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The aim of this thesis is to familiarize with the water-steam circulation simulations. The main 

target is to develop an Excel based calculation tool to handle and transfer heat flux data to the 

Apros 6 simulation program. It is also important to make this as automated as possible to 

make water circulation calculations more simple, comparable and precise. This is possible 

with Excel macros and new feature in Apros 6, SCL command files. SCL commands enable 

smooth data transfer between Apros and Excel. 

Data management within the water circulations calculations has earlier been onerous and the 

accuracy has depended on the modeler. In this thesis, modern and more realistic CFD models 

are used to create heat flux values for heat transfer surfaces of a recovery boiler. This is a 

major improvement to the reliability of the water circulation studies.  

In the experimental part, new Excel calculation tool and the modified heat flux values are 

tested in practice. Old Apros water circulation model is updated with new heat fluxes and its 

structure is modified to be more accurate. The new model is also tested with 115 % capacity 

to study how the recovery boilerôs water circulation works with a higher thermal power and 

what changes it causes. These three different cases are compared to each other, and the 

changes caused in water-steam flows are studied. 
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Tässä työssä perehdytään soodakattiloiden vesikiertomallin rakentamiseen. Työn 

päätavoitteena on kehittää simulointimallia varten taulukkolaskentapohja, jonka avulla 

soodakattilan lämpövuotietoja on yksinkertaista ja nopeaa käsitellä ja siirtää Apros 6 -

simulointiohjelmaan. Lisäksi tarkoituksena on pyrkiä automatisoimaan työvaiheet 

mahdollisimman pitkälle, jolloin vesikiertolaskennan tekeminen yksinkertaistuisi, 

yhtenäistyisi ja tarkentuisi. Tämä on mahdollista Excel- makrojen ja Apros 6:n uusien 

toimintojen avulla. Apros 6:ssa on nyt mahdollista hyödyntää SCL- komentotiedostoja, 

joiden avulla sujuva tiedonsiirto Aproksen ja Excelin välillä vodaan toteuttaa. 

Vesikiertolaskentaan käytettävän datan käsittely on aikaisemmin ollut työlästä ja sen 

tarkkuus on pitkälti riippunut mallintajasta. Tässä diplomityössä päästään hyödyntämään 

uusimpia ja realistisempia soodakattiloiden CFD- malleja, joiden avulla pystytään luomaan 

aikaisempaa tarkemmat lämpövuojakaumat soodakattilan lämpöpinnoille. Tämä muutos 

parantaa vesikiertolaskennan tarkkuutta.  

Työn kokeellisessa osassa uutta Excel laskentatyökalua ja uusia lämpövuoarvoja testataan 

käytännössä. Eräs vanha Apros- vesikiertomalli päivitetään uusilla lämpövuoarvoilla ja sen 

rakenteeseen tehdään muutoksia tarkkuuden parantamiseksi. Uuden mallin toimivuutta 

testataan myös 115 %:n kapasiteetilla ja tutkitaan kuinka kyseinen vesikiertopiiri reagoi 

suurempaan lämpötehoon. Näitä kolmea eri tilannetta vertaillaan toisiinsa ja tarkastellaan 

eroavaisuuksia niiden vesi-höyrypiireissä.  
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1. INTRODUCTION 
 

The main target for computational water circulation studies for recovery boilers is to ensure 

proper water circulation in the specific design. This is the way how boiler manufacturers 

ensure that pipe dryouts, critical heat fluxes, unstable flows, too high flow velocities and 

excessive pressure losses do not occur in the pipelines. Water circulation studies can also be 

used to test how different pipe sizes and other dimensions, temperatures and capacities affect.  

The main weaknesses in earlier water circulation calculations have been inaccuracy in certain 

areas and a large amount of work. Especially heat fluxes have been problematic and they 

have been based on practical experiences and rough CFD models. Nowadays, more accurate 

CFD models can be used to calculate heat fluxes; with small changes they are highly 

workable for providing input data for water circulation studies.  

This Masterôs thesis has been done in the order of Andritz Oy. The aim of this thesis is to 

improve the water circulation studies. The objective is to create an accurate way to solve and 

feed heat flux data for the Apros 6 simulation program. This is done by Excel based 

calculation tool, APPI, which is automated by using Visual Basics for Applications. With this 

spreadsheet it is possible to handle and feed all the data needed for working with water 

circulation simulation.  
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2.  MODERN RECOVERY BOILER 
 

Concentrated black liquor consists of organic dissolved wood residues and inorganic cooking 

chemicals. In recovery boilers the combustion of the organic portion of the liquor produces 

heat which is used to make high pressure steam that generates electricity and low pressure 

steam for process use. Also costly inorganic sulfur compounds are recovered and recycled 

back into the process. (Gullichsen, J. et al. 1999, 9-10) 

 

 

Figure 1. Modern recovery boiler (Vakkilainen E. 2007, 2-2) 
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2.1 Functions of r ecovery boiler  
Recovery boilerôs three main functions are: 

¶ Burn the organic material of black liquor to generate steam 

¶ Recycle and regenerate used chemicals from black liquor 

¶ Minimize emissions from several waste streams in an environmentally friendly way 

(Gullichsen, J. et al. 1999, 95) 

 

The important pulping chemicals, such as sulfur and sodium, are separated from black liquor 

in the recovery boiler. Chemicals are recovered as suitable compounds for further processing 

in the chemical circulation loop (Figure 2). The efficiency of reduction from sodium sulfate 

into sodium sulphide is an important measure of the recovery boilerôs performance. The 

sodium that remains, will create sodium carbonate, when it reacts with carbon dioxide. The 

chemical smelt that flows from the furnace through smelt spouts comprise sodium sulfide, 

sodium carbonate and sodium sulfate. (Knowpulp) 

 

 

Figure 2. Kraft recovery process (Tran, H. & Vakkilainen, E.) 

 

Before burning, the dry solids content of separated black liquor is increased by removing 

excess water in the evaporation process. Burning the organic materials and the chemical 

reactions of recovering, release a considerable amount of heat energy. This heat energy is 

transferred to water-filled tubes in walls of the boiler. The generated steam is used in 

different stages of the pulping process, and in turbines to produce electricity. (Knowpulp)   
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2.2 Typical construction  of modern recovery b oiler  
The primary factors directing the development of the recovery boilers are the investment 

cost, liquor processing capacity, energy efficiency and environmental requirements. The 

chemical recovery system must be able to handle much more material than before, leading to 

larger black liquor capacities and bigger recovery boilers (Figure 3). The worldôs largest 

recovery boiler is under construction and its capacity is going to be 12 000 tds/d   

(Gullichsen, J. et al. 1999, 96) 

 

Figure 3. Capacity increase of recovery boilers (Pentinsaari, 38) 

 

A modern recovery boiler has a single drum design, widely spaced superheaters and vertical 

steam generating bank. The most significant change in the past years has been the transition 

to single drum construction. This change has been permitted by the better quality control of 

boiler water. There are numerous advantages in the single drum construction compared to the 

old two drum design. It reduces the possibility of water leakage to the furnace. There are 

fewer holes in the drum wall so it can be constructed thinner, which allows faster start up and 

stop-down. Also the gas flow to the boiler bank is smoother and the heating surface 

engineering is simpler. (Vakkilainen, E. 2007, 1-6) 

The spacing between superheater panels has increased to minimize fouling. With an 

increased number of superheaters the heat transfer difference between a clean and fouled 

surface is smaller. This feature simplifies the temperature control of the superheater outlet 

steam, particularly during start-ups. Plugging of the new superheaters is unlikely, the 
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cleaning easier, and the soot blowing steam consumption is low. (Gullichsen, J. et al. 1999, 

98) 

Nowadays some modern recovery boilers have a pre-boiler bank before the actual boiler 

bank. Water comes down from the steam drum to the inlet headers on the bottom of the bank. 

Water starts to vaporize in the pre-boiler bank and natural circulation pushes water back into 

the steam drum. This technique is used to decrease flue gas boiler bank inlet temperature 

below 600 ęC, depending on the black liquor properties and the fly ash melting behavior. Pre-

boiler bank prevents fouling in narrow boiler bank structures. The boiler bank (Figure 4) 

works similarly as the pre-boiler bank but vertical part of the screen can be connected to the 

structure of the boiler bank, when the pre-boiler bank is not needed. It is also much larger and 

flue gases turn vertically down, when they come across back wall of the boiler bank. After 

the boiler banks flue gases rise up to the first economizer. (Pentinsaari, 24)  

 

Figure 4. Boiler generating bank (Pentinsaari, 25) 

 

The dry solids content of the incoming black liquor dry solids flow is the most important 

design criterion, because it establishes the required size of the boiler. With the heating value 

of the black liquor this defines the boiler capacity. With water and steam values the 

maximum continuous rating (MCR) steam flow is established. (Vakkilainen, E. 2007, 2-3) 
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2.3 Furnace design  
Good furnace design and high quality materials improve the recovery boiler safety and heat 

transfer. That is why furnace walls and floors are continually under investigation for better 

materials and proper water circulation design. Sufficient water flow lowers the wall 

temperature and prevents pipe damages. (Vakkilainen, E. 2007, 10-13) 

Usually the critical leaks occur in the lowest 3 m of the furnace walls (Figure 5). Proper floor 

angel (2,5ę ï 4↔ ) improves the water flow, and helps to avoid parts where steam bubbles could 

get stuck causing insulating gas films. Normally 0,5 m/s is the minimum velocity for safe and 

steady water flow in floor tubes. Smelt spouts are usually installed 20ï30cm above the floor 

level so the entire floor is covered with smelt layer and reduction efficiency is high. 

(Vakkilainen, E. 2007, 10-13) 

The most common wall design in recovery boilers is compound tubing. Typical furnace tube 

materials are Sanicro 38 and 304L. They have high corrosion resistance and they are used in 

lower part of the furnace. Cheaper carbon steel is used above the highest air level. It resists 

most corrosive conditions at oxygen rich conditions but bare carbon steel cannot resist black 

liquor burning. (Vakkilainen, E. 2007, 10-13) 

 

Figure 5. Furnace of recovery boiler (Vakkilainen, E. 2007, 10-13) 
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2.4 Black l iquor combustion  
The sulfate pulping process produces large amount of black liquor. Black liquor is generated 

in the cooking process as the white liquor dissolves the lignin and other organic compounds 

in the wood. Weak black liquor is removed from the pulp during the pulp washing. The 

separation is done to recover the cooking chemicals and to remove the organic substances 

that weaken the quality of the pulp. In the evaporation plant, water is removed from the weak 

black liquor, and the resulting strong black liquor is transferred to the recovery boiler (Figure 

6). The sulfate pulping process produces large amount of black liquor. In modern chemical 

pulping the typical black liquor dry solids content is over 75 %. (Knowpulp)  

 

Figure 6. Black liquor combusting in the furnace (Vakkilainen, E. 2007, 5-1, text modified) 

 

The increase of black liquor dry solids content has substantially affected the main operating 

variables of the steam generation (Table 1). Dryer black liquor is particularly advantageous 

since the flue gas flow often limits recovery boiler capacity. (Gullichsen, J. et al. 1999, 97) 

Improving steam produce goes hand in hand with dry solid content. For example, a rise in dry 

solids content from 65 % up to 80 %, increases the main steam flow about 7 %. The rise is 

more than 2 % for each 5 % increase in dry solids. (Gullichsen, J. et al. 1999, 96) High black 
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liquor dry solid content also helps to reduce sulfur species in emissions. When the liquor is 

dryer, it increases furnace temperature and sulfur dioxide reacts with sodium to produce 

sodium sulfite.  (Vakkilainen, E. 2007, 11-2) 

Table 1. Effects of different liquor dry solids content (Vakkilainen, E. 2007, 6-21) 

 

 

2.4 Combustion air systems 
Black liquor consists of organic and inorganic materials that react in the recovery boiler 

furnace. To be able to sustain steady combustion, proper air feeding system is needed. When 

the organic content in the black liquor increases, by reason of higher dry solids content, more 

air is needed per unit of black liquor for combustion. The primary target of the air system 

design is to preserve a high and steady temperature and gas supply in the lower part of the 

furnace. With a proper design, the combustion takes place in the lower part and increases the 

reduction efficiency and decreases the emissions.  (Vakkilainen, E. 2007, 7-2 ï 7-6) 

Combustion air is typically introduced into the furnace at various horizontal elevations to 

ensure optimum combustion and minimize emissions (Figure 6). Air i s provided in to the 

furnace by forced draft fans, and the flow is controlled with dampers in furnace openings, 

ducts and by adjusting air fans. The air flow control with dampers in furnace openings causes 

high duct air pressures which increases blowerôs power consumption, but ensures balanced 

flow through each opening.  (Vakkilainen, E. 2007, 7-2 ï 7-6) 

The combustion air is delivered into the furnace at least from three levels: primary, secondary 

and tertiary. Because the reducing conditions are preserved close to the char bed, in the lower 

part of the furnace, the primary and secondary air levels must be located close to the floor 

below the black liquor guns (Figure 6). Approximately 70 %ï75 % of total combustion air is 
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introduced through the primary and secondary air nozzles, so the rest and excess air by the 

tertiary air nozzles. The main reasons of tertiary air are to burn the remaining combustible 

particles in the center part of the furnace and minimize NOx emissions. (Vakkilainen, E. 

2007, 7-2 ï 7-6). 

 

2.5 Water circulation  
The circulation starts from the feed water tank, where water is pumped to the economizer. 

There it is heated up to almost the saturation temperature by the flue gases. Using these feed 

water preheaters, flue gases temperature decreases and therefore improves boiler efficiency. 

(Gullichsen, J. et al. 1999, 263) 

Water tube boilers can be classified into three different types based on the method of steam 

and water circulation. 

¶ Natural circulation boilers 

¶ Forced circulation boilers 

¶ Once through boilers 

 

 

Figure 7. Different water circulation types (Gullichsen, J. et al. 1999, 264) 
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2.5.1 Natural c irculation  

In the natural circulation concept, the circulation of water and steam is based on the density 

difference between hot and cold fluids. The downcomer from the drum and tubes around the 

furnace construct a continuous tube system (Figure 8). First nearly saturated water runs down 

to the header, where the flow is divided into the risers at furnace walls. In the risers water 

heats up and starts to vaporize. The density of the flowing water-steam mixture in the risers is 

lower than in the downcomer. This density difference causes the driving pressure (æpst) that 

pushes water-steam mixture up to the drum:  

Ўὴ ὫϽЎὌϽ” ”  (1)  

where ɟG = average density of water-steam mixture in the riser 

 ɟw =  density of saturated water in the downcomer 

æH = difference in levels of the drum and the point in the risers where the vaporizing 

begins  

g = standard gravity 

When boiling starts in the bottom part of the furnace it will increase the mass flow of water. 

(Gullichsen, J. et al. 1999, 263ï265) 

 

Figure 8. The principle of natural circulation (Huhtinen, M. 1994, 115, text modified) 
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The biggest weakness for this principle is the critical pressure of water. In this level, p = 22,1 

MPa, the densities of water and steam are equal, 315 kg/m
3
, so the driving pressure is not 

created anymore. Therefore natural circulation is not suitable for high pressure boilers. The 

maximum pressure for proper circulation, when the steam leaves the drum, is approximately 

17,0 MPa. In this pressure the density of water is about five times higher than the density of 

steam. (Gullichsen, J. et al. 1999, 263ï264) Figure 9 represents how operation point of 

natural circulation is determined by the driving force and the flow resistance. 

 

 

Figure 9. Operation point of natural circulation (Henrik, A. 1990, 834, text modified) 

 

2.5.2 Forced circulation  

In forced circulation boilers, the water-steam circulation is very similar with natural 

circulation boiler except the circulation pump. High pressure water is conducted to the 

vaporizer using forced circulation pumps, which also drive the mixture of water and steam 

from the vaporizer back to the steam drum. Because of the forced circulation, the boiler can 

be designed to use slightly higher pressures than the natural circulation concept. But the 

separation of the water-steam mixture in the steam drum is still based on the difference of 

densities. That is why forced the circulation boilers cannot be operated at supercritical 

pressures. (Knowpulp) 
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2.5.3 Once-through c irculation  

Once-through boilers can be characterized as long externally heated pipe of tube system 

where water is fed into pipe from one end and released as superheated steam at the other end 

of the pipe. Because all the water is vaporized in furnace walls, there is no need to for a drum 

and the steam can be led directly to superheaters.  Once-though boilers are mostly used in 

large scale power plants at supercritical pressures. This maximizes the electricity production. 

(Knowpulp) 

There are two main types of once through boilers: Benson and Sulzer (Figure 10). The most 

common and simplest design is the Benson boiler, where the point of complete evaporation 

varies with the capacity load. This design is used in large-scale steam boilers. Sulzer 

monotube boiler has a special pressure vessel, Sulzer bottle, for separating water and 

impurities from steam. Therefore the evaporation point is always at the bottle. (Teir, S. 2003, 

65ï66) 

 

Figure 10. Schematic pictures of Benson boiler (left) and Sulzer boiler (right) (Teir, S. 2003, 65ï66) 

 

2.6 Fouling  control  
During the combustion small char fragments, liquor particles and alkali elements entrain to 

the flue gas flow. This hot ash can solidify on cooler heat transfer surfaces and cause fouling. 

Fouling and fouling related phenomena have always been a major concern in recovery boiler 

design and operation. With the modern computer based control system the changes in fouling 
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at certain heat transfer surface can be recognized. This enables to use soot blowing directly to 

those surfaces where it is most necessary. (Gullichsen, J. et al. 1999, 123ï124)  

 

Figure 11. Fouled boiler bank (Vakkilainen, E. 2007, 8-3) 

 

The heat flow at a heat transfer surface depends on the heat transfer area and temperature 

difference between flue gas and water-steam mixture. When this surface get fouled it causes a 

decrease in heat transfer efficient. At the same time the accumulation of deposits decreases 

available gas flow area, and thus flue gas velocity grows causing increased pressure loss 

(Figure 12). The fouling can increase until the flue gas fan cannot supply sufficient pressure 

and flow. Then the recovery boiler load must be decreased, or the surfaces must be cleaned.  

(Gullichsen, J. et al. 1999, 123ï124)  
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Figure 12. Pressure losses in heat transfer surfaces (Gullichsen, J. et al. 1999, 124) 

 

For a modern recovery boiler the decisive part is often the boiler bank. By increasing black 

liquor dry solids content over 70 % the probability of the economizer plugging is clearly 

reduced.  Also superheater fouling has dramatically decreased because of the improved air 

system which is capable to half the amount of carryovers. (Vakkilainen, E. 2007, 8-1) 

 

2.7 Emissions 
In modern kraft pulp mills, the main source of total reduced sulphur (TRS) are uncollected 

vent gases, and other points, where mill liquors are handled in contact with open air. 

Therefore in addition to non-condensable waste gases (NCG), the mixing tank vent gases and 

dissolving tank vent gases need to be burned in the furnace. The TRS emissions are usually 

caused by cold char bed and poor mixing in the furnace. (Vakkilainen, E. 2007, 11-1 ï 11-2) 

The sulphur dioxide (SO2) emissions are dependent on the dry solids and the black liquor 

Sulphur to sodium and potassium molar ration. The higher the sulfidity content of the fuel, 

the higher are the expected emissions. Usually the sulfur dioxide emissions can be decreased 

below 10 ppm. Increasing the black liquor dry solid content increases the furnace 

temperature, and better air systems below the liquor gun level decreases the TRS and suphur 

dioxide emissions.  (Vakkilainen, E. 2007, 11-1 ï 11-2) 
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Nitrogen oxides (NOx) emissions mainly consist of nitric oxide (NO). Recent changes in 

modern recovery boiler operations have increased the NOx level: high black liquor dry solids, 

combustion of NCG and combustion of dissolving vent gases. Nitrogen emissions can be 

reduced by optimization of the air and fuel feeding and in the future by selective catalytic 

reduction (SCR). (Vakkilainen, E. 2007, 11-3 ï 11-4) 

Nowadays the dust emissions after the recovery boiler economizer are typically low. They 

are strongly dependent on boiler load and the furnace gas upward velocity. Firing with high 

velocities and small droplets of black liquor causes excess carryover and high dust loading. 

The Dust emission can be efficiently reduced by using electrostatic precipitators. (Gullichsen, 

J. et al. 1999, 11-8 ï 11-9) 

Table 2. Emissions of recovery boilers in four decades (Andritz) 
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3. NATURAL CIRCULATION BOILERS 
 

Depending mainly on the size of the boiler, there can be used few different types of natural 

circulation structures. The most common concepts of natural circulations are single and bi-

drum boilers that are suitable for large scale power plants. For smaller boilers an option is 

Eckrohr boiler. (Teir, S. 2003, 52ï54) 

 

3.1 Operating princi ple 
The main operating principles in all different types of natural circulation boilers are the same, 

but specialization for different fuels, temperatures and pressures chances, the structure. 

Because the circulation is caused by density differences of water, the design is simple and 

reliability is high. Main components for natural circulations are steam drum, downcomers 

and vaporizer tubes. (Teir, S. 2003, 54ï55) 

 

3.1.2 Single drum boilers  

The feedwater is pumped in the water-steam circulation from the feed water tank. The feed 

water is preheated in the economizer to about 10 ęC below the boiling temperature. The 

temperature must stay below under the saturation temperature to avoid untimely boiling in 

the economizer pipes. From economizer the feed water flows to the steam drum, where it is 

mixed with the existing water. (Teir, S. 2003, 54ï55) 

 

From the drum, saturated water flows through the downcomer tubes to the main inlet header 

(Figure 13). In the main inlet header the water flow is distributed to the riser tubes where it 

partially evaporates. The raiser tubes form the evaporator unit in the boiler. After these hot 

tubes, the water-steam mixture returns in the steam drum.  There steam is separated from 

liquid water and led to the superheaters, where liquid water returns into the downcomers.  

The steam from steam drum is heated beyond its saturation point in the superheaters. After 

the last superheater the steam exits the boiler and continues to steam turbines. In a modern 

recovery boiler, the main steam output temperature is typically 490-515 ęC and pressure 95-

110 bar. (Teir, S. 2003, 54ï55) 
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Figure 13. Natural circulation in a single drum boiler (Knowpulp) 

 

3.1.2 Two drum boilers  

The two drum boiler design represents the old model of recovery boilers (Figure 14). Their 

maximum capacity is about 1700 tds/d. The main steam pressure is typically about 8,5 MPa 

and temperature 480 ęC. The newest two drum boilers have horizontal economizers and they 

use three level air systems. (Vakkilainen, E. 2007, 2-4 ï 2-5) 

The pre-heated feedwater flows to the upper steam drum, which is primarily a water-steam 

separator and distribution device. This boiler bank is a natural circulation steam generator, 

where cooler water flows down the back part, and hot water-steam mixture flows upwards in 

the front of the bank. The lower drum is called as a mud drum. Water flows down from the 

mud drum through downcomers to the lower furnace headers. There the flow is separated to 

floor tubes, goes up through the furnace waterwalls, and up to the roof tubes, and finally back 

to the steam drum.  (Grace, M.)  

Compared to the single drum boilers, the two drum boilers have many practical problems. 

Single drum construction eliminates the possibility of water leakage to furnace as it is located 

outside the furnace. There are also much less holes in the steam drum walls, so wall thickness 
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can be thinner, that improve start up and stop-down times, and the whole single drum 

construction is low-priced. The biggest weaknesses in the two drum boiler design are that it is 

not possible to use high capacities, temperature and pressures.  Tube stiffness limits cross 

flow two drum arrangement to about 2000 tds/d size, and vertical flow two drum 

constructions have suffered flow plugging because of vibration stiffeners. (Vakkilainen, E. 

2007, 1-6)  

 

Figure 14. Two drum recovery boiler (Adams, T. et al. 1997, 5) 

 

3.1.3 Eckrohr boilers  

The Eckrohr boilers, also known as corner tube boilers, are usually small size water tube 

boilers. The first boilers were designed for low power capacities, but nowadays corner tube 

boilers can as well be manufactured for high power capacities and pressures. The advantage 

of the corner tube design is its versatility. It can be used to generate hot water, to heat up 

thermal oil, and to heat other heat exchanges. (Echrohr-kessel) 

The design of Eckrohr boiler is very simple (Figure 15). The construction is very similar to 

earlier introduced natural circulation boilers but the capacity is usually modest.  Water flows 

from the drum to down corner tubes, and further to collector, where it is separated to bottom 



27 

 

tubes. Water starts to vaporize in the riser tubes and the water-steam mixture flows upwards. 

Steam is partly separated already in the overflow tubes and mixture tubes and the rest in the 

steam drum. The remaining liquid water continues its circulating, via down corner tubes and 

return tubes, until it vaporizes. (Echrohr-kessel)  

 

Figure 15. Natural circulation in an Eckrohr boiler (Scheider kessel) 

 

3.2 Heat transfer  in the boiler  
Heat transfer is the phenomenon how the heat energy transfers from the hot furnace to 

cooling water. Heat transfer happens in three different modes that are explained in the figure 

16 below. When a temperature gradient occurs in a stationary medium, it is called as 

conduction to refer to the heat transfer that exists across the medium. The second mode, 

convection, refers to heat transfer that happens between a surface and a moving fluid if they 

are at different temperatures. The third one way of thermal heat transfer is thermal radiation. 

All surfaces of finite temperature emit energy in the form of electromagnetic waves. 

(Incropera, F. et al. 1996, 2) 
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Figure 16. Heat transfer modes (Incropera, F. et al. 1996, 2) 

 

The biggest heat transfer to water occurs in the furnace, where it is transferred through 

furnace wall tubes. The rows of tubes at the furnace walls which are part of the water 

circulation circuit, are called waterwalls.  Cooler water is fed to the main inlet header where it 

is divided into the smaller wall tubes. Water raising these hot wall tubes receives heat from 

the char bed and flames. The furnace walls can represent as much as 50 % of the heat transfer 

to produce steam. (Adams, T. et al. 1997, 13) 

The upper part of furnace, the bullnose, is located on the rear wall of the furnace. Its intention 

is to protect the superheaters from direct furnace radiation, and to turn the combustion gas 

flow around the corner towards the boiler exit opening. The convective heat transfer section 

consists of superheaters, boiler bank, economizer and may include a set of screen tubes. 

Mainly the heat transfer from the hot flue gas to these banks happens by convection. Still in 

the hottest parts, such as screen tubes, radiation can contribute nearly half of the heat transfer. 

(Adams, T. et al. 1997, 13ï14) 

 

3.2.1 Conduction  

As mentioned earlier, heat transfer caused by the temperature difference through a solid 

material is called as conduction. Heat flows from the hotter side to the cooler side. Heat 

transfer continuous until the temperature balance is reached.   

The following equation 2 presents the heat flow by conduction (Incropera, F. et al. 1996, 4): 
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where 

 qxôô = conduction heat flux in specific location [W/m
2
] 

 k = thermal conductivity [W/mK] 

 T = temperature [K] 

 s = thickness of the wall [m] 

Different materials have different thermal conductivities. Metals are excellent thermal 

conductors, while gases have very low thermal conductivity. Figure 17 presents the thermal 

conductivities for some materials. (Gullichen, J. et al. 1999, 284)  

 

 

Figure 17. Thermal conductivity (Incropera, F. et al. 1996, 47) 
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3.2.2 Convection 

The convection heat transfer mode is continuous both by the bulk motion and by random 

molecular motion of the fluid within the boundary layer. The contribution due to the 

molecular motion dominates near the surface where the fluid velocity is low. Actually in the 

interface between the surface and the fluid, the velocity of fluid is zero and heat is transferred 

by this mechanism only.  Equation for convective heat flux is shown below (Incropera, F. et 

al. 1996, 6ï8)  

ή ὬὝ Ὕ  (3)  

where  

 qôô = convective heat flux [W/m
2
] 

 h = convection heat transfer coefficient [W/m
2
K] 

 TÐ = temperature above boundary layer [K] 

 Ts = surface temperature [K]  

 

The convection heat transfer coefficient can be calculated by (Incropera, F. et al. 1996, 314) 

Ὤ  
ὔόϽὯ

ὒ
 (4)  

Nu = Nusselt number [-] 

k = thermal conductivity [W/mK] 

L = length of the boundary [m] 

 

Nusselt number is equal to the dimensionless temperature gradient at the surface, and it 

provides a measure of the convection heat transfer occurring at the surface. 

Nusselt number is often calculated by (Incropera, F. et al. 1996, 314) 
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 C = constant from Reynolds number [-] 

 Re = Reynolds number [-] 

 m = constant [-] 

 Pr = Prandtlôs number [-] 

 n = constant [-] 

Where C, constants m and n vary with nature of the surface geometry and the type of flow 

(Incropera, F. et al. 1996, 347). 

Reynolds number represents the ratio of the inertia to viscous forces (Equation 6). When the 

value is small, the inertia forces are relative to the viscous forces. The turbulences are then 

dissipated and the flow remains laminar. When the Reynolds number increases, the inertia 

forces can be sufficient to amplify the apprehension mechanisms, and a transition to 

turbulence occurs. (Incropera, F. et al. 1996, 295) 

ὙὩ  
”Ͻό Ͻὼ

‘
 (6)  

where 

 ɟ = flue gas density [kg/m
3
] 

u = flue gas velocity [m/s]  

 x = length of the boundary [m] 

 ɛ = dynamic viscosity [kg/ms] 

Prandtl number represents the ratio of the momentum and thermal diffusivities. The Prandtl 

number can be expressed in the form of (Incropera, F. et al. 1996, 320) 

ὖὶ 
ὧϽ‘

Ὧ
 (7)  
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where 

 cp = specific heat at constant pressure [J/kgK] 

 k = thermal conductivity [W/mK] 

More recently, instead of equation 5, a new formula (Zhukauskas correlation) has been 

proposed as follows: 

ὔό ὅϽὙὩȟ Ͻὖὶȟ Ͻ
ὖὶ

ὖὶ
 (8)  

For fluid flow across tube bundles (Figure 18), that is composed of 20 or more rows (NL Ó 

20): (Incropera, F. et al. 1996, 380) 

ὔ ςπ
πȟχ 0Òυππ

ρπππὙὩȟ ςϽρπ
 

where all properties except Pr are evaluated at the arithmetic mean of the fluid inlet and 

outlet temperatures and  constants C and m depend on flow conditions.   

 

Figure 18. Tube bank in cross flow (Incropera, F. et al. 1996, 377) 
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Newtonôs law of cooling is often used to present the heat transfer of surfaces. The mean 

temperature Tm is a convenient reference temperature for internal flows, and the free 

temperature Ts for external flows. Accordingly, Newtonôs law of cooling may be expressed 

as (Incropera, F. et al. 1996, 427) 

ή ὬὝ Ὕ  (9)  

For circular tubes heat transfer can also be written by (Incropera, F. et al. 1996, 432) 

ή
ή

ὖϽὒ
  (10)  

where P is the surface perimeter and L is the length. 

 

The total heat transfer rate qconv can be simplified to form:  (Incropera, F. et al. 1996, 436) 

ή ὬὃЎὝ  (11)  

where  

As is the tube surface area  

æTlm is the logarithmic mean temperature difference (Incropera, F. et al. 1996, 436) 
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(12)  

where  

æTo  is the fluid temperature at outlet 

æTi is the fluid temperature at inlet  

 



34 

 

When evaporation happens at a solid-liquid boundary it is called as boiling. Boiling takes 

place when the surface temperature Ts exceeds the saturation temperature Tsat corresponding 

to the liquid pressure. Heat transfer from the surface to the liquid can be calculated by using 

appropriate form of Newtonôs law of cooling (Equation 9) (Incropera, F. et al. 1996, 537)  

ή ὬὝ Ὕ ὬЎὝ  

where  

 Te = excess temperature (ſTs-Tsat) 

The boiling process is characterized by the formation of bubbles, which grow and 

subsequently detach from the pipe surface. Vapor bubble growth and dynamics depend on the 

excess temperature, thermophysical properties of the fluid, and the nature of the surface. The 

dynamics of the bubble formation affect liquid motion near the surface, and thus strongly 

influence the heat transfer coefficient. (Incropera, F. et al. 1996, 537-538) 

Turbulent convection heat transfer for steam and water flowing inside a circular tube can be 

calculated with Hausen equation (Vakkilainen, E. 2007, 6-18): 

 

ὔό πȟπςσυϽὙὩȟ ςσπϽρȟψϽὖὶȟ πȟψ 
(13)  

ςσππὙὩ ρπϽρπ
πȟφ ὖὶ υππ

 

 

3.2.3 Radiation  

Thermal radiation is energy that is emitted to material that is at a finite temperature. The 

emission may be attributed to changes in the electron configurations of the constituent atoms 

or molecules. The radiation field is transported by electromagnetic waves, so it does not need 

the presence of material medium. The maximum theoretical heat flux that ideal radiator may 

emit is the emissive power. (Incropera, F. et al. 1996, 9) 
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ή  „Ὕ  (14)  

 ů = Stefan-Boltzmann constant (= 5,67·10
-8 

W/m
2 
K

4
) 

 Ts = absolute temperature of the surface [K]  

The heat flux emitted by a real surface is less than the ideal radiator. The emissivity 

represents a measure of how efficiently a surface emits energy relative to a blackbody. 

(Incropera, F. et al. 1996, 9) 

ή  ‐„Ὕ  (15)  

Ů = the surface emissivity [-]  (Incropera, F. et al. 1996, 649) 

Consider radiation exchange between two black surfaces of arbitrary shape (Figure 19). 

Defining qiŸj as the rate at which radiation leaves surface i and is intercepted by surface j.  

The net heat flux to the surface is (Incropera, F. et al. 1996, 729) 

ή ὃὊ„Ὕ Ὕ  

 
(16)  

 A = arbitrarily oriented surface [m
2
] 

 F = view factor [-] 

 

Figure 19. Surface radiosity (Incropera, F. et al. 1996, 645) 
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3.2.4 Overall heat transfer  

The overall heat transfer for recovery boiler is a complex phase. There is many variables and 

accurate results are practically impossible to achieve. That is why some simplifications and 

approximations are needed. The overall heat transfer in boiler can be expressed with general 

heat transfer equation. (Vakkilainen, E. 2007, 6-16) 

ˡ ὬὃЎὝ (17)  

where 

 ʌ = heat transfer [W] 

 h = overall heat transfer coefficient [W/m
2
K] 

 A= heat transfer surface [m
2
] 

 æT = temperature difference [K]   

 

The overall heat transfer coefficient h is a function of convective and radiative heat transfer. 

(Vakkilainen, E. 2007, 6-16) 
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Ὤ ὪϽὬ Ὤ Ὤ  

where 

 fn = form correction [-] 

fo =  overall correction [-] 

hi = inside heat transfer coefficient referred to the outside surface [W/m
2
K] 

ho= outside heat transfer coefficient [W/m
2
K] 

hr = radiative heat transfer coefficient [W/m
2
K]  

hex = external heat transfer [W/m
2
K] 

hc =  convective heat transfer coefficient [W/m
2
K]  
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k = heat conductivity of tube material [W/mK] 

do = outside tube diameter [m] 

ds =  inside tube diameter [m] 

  s = tube wall thickness [m] 

 

The correction for number of rows, fn,  
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where nr is the number of rows in heat transfer surface. 

 

The heat transfer resistance through a tube of uniform material for a tubular construction with 

separated tubes is  
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(19)  

 

Radiation heat transfer coefficient can be determined by radiation heat flow. (Vakkilainen, E. 

2007, 6-16) 

Ὤ  
ˡ

ὃ Ὕ Ὕ
 (20)  

 

If temperatures and emissivities are known, the radiation heat flow ʌ can be expressed as 

(Vakkilainen, E. 2007, 6-17) 

ˡ ὃ
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where  

 Aeff = efficient area [m
2
] 

 Ůw = emissivity of the wall [-] 

 Ůdg = emissivity of the dust gas [-] 

 Ŭdg = absorptivity of the dust gas [-] 

 Tg = temperature of the gas [K] 

 Tw = temperature of the wall [K]   

 

3.3 Fluid Dynamics  
To ensure proper operation of a natural circulation boiler, certain aspects in the fluid 

dynamics must be well known. In a recovery boiler there is a large amount of heat pipes in 

different temperature conditions and positions, so it is a challenging task to guarantee a good 

and steady flow. By knowing the following facts, properly water-steam circulation can be 

achieved. 

 

3.3.1 Two-phase flow in vertical pipes  

Two-phase water-steam flow may occur in many different regimes or structures. Especially 

in heat pipes the transition from one pattern to another is more a continuous process than 

abrupt. However, for heated, co-current water-steam flow in vertical tube, four general flow 

patterns are recognized (Figure 20). (Collier, J. 1981, 9ï12) 

1) Bubbly flow is the first phase after the saturated, single phase flow, when water starts 

to vaporize in heating pipe. It contains relatively discrete bubbles in continuous 

liquid water phase. Bubble shape, size and distribution are dependent upon the flow 

rate, enthalpy, heat input rate and pressure. 

2) Slug flow consist mainly of large bubbles, approaching the tube size in diameter, 

separated from the tube wall by a small layer of slugs of water which may also 

contain small amount of bubbles. 
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3) Annular flow happens, when bubbles unites forming a thin liquid layer on the tube 

wall with a continuous steam core. There most of the liquid is flowing up in the 

annular film. At high volume fractions of gas, the annular film becomes very thin and 

bubble generation is suppressed. 

4) Drop flow is the last step before single phase steam flow. A continuous steam core 

transports entrained water droplets which slowly evaporate until all the water is 

turned into steam. (Collier, J. 1981, 9ï12) 

 

Figure 20. The development of a two-phase flow (Collier, J. 1981, 134) 

 

3.3.2 Two-phase flow in horizontal pipe  

Flow patterns in two-phase horizontal flows are much more influenced by the gravity than 

vertical flow. That generates two different layers, the gas on the top and the liquid on the 






















































