The function of phosphate is to remove 

hardness salts by bonding them into fine sludge which accumulates to the steam drum 

and is removed via continuous blowdown.  

Steady dosing of phosphate is essential to the detection of boiler water leaks as it assumes 

the concentration of dosing solution is constant unless it is being analyzed. Unsteady 

dosage can also cause variations in boiler water pH-value and damage the steam 

generator. Phosphate concentration in the boiler water can also be affected by the so called 

“hide-out” effect where phosphate crystallizes on hot surfaces forming ferrous oxides 

whilst steeply lowering boiler water pH value. This happens especially during steep heat 

load increases. 

 Magnetite film 

Magnetite film is a protective layer of oxidized iron (Fe3O4) which forms on top of the 

carbon steel tube wall. Magnetite forms when boiler water is clean and free of oxygen 

and the conditions are alkaline (pH > 8). If maintained properly, it is a very effective way 

of preventing corrosion, but it can deteriorate if flow conditions or a suitable pH-value 

range is not maintained. (Vähäsarja, 2016) 

 Effects of poor water quality 

Water quality is a sum of various impurities and control methods and their primary and 

secondary effects. Constant supervision, online measurements and samples taken by 

operators are required to prevent potentially disastrous effects to the boiler. Primary 
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effects of the most common impurities are listed in Table 2.2, whereas the secondary 

effects, leaks, are discussed further in chapter 3. 

Generally, the most common problems are scaling, blockages and corrosion in recovery 

boilers. Scaling is usually a layer of hardness salts or silicate accumulating on the inside 

of boiler tubes. They cause overheating and enable corrosion to take place. Blockages can 

be caused by solids or loose particles accumulating in bends and tight spots in the cycle 

and cause overheating as flow is obstructed. Corrosion can be caused in a number of ways 

and must be controlled to avoid thinning of materials.  

Table 2.2 Disadvantages of impurities in boiler cycle translated  

from source (LUT Moodle, 2016) 

Impurity Disadvantage 

Opacity, solids Scaling, blockages 

Color, organic material Scaling, foaming 

Hardness (Ca- and Mg-salts) Limescale 

Too high pH-value Formation of CO, alkaline brittleness 

Too low pH-value Corrosion 

Carbon dioxide Corrosion especially in condensate 

system Iron and manganese (Mn) Scaling, blockages 

Silicon (Si) Persistent scaling especially with 

calcium, magnesium and aluminium 

Oil Films harming heat transfer 

Oxygen Oxygen corrosion 

 

2.5 Auxiliary systems 

There is a lot of auxiliary equipment in the boiler system. This equipment includes pumps, 

valves, fans, ESP:s, sootblowers and dewatering equipment etc. The most relevant 

auxiliary systems in the scope of this study are the sootblowers as they can dramatically 

affect the operation of a recovery boiler and they need to be considered when designing 

a leak detection system.  
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Sootblowers in recovery boilers are almost always long steel lances that are inserted to 

the boiler from the sides between heat exchanger elements. They rotate as they are 

inserted in the boiler to efficiently clean the heat surfaces with steam that exits from the 

end of the lance radially from two nozzles. They are operated either based on a fixed 

sequence or automatically based on pressure differences over the elements. Effective 

sootblowing is essential in recovery boilers to keep the flue gas flow volume and heat 

transfer in control. Excessive deposits can also cause damages in the screen tubes when 

a load reduction causes the deposits to cool and drop down. 

Leak detection systems are affected by sootblowers in a few ways. Firstly, sootblowing 

steam is taken from the circulation before the superheaters and pressure regulated to 

roughly 14-24 bars. Low pressure sootblowers can also take steam from the turbine at 9-

14 bars. (Tran & Tandra, 2015) This steam flow needs to be metered and considered in 

the water-steam leakage calculations if it is not taken from the turbine. Also, sootblowing 

steam flow is not constant over time due to its cyclic nature, which causes fluctuations in 

the steam cycle if it is not properly optimized. Another factor to consider is the noise the 

sootblowers make when ejecting steam in the flue gas channel. This noise is picked up 

by the acoustic emission sensors and could cause false alarms. If there is a flue gas flow-

based leak detection system installed, the amount of deposit will affect the flow and it 

needs to be compensated for as well as volume flow of steam added to the flue gases. 

2.6 Automation 

Recovery boiler as all industrial applications are increasingly automated to increase 

efficiency, safety and production. As many of the existing recovery boilers have been 

built decades ago, the level of automatization varies a lot between boilers and geographic 

regions. For example, an average recovery boiler in North America is 40 years old as in 

Finland this number is 18 and in Sweden 34 years. (Suomen Soodakattilayhdistys ry, 

2018) The industry standards are also very different around the world and many countries 

do not have associations that give recommendations to boiler operators like Finnish 

Recovery Boiler Committee, Swedish Sodahuskommitten or North American BLRBAC. 
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Automation plays a big role in finding the best practices for recovery boiler leak detection 

as the reaction to a specific disturbance can vary a lot between boilers and automation 

systems. For example, a key piece of automation when it comes to leaks and the boilers 

reaction to them is the drum level control loop. This level is usually controlled using one, 

two or three element controllers depending on the complexity of the steam network and 

the type of boiler application. Single-element control is based only on drum level, two 

element control also considers the steam flow into the drum and the third element is 

feedwater flow before the feedwater control valve. The controller runs these 

measurements through a set of transfer functions that give a reading for the controlled 

feedwater valve. Feedwater flow could also be efficiently controlled by changing the 

pumps rotation speed, but this is relatively slow. Therefore, a combination of feedwater 

valve control and pump rotary speed is usually used to maintain constant pressure loss 

and fast drum level control. In this kind of a system the feedwater pump gets its setpoint 

from the pressure difference over the feedwater valve. A typical feedwater control 

diagram is illustrated in Figure 2.3. (Huhtinen, et al., 2004) 
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Figure 2.3 Feedwater control diagram translated from source (Huhtinen, et al., 2004) 

Any of these three could be used but three element control is usually the most efficient 

and strict and therefore it is mostly used when operating on full load, while one element 

is used when starting up. Modern boilers can use a sliding control method which selects 

the number of elements based on the boiler load. (Tenhunen, 2018) The problem with 

using only the drum level to control feedwater flow comes with changing steam demand, 

which is also the reason this control loop is important when looking at the correct way to 

detect leaks. When there is a sudden increase of steam demand, such as a paper machine 

load change or a leak in the superheaters, the boiler pressure is slightly reduced. This 

changes the boiling point of water, which causes the proportion of steam bubbles in the 

water to increase which in turn increases the water level in the drum. This would cause 

the single-element controller to reduce feedwater flow which is the opposite of what 

should happen. (Huhtinen, et al., 2004) 

1. Main steam line 

2. Superheater 

3. Steam drum 

4. Steam generator 

5. Economizer 

6. Feedwater control valve 

7. Feedwater pump 

Feedwater 
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2.7 Interlocks 

Boiler interlocks are a part of the automation system that prevent the starting of equipment 

in incorrect order. Interlocks also stop equipment in case of a process disturbance in a 

correct and safe order. In steam boilers it is very important that coolant is always flowing 

through the heat exchangers to prevent overheating and for that reason the boiler is 

equipped with dry firing protection. The dry firing protection is a part of the main 

interlock system or “boiler protection” that protects the recovery boiler from unexpected 

situations. These situations usually include furnace overpressure, insufficient primary or 

total airflow, stopped primary or secondary air fans, stopped flue gas fan or closed flue 

gas vents and low steam drum water level (dry firing). In case there is a water leak in the 

furnace, it is very likely that the furnace pressure or drum water level will cause the 

interlocking to “trip” the boiler. This means stopping oil and/or gas firing, stopping the 

black liquor pumps, closing black liquor control valves while not automatically initiating 

furnace purge. (KLTK, 1997) 

2.8 Emergency shutdown and rapid drain 

Different procedures are in place around the world between associations and companies 

when it comes to emergency shutdown and rapid drain. In general emergency shutdown 

protocol (ESP) refers to the stoppage of fuel combustion and bed burning in the recovery 

boiler in case of an emergency by stopping all fuel flows and primary and secondary air 

flows to the boiler. Rapid drain aims to stop water from entering the furnace by lowering 

the water level in the boiler to three meters (or 8 feet) from the furnace floor and lowering 

the boiler pressure at maximum allowed speed. ESP can be initiated in various emergency 

situations, but a rapid drain is usually only initiated if water is entering or suspected to 

enter the furnace. Sometimes rapid drain is considered a part of the emergency shutdown 

protocol, but usually they are initiated by pressing separate physical emergency buttons 

in the control room or in other safe places. (BLRBAC, 2012) (KLTK, 1997) 
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3 LEAKS 

In the scope of this study, only the leaks in the boiler pressure vessel tubes are discussed. 

Air leaks, chemical leaks, flue gas leaks, etc. can also pose a risk to the equipment and 

personnel in the mill, but those leaks are not considered relevant to this study. Only tube 

leaks are considered because a leak in the boiler that causes water to enter the smelt pool 

in the furnace can cause a smelt-water explosion that can lead to serious injuries, massive 

repair costs and weeks of downtime for the whole mill. Water can enter the furnace also 

externally without a leak in the pressure vessel and this possibility is also briefly 

discussed. 

3.1 Leak sources in different parts of the boiler 

A recovery boiler has a large amount of surface area between multiple different heat 

exchangers. Different areas are exposed to different stress factors that might cause a leak 

in the pressure vessel.  

 

Figure 3.1 Leak locations in North America 2016-2017 (Suomen Soodakattilayhdistys ry, 2018) 
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In the lower part of the furnace, these stress factors include chemical corrosion, heat 

induced stress and corrosion, mechanical erosion and water chemistry related risks. 

Therefore, the lower part of the furnace is usually made of more durable and expensive 

material than the upper part. This compound-tubing can sometimes be repaired with a 

layer of material that is welded on top of the tube. (Niskanen, et al., 2018) One protection 

method for the lower furnace has been to use studded tubes. This causes some of the salt 

to stick to the surface of the tube and form a protective layer. This method is not common 

in modern recovery boilers. Some recovery boilers also use a refractory lining to prevent 

corrosion. (Vakkilainen, 2005) 

 

Figure 3.2 Leak (marked with an arrow) in a studded floor tube (Karjunen, 2017) 

Using more durable materials has dramatically reduced the number of leaks and cracks in 

the floor of the boiler. It has been suspected that a reason for the cracking could be the 

smelt pool flow patterns and sudden heat surges in the bottom of the pool that cause 

thermal stress. Studies show that this fatigue caused thermal cycling might not be the 

cause. Instead stress corrosion caused by elevated temperatures combined with hydrated 

sodium sulfide could be causing the cracks. (Suomen Soodakattilayhdistys ry, 2004) The 

compound layer is more resilient against tension stress that causes fatigue cracking. 

(Liimatainen, 2013) Many larger leaks that have been detected in recovery boilers start 

as small cracks that enlarge when water flows through them. This cracking can be 

detected using high frequency acoustic emission sensors. (Aura & Crotty, 2014) 
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The screen tubes that are situated before the superheaters in the direction of flue gases, 

protect the superheaters from radiation and to some extent protect the furnace floor from 

falling deposits from the superheaters. Falling deposit chunks can cause secondary and 

primary damage to the screen tubes. If the screen tube cracks, it can cause a neighboring 

tube to erode and start leaking. If the tube deforms too much or the leak is large it can 

also disturb the water flow after the deformation which may lead to a rupture caused by 

overheating. Damage to the screen tubes has been quite common and caused leaks also 

in Finnish recovery boilers. (Suomen Soodakattilayhdistys, 2018) Screens are not 

installed into all recovery boilers as the reported damages have encouraged to build 

recovery boilers without them at least in North America. 

Leaks caused by overheating can also be found in other parts of the boiler. The 

superheaters are exposed to the flue gas at its hottest and a flow abnormality could leave 

the superheater tubes without coolant. Most superheaters also need protection from the 

radiant heat from the furnace.  

3.2 Criticality 

Leak criticality can be divided roughly into two categories: leaks that require instant 

emergency shutdown procedure (ESP) and rapid drain and leaks that can be dealt with 

when the situation allows it. This division is done based on leaks location and size.  

BLRBAC uses a system of four categories (Table 2.1) to represent leak criticality where 

Class I leaks represents the most critical and Class IV least critical leak. None of these 

classes seem include superheater leaks or leaks from outside the pressure vessel other 

than spout leaks which are not considered critical in this study but are considered Class 

II leaks by BLRBAC. 
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Table 3.1 BLRBAC leak categories (BLRBAC, 2002) 

Class I Large leaks where water is certain to reach the hearth. Fractures 

and ruptures of floor, wall, screen, and roof tubes. 

Class II Small leaks located where there is a high likelihood water will 

reach the hearth. Small leaks in floor tubes and lower furnace wall 

tubes, and spout leaks 

Class III Large leaks located where water is unlikely to reach the hearth. 

Generating bank tube ruptures. 

Class IV Small leaks located where there is little likelihood water will reach 

the hearth. Small leaks in screens, generating bank tubes, wall 

tubes high in the furnace, and external leaks in non-membrane 

wall units.  

Explosions by category for North American recovery boilers between 1970 and 1993 are 

presented in Figure 3.3. As expected, leak probability is highest for Class I going down 

towards Class IV. BLRBAC does not specify the leak sources for non-explosive leaks in 

this paper. 

 

Figure 3.3 Leaks and explosions by category in North America 1970-1993 (BLRBAC, 2002) 

Most critical leaks are leaks in the furnace, screen and boiler bank. In these parts the water 

is mostly in liquid form and can cause a smelt-water explosion if it gets in contact with 

the smelt at the bottom of the furnace. Not all these leaks cause an explosion even when 
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they get in contact with the smelt. Also, the leak direction can make leaks less critical if 

for example a boiler bank leak is not pointing towards the furnace. 

Superheater leaks are usually not critical as the water is already in expanded form and in 

theory should not be able to cause a smelt-water explosion. Superheater leaks can turn 

critical if they cause secondary damage to the wall or ceiling tubes that have liquid water 

flow. When combined with other unwanted events water can also enter the superheaters 

and end up in the furnace, which makes the superheater leak critical.  

Economizer leaks are the least critical and if they are not large or rapidly expanding, they 

can be dealt with when the next opportunity arises. Water from an economizer leak is 

very unlikely to end up in the furnace as economizers are in separate sections of the flue 

gas channel. 

History has shown that no leak can be 100 % non-critical. When a leak is detected in the 

process, operators are often in a new stressful situation and can make choices that make 

matters worse. There can also be unforeseen defects in the automation systems like for 

example a turbopump that starts unexpectedly and tries to raise the water level after an 

emergency stop. A less critical leak can also go unnoticed or unrepaired for a long period, 

which can lead to secondary damages or surprising events in the process. Many smelt-

water explosions could have been avoided if the leak was detected and located in an early 

phase or if the operators had trained for these types of situations situations. 

3.3 Effects of leaks 

If there is a water leak in a regular power boiler or in a non-critical area of a recovery 

boiler, the effects don’t usually demand a quick response. Instead the managers will try 

to prolong the shutdown so that it has little impact to production or coincides with other 

maintenance work. In these cases, the main cause of concern is the effect on efficiency as 

the leak cools down the flue gases. Secondary damages may also cause problems, if the 

leak is spraying a high-pressure jet towards a neighboring tube. Secondary damages have 

also caused non-critical leaks to become critical in recovery boilers as the water jet erodes 

other tubes. One of the less critical effects is the cost of make-up water that needs to be 
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made to compensate for the leaking water. Also, the increased flue gas volume flow will 

increase the amount of convection heat which can cause problems in the downstream heat 

exchangers and flue gas fans. In any case a leak in the boiler will cost a lot of money to 

the mill whether it is a critical leak or not.  

The main concern in the event of a recovery boiler leak is the smelt-water explosion. This 

is a reaction between the high temperature (700-1000 °C) molten salt and water, which 

has the boiling point of 100 °C since it is in atmospheric conditions. When water gets in 

touch with the salt, it rapidly expands to steam thus causing a smelt-water explosion that 

resembles a regular explosion even though it is not caused by rapid oxidation of 

combustible materials. The reaction can either be very violent or it can just cause small 

puffs on the surface of the smelt pool. There is no simple way to determine which 

conditions cause a destructive explosion. (Karjunen, 1999) One reason for that can be an 

insulating layer of steam forming between the smelt and the water. The smelt can also 

locally freeze and form a pond of water on top of it. This frozen crust can later be broken 

by falling salt cakes, which is suspected to cause many smelt-water explosions.   

Regular explosions of combustible gases are also prone to happen during water leaks. 

They are caused by the combustible gases accumulating inside the boiler when the boiler 

has been tripped and/or fire has been put out and there is no draft to diffuse the gases that 

form in the char bed. The gases can originate from black liquor in the form of hydrogen 

or other pyrolysis gases. The combustible gases only explode in certain concentrations of 

oxygen. Many recovery boiler explosions are actually regular explosions that happen 

during water leaks and may be falsely categorized as smelt-water explosions. (Ibid) 

3.4 Leak cases 

The following cases and Figure 3.4 demonstrate the effects of water entering the furnace 

and the smelt bed. These cases are just a small fraction of all the recovery boiler leaks 

and accidents that have happened in the 21st century. All these incidents have many 

known similar scenarios that have not led to anything other than an ESP at most.  It is 

also worth noting that not every explosion is caused by a pressure vessel leak as other 

unexpected events may lead to water entering the furnace. Even though not all these cases 
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led to casualties or injuries, they all were life threatening situations that could have been 

avoided. A large leak in a recovery boiler may lead to an explosion no matter what the 

operators do, but it is highly likely that the larger leaks have started as smaller ones that 

could have been detected with a proper LDS. Lots of in-depth reports and statistics from 

North American and other recovery boilers can be accessed from BLRBAC meeting 

minutes, which are publicly available on their website. The Finnish Recovery Boiler 

Committee does not publicly share the same data, but an internal incident register is kept 

up to date by all the Finnish recovery boiler supervisors. 

 Case 1: Upper furnace leak 

An explosion occurred in a recovery boiler that was in normal operation. Water had 

entered the furnace trough a large hole in the upper furnace above a welded seam. The 

explosion was very violent causing all corners of the furnace to open and the walls to 

bend significantly in the lower furnace. Two people were inside the boiler room but 

suffered only minor injuries. The damages were unrepairable, and a totally new recovery 

boiler had to be built. This caused 21 months of impaired production to the mill and 

significant rebuild costs. (Karjunen, 2017) 

 Case 2: Lower furnace leak 

A small boiler was operating normally when a rupture occurred near the primary air ports. 

This caused the master trip to trip the boiler and soon after this an explosion occurred. 

The explosion caused two of the furnace corners to open. One operator that was inspecting 

the furnace at the time of the explosion died and others were injured. As a result, all the 

furnace walls and superheaters had to be replaced and the mill was out of operation for 

almost half a year. (Karjunen, 2017) 

 Case 3: Screen tube leak 

Recovery boiler operators in North America mill heard an explosion and six minutes later 

another explosion. After evacuating the site, shutting down operations and water washing 

the boiler, they found crushed and sheared screen tubes that sprayed water to the lower 
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furnace via the nose. This was caused by large deposits falling from the upper furnace. 

Luckily no one was present in the boiler room. (WCBLRBAC, 2012) 

 Case 4: Economizer leak 

In 2007 a typical North American boiler was ESP’d after a high furnace pressure trip. 20 

seconds before the trip, operators had noticed blowback at the liquor gun openings and 

increased ID fan speed. After the trip, water-steam balance alarm was activated, and 

operators started the ESP. The cause was found to be a leak in upper economizer tubes, 

which is considered a critical leak in a two-drum boiler where the economizer is in the 

second pass and there is no membrane to stop the water from entering the furnace. 

(BLRBAC, 2007) Judging by the high furnace pressure trip, it is highly likely that water 

had indeed entered the furnace. 

 

Figure 3.4 Damage caused by a recovery boiler smelt-water explosion (Karjunen, 2017) 
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4 LEAK DETECTION TECHNIQUES 

Most if not all recovery boilers follow the water-steam differential as a leak detection 

measure, but in many cases the calculation is not reliable enough and it does not provide 

analyzed information about the leak location. Boiler water phosphate balance can be used 

to detect leaks in the furnace, screen tubes and the boiler bank. Trisodiumphosphate 

(Na3PO4) is fed into the feedwater after the economizers as a pH-control measure and as 

a result, phosphate (PO4) is only present in the steam generator as it is non-volatile. 

Acoustic emission sensors are practically specialized microphones or accelerometers that 

are used to listen to the boiler structure or gas volume. By comparing online acoustic 

measurements to a known baseline of acoustic emission, leaks can be detected in a very 

early stage. With high frequency (~100 kHz) sensors it is even possible to pick up the 

sound from the first cracks of a starting leak. This study concentrates on lower frequency 

(~0-20 kHz) acoustic emission, which is used to listen to the leaks rather than cracks. 

Operation parameters are other on-line measurements that may indicate a leak or confirm 

it. These parameters include measurements like furnace pressure, flue gas channel 

pressure and temperature, drum conditions and boiler water quality. 

This section covers the most common leak detection systems and discusses their benefits 

and weaknesses. No single leak detection method seems to be reliable and accurate 

enough to cover all leaks, but any method, when operated and maintained properly, can 

help prevent costly damages and downtime. 

4.1 Operator walkdowns 

As Figure 1.1 illustrates, for the last 18 years operator walkdowns have been the most 

common way to detect a leak as 73 % of all leaks were detected first during them. The 

ESP committee reports in BLRBAC meeting minutes that 6 % of the incidents were 

detected with leak detection systems, while 16 % of leaks were confirmed later with an 

LDS. (BLRBAC, 2018) Of those 1052 leak cases 47 % had some sort of a leak detection 

system installed. The reason for poor statistical performance can be debated but it seems 

that today’s leak detection systems do not indicate leaks early or accurately enough to 

replace the human senses. 
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When asked how the operators and boiler supervisors usually detect or confirm leaks in 

the boiler, the most common answer is moisture in the flyash collectors. This is 

discovered when the conveyors get stuck as the moist ash does not flow as easily as dry 

ash. Sometimes there can even be water flowing out of the conveyors. This moisture can 

even be seen as the dilution of firing liquor. A notable fact is that this way leaks can only 

be detected in the economizer and boiler bank region where the leak does not always pose 

a risk. A leak in the superheaters in turn can usually be audibly heard outside the boiler 

as the discharging steam makes a significant noise. More experienced operators have 

mentioned a kind of a stethoscope that has been used to listen to leaks. A leak in the 

furnace also makes noise, which is described by some as “growling” or “rumbling”. In 

addition, sounds of small smelt-water explosions occur along with visible over pressure 

in the boiler which causes sparks and hot air to escape via smelt spouts and liquor nozzle 

openings. 

Human senses are trained to spot abnormal sounds and visual signs, which is hard to 

simulate even with today’s technology. Just by looking at the statistics, mill managers 

may find it appealing to just rely on the human senses when it comes to detecting boiler 

leaks. The obvious drawback in this method is the compromise on human safety as most 

fatal recovery boiler accidents happen when an operator is on the field inspecting a 

possible leak, which then causes a smelt-water explosion.  

4.2 Mass balance 

Mass balance-based leak detection is based on the fact that on a long enough timespan, 

the amount of feedwater that is fed into the boiler must equal to the amount of water and 

steam that exits the boiler. If this is not true, there must be a leak in the boiler if all 

measurements are correct. The mass balance and its most common factors are described 

by equation ( 4.1 ) 
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 𝑞𝑚,𝐿𝐸𝐴𝐾 =  𝑞𝑚,𝐹𝑊 − 𝑞𝑚,𝑆𝑇𝐸𝐴𝑀 − 𝑞𝑚,𝑆𝐵 −  𝑞𝑚,𝐵𝐷 ( 4.1 ) 

where 𝑞𝑚,𝐿𝐸𝐴𝐾 is mass flow of the leak 

 𝑞𝑚,𝐹𝑊 is mass flow of feedwater 

 𝑞𝑚,𝑆𝑇𝐸𝐴𝑀 is mass flow of main steam 

 𝑞𝑚,𝑆𝐵 is mass flow of sootblowing steam 

 𝑞𝑚,𝐵𝐷 is mass flow of continuous blowdown 

Other flows like spraying water flow may be applied. Spraying water which is used at the 

attemperators is added as a positive flow if feedwater measurement is taken after the 

spraying water has been extracted. If a Dolezal is used, spraying water does not affect the 

calculation. Turbine driven feedwater pumps also take their steam before the main steam 

measurement, but usually they are not in use when the boiler is in normal operation. If 

the turbopump would be in operation it would need to be added as a negative flow on the 

right-hand side of the equation. 

This is probably the simplest and cheapest way to arrange a leak detection system and it 

is used by most mills in some form, but it has its drawbacks. If the measurements are not 

properly filtered, the leak flow value might fluctuate for example 5 kg/s up and down, 

which means the alarm limit needs to be set high, which in turn makes the detection of 

leaks less effective. Another drawback is that the equation does not consider boiler water 

volume and its reaction to load changes. If the load changes, the drum level control causes 

disturbances to the mass balance. This disturbance is only temporary as the feedwater and 

steam flows will settle over time. If load changes are not compensated for, false alarms 

may occur. Properly tuned and maintained mass balance-based systems can detect even 

small leaks of 0,5-1 kg/s, whereas primitive systems can only detect large leaks or confirm 

them after other means of detection. (Karjunen, 2017) Compensation of load changes and 

smoothing of measurement noise can be done in many ways including the use of simple 

moving averages, exponential moving averages, standard deviations and least square 

methods. (Burgmayer & Durham, 2000) 
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4.3 Water quality 

Chemical balance-based leak detection relies on tracers that are fed into the feedwater 

and don’t evaporate with steam. These tracers can be either a part of the boiler water 

quality control system or they can be inert tracers that are specifically designed for leak 

detection. (Avallone, et al., 1994) The conductivity of boiler water also works as an 

indicator. These systems can only detect leaks in the steam generating part of the boiler 

as the tracers are fed after the economizers and are not present in the superheaters unless 

they are volatile. Even if the tracer is fed before the economizer, like phosphate usually 

is, the concentration of the tracer during a leak is negligible since it only enriches in the 

steam generator. 

The most convenient tracer is phosphate (PO4), which is formed when trisodium 

phosphate is dosed into the feedwater to control pH-value. Also, other tracers like sodium 

(Na+) can be used but the possibility of a sodium leak somewhere in the water treatment 

process makes it more prone to errors. Phosphate does not have this vulnerability as it can 

only enter the process via boiler water pH-value control. Using phosphate as a tracer to 

detect leaks is simple and cheap assuming the mill can keep the dosing solution 

concentration steady, has reliable dosing flow sensor or calculation and the boiler water 

total mass is known. The accuracy of boiler water phosphate analyzer and the blowdown 

flow sensor will also greatly affect the calculation. Boiler water leakage can be derived 

with equation ( 4.2 ) using boiler water phosphate balance  

 
∫ 𝑐𝑃𝑂4,𝑃𝐷 ∗ 𝑞𝑉,𝑃𝐷 − 𝑐𝑃𝑂4,𝐵𝑊 ∗ (𝑞𝑉,𝐵𝐷 + 𝑞𝑉,𝐵𝑊𝐿) 𝑑𝑡 = 𝑉𝐵𝑊 ∗  ∆𝑐𝑃𝑂4,𝐵𝑊 

( 4.2 ) 

where 𝑐𝑃𝑂4,𝑃𝐷 is phosphate concentration in the dosing solution 

 𝑞𝑉,𝑃𝐷 is phosphate dosing solution volume flow 

 𝑐𝑃𝑂4,𝐵𝑊 is phosphate concentration in the boiler water 

 𝑞𝑉,𝐵𝐷 is continuous blowdown volume flow 

 𝑞𝑉,𝐵𝑊𝐿 is boiler water leak volume flow 

 𝑉𝐵𝑊 is boiler water volume (steam generator). 
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When a sufficient timespan of five hours is applied to the equation and it is solved for the 

only unknown term 𝑞𝑉,𝐵𝑊𝐿 (BWL) the following equation ( 4.3 ) is formed. The rest of 

the variables are either fixed values or continuous measurements from the plants DCS. 

 

𝑞𝑉,𝑃𝐷  =  
(𝑐𝑃𝑂4,𝑃𝐷 ∗ 𝑞𝑉,𝑃𝐷 − 𝑐𝑃𝑂4,𝐵𝑊 ∗ 𝑞𝑉,𝐵𝐷) ∗ 5 ℎ − 𝑉𝐵𝑊 ∗ (∆𝑐𝑃𝑂4,𝐵𝑊,5 ℎ)

𝑐𝑃𝑂4,𝐵𝑊,𝑎𝑣𝑒 5 ℎ ∗ 5 ℎ
   ( 4.3 ) 

The calculation of a leak based on sodium concentration, conductivity or other tracers 

follows the same principle; as the leak removes water from the circulation, it removes 

some of the tracer too and the amount of dilution relates to the amount of the leak. 

(Karjunen, 2017) 

4.4 Acoustic emission and vibration sensors 

Acoustic emission is based on leaks and cracks making noise and vibration that can be 

measured with specifically designed piezo-electric sensors, accelerometers or 

conventional microphones. The type of sensor depends mostly on the focus to either 

cracks or leaks and the boiler structure. When the emission of a leak flow is measured, 

there are two viable options; structural- or airborne method. Fluid-borne leak detection is 

also an option but is not seen as viable in high pressure applications. This means using a 

pressure sensor to measure the pressure waves travelling in the fluid inside the boiler 

tubes. (Kovacevich, et al., 1996) If listening to airborne waves that use the gas volume of 

the furnace or the boiler room air as a medium, a low frequency of less than 20 kHz seems 

to be optimal. Structural crack and leak emissions can be listened with a broader 

frequency band of up to 1 MHz too and the sensors are attached straight to the pressure 

vessel via special sounding rods that help to bring the temperature to an acceptable level. 

This study focuses on leak detection and therefore only briefly discusses the use of crack 

detection systems. The use of the term acoustic emission is sometimes limited to high 

frequency measurements or airborne vibration but in the scope of this work also low 
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frequency sensors listening to structure-borne vibration are considered to be acoustic 

emission equipment. 

A lot of acoustic emission installations were made by Acutest in the period of 1995-2010 

in Finland and elsewhere, as furnace floor cracking was a problem and the technology 

was new and prominent. Since then floor cracking has reduced partially because of better 

materials and knowledge about the root causes. Also, the operation of these acoustic 

emission systems was not made intuitive enough for the operators who quickly forgot 

about the systems. These systems needed expensive maintenance as the sensor technology 

was outdated and they were dismissed at least in Finland where no mill uses the system 

today while in the year 2001 there were 9 systems with a few installed later than that. 

(Karjunen, 2001) 

In 2016, a standard (SFS-EN ISO 18081:2016) was formed with the title of “Non-

destructive testing. Acoustic emission testing (AT). Leak detection by means of acoustic 

emission”. This standard is a part of a series of non-destructive testing standards and gives 

a framework for the specifications and instrumentation of acoustic leak detection systems. 

(Mechanical Engineering and Metals Industry Standardization in Finland, 2016) 

 Detecting cracks 

Before a leak occurs, cracks in the structure can make high frequency acoustic emission 

bursts. The crack propagation and the acoustic emission burst mechanism are illustrated 

in Figure 4.1. These bursts are short, high frequency (20-1000 kHz) emissions that can 

be detected with piezo-electric sensors that generate electrical voltage from vibration. The 

benefit of detecting cracks is to detect problematic areas before the material breaches and 

forms a leak. A crack is not necessarily going to generate a leak, but this area should be 

inspected more closely to prevent leaks. (Aura, 2013) Commercial acoustic emission 

systems are known to use sensors that are most sensitive to 150 kHz vibration. (Aura & 

Nikula, 2011)  
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Figure 4.1 Crack propagation causing acoustic emsission bursts translated from source (Aura, 

2013) 

 Detecting leaks 

The soundwaves can form in many ways when a leak occurs, but most sources describe 

the turbulence caused by the pressured water ejecting into atmosphere to be the main 

source of acoustic emission waves. When water or steam starts to go through the leak 

orifice, a sound can be heard even by human ear. This sound forms as the high-pressure 

water or steam diffuses to the atmospheric pressure at a high velocity causing turbulent 

flows that emit the sound. This sound is relayed by the heat exchanger elements and 

furnace walls that act like diaphragms. The elements may also experience vibration 

caused by the leak flow hitting the tubes next to the leak, which is referred to as impact 

vibration in this study.  

The standard SFS-ISO 18081:2016 by Mechanical Engineering and Metals Industry 

Standardization in Finland (2016) describes the possible origins of acoustic signals with 

the following phenomena: 

- turbulent flow of the escaping gas or liquid 

- fluid friction in the leak path 
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- cavitations, during two-phase flow (gas coming out of solution) through a 

leaking orifice 

- the pressure surge generated when a leakage flow starts or stops 

- backwash of particles against the surface of equipment being monitored 

- gaseous or liquid jet (verification source) 

- pulsating bubbles 

- explosion of bubbles 

- shock-bubbles on the walls 

- vaporization of the liquid (flashing) 

              

In the 1990’s B&W conducted extensive testing of acoustic emission technologies 

including airborne and structure-borne emission with piezoelectric sensors as well as 

accelerometers in the frequency range of 5-200 kHz. A peer reviewed report of these tests 

was published in TAPPI journal in 1996 (Vol. 79 No. 6). The report describes the range 

of detection and signal attenuation, differences in airborne and structure-borne 

monitoring in terms of equipment and frequency, system testing, sensor placement etc.  

The study concluded that the optimum frequency for leakage monitoring would be as low 

as possible as long as the leak can be distinguished from the background noise. This is 

due to high signal attenuation on higher frequencies especially when using airborne 

emission sensors. For furnace wall leak detection, they recommend the use of 2-20 kHz 

structure-borne sensors connected to the tube membranes via wave rods although they 

also found a 150 kHz resonant sensor to perform well and be almost immune to 

sootblower noise. They distinguish AE-type (Acoustic Emission) as being only slightly 

better at sensing leaks than accelerometer-type sensors. They end up not recommending 

the use of accelerometer sensors to detect leaks as they cannot be isolated from external 

noise like AE-type sensors. For the convection pass area, they recommend airborne 

sensors citing 2-15 kHz as the optimal frequency range. (Kovacevich, et al., 1996)  

Triple 5 is another commercial acoustic emission-based leak detection system provider 

and they use 2-11 kHz for structure-borne-leak detection. They also state that a turbulent 

leak causes noise in the 3 kHz range. (Studdard, et al., 1992) Acutest’s system used 20 

kHz and 150-200 kHz for structure-borne emission and 8-10 kHz for airborne. (Karjunen, 

2001) 
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 Background noise 

Ambient background noise and its characteristics vary between boiler types, individual 

boilers and even between measuring points. Most sources and the measurements made 

for this study indicate that background noise is strongest around 1-2 kHz and lower 

frequencies. This low “rumbling” is caused mainly by combustion, where liquor droplets 

expand rapidly and combust. (Studdard, et al., 1992) Sootblower noise can also be seen 

as background noise as a modern recovery boiler requires constant sootblowing. It is 

important to distinguish the difference between the emission caused by turbulent flows 

of steam and the vibration that is caused by the steam hitting the tube-elements. The latter 

is only an issue when using structure-borne sensors and is not picked up by airborne-

sensors. The background noise picked by each sensor depends highly on the location 

because of differences in the structure of the heat exchangers and the distance to the 

combustion zone. Figure 4.2 is an example of the background noise spectrum of a 

recovery boiler when sootblowing is disabled. 

 

Figure 4.2 Background noise spectrum, when sootblowing is disabled 

4.5 Flue gas flow and content 

Leaks can be detected from the flue gases in many ways. Flue gas volume flow, flow 

velocity, gas temperature, O2 -content, TRS (Total Reducted Sulphur) content, moisture 

content, etc. can be used to indicate leaks. The most direct way is to meter the moisture 

content in the flue gases as excess water in the furnace or the flue gas channel will mostly 

evaporate. The elevated moisture content in the flue gases should correlate to the amount 
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of leaking water. If the leak is in the economizer part, at least some of the water will exit 

the boiler in liquid form through the hoppers as the temperature is not high enough to 

evaporate all the water. If the water leak is in the furnace, all the water will evaporate and 

expand greatly, which causes the flue gas volume flow to increase. Some boilers have 

flue gas volume flow meters, but those that don’t can see the effect in the flue gas flow 

velocity, pressure difference over heat exchanger elements or increased temperatures 

upstream. These measurements can be used to locate the leak in the direction of the flue 

gases as the effects will take place mostly downstream from the leak. 

TRS emissions have also been used to detect leaks in the furnace. The amount of sulphur 

emissions is changed when water enters the smelt pool and cools it thus indicating a leak. 

This method was more relevant when TRS emissions were more significant since modern 

recovery boilers emit much less TRS.  

4.6 Other methods 

Many other leak detection methods exist and are constantly developed. One commonly 

known method is to look for cold spots in the bed camera. These cameras are installed in 

almost all recovery boilers, but the image quality varies greatly. They are usually 

equipped with an algorithm that eliminates the salt and liquor droplets that might 

otherwise make the image blurry. Modern bed cameras also have intuitive temperature 

measurements and a possibility to track the shape of the bed. If the image quality is good 

enough, a well-trained eye can spot darker areas in the bed that may indicate a leak in the 

floor or for example water flowing to the smelt bed via the walls. 

AI (artificial intelligence), neural networks and fuzzy logics are also being studied to 

detect abnormalities in the boiler process. Fuzzy logics is being used to track 

measurements that may be affected by the leak but are not actual indicators of a leak 

themselves. AI and neural networks can be applied to the LDS so that the system learns 

the characteristics of a leak and gets more accurate over time.  
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4.7 Existing leak detection systems 

Many recovery boilers have some kind of a leak detection system installed. Most common 

system is a basic feedwater-loss calculation, which is usually filtered with moving 

averages. More advanced leak detection systems also use chemical balance, flue gas 

properties and other operating parameters. A separate system utilizing acoustic emission 

can be installed, but these separate systems have not been a success at least in Finnish 

recovery boilers. Mills like UPM Kaukas have also constructed their own leak detection 

systems as a result of leak accidents. The following systems are examples of these existing 

systems, gathered from mostly publicly available material. 

 LDS by Valmet 

Valmet currently offers mass and phosphate balance-based leak detection. The current 

system has recently been installed in recovery boilers globally. Pilot versions of the 

system have been installed in Finnish recovery boilers by Timo Karjunen. Currently the 

system can detect leak flows that are 0,5-1 % of boiler full load feedwater flow and 

determine the criticality (steam generator vs. other parts). The main operator display of 

the Valmet LDS built into Valmet DNA DCS-system is presented in Figure 4.3 but can 

be installed as a stand-alone system using OPC (Open Platform Communications). 

Acoustic emission and operator parameters are being implemented to the Valmet LDS 

based on the findings of this thesis. 
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Figure 4.3 Valmet LDS operator interface (personal archive) 

 RBA by Buckman 

Buckman’s Recovery Boiler Advisor (RBA) was formerly owned by Alert Systems Inc. 

which in turn bought the rights to the system from Stone & Webster. (Paper Industry 

Management Association, 2006) The system was developed with the help of the 

American Forest and Paper Association (AF&PA) in the early 1990s and first installed in 

1993. The system has only recently been installed in recovery boilers in Europe as earlier 

it had mostly been installed in American boilers. (Karjunen, 2001) 

The RBA is a collection of advisory systems including leak detection using pre-existing 

instrumentation and consists only of software on a Windows PC. The specifics of the 

system seemingly vary between installations, but the main components of the leak 

detection are mass-balance, water and steam flow measurements, flue gas properties and 

drum conditions. The supplier stated sensitivity of the system is 0,15-0,5 %. To reach the 

rather high sensitivity of the system requires long commissioning times of up to months 

but no shutdown. Figure 4.4 shows the main operator display of the RBA system. 

(Karjunen, 2001) (Buckman, 2018) 
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Figure 4.4 Buckman RBA operator interface (Buckman, 2018) 

 RBLI by Nalco 

Nalco’s Recovery Boiler Leak Indication (RBLI) combines mass and chemical balance 

calculations into one operator display (Figure 4.5). Instead of using phosphate as a tracer, 

they use one or more inert chemicals which can be measured using a fluorometer. This 

patented technology is called 3D TRASAR and requires a dosing system with a flow 

meter and a special analyzer connected to the blowdown line. The company says that the 

system can detect a leak as small as 2 gpm (~3,8 l/min). One of the benefits of this system 

is that it is not as sensitive to load changes as the chemical used does not have the hide-

out effect of phosphate. The downside is that it requires proprietary hardware and 

chemicals. (Nalco, 2016) 
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Figure 4.5 Nalco 3D TRASAR operator interface (Nalco, 2016) 

 UPM Kaukas leak detection system 

A recovery boiler at UPM Kaukas integrate in Finland experienced a large lower furnace 

leak in 2006 but luckily survived without severe damages to the boiler or personnel. This 

prompted them to develop a leak detection system that utilizes mass and chemical balance 

as well as flue gas properties and acoustic emission.  

The chemical balance is based on both phosphate and sodium balances and the flue gas 

indicators were based on Total Reduced Sulphur and flue gas pressure differences. The 

TRS indicator relies on the fact that a leak in the lower furnace would increase TRS 

emissions due to reduced temperature. The flue gas pressure differences over heat 

exchanger elements were used to calculate flue gas volume flows. A leak would increase 

flue gas volume flow and by comparing this value to the theoretic flue gas flow of black 

liquor combustion, a large leak can be detected. This calculation is sensitive to the fouling 

of heat surfaces and therefore needs some filtering. (Vaaljoki, 2006) The ACM-Optimatic 

acoustic emission system was already installed at the boiler by Acutest but was not in use 

for some reason. Even though acoustic emission was planned to be integrated to the leak 

detection system, it never was. At the time of writing, the rest of the leak detection was 
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also not in use, but the displays still existed. This may be because very few leaks have 

occurred since in the boiler, and no one has paid attention to the detection system or it 

has produced false alarms. The signals were collected into the main display of the system 

(Figure 4.6) and rated so that a total “leak-score” could be calculated to represent the 

probability of a leak. 

 

Figure 4.6 Leak detection main screen in UPM Kaukas recovery boiler (Nurmi, 2018) 

 ACM-Optimatic by Andritz 

Andritz ACM-Optimatic or its predecessor was developed in the 1990’s by the Finnish 

company Acutest, which was acquired by Andritz 2003. Their system was first built as a 

condition monitoring tool for machinery like bearings and pumps and later modified to 

also detect and locate boiler leaks. In 20 years, 18 installations were made of which 8 in 

Finland to recovery boilers and lime kilns when furnace floor leaks were an issue. Also, 

there was a regulative and/or insurance policy incentive to use predictive maintenance 

methods. (Korteila, 2004) As stated earlier, Acutest’s system used 20 kHz and 150-200 

kHz for structure-borne emission and 8-10 kHz for airborne. The 150-200 kHz sensors 

were used to also detect cracks (Karjunen, 2001) 
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This system has multiple sensor types for different purposes. Beside just sensing structure 

and airborne leaks inside the boiler, it can also detect cracks and listen to the boiler room 

ambient noise to detect anomalities. (Vaaljoki, 2006) Even though their technology has 

proven itself in theory, most boiler operators did not find the system useful or intuitive 

enough and use of their system has been minimal. In Finland, no recovery boiler has an 

operational ACM-Optimatic system at the time of writing. (Karjunen, 2017)  

 

 

Figure 4.7 Andritz ACM-Optimatic II HMI graphic (Aura & Crotty, 2014) 
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 AMS by Triple 5 Industries 

Acoustic Monitoring System (AMS) by Mistras/Triple 5 Industries uses acoustic sensors 

and waveguides that are welded to the tube wall to listen to structure-borne acoustic 

emission. They also offer remote monitoring and weekly reports. According to one 

source, Triple 5 uses frequencies between 2 and 11 kHz. (Karjunen, 2001) Figure 4.8 

Shows an example of emission caused by a propagating leak.  

 

Figure 4.8 Triple 5 AMS leak propagation graph (Triple 5, 2017) 

 ALL by AMI 

Acoustic Monitoring International (AMI) bought its Acoustic Leak Locator (ALL) 

product from Babcock and Wilcox (B&W) which was one of the first companies to 

develop acoustic leak detection sensors in 1982. The ALL consists of sensors listening to 

both structure- and airborne acoustic emission with piezoelectric sensors in the range of 

1-500 kHz. (AMI, 2019) It is not clear what frequency range they are using today, but a 

B&W study concluded that 1-20 kHz frequency range is optimal for both structure-borne 

and airborne leak detection. They also found 150 kHz resonant sensors to be a good 

option. (Kovacevich, et al., 1996) 
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Figure 4.9 AMI's ALL configuration for air- and structure-borne acoustic emission (AMI, 2019) 
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5 SIMULATIONS 

As critical recovery boiler leaks are practically impossible to be tested in a real-world 

environment, a recovery boiler simulator is used to tune the leak detection software and 

to help select the measurements that can indicate a leak. The simulator used in this study 

is a simplified version of an operating recovery boiler. The goal of the simulations is to 

find limits for the alarms of the leak detection system so that the system would be 

effective but does not give false alarms. 

5.1 Simulator software 

The simulator software and the tools used to study the results are a network of Valmet 

applications. In the core there are Modelica-executables that are developed to accurately 

model different areas of a recovery boiler system. Each model represents a part of the 

process such as combustion air, feedwater and steam, black liquor, etc. The models are 

connected to an application called Training Manager via a shared memory (DSHM). 

Training manager is a Valmet software that is used to run different process simulations 

to train operators and also the recovery boiler simulator is also originally made to be used 

for training. From the training manager an OPC-server fetches the data to the graphic user 

interface, which is made to look like Valmet DNA HMI. With these displays, users can 

operate the simulator like it is a real recovery boiler. The OPC server is also used to 

connect a real Valmet DNA DCS ecosystem to the simulator so that the actual leak 

detection application can be tested as if it was connected to a real boiler. The DNA DCS 

network is usually a network of physical servers and I/O’s (Input-Output), but in this 

setup all the servers are installed into the same laptop PC. Figure 5.1 shows a schematic 

of the simulator network. 
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Figure 5.1 Simulator network 

5.2 Simulator tests 

The tests simulate leaks of different sizes in different parts of the boiler. The three tested 

areas were economizer, superheaters and the lower furnace. Leaks in these parts have 

different characteristics and different effects to the whole boiler system. In the 

economizer the feedwater is saturated water, in the superheaters it is naturally superheated 

steam and in the lower furnace feedwater flow is modelled to be incompressible 1-phase 

flow as it is the most critical type of a leak. (Blomstrand, 2018) 

According to Blomstrand (2018),  leaks are modelled to represent flows through an orifice 

to atmosphere, which is an accurate enough method in the scope of this study. For the 

leak flow, the following equation was used. (Crane Co., 1972) 

 

𝑞𝑉 = 𝑌 ∗ 𝐶 ∗ 𝐴 ∗ √
2 ∗ ∆𝑝

𝜌
 ( 5.1 ) 
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Where 𝑞𝑉 is the volume flow of the leak 

𝑌 is the expansion factor 

𝐶 is the flow coefficient 

𝐴 is the surface area of the leak 

∆𝑝 is the pressure difference over the orifice 

𝜌 is the density of the fluid 

 

The expansion factor 𝑌 is the function of the specific heat ratio 𝐹𝑘, the ratio of the orifice 

throat diameter to inlet diameter β and the upstream and downstream absolute pressures. 

A numeric approximation of 𝑌 is 

 
𝑌 = 1 −

𝑋𝑠

3 ∗ 𝐹𝑘 ∗ 𝑋𝑡
 ( 5.2 ) 

Where 𝑋𝑠 is Δp/pin (limited by 𝐹𝑘 ∗ 𝑋𝑡) 

 𝐹𝑘 is the specific heat ratio (1,3/1,4) 

 𝑋𝑡 is the pressure drop ratio (set to 0,8) 

 

The flow coefficient C can be calculated with the equation 

 
𝐶 =  

𝐶𝑑

√1 − 𝛽4
 ( 5.3 ) 

Where 𝐶𝑑 is the drag coefficient 

 

5.3 Simulator environment and variables 

The simulator is a simplified model of a modern recovery boiler process. Main properties 

of the “Reference RB” simulator are presented in Table 5.1. Being simplified, its process 
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starts from the black liquor tanks and is limited to green liquor going out the system. 

Some individual inner processes are simplified also as the main purpose of the simulator 

is to train operators. These simplifications put aside, the process is a very accurate 

representation of a real-world recovery boiler process. All the automation controls are 

copied from a real-world application and the operator screens are very similar to those of 

a real recovery boiler.  

Table 5.1 Simulator "Reference RB" properties 

Furnace MCR 6700 tDS/day 

Steam flow 1030 t/h (286 kg/s) 

Steam pressure 98 bar(g) 

Steam temperature 490 °C 

Burners 12 start-up burners 

3 load burners 

CNCG burner 

 

To facilitate comparable test environments for a sensitivity analysis, so called snapshots 

were taken when the process had settled to a desired state. A snapshot records the current 

state of all the measurements and control variables in the simulation. The snapshots used 

in the test represent four setpoints for the boiler load measured from the total combusted 

black liquor dry solids per day: 50 %, 75 % and 100 %. The 50 % load snapshot differs 

from the others because the boiler interlockings demand oil to be burned when the 

feedwater flow is below a certain limit. Because of this, one load burner is in operation. 

Other snapshots include only black liquor firing along with CNCG (Condensated Non-

Condensable Gases), DNCG (Diluted Non-Condensable Gases) and ventgas combustion 

and represent rather normal operating conditions. CNCG is burned with oil in a dedicated 

burner whereas DNCG and ventgas (gases from the dissolving tank) are fed into the high 

secondary air channel. 

The leaks are initiated as “disturbances” via the Training Manager. The leak sizes were 

selected so that first the largest leaks for each load situation that would not trip the boiler 

were iterated (Table 5.2). The maximum leak flows were surprisingly high, but the boiler 

is also a large one. As the simulator did not have smelt-water reactions modelled, the 
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furnace pressure never tripped the boiler and only low drum level was considered. This 

makes the maximum furnace leak much higher than it should be. The maximum leak 

orifice in the simulator was 63 mm, which in the superheaters was not enough to trip the 

boiler. For the 100 % economizer leak, the maximum leak flow was quite low because 

the feedwater pumps went up to their maximum capacity and the automatic start of the 

turbopump was not enabled on purpose. 

Table 5.2 Maximum leaks for different loads 

  50 % 75 % 100 % 

mm kg/s mm kg/s mm kg/s 

ECO 40,5 126 37,5 107 30 67 

Furnace 49,5 170 49 168 46 146 

Superheater - - - - - - 

   

After evaluating the largest leaks and leak sizes relevant to the leak detection system, the 

leak sizes were selected based on 5 % and 10 % of the maximum feedwater flow. For the 

“Reference RB” the leak sizes were 14,5 kg/s and 29 kg/s. 

The final variable used in the tests is the type of drum level control. As described in 

section 2.6, the number of elements used to control the drum level has a significant effect 

in the event of a leak. The two tested controls were 1- and 3-element controls. 3-element 

control is usually used in normal operating conditions, but 1-element control may be used 

in some situations such as start-ups and shutdowns. After evaluating the situations where 

1-element drum control is used, the simulation tests results for 1-element tests were not 

analyzed further. 

5.4 Simulation results 

The results of the simulator tests were extracted using Matlab, Dymola and Excel. 

Dymola was mainly used to find the correct tag names for each variable. The simulator 

generates separate .mat-files for each module, which contain the values of each variable 

with one second intervals. Two pre-existing Matlab-scripts were used to load the data into 

matrices and to write the data points of a certain tag name into a vector. A new script was 
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generated to combine the data from different modules into one struct and to write the data 

into an Excel-file. The script also calculated minimum and maximum values for each 

variable. In Excel, the data from different simulation scenarios was combined and 

compared to find differences in operation parameter changes between leak locations and 

sizes.  

The most interesting result of these tests is the effect on flue gas channel pressure profile 

that a leak in different parts of the boiler has. Flue gas channel i.e. the convection pass 

has pressure sensors between each heat exchanger element so that pressure drop over that 

element could be calculated in order to determine the amount of deposit it has covering 

it. The relative pressures between the elements are negative, as the flue gas fan is sucking 

more air than the combustion air fans can push into the boiler. In normal operation, the 

pressure profile goes from near 0 Pa in the upper furnace to -2500 Pa after the last 

economizer. When there is a water or steam leak into the channel, the steam or expanding 

water causes the pressure to surge before the flue gas fan automation has time to react. 

The pressure surges after each heat exchanger element can be used to locate the leak 

within the flue gas path as the pressure surge will be the strongest at or near the leak 

location. Figure 5.2 shows the pressure profiles for each leak location with the same leak 

size (5 % of feedwater flow). The data points are relative to their initial values before the 

leak and represent the highest value recorded. The furnace absolute pressure responses in 

time domain are presented in Figure 5., Figure 5. and Figure 5.. Economizer leak has 

relatively small effect on channel pressures and the highest surge is expectedly in the end 

of the flue gas channel. The figure shows that the effect of a leak early in the channel is 

dampened along the channel and the furnace pressure surge in the furnace leak is higher 

than in the superheater leak, even though the superheater leak will also have significant 

effect in the upper furnace pressure. 
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Figure 5.2 Flue gas channel pressure profiles for different leak locations 

After a while when the absolute pressures have leveled, the furnace pressure will go back 

to near 0 Pa, but the pressure levels closer to the flue gas fan will stay high (Figure 5.3), 

because there is now more flue gas volume and the fan rotational speed will hence be 

higher.  

 

Figure 5.3 Pressure profile after the initial surge 

Flue gas channel temperature profiles can also be used to locate the leak. As Figure 5.4 

demonstrates, leaks in different parts of the boiler have profoundly different effects. 

Economizer leak does not have much of a difference to temperatures whereas furnace and 

superheater leaks have the opposite effects in the upstream temperatures. Furnace leaks 
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will increase the flue gas temperature after the economizers, because it will expand in the 

hot combustion zone and transfer that heat downstream. The temperature change after a 

superheater leak will be negative after the superheaters because the steam temperature is 

much lower than the flue gas temperature. The increased flue gas volume flow will cause 

the temperature to temporarily rise downstream during a superheater leak. 

 

Figure 5.4 Temperature change profile after different leaks 

One of the first indicators for the boiler operators about a possible tube leak is the drum 

behavior. In theory the drum level reacts to the temporary changes in steam and feedwater 

pressures so that if steam pressure is higher than feedwater pressure, the drum water level 

will decrease and vice versa. This means that the drum level is sensitive to changes in 

steam demand and feedwater input, both of which have immediate effects on the 

pressures. If there is a leak in the superheaters, i.e. more steam demand, the steam pressure 

will temporarily decrease. If instead there is a leak in the economizers or the steam 

generator, i.e. less feedwater input into the drum, the feedwater pressure will temporarily 

decrease. Figures 5.5-5.7 present drum level, drum pressure difference (relative to the 

initial pressure) and furnace pressure for the three leak types on the same scale. 
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The economizer test shows a relatively small response in drum pressure, but it differs 

from the other tests as it is positive. The reason for this is most likely that an economizer 

leak has no effect on the steam production, but the automation will temporarily ramp the 

feedwater valve and cause the pressure to increase. It is notable that the drum pressure 

will return to the initial pressure unlike in other leaks. 

 

Figure 5.5 Economizer leak 5 % of feedwater flow 

The furnace leak (Figure 5.6) has the largest negative effect in drum level and pressure. 

It is notable that the furnace pressure in the simulation will first decrease before surging 

up. This is likely because of the liquid water cooling the lower furnace thus reducing the 

flue gas density temporarily. 
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Figure 5.6 Furnace leak 5 % of feedwater flow 

The superheater leak case (Figure 5.7) is interesting because in theory a leak would 

decrease the steam pressure which effects the steam generator pressure too. A lowered 

pressure would lower the boiling point of water, which would cause flashing of some of 

the water to steam. This in turn should increase the void fraction and cause the so called 

“swelling” effect which means the drum level should go up. No test variables could cause 

this effect in the simulator, which was later confirmed by the developers of the simulator. 

The swelling effect had been removed from the model as it was not proven realistic with 

process data. This is one of the drawbacks of using a training simulator not designed to 

simulate leaks. Because there is no swelling effect modelled in the simulator, the results 

of the superheater test should be taken with a grain of salt even though the pressure does 

decrease after the leak. It is notable that the furnace pressure does surge up as much as it 

does in the furnace leak case because in both cases the amount of water is the same. 
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Figure 5.7 Superheater leak 5 % of feedwater flow 

The sensitivity tests for various loads also revealed an important factor. When operating 

at lower than 100 % loads, the boiler is much less likely to trip as a result of a large sudden 

leak. This is because the boiler processes and equipment are all at their maximum capacity 

and a leak will push the equipment over it, causing a chain reaction when automation fails 

to correct the situation. This is especially true for older boilers that are already operating 

over their original design capacities. In the simulator the weakest link was the feedwater 

pumping system as the pumps reached their maximum capacity during leaks. 

5.5 Verification of results 

As a part of this study, historical data from leaks and other relevant situations was 

gathered from mainly Finnish recovery boilers to verify the results of the simulator tests. 

The data included multiple economizer leaks, furnace leaks, steam blows, relief valve 

tests and other situations.  

 Economizer leak 

One of the most prominent ways to help confirm the leak location according to the 

simulator test is by monitoring the flue gas channel pressure profile. In case of an 

economizer leak, the pressure will only increase slightly at or near the leaking 
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economizer. Figure 5.8 shows this effect in a real economizer 2 leak with pressure loss 

over the leaking economizer and water steam differential. The measurement intervals for 

the curves were inconsistent, which distorts the time axis, but it is clear that a leak of 

approximately 1-2 kg/s caused a 30 Pa increase in the pressure after economizer 2. The 

boiler in this case is a typical Finnish recovery boiler approximately the size of the 

simulator boiler. 

 

Figure 5.8 Economizer 2 leak effect on channel pressure 

Simulator results for economizer leaks also suggest that drum pressure would increase, 

and the drum water level would decrease temporarily. Figure 5.9 is from a real 

economizer leak approximately 5 kg/s of size. The graph supports the simulator results 

as the pressure seems to increase both times when the crack opens. This boiler is slightly 

larger than the boiler in the last example. 

1. The crack opens for the first time reducing the steam production 

2. Drum pressure increases due to feedwater pump ramping to make up for the lost 

flow 

3. Increased pressure decreases the amount of steam bubbles in steam generator 

lowering the drum level (opposite of swelling) 

4. Flue gas volume flow increases because of the expanding leak flow 

5. Water-steam difference increases approximately 5 kg/s 

*steps 1-3 repeated when crack opens again 
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Figure 5.9 Economizer leak mill data 

 Furnace leak 

A simulated 5 % furnace leak caused the drum level and pressure to decrease and furnace 

pressure to first decrease a little before surging more than 100 Pa. These simulation results 

can be verified by analyzing the furnace leak data from a real furnace leak in Figure 5.10. 

The figure shows that the drum level is kept surprisingly constant by quickly increasing 

feedwater flow, but water-steam difference and other signs alerted the operators that 

quickly initiated emergency shutdown protocol, but no rapid drain was done. After the 

emergency shutdown the furnace pressure surged 300 Pa and drum level decreased. The 

furnace pressure surge probably happened because the fuel was cut, and the leaking water 

no longer evaporated causing it to reach the smelt bed causing a small smelt-water 

reaction. In this leak case, the boiler was a typical Finnish recovery boiler, but the leak 

was much larger than 5 % of the feedwater flow. 
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Figure 5.10 Furnace leak trends 

 Superheater leak 

The water level in the boilers steam drum is constantly monitored, which is usually 

required by regulations. The water level in the drum is kept as steady as possible near the 

vertical midpoint of the cylindrical drum with sometimes complex automation. In general, 

if the level decreases, more feedwater needs to be pumped in and vice versa. The drum 

level reacts quickly to disturbances in combustion or coolant flow and can therefore be 

used to help confirm a leak. Figure 5.11 is an example of the drum reactions after a 

superheater leak, in this case simulated with an opening relief valve. The graph shows the 

drum level first going up caused by swelling and then dropping partly because of the 

automation. The data series are 12-minute moving averages, which means the amplitude 

of the curves is more than what is visible. The numbering is explained below. The boiler 

in this case was again a typical Finnish recovery boiler which is approximately half the 

size of the simulated “Reference RB”. 
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1. Relief valve opens reducing main steam flow 

2. The rapid pressure-drop causes some of the boiler water to flash to steam, which 

causes swelling that increases the drum water level temporarily 

3. Automation quickly reduces feedwater flow due to increased drum water level 

4. Drum water level decreases rapidly when the steam bubbles crash and the effect 

of reduced feedwater flow kicks in 

5. Automation reacts to decreased drum level by increasing feedwater flow 

6. Water-steam difference is increased up to 30 kg/s 

7. Drum water level starts to recover, and the relief valve starts to close 

 

 

Figure 5.11 Effects of an opening relief valve 

5.6 Conclusions about simulator tests 

The simulation tests did not completely fulfill expectations but are still of value for the 

development of the system. The biggest drawback was the lack of “swelling” expected to 

happen when simulating a leak in the superheaters. When comparing these results to real 

life leak data, it is good to consider the size of the boiler since the simulator boiler is a 

relatively large boiler when compared to North American or even Scandinavian recovery 
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boilers. To make the results more informative, the size of the leak was stated in percentage 

of feedwater flow. Even though the simulation is an accurate model of a real recovery 

boiler process, it was designed for training purposes, not for leak detection testing. 

Considering these drawbacks, the results were found to correlate with real leak case data 

and are therefore believable with said exceptions. 

The simulation results show that leaks can be detected and distinguished based on 

operation parameters like drum level and pressure and flue gas profile. The tests failed to 

prove the assumption that during a superheater leak, drum level will increase temporarily. 

Based on these tests, suggestions for alarm limits can be made. 



69 

   

 

6 ACOUSTIC EMISSION FIELD TESTS 

Acoustic emission measurements were conducted at four recovery boilers in Finland. The 

goal was to find out if the existing accelerometer-based machine monitoring sensors could 

be used to listen to leaks and to scope the frequency bands that should be used in detecting 

leaks through structure-borne acoustic emission. Also, the distance of detection and the 

possibility to locate a leak using multiple signals were studied. 

6.1 Hardware and software 

The equipment used is a standard Valmet Maintenance Pad with two wireless 

accelerometer sensors. The sensor in Figure 6.2 was used the most and it is a package 

where all the components are in one, cylinder shaped piece of equipment. This sensor 

type is used in low temperature surfaces whereas the two-piece sensor was used on hotter 

surfaces. In the two-piece version the accelerometer sensor is separated from the rest of 

the electronics. The sensors were attached to the measurement surface with a powerful 

magnet, but a screw thread could have been used to attach the sensor more firmly. The 

measurement data can be temporarily stored in the sensors own memory, but it is also 

transferred to the software running in the industrial tablet device seen in  Figure 6.1. 

                  

Figure 6.1 Valmet Maintenance Pad (personal archive) 
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Figure 6.2 Sensor attached to a waveguide (personal archive) 

The Valmet Maintenance Pad software is used to communicate with the sensors. The 

settings including sample frequency and the number of samples are set so that the 

resolution is optimal and this results to measurements of three seconds. The software and 

hardware can in theory measure frequencies between 0 and 30 kHz but since a magnetic 

connection is used, the efficient measurement range is 1-20 kHz, which should be enough 

according to literature sources. In this software there are some tools for analyzing the 

results, but for accurate analyzing a different software called Analysis Workbench was 

used. In this software the raw signal data is analyzed and a spectrum of the frequency 

range is produced.  

6.2 Arrangements 

To be able to measure structure-borne acoustic emission, the sensor needs to be in firm 

contact with the pressure vessel. A direct connection to the tubes is out of question 

because of the surface temperature. In three of the four boilers there had previously been 

an acoustic emission leak and crack detection system in place and that system had used 

waveguides that are welded to the upper headers of heat exchangers. The old sensor can 

be seen hanging in Figure 6.2 next to the wireless sensor attached to the waveguide. These 

waveguides or sounding rods bring the measurement point further from the pressure 
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vessel and reduce the temperature to less than 70 °C. Unfortunately, not all the rods were 

still available as they were either cut or covered with insulation. In two of the measured 

boilers (A and B) there are waveguides in very similar places at the top of the boiler in 

the upper headers of the boiler bank and economizers. In one boiler (C) there were 

waveguides in the lower headers of economizers and boiler bank but only economizer 2 

had waveguides in the upper header. The last useful measurements (D) were taken from 

an economizer drain line valve as it was cool enough but still close enough to the heat 

exchanger. In one boiler (E) there were only rods under the furnace floor and no 

meaningful tests could be done in this boiler. All recovery boilers were similar and typical 

Finnish recovery boilers with one steam drum except for boiler D, which was the size of 

a typical North American recovery boiler. The construction of the heat exchanger 

elements varied between the boilers as others use the “hockey stick” economizer and 

others have straight elements. 

So due to the lack of available waveguides in other parts of the boiler, only boiler banks 

and economizers were listened to in the field tests. Since boiler water leaks can be 

separated from superheater or economizer leaks with conventional methods, acoustic 

emission should focus to the convection pass area anyway to separate boiler bank leaks 

from furnace leaks and economizer leaks from superheater leaks. 

6.3 Simulated leaks 

To simulate a leak inside the boiler, two techniques were used. Firstly, the sootblowers 

were stopped to be able to listen to the ambient noise of the boiler. The spectrum of this 

background noise differs between boilers. Then sootblowers were run one by one 

according to predefined sequence to simulate leaks in different parts of the boiler. 

Generally, the sequence consisted of one sootblower per side in the lower parts of the 

boiler bank and economizers and one per side in the upper part of each heat exchanger. 

This sequence was chosen to study attenuation in horizontal and vertical direction. Also, 

in one boiler a leak could be simulated by opening a drain valve of one economizer 

element. 
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Each sootblower was run once and two or three measurements lasting three seconds were 

taken from each run. An average of these measurements was used when analyzing the 

data. Also, some of the runs were measured with the automated averaging feature, which 

took 3-10 consecutive measurements and the result was an average of these 

measurements. This averaging, especially when each measurement is short enough, 

eliminates some of the cyclic vibration caused by steam hitting the tubes from the rotating 

sootblowers. It also eliminates random short-term external emissions like the sound of 

dropping salt cakes during sootblowing or pumps and motors starting. 

These leak simulations do not accurately model real leaks for several reasons. 

Sootblowers are used to clean the flue gas channel using steam and the pressure of the 

steam is commonly less than 25 bars compared to more than 100 bars inside the pressure 

vessel. The jet of steam does not originate from the tube wall, so the structure-borne 

waves caused by jet of turbulent water or steam flowing through the orifice at the speed 

of sound are not transferred to the sensor like they would if there was a leak in the tube. 

Instead the emission is first transferred via the atmosphere to the heat exchanger element 

to which the sensor is connected. Also, some of the noise picked up by the sensor is 

caused by the steam hitting the tubes. With the drain valve it is possible to cause a full 

pressure leak and structural acoustic emission, but the jet is directed into a pipeline instead 

of into the flue gas channel. Every heat exchanger has drain valves so that the pressure 

vessel can be emptied of water during repair work. There are usually two or three valves 

in series and the test is done so that one or two valves are opened fully before opening the 

last to avoid erosion of the last valve.  

The parallel between the simulated leak and a real leak is the sound that is emitted when 

pressurized steam rapidly expands to the atmospheric pressure causing turbulence. This 

sound can often also be heard by the human ear. The intensity of the noise is strongly 

linked to the pressure difference between the pressure vessel and the atmosphere, so the 

sound from a real leak would most likely be registered further and stronger than a 

simulated leak. Also, the size of the leak would affect the frequency range of the emission. 

Real leaks are rarely as large as the diameter of a sootblower nozzle. Because of these 

reasons it is expected that the frequency range of a leak would be higher than in the 

sootblower tests and similar to the drain valve tests. 
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6.4 Data analysis 

The results from the accelerometer tests were extracted and analyzed using Analysis 

Workbench -software and Excel spreadsheets. The software shows the acceleration RMS 

(Root Mean Square) levels (Figure 6.3) as a function of time and formulates a frequency 

spectrum (Figure 6.4) using Fast Fourier transform (FFT). Visible acceleration peaks 

from the frequency range of 0-20 kHz were handpicked from the spectrum and the 

acceleration values of these peaks were entered to a spreadsheet in m/s2 and averaged. 

This value can then be transformed to decibels. Each peak represents a frequency range 

in which elevated vibration levels are detected and are therefore areas of interest. These 

peak values were then compared to the background noise measured when sootblowing is 

stopped. The result of this comparison is called leak-signal-to-noise ratio or just signal-

to-noise-ratio. Because the measurement point was kept constant while running 

sootblowers of varying distance from the measuring point, also attenuation constants for 

X- and Y-axis could be calculated.  

 

Figure 6.3 Acceleration levels (signal) of a sootblower run as a funcion of time 

 

Figure 6.4 Frequency spectrum of the above signal 
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6.5 Results of accelerometer field tests 

The main results of the accelerometer tests are peaks of signal-to-noise ratios for each test 

charted over the spectrum of 1-20 kHz. Peaks under 1 kHz were filtered out as they are 

mostly background noise and most likely not correct due to the magnetic connection used. 

These charts display the acceleration levels on Y-axis for each sootblower compared to 

the background noise level. The bars represent a peak value at or near the frequencies on 

the X-axis. This means the values between the selected frequencies cannot be interpolated 

and as the peaks were handpicked, they are not periodic. Boilers referred to as boiler A, 

B, C and D are typical Finnish recovery boilers. 

In boiler A the measuring point was in the upper right corner of economizer 1. The 

sootblower sequence was selected so that data would be acquired from both impact and 

non-impact vibration. Impact vibration being caused by the sootblowing steam impacting 

the heat exchanger element and non-impact vibration being the sound of a turbulent flow. 

Impact vibration may contain the same structure-borne vibration as a leak flow through 

an orifice would have. The impact vibration test was carried out by running economizer 

1 sootblowers in the lower part of the element and the signal-to-noise ratios recorded are 

presented in Figure 6.5. Sootblowers in the upper part of economizer 2 were used in the 

non-impact test (Figure 6.6), which guarantees that no steam is hitting economizer 1 in 

which the sensor was placed. 

 

Figure 6.5 Recovery boiler A impact vibration 
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Figure 6.6 Recovery boiler A non-impact vibration 

From the boiler A tests one can conclude that a running sootblower can easily be 

distinguished from the background noise using an accelerometer sensor attached to the 

upper header whether the sootblower was running in the lower or higher part of the 

element. Even though the distance between the sensor and the lower sootblowers is more 

than 20 meters, the impact signal-to-noise ratio is up to 50-160. In the non-impact test, 

there is even a tube membrane between the sensor and the sootblower and the ratio is up 

to 6-13. In separate studies conducted by B&W and Westwaco, a signal-to-noise ratio of 

1,4-1,5 was found to be sufficient for leak detection. (Kovacevich, et al., 1996) (Buckner 

& Paradis, 1990)  

Three different tests were conducted at boiler C. Full four sootblower test sequences were 

run for the boiler bank (Figure 6.7) and economizer 2 (Figure 6.9). The sensor was 

attached to the right end of the lower header in the boiler bank test and the left end of the 

upper header in the economizer test. Also, a test was done with drain valve open near the 

lower right corner of the boiler bank where the sensor was located (Figure 6.10). All of 

these tests showed signal-to-noise ratios greater than 1,5. The sootblowers used in these 

tests were impacting the tube-elements with steam. 
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Figure 6.7 Boiler C boiler bank tests 

Highest signal-to-noise ratios for the boiler bank tests were at or around 3,8 kHz and 5 

kHz. From the figures, it is clear that attenuation along the tubes (Y-axis) is much less 

significant than across the flue gas channel (X-axis). Attenuation constants can be 

calculated by comparing the ratios of the same side lower corner and opposite side upper 

corner to the same side upper corner ratio which is the closest to the sensor and clearly 

the highest ratio. Approximate attenuation coefficients shown in  Figure 6.8 show a drop 

of signal-to-noise ratio per meter for X- and Y-axis of the heat exchanger element. This 

figure gives approximately an average of 2,4 ratio for X- to Y-axis attenuation over the 

selected frequencies. A study by B&W found that for a furnace wall this ratio is 

approximately 3,75. The methods used in this study differ greatly from the ones used their 

research, but this value can be used as a rough comparison since the frequency range is 

similar. (Kovacevich, et al., 1996) The attenuation for higher frequencies seems to be 

lower in this figure against expectations. This is probably because the attenuation 

constants are calculated backwards i.e. moving the signal source not the sensor. The 

measuring accuracy of the sensor also decreases as the frequency approaches 20 kHz. 
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Figure 6.8 Attenuation of signal-to-noise ratio 

The results for the economizer tests in boiler C (Figure 6.9) were partially unexpected. 

The highest ratios were measured between 2 and 4,6 kHz for all but one sootblower. The 

lower sootblower on the same side (grey) as the sensor gave high ratios of more than 20 

up to 11 kHz and the ratio was higher than the closer sootblowers above 4,6 kHz. It is 

highly likely that this is caused by a human error or some external noise.  
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Figure 6.9 Boiler C economizer tests 

The drain valve test is probably the closest to a real leak that can be simulated in a 

recovery boiler because it is done using full pressure and the leak flow can be controlled. 

In recovery boiler C the drain line is within meters of the measurement point and the 

opening of the valve caused noticeable signal-to-noise ratios of up to almost 80. The valve 

was first opened one round and then another. This test shows clearly that a full pressure 

leak is heavily concentrated near 10 kHz and the noise level increases significantly when 

the leak size grows.  

 

Figure 6.10 Boiler C drain valve opening test 
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In boiler D there were no pre-installed waveguides, but a test was done to find out if 

sootblower vibration could be heard at the drain valve of economizer 1, which was 

situated on the liquor nozzle level of the boiler approximately 20 meters of pipeline from 

the economizer. This valve was selected because it does not have constant steam flow or 

insulation so that the wireless sensor could be attached straight to the valve which is a 

part of the same pressure vessel. The results are presented as signal-to-noise ratios in 

Figure 6.11. The results show that sootblower vibration can easily be distinguished from 

the background noise even as far as 20 meters along a drain line. The vibration contains 

impact vibration. 

 

Figure 6.11 Boiler D economizer tests 

The results from boiler B only include comparable measurements in the range 0-10 kHz, 

because it was the first test session and the initial guess for the frequency range was 1-10 

kHz. Highest signal-to-noise ratios were recorded at the economizer of boiler B, with the 

closest sootblower producing a ratio of almost 1000. The difference to other boilers 

results might be caused by sootblower placement, nozzle type or pressure or the 

economizer structure. Also, the amount of soot deposited on the surfaces may have been 

less than in other boilers causing decreased attenuation. (Wang, et al., 2017) 
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Figure 6.12 Boiler B economizer test 

The Figure 6.12 shows that in some cases the X-axis attenuation is not as significant, 

because the signal for the opposite side upper sootblower is greater than the same side 

lower sootblower unlike in other tests. The signals are consistently high through the whole 

spectrum, but highest at 8 kHz. When compared to a structurally similar boiler A, the 

absolute acceleration levels were similar for the sootblower emission. Therefore, the 

background noise must be lower in boiler B. The stark difference between sootblower 

noise and background noise is visible when comparing boiler B economizer background 

noise (Figure 6.13) and sootblower noise (Figure 6.14). The Y-axis and X-axis scale are 

the same for both of the figures. When comparing these two figures, it is also evident that 

the vibration in the range 0-400 Hz is not caused by the sootblower. 
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Figure 6.13 Background noise spectrum in boiler B 

 

Figure 6.14 Sootblower vibration spectrum in boiler B 

6.6 Possible error sources 

The results for different boilers are not fully comparable, since measurement points, 

methods and measured sootblowers varied between boilers for practical reasons. The field 

tests were also limited to one test sequence per heat exchanger per day for operational 

reasons and therefore the results do not represent an average over time. The magnetic 

connection is not as rigid as a screwed or welded one, which may cause distortion and 

frequency shifting. (Jaatinen, 2019) This is why the frequency range was limited to 1-20 

kHz. The measuring was done by hand and it was timed by hand so there is a possibility 

that the phase of the sootblowing run was not exactly the same for all tests, but averaging 

measures were taken to avoid this error source. Inconsistent data series in a particular 
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boiler may also be caused by varying sootblowing steam pressure or differences in the 

amount of soot deposit on the tube surfaces. The software used to analyze the peaks was 

not designed for the purpose and it is possible that some individual data points are 

incorrect due to a human error.  

Since the measurements were done using mill equipment in a mill environment, all error 

sources can’t be eliminated. But as the purpose of this study was to test the feasibility of 

the technology and find initial guesses for the frequency range, the level of accuracy is 

enough to make conclusions and assumptions supported by literature sources.  

6.7 Conclusions about the field tests 

The test results mostly confirm the hypotheses that were to be tested. Acoustic emission 

produced by running sootblowers and opening drain valves in running recovery boilers, 

could be easily detected with the portable vibration measurement tools that use 

accelerometer sensors. The emission signals were easily distinguished from the 

background noise by comparing peak acceleration values.  

Frequency range of a real leak could not be definitely concluded with the tests as 

expected, but the equipment was found to be highly sensitive within the range 1-20 kHz. 

This range is found to be suitable for leak detection purposes by multiple literature 

sources. Within this range, it can be concluded that 9-14 kHz could be a good initial guess 

for the main leak frequency although the whole range should be monitored. 

Directional attenuation was found to be highest in along X-axis as expected. The 

structural waves have the least obstructions along the tubes (Y-axis) as the flue gas 

channel is made of tube membranes that block X-axis emission. The attenuation within a 

heat exchanger element (economizer or boiler bank) was found to allow 2D leak locating 

within the element, but 3D locating might also be possible as vibration travelled all the 

way from the superheaters to the last economizer up to some extent. 

Assuming that a full pressure tube leak produces broad band “white noise” of higher 

intensity than a lower pressure sootblower flow, it should be easily detected using the 

given accelerometer sensor combined with adequate signal processing. 



83 

   

 

7 COMBINING LEAK SIGNALS 

Any of the leak detection technologies presented earlier can be effective on their own, but 

most likely they will all have blind spots. For example, most chemical balance-based 

systems can’t detect superheater leaks, and mass balance can’t be used to locate a leak 

and is affected by load changes. Acoustic emission systems might have physical blind 

spots by design. To effectively and reliably detect, locate and measure the size of leaks 

in all parts of the boiler, a combination of different leak signals should be used. In this 

section, suggestions on how to implement such a system based on the findings in this and 

earlier studies are presented. 

7.1 Properties 

Based on the findings in this study and earlier studies, a system which consists of three 

main signals and multiple auxiliary signals is proposed. The three main signals are mass 

balance, chemical balance and acoustic emission. Auxiliary signals are existing operation 

parameters that may vary between boiler instrumentation but the most common will be 

flue gas fan speed, flue gas channel pressure and temperature profile, furnace pressure, 

water quality (sodium and conductivity), drum level and drum pressure. Other auxiliary 

signals may include flue gas contents like TRS and moisture, smelt bed temperatures etc. 

Mass balance will deduct sootblowing flow, continuous blowdown flow and main steam 

flow from feedwater flow to determine if water is lost anywhere between the feedwater 

measurement and main steam measurement. Chemical balance will be based on either 

boiler water phosphate or sodium content or both depending on the instrumentation 

available. If sodium content is used, feedwater sodium concentration needs to be 

continuously measured. Chemical balance will signal if there is a leak in the steam 

generator part (furnace, screen tubes and boiler bank). Structure-borne acoustic emission 

will separate economizer leaks from superheater leaks and boiler bank leaks from other 

steam generator leaks. The acoustic sensors are placed so that the leak can be 2D 

triangulated within a heat exchanger based on signal levels. Operation parameters will 

help confirm and locate the leak by calculating the rates at which the selected operation 

parameters change and comparing flue gas channel properties to normal operating 
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conditions. Boiler fuel and steam load are used to compensate signals that are load 

dependent. Methods like simple and exponential moving averaging are used to eliminate 

measurement noise in all signals. 

Using this system structure, recovery boiler leaks can be located to any part of the boiler 

and the size of the leak can be calculated with high accuracy. Knowing the location and 

size of the leak, operators can be given informative alarms and instructions to help their 

decision making. The ultimate goal of this system, to prevent unnecessary operator 

presence in the boiler room during hazardous boiler conditions, can be achieved if it is 

implemented as described. 

7.2 Alarm logic 

The alarm logic will get increasingly complicate as leak signals are added. The existing 

systems use very different approaches to produce alarms. Some calculate “leak points” 

that indicate the probability of a leak and some have simple alarm limits for mass and 

chemical balances. The alarm logic in the system proposed above, will work in three 

layers which are illustrated in Figure 7.1. 

 

Figure 7.1 Three-layer alarm logic 

The first layer or “DCS layer” is simply an alarm list that combines relevant DCS alarms 

into the same place. If the leak is small, the alarms will most likely be dismissed or lost 
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among other alarms. If the leak is a large one, there might be a plethora of alarms in the 

recovery boiler alarm list that are direct or indirect consequences of the leak. When the 

leak-relevant alarms are displayed always on screen it is easy for the operator to see what 

the timeline of the alarms is and by requiring a separate acknowledgement for leak alarms, 

the system makes it hard for the operator to dismiss the alarms by accident. In general, 

the alarms that are collected to this list are the same that are used in the operation 

parameter layer. Also, leak detection alarms are displayed in this list. All alarms will 

display a priority level which is lower for simple DCS alarms and higher for leak detection 

alarms. 

The second layer or “Main layer”, consists of the main leak signals: mass balance, 

chemical balance and acoustic emission. On this layer the alarm logic will produce 

approximate size and location for a leak. If the location is in the parts which are 

acoustically monitored, a 2D-location will also be provided within that part. There will 

be calculations and alarm limits separately for large sudden leaks and small growing leaks 

based on different timescale averages of mass and phosphate balances. The flow 

measurements are always noisy so the shorter the timescale, the higher the alarm limit 

needs to be to avoid false alarms. Empirical tests have shown that on a rather long three-

hour timescale, the alarm limit for mass balance can be as low as 0,5 % of the feedwater 

flow and even lower if rapid load reductions are compensated for. For chemical balance 

the alarm limit should be a bit higher at 1 % of feedwater flow based on the fluctuation 

of analyzer results, but a lower limit can be used when chemical balance alarms are only 

activated if the more precise mass balance alarm limit is also triggered. For shorter 

timescales the alarm limit needs to be set higher based on the measurement accuracy with 

the instrumentation in use. Acoustic emission alarm limits are based on short timescale 

signal-to-noise ratios which represent the current signal level in relation to background 

noise. Signal-to-noise ratios of more than 1,4-1,5 will trigger the acoustic alarm. 

Background noise contains sootblower noise so separate alarm limits will be used when 

sootblowers are running in the vicinity of the element being listened to. Background noise 

is also recorded for each individual sensor when sootblowing is disabled and occasional 

measurement pauses are arranged in the sootblowing sequence to enable more accurate 

leak detection. 
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The third layer or “Confirmation layer” is used to confirm the results of layer two, detect 

large sudden leaks and to compensate for load variations. This layer may use simple 

trigger limits or fuzzy logic to confirm leak size and location. When using trigger limits, 

the layer produces simply “leak” or “no leak” data for different boiler parts. With fuzzy 

logic, a theoretic probability also be displayed for the operator. This approach is popular 

among commercial leak detection system providers. Rates of change are used as metrics 

for the operation parameters. A flue gas channel temperature and pressure profile are 

graphed and compared to a “baseline” profile relative to the current load. By analyzing 

the profile, the location of a leak can be determined in relation to the flue gas flow. 

A flowchart illustrating the alarm logic concept is attached to the end of this thesis. The 

exact logic that should be used may differ from the flowchart depending on the 

instrumentation and requirements of each boiler. 

7.3 Operator guidelines 

The operator should be given brief instructions on how to proceed if a leak is probable or 

confirmed. The instructions do vary a lot between regions and companies, but there are 

general guidelines on how to react. In general, the reaction is relative to the criticality of 

the leak, which is derived from location and size. Table 3.1 is an example on how to 

categorize the leaks. Advisory committees like BLRBAC, Finnish Recovery Boiler 

Committee and Sodahuskommitten have issued recommendations for ESP and post-ESP 

guidelines. (BLRBAC, 2012) (BLRBAC, 2002) (KLTK, 1997) These recommendations 

can be used as a basis when evaluating safety rules for recovery boilers and operator 

instructions for different leaks. In general, the guidelines can include the steps described 

in Table 7.1. 
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Table 7.1 Operator guidelines 

Alarm Slowly growing leaks Large sudden leaks  

(additional guidelines) 

Economizer 

and 

superheater 

leaks 

1. Check operation parameters and 

acoustic emission to ensure leak is 

in economizers 

2. Inform supervisor 

3. Check for moisture in salt 

conveyors or insulation 

4. Continue to monitor leak signals 

5. Prepare to shut down the boiler in a 

few days 

- Evacuate boiler room 

- Only enter boiler room 

with caution and 

supervisor approval 

- Prepare for ESP by 

burning away the charbed 

- ESP or normal shutdown 

within 24 hours  

Boiler bank 

leak 

1. Check operation parameters and 

acoustic emission if water is 

entering the furnace 

2. Evacuate boiler room if leak 

direction can’t be verified 

3. Inform supervisor 

4. Check for moisture in salt 

conveyors or insulation with 

supervisor permission 

5. Continue to monitor leak signals 

6. Prepare for ESP by burning away 

the charbed 

- Evacuate boiler room 

immediately and seal 

doors with “Do not 

enter”-tape 

- ESP and rapid drain 

- Wait for at least 12 hours 

before entering the boiler 

room 

Furnace and 

screen tube 

leaks 

1. Evacuate boiler room and seal 

doors with “Do not enter”-tape 

2. Inform supervisor 

3. Check operation parameters and 

acoustic emission to confirm leak 

location 

4. Prepare for ESP and by burning 

away the charbed if situation 

allows it 

5. ESP and rapid drain asap 

6. Wait for at least 12 hours before 

entering boiler room 

 

- ESP and rapid drain 

immediately after 

evacuating boiler room 

- Wait for at least 24 hours 

before entering boiler 

room 
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Besides leak alarms the system may indicate “abnormal chemical balance”, which means 

chemical balance has triggered its alarm limit, but water-steam leak is close to zero. In 

that situation one of the two signals are abnormal and most likely it is the chemical 

balance since there are multiple error methods including analyzer or dosing issues. 

Guidelines for that situation include the following. 

1. Check boiler water analyzer results for abnormal values 

2. Check phosphate dosing pump stroke length from DCS and from pump 

3. Check if water is entering dosing solution tank 

4. Check if the mass balance calculation is working properly 

5. Check the dosing solution concentration 

6. Do an on-line leaktightness test 

7.4 Human-Machine-Interface (HMI) 

Human-Machine-Interface (HMI) is the interface that the system uses to communicate 

with the operator and vice versa. Like in most modern automation systems, the HMI 

consists of a screen or multiple screens, keyboard and a mouse. In some cases, colored 

lights and audible alarms are also used to alarm the operators. In a modern recovery boiler, 

it is common to have multiple screens per operator so that they can monitor the whole 

boiler plant at the same time. The leak detection system is designed so that there is one 

main display that is visible to the operator at all times and more specific displays can be 

accessed via the main display. On that main display the information is in analyzed form 

so that the operator quickly sees where the leak is, how big it is and if it is confirmed. The 

other displays include mass and chemical balance, acoustic emission, operation 

parameters, tuning parameters, event list/log and trends. 

 Main display 

The main display needs to be as simple as possible while being as informative as possible. 

The operator must be able to see and understand the information with a quick glance 

without having to analyze it further unless of course there is a leak. The main display uses 

main and auxiliary leak signals to draw conclusions about leak location, size and 

probability. In Figure 7.2 the main display consists of eight sections that summarize each 

leak signal while also displaying some trends and values. Layer 1 alarms are displayed in 
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a list with an acknowledge button which forces the operator to confirm or dismiss the leak 

signals. Under that are the outputs of each main signals and auxiliary signals in a visual 

form displaying the location of the leak. Under that are 3-hour and 30-minute average 

values of mass and chemical balances displaying the size of the leak. On the right 

operation parameter trends are displayed above boiler water leak and water-steam leak 

trends. Buttons for 7- and 28-day trends are also situated close to the relevant trends. 

Below the trends is the system test button from which the operator can initiate periodic 

system tests. Days since the last system test is also displayed as a reminder. On the left, 

there is the system terminal which displays the overall consensus and operator guidelines. 

Under that is a side view of the boiler with each acoustic sensor represented by a green 

or a red ball indicating if the signal-to-noise ratio is below or above the alarm limit. From 

the lower left corner, sub displays can be accessed. 

 

Figure 7.2 LDS Main display 
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 Mass and chemical balance display 

The mass and chemical balance display shows more information about the trends seen on 

the lower right corner of the main display. In this display in the lower right corner is the 

trend for boiler water leak value (blue) which is calculated from sodium or phosphate 

balance. The dashed line is the alarm limit. In the upper right corner, there are trends of 

the parameters that are used to calculate the balance: chemical dosing flow, chemical 

concentrations and continuous blowdown flow. Also, the boiler water conductivity trend 

is displayed since it correlates strongly with the phosphate balance. In the lower left 

corner, the water-steam leak value is displayed and above it are trends for the flows that 

are used in the mass balance calculation. Under all the trends there are boxes that will 

flash red when alarm limits are crossed. 

 

Figure 7.3 Mass and chemical balance display 
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 Acoustic emission display 

The acoustic emission display allows in depth analysis of acoustic emission levels and 

frequency spectrums. On the right there are the more intuitive sections with a more 

specific side view of the boiler and its acoustic sensors and a heatmap which is calculated 

based on signal levels of the four sensors in each corner of each heat exchanger. In the 

lower part of the side view there is a 12-hour trend displaying peak acoustic emission of 

each heat exchanger. Buttons for more specific trends, testing etc. are also found on the 

right-hand side. On the left-hand there is the raw data from the selected sensor. The upper 

trend is the whole 0-20 kHz frequency spectrum with visible alarm limits. The smaller 

spectrums divide the spectrum to frequency ranges or channels, which are selected based 

on the boiler background emission to enable custom alarm limits for each channel. 

 

Figure 7.4 Acoustic emission display 
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 Operation parameter display 

In the operation parameter display, auxiliary leak signals are collected. The display allows 

the operator to quickly see if the leak indicating operation parameters are decreasing or 

increasing. The bars on the left are visual representations of the numeric value next to 

them. An arrow in the middle of the bar is a vector displaying if the parameters rate of 

change is above alarm limits (red area) or not. The selected parameters vary between 

boilers but the most common are displayed here. On the upper right corner there is the 

flue gas profile graph. The dashed lines represent a 48-hour average or baseline for flue 

gas vacuum and temperature readings. The solid lines are short term averages and by 

looking at the trend the operator should quickly see if the profile has changed. Below the 

graph, the ratios between the baseline and the short-term average are displayed and these 

ratios are used to determine the location of a leak. In the lower right corner, there are 

water quality parameter and drum condition trends. The trends are drawn from the 

numeric values on the left, so they are rates of change. 

 

Figure 7.5 Operation parameters display 
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 Other displays 

Other displays include trends, tuning parameters, testing display and event list. Trends of 

different timescales are included of all numeric values within the leak detection system. 

The tuning parameter display can include tuning parameters for all the leak signals that 

the operators can tweak but most likely each of the leak signals will require their own 

tuning display which is only visible for the automation engineers and during 

commissioning. A testing display may be added so that the operators can choose between 

different tests and tweak testing preferences in case the testing is automated. An event list 

(Figure 7.6) is separate from the first layer alarm list. Event list or log only contains 

timestamped leak alarms and periodic test logs. This list may be used as an auditing tool 

for internal use or insurance companies during regular safety audits or after a leak incident 

to determine if the system is functioning as it should. 

 

Figure 7.6 Event list 

7.5 Installation 

The installation of the proposed leak detection system depends on existing boiler 

instrumentation. Modern boilers may have a phosphate analyzer already installed, but 

older boilers may take the boiler water samples by hand and analyze them in the lab. 

Phosphate dosing solution flow and concentration can be calculated from pump 
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parameters and mixing recipe, but continuous measurements are more accurate. Flow 

meters for mass balance are needed of feedwater, main steam, sootblowing and 

continuous blowdown flows. These are most likely already installed, but their accuracy 

may need to be verified. The acoustic emission system requires the most installations as 

waveguides need to be welded into the ends of the economizer, boiler bank and screen 

headers. This requires a shutdown since weldments are done to the pressure vessel. In 

most cases the headers are accessible with not too excessive insulation removal. In 

addition to the welding, lots of wiring is needed to deliver the data to the field switches 

and power the sensors. Depending on the sensors, they can be attached with a spring 

mechanism or screwed in place. The software for the system is installed on process 

station(s) that may need to be separately delivered with a sufficient number of I/O cards. 

The communication with the automation system may need to be done through a OPC 

server. 

7.6 Maintenance  

The system does not require a lot of maintenance. Flow meters and analyzers may require 

calibration, but this kind of maintenance is not leak detection specific and benefits other 

processes too. The need for a calibration should come up during periodic testing of the 

system if the calculations don’t match the simulated leak. Acoustic emission sensors 

should not require much maintenance if screw mounted accelerometers are used, but other 

piezo-acoustic sensor types may require calibration or a change of ceramic insulation. If 

airborne acoustic sensors are used, the hollow waveguides need to be continuously 

cleaned with pressured air or mechanical rodders. The cleaning system may require 

maintenance to ensure the waveguides are kept open at all times. The software system 

will most likely need occasional updates and the automation hardware may need to be 

upgraded at some point. 

Remote monitoring of the leak detection system should be implemented if possible. 

Engineers could check the system state weekly, monthly or whenever there are leak 

alarms to see if the system needs maintenance or tuning and to help operators analyze the 

possibility of a leak. This industrial internet solution would be beneficial since the 
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engineer has a deep understanding of the system while for the operator the system is only 

a rarely used safety feature. 

7.7 Testing 

The system should be tested profoundly during commissioning and reports should be 

saved for later use. The commissioning and validation tests include leaktightness tests, 

water volume tests and system tests (same as periodic tests) for the mass and chemical 

balances. Acoustic emission system should be validated using a pressured air or steam 

“whistle” that simulates a leak in different parts of the boiler. Individual sensors should 

also be tested and calibrated. The standard ISO 18081:2016 should be used as a guideline 

for the testing and reporting of acoustic leak detection system. The operation parameter 

alarm limits may need extensive testing and tuning since they are most likely different 

for each boiler.  

Periodic system testing is needed to make sure the system works as it should, but also to 

train the operators so that they know how to interpret the information. Mass and chemical 

balance periodic testing for small leaks is done by freezing the continuous blowdown 

flow and opening the valve to simulate a leak. In this test both chemical and mass balance 

should indicate a leak of the same size since continuous blowdown flow is boiler water. 

Large sudden leaks can be tested for mass balance during relief valve tests, which 

simulate large superheater leaks (Figure 7.7). Acoustic leak detection periodic testing 

with a steam or compressed air “whistle” which can be portable. The “whistle” can be 

replaced with one or preferably more fixed full pressure steam lines that ejects steam into 

the flue gas channel. This line could also be used to test the mass balance. Operation 

parameters are tested with the same techniques, but also sootblowers can be used to 

generate extra volume flow in the flue gas channel. 

Periodic tests should be done monthly, and a test report should be filled for each test for 

auditors. All tests should be standardized and repeatable so that the efficiency of the 

system can be tested at any time. The testing sequences for different leak signals or a 

complete system test sequence could be automated to minimize operator input and human 

errors, but operators may not learn to use the system if they don’t “have to”. Periodic 
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testing and training of leak situations may affect the insurance policies of recovery 

boilers. 

 

Figure 7.7 Drum level and feedwater loss during relief valve tests 

7.8 Training 

In addition to periodic tests, boiler supervisors and operators should be trained on how to 

interpret the information and use the sub-displays and leak signals to determine if the leak 

is real without entering the boiler room. Training should include leak criticality 

determination, preventive action, system alarms and how to react to them, most important 

tuning parameters and testing. It is important that the operator knows the alarms so that 

they won’t come as a new thing during a real leak. The goal of the training is also to make 

the operators interested in the subject of leak prevention and detection so that the system 

is not just another gimmick to them. The easiest way to familiarize all the operators with 

the system is to assign monthly periodic tests to each shift so that every shift has interacted 

with the system at least once or twice a year. The optimal situation is that the operators 

are given simulator training on leak detecting and ESP protocol periodically. For 

example, the “Recox simulator” could easily be tweaked for this purpose. Optimally the 

operators get training with a simulator that is based on the boiler they are operating but a 

general “Reference RB” simulator is still better than no simulator training at all. 
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8 CONCLUSIONS 

Current existing leak detection systems can’t statistically detect leaks reliably and 

accurately enough. Recovery boiler leak detection is still heavily relied on operator 

walkdowns, which is not the ideal situation. When a leak is detected first from the field, 

it is highly likely that a smaller leak has been present hours or even days before it, 

endangering the safety of every person working near the boiler and possibly causing 

secondary damage in nearby heat surfaces. According to the findings in this master’s 

thesis study and earlier studies, leaks can be detected much earlier with a combination of 

leak signals. 

Mass balance, chemical balance, acoustic emission and operation parameters were 

studied in this thesis to find a combination of leak signals that offers a more reliable and 

accurate leak detection system. The methods used were literature review, field tests, 

simulation tests and mill data analyzing. The simulation results were mostly consistent 

with the mill data for except superheater leaks, which were improperly modelled in the 

simulator. Earlier leak detection studies had concluded that acoustic emission is an 

excellent leak detection method, but user experience in Finland indicated problems with 

system complexity and analyzing of results even though leaks have been detected and 

confirmed with acoustic emission. Acoustic emission field tests proved the hypothesis 

that leaks can easily be distinguished and located from background noise at least in the 

convection pass area. Operation parameters like drum conditions, furnace pressure, flue 

gas channel temperature and pressure profiles and boiler water quality were found to be 

usable for leak confirmation. The importance of boiler load compensation for most of the 

signals was pointed out during testing and from earlier studies. Boiler load and process 

noise were found to influence the system sensitivity and delay significantly. 

After learning the strengths and weaknesses of existing systems and analyzing the results 

of the empirical tests and mill data, a proposal for an advanced leak detection system was 

put together. This system would comprise of a multi-layer alarm logic, multiple leak 

signals and calculations all working to provide the operator with relevant and accurate 

leak alarms with location and size. The system separates slowly growing and large sudden 

leaks and cross checks signals to confirm the results. The system will require further 
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testing and iterating but is based on facts and existing technology. With the proposed 

system structure, leak detection system reliability can be raised to a level, which could 

prevent unnecessary operator presence in the boiler room during hazardous boiler 

conditions. 

 



 

   

 

REFERENCES 

Aluehallintovirasto, 2015. Päätös 4/2015/1 - Äänekosken biotuotetehtaan 

ympäristölupa, Vaasa: Aluehallintovirasto. 

AMI, 2019. Acoustic Leak Detection - Technical Papers. [Online]  

Available at: http://www.acousticmonitoring.com/acoustic-leak-detection-technical-

papers/ 

[Accessed 25.1.2019]. 

Aura, K., 2013. Akustinen emissio (NDT-conference). Turku, Acutest Oy. 

Aura, K. & Crotty, S., 2014. Advanced Condition Diagnosis for Pulp and Paper Mills. 

Tacoma, Washington, TAPPI. 

Aura, K. & Nikula, T., 2011. Acoustic Emissions in Predictive Condition Diagnostics. 

Atlanta, GA: Promaint Magazine. 

Avallone, S. C., Fowee, R. W., MacDonald, J. R. & Furibondo, N. J., 1994. Boiler 

System Leak Detection. Udited States, Patent No. 5320967. 

Blomstrand, T., 2018. RE: Questions regarding RB leakage (e-mail) [Interview] (9. 3. 

2018). 

BLRBAC, 2002. Recommended good practice - Guidelines for post-ESP procedures for 

black liquor recovery boilers. [Online]  

Available at: http://blrbac.org/sites/default/files/Post%20ESP%20Guidelines.pdf 

[Accessed 22.3.2019]. 

BLRBAC, 2007. Minutes of Meeting April 2007. [Online]  

Available at: http://blrbac.org/sites/default/files/2007_April_Meeting_Minutes.pdf 

[Accessed 25.3.2019]. 

BLRBAC, 2012. Recommended good practice - Emergency shutdown procedure (ESP) 

and procedure for testing ESP system for black liquor recovery boilers.. [Online]  



 

   

 

Available at: http://blrbac.org/sites/default/files/Post%20ESP%20Guidelines.pdf 

[Accessed 22.3.2019]. 

BLRBAC, 2018. Meeting Minutes. [Online]  

Available at: http://blrbac.org/meeting-minutes 

[Accessed 29.3.2019]. 

Buckman, 2018. The Recovery Boiler Advisor, Leak Detection and More - Key Facts 

and Figures. [Online]  

Available at: https://www.buckman.com/resources/leak-detection-and-more-key-

facts-and-figures/ 

[Accessed 25.1.2019]. 

Buckner, D. G. & Paradis, J. S., 1990. Design and implementation of a commercial 

acoustic leak-detection system for black liqour recovery boilers. TAPPI JOURNAL, 

73(7), pp. 121-127. 

Burgmayer, P. R. & Durham, V. E., 2000. Effective Recovery Boiler Leak Detection 

With Mass Balance Methods. Trevose, PA, Hercules Incorporated. 

Crane Co., 1972. Flow of Fluids Trough Valves, Fittings and Pipes (Technical paper 

No. 410). 12. ed. New York, New York: Crane Co.. 

Crysel, S., 2018. Recovery Boiler leak detection in FMGlobal? (e-mail) [Interview] (21. 

8. 2018). 

Heikkilä, A.-M., Tuominen, R., Salmikuukka, J. & Rahka, K., 2000. Mitkä painelaitteet 

ovat vaarallisimpia?, Helsinki: TUKES. 

Huhtinen, M., Kettunen, A., Nurminen, P. & Pakkanen, H., 2004. Höyrykattilatekniikka. 

Helsinki: Edita Prima Oy. 

Jaatinen, E. V., 2019. Discussion about acoustic emission, Tampere [Interview] (15. 2. 

2019). 



 

   

 

Karjunen, T., 1999. Kaasuräjähdykset soodakattiloissa vesivuotojen aikana. Vantaa: 

Suomen Soodakattilayhdistys Ry. 

Karjunen, T., 2001. Kattilavuotojen valvonta ja ohjeistus. Helsinki: Suomen 

Soodakattilayhdistys Ry. 

Karjunen, T., 2017. Soodakattiloiden käynninaikaiset tiiveydenvalvontamenetelmät. 

Helsinki: Suomen Soodakattilayhdistys Ry. 

KLTK, 1997. Kattilalaitosten turvallisuusohjeet SOODAKATTILAT 

(Teollisuusvakuutusten suojeluohje G7). s.l.:Kattilalaitosten turvallisuuskomitea. 

Korteila, M., 2004. Tekniikka ja Talous. [Online]  

Available at: https://www.tekniikkatalous.fi/tekniikka/metalli/2004-05-

06/Akustinen-mittaus-ennustaa-viat-3266548.html 

[Accessed 30.1.2019]. 

Koskinen, J., 2013. Soodakattilan 1-lieriömuutos - Konemestaripäivä 2013 Imatran 

valtionhotelli. Imatra, Metso. 

Kovacevich, J. J., Robertson, M. O., Sanders, D. P. & Nuspl, S. P., 1996. Recent 

advances in the application of acoustic leak detection to process recovery boilers, 

USA: TAPPI. 

Lähde, J., 2018. Discussion about water chemistry [Interview] (18. 12. 2018). 

Liimatainen, S., 2013. Selvitys soodakattilan pohjan tarkastuksesta seisokissa, s.l.: 

Kymenlaakson Ammattikorkeakoulu. 

LUT Moodle, 2016. BH50A0400 Vedenkäsittely (LUT course material), Lappeenranta: 

LUT. 

Mechanical Engineering and Metals Industry Standardization in Finland, 2016. Non-

destructive testing. Acoustic emission testing (AT). Leak detection by means of 

acoustic emission (SFS-EN ISO 18081:2016). Helsinki: Finnish Standards 

Association. 



 

   

 

Nalco, 2016. [Online]  

Available at: https://www.ecolab.com/nalco-water/offerings/recovery-boiler-leak-

indication 

[Accessed 25.1.2019]. 

Niskanen, V., Salmi, P. & Valtonen, T., 2018. Kompound-alueen korjaukset ja 

standardin vaateet. Tornio, Suomen Soodakatilayhdistys r.y.. 

Nurmi, A., 2018. RE: Soodakattilan vuodonvalvonta Kaukaalla [e-mail] [Interview] (5. 

6. 2018). 

Paper Industry Management Association, 2006. The Free Library. [Online]  

Available at: https://www.thefreelibrary.com/Buckman+buys+Alert+Systems.-

a0144656453 

[Accessed 28.1.2019]. 

Pohto, 2018. Soodakattilat 2018 6.-8.2.2018. Oulu: Pohto. 

Santavuori, A., Etelämäki, M. & Karjunen, T., 2014. Stora Enson Veitsiluodon tehtaan 

soodakattilan riskiarvio 2014, Veitsiluoto: If. 

Singer, J. G., 1981. Combustion Fossil Power Systems. Windsor: Combustion 

Engineering, inc.. 

Studdard, B., Arrington, P. & Rechner, M., 1992. Operating Experience Using Leak 

Detection at Gaston Station [Technical paper BR-1492]. Orlando, Babcock & 

Wilcox. 

Suomen Soodakattilayhdistys ry, 2004. 40 Years Recovery Boiler Co-operation in 

Finland. Porvoo, Suomen Soodakattilayhdistys ry. 

Suomen Soodakattilayhdistys ry, 2018. Konemestaripäivä 2018 - Raportti 1/2018, 

Tornio: Suomen Soodakattilayhdistys. 

Suomen Soodakattilayhdistys ry, 2018. Soodakattilapäivä 2018. Tampere, Suomen 

Soodakattilayhdistys ry. 



 

   

 

Suomen Soodakattilayhdistys, 2018. Vauriotietokanta. [Online]  

[Accessed 2018]. 

Tenhunen, J., 2018. Recovery boiler operating questions [Interview] (1. 11. 2018). 

Tran, H. & Tandra, D., 2015. Recovery boiler sootblowers: History and technological 

advances. Tappi. 

Triple 5, 2017. Early Tube Leak Detection Monitoring Systems by MISTRAS | Triple 5. 

[Online]  

Available at: https://triple5industries.com/ 

[Accessed 25.1.2019]. 

Vaaljoki, T., 2006. Soodakattilan vesi-höyryjärjestelmän vuodonvalvonta [Master's 

thesis], Lappeenranta: Lappeenrannan Teknillinen Yliopisto. 

Vähäsarja, S., 2016. Voimalaitoksen vesikemian yleiset tavoitteet ja peruskäsitteitä. 

s.l.:ÅF-Consult. 

Vakkilainen, E., 2002. Recovery Boilers. Lappeenranta: LUT. 

Vakkilainen, E., 2005. Kraft Recovery Boilers - Principles and practice. Helsinki: 

Suomen Soodakattilayhdistys r.y.. 

Valmet, 2015. High Power Generation from Recovery Boilers - What Are the Limits?, 

Tampere: Valmet. 

Wang, B., Wong, W., Tran, H. & Bussmann, M., 2017. A field study on the use of 

sootblower acoustics to monitor recovery boiler fouling. Toronto, Ontario, 

University Of Toronto. 

WCBLRBAC, 2012. Fall 2012 Meeting. Richmond, B.C.: Western Canada Black 

Liqour Recovery Boiler Advisory Committee. 

 

  



 

   

 

ATTACHMENT I – ALARM LOGIC PAGE 1 

  



 

   

 

ATTACHMENT I – ALARM LOGIC PAGE 2 

 


