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ABSTRACT 

The objective of this dissertation is to develop a heat transfer model for a 3-pass 

fire-tube 578 kW boiler using biomass as fuel. To fully characterize this biomass boiler, a 

numerical program was created in MATLAB where several thermodynamic correlations 

were needed to develop a combustion model which predicts several important output 

parameters such as the adiabatic flame temperature and the flue gases mass flow rate that 

will be used in the following model.  

 

The heat transfer model predicts the boiler’s total energy transferred from flue 

gases to the surrounding surfaces. An energy balance was established in each boiler section 

to evaluate the amount of energy generated by the combustion gases and the amount of heat 

transferred to the inner walls of the system.  

 

It was also studied and further explained the influence of radiation in the furnace 

zone (1st boiler pass), and the extreme importance of the flue gases high temperatures which 

promote large amount of radiative values.  In the convection sections which includes the 

smoke tubes, the convective heat is much more prominent due to the lower flue gas 

temperatures.  

 

Then, to validate this custom model, simulated results were evaluated, such as 

furnace and chimney outlet temperatures, as well as, the boiler’s thermal output power which 

values were then compared to experimental data gathered from six different output power 

boilers in steady-state conditions. Finally, the model results showed good agreement with all 

the six boiler tests. 

 

 

 

 

 

Keywords Smoke-Tube Boiler, Biomass, Combustion, Heat Transfer, Thermal 
Power. 
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RESUMO 

O objetivo desta dissertação resume se ao desenvolvimento de um modelo de 

transferência de calor para uma caldeira de tubos de fumo de 3 passes a biomassa com uma 

potência térmica de 578 kW. Para modelar numericamente o processo intrínseco à caldeira, 

recorreu se ao MATLAB onde se considerou várias correlações necessárias ao 

desenvolvimento de um modelo de combustão. Este modelo determina vários parâmetros de 

saída, como a temperatura adiabática de chama e o caudal mássico de gases, que serão 

essenciais para a criação do modelo seguinte. 

 

 O modelo de transferência de calor prevê a energia total transferida dos gases 

de combustão para as superfícies internas da caldeira. Um balanço energético foi 

estabelecido em cada secção principal da caldeira para avaliar a energia gerada pelos gases 

de combustão e a quantidade que é efetivamente libertada para as paredes circundantes do 

sistema. 

Explicou se o efeito e influência da radiação na zona da fornalha e a grande 

importância que as temperaturas altas têm ao promover enormes quantidades de calor 

radiativo. Nas zonas de convecção que incluem os tubos de fumo, o calor transferido por 

convecção é muito mais relevante pelas menores temperaturas dos gases de combustão.  

 

Posteriormente, para validar o modelo criado, foram avaliados os resultados da 

simulação tais como as temperaturas de saída da fornalha e da chaminé, e ainda a potência 

térmica da caldeira. Estes valores foram seguidamente comparados com valores 

experimentais obtidos através de seis caldeiras com potências térmicas diferente em 

condições estacionárias. Por fim, os resultados do modelo demonstraram estar de acordo 

com todos os testes feitos às seis caldeiras. 

Palavras-chave: Caldeira de Tubos de Fumo, Biomassa, Combustão, 
Transferência de Calor, Potência Térmica. 
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SYMBOLOGY AND ACRONYMS 

Symbology 

1 – 1st Boiler pass (Radiation section i.e., Furnace) 

2 – 2nd Boiler pass (1st Convection section) 

3 – 3rd Boiler pass (2nd Convection section) 

𝛼- Absorptivity 

𝜀– Emissivity  

𝜀𝑟  – Rugosity friction 

𝜆𝑠𝑡 – Theoretical air coefficient 

𝜆𝑟𝑒𝑎𝑙 – Air coefficient in real conditions 

𝜇 – Dynamic viscosity [𝑘𝑃𝑎 𝑠] 

𝜒 – Additional fuel fraction in the reactants side  

𝜌 – Specific mass [𝑘𝑔/𝑚3] 

𝐴𝑖  – Total area of each boiler section [𝑚2] 

𝐴𝐹 – Air-Fuel ratio 

𝑎𝑚𝑏 – Ambient state 

𝑏𝑖𝑜 – Relative to dry biomass  

𝑐𝑜𝑛𝑑 – Conduction  

𝑐𝑜𝑛𝑣 – Convection 

𝐶𝑝 – Heat capacity at constant pressure [𝑘𝐽/𝑘𝑚𝑜𝑙 𝐾] 

d – Oxygen quantity in products [%] 

𝐷 – Diameter [𝑚] 

𝑒𝑥𝑖𝑡 – Boiler chimney 

𝑒𝑥𝑡 - External 

𝑒𝑞 - Equivalent 

fg – Flue gases 

𝑓 – Mass fraction 
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𝑓𝑢𝑟 – Furnace 

𝐻 – Enthalpy [𝑘𝐽/𝑘𝑚𝑜𝑙𝑏𝑖𝑜] 

𝐻𝑉 – Heat value [𝑘𝐽/𝑘𝑔 𝐾] 

ℎ –Heat transfer coefficient [𝑊/𝑚2 𝐾] 

𝑖 – Notation representing each slice  

𝑖𝑛 – inlet of a section 

𝑖𝑛𝑡 – Internal section 

j – Notation representing a chemical substance or element  

𝐾 – Corrective factor 

𝑘 – Thermal conductivity [𝑊/𝑚 𝐾] 

𝐿𝑖 – Length or Height of each boiler section  

𝑙𝑖𝑞 – Liquid state 

𝑀𝑖  – Molar mass of 𝑖 element [𝑘𝑔/𝑘𝑚𝑜𝑙] 

𝑚 – Related to a mean thickness of a section 

𝑚̇ – Mass flow [𝑘𝑔/𝑠] 

𝑛 – Notation representing each boiler section (1,2,3) 

𝑛𝑗  – Number of moles of each product substance 

𝑁𝑖,𝑠𝑙𝑖𝑐𝑒𝑠 – Number of i slices 

𝑁𝑗  – Number of j product substances 

𝑁𝑡𝑢𝑏𝑒𝑠 – Number of tubes 

𝑁𝑢 – Nusselt number 

𝑜𝑢𝑡 – Outlet of a section 

𝑝𝑎𝑚𝑏  – Ambient pressure [𝑘𝑃𝑎] 

𝑃𝑡ℎ𝑒𝑟𝑚 – Boiler output power [𝑘𝑊] 

Pr – Prandtl number 

𝑄 – Heat transfer [𝑘𝐽/𝑘𝑚𝑜𝑙𝑏𝑖𝑜] 

𝑄̇ – Heat transfer rate [𝑘𝐽/𝑠] or [𝑘𝑊] 

𝑟𝑎𝑑 – Radiation  

𝑟𝑒𝑓 – Reference state 

Re – Reynolds number  

𝑇 – Temperature [𝐾] 
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𝑇̅ – Average temperature  

𝑇𝑓𝑙𝑎𝑚𝑒  – Adiabatic flame temperature [𝐾] 

𝑤𝑎𝑙𝑙 – Wall (heat transmitting surface) 

 

Acronyms 

DHW – Domestic Hot Water 

EU – European Union 

ORC – Organic Rankine Cycle 

DEM – Department of Mechanical Engineering 

FCTUC – Faculty of Sciences and Technology of the University of Coimbra 

𝐿𝐻𝑉 – Lower Heat Value  

UC – University of Coimbra 
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1. INTRODUCTION 

1.1. Motivation and Objectives 

As world population keeps growing, the energy to sustain people’s necessities is 

increasing at an alarming rate. The dependency on energy is directly correlated to the high 

usage of electronic products and comfort demand, which became fundamental on our lives 

over the last decades.  

From the beginning of the XX century the planet has been increasingly affected 

by greenhouse gases following the arise of industrial revolution. In recent studies, the 

emission of polluted gases from fossil fuels have been proved to be one of the major causes 

of the global warming.  

As climate changes are more pronounced nowadays, huge wildfires and 

abnormal floods have gradually whipped out the planet earth in recent years, many 

specialists appointed these environmental disasters as a consequence of the high 

consumerism of fossil fuels (coal, natural gas and oil), widely used in both industrial and 

domestic sector. 

 For these reasons, there are alternative energy sources that could support the 

high demand in a less impactful way such as the use of renewable energy like hydropower, 

wind, geothermal, solar or biomass.  

Aiming to preserve the planet environment while meeting environmental 

legislations to avoid fines and fossil fuels dependency, many of the industries from various 

sectors e.g., automotive, agricultural, construction and others, are already investing in 

renewable energy at an unprecedent rate [1] [2] [3] [4]. 

Portugal is currently the 7th largest country in EU at producing renewable 

energy. On March of 2018 [5], the production of renewable energy surpassed the amount of 

energy consumed, becoming self-governed and non-dependent on fossil fuel energy. This is 

a clear sign that efforts in clean energy have been made within the scope of a greener country 

[6].  
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Until a few years ago, the use of biomass boilers was mainly used by large 

industries [7] to produce substantial amounts of thermal energy and when integrated in a 

cogeneration system [8], they could also produce electrical energy to suppress their needs. 

Nowadays, the biomass boiler market has verified changes in user’s paradigm, as there is an 

increasing demand [9] for this type of boilers to suppress thermal requirements for 

commercial buildings and domestic services [10] [11], proving that there is a market to 

explore, forcing new developments on boiler designs with the aim to be more user-friendly.  

In order to fulfill the user’s needs, the upcoming boilers must be automated to 

facilitate the equipment’s operability in the user's perspective. An automated boiler with both 

automatic ignition and cleaning features are essential to provide an accessible experience, as 

well as, the inclusion of an automated excess air controller to provide better combustion 

efficiency with ease of use. 

Following the increase demand of this type of domestic fire-tube boilers, this 

work tends to explore and study this type of boilers which, until recent years, have not been 

analysed with much in-depth.  

In this dissertation a heat transfer model is suggested and is adapted from smoke-

tube boiler studies to analyse and estimate respectively, the heat transfer behaviour and the 

thermal power of a biomass boiler. Regarding input data, it was necessary to produce a 

combustion model to gather initial values that will be assigned to the development of a heat 

transfer model. This work will then be validated with experimental results.  

This work may be a useful tool for upcoming innovative designs of fire-tube 

boilers using pellets as fuel. It will also be suitable as an informative support for boiler 

projects in Energy Project subject, providing helpful insights to students. 
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1.2. Structure of Dissertation 

Chapter 2 refers to the boiler configuration and its operation. The major boiler 

components are described, while its functions are explained as its importance on the 

combustion and heat transfer models. It is also clarified the flue gases behavior throughout 

the boiler from its ignition to their exhaust. 

 

Chapter 3 explains the purpose of creating a combustion model for the studied 

boiler. Four different situations are studied between theoretical and real conditions to 

understand how moisture can influence various output parameters of combustion model. 

Additionally, the adiabatic flame temperature and mass-flow rate were the main parameters 

determined which will be useful on the upcoming heat transfer model.   

 

Chapter 4 shows the theoretical support of a heat transfer modelling, using as 

reference five analogous studies of fire-tube boilers based on thermodynamic principles and 

correlations where both similarities and differences of each study approach are explained. It 

also suggests a custom heat transfer model applied to this case, heavily based on the case 

studies and on the “Fundamentals of Heat and Mass Transfer” book wrote by Incropera et 

al.  

 

Chapter 5 demonstrates simulated data from the heat transfer model. Various 

graphics and figures are displayed, showing comparisons between the model’s output data 

and the experimental values. These comparisons were done in order to provide some 

additional explanations on the differences between the obtained values. 

 

Chapter 6 provides an overall discussion on the approached combustion and heat 

transfer models for the studied 3-pass smoke-tube boiler, as well as, evaluating upcoming 

perspectives to further improve this study.  
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2. BOILER CONFIGURATION 

2.1. Peripherals 

2.1.1. Hopper 

The hopper is an enclosed silo with pyramidal shape that stores biomass and 

allows it to be fed through gravity to a worm-screw. Most hoppers are made from metal or 

plastic, allowing low cost maintenances. It is a reservoir that feeds solid fuels and preserves 

its properties. In this case, pellets are used as fuel, they have some advantages over wood 

and other types of unprocessed biomass, such as higher energy density, homogeneous heat 

content and particle size, and although it is more expensive, this type of pellets provide better  

combustion efficiency. As pellets are condensed, the storage requirements are small, helping 

to cut down costs.  

The installed feeder in Figure 2.1 has a capacity of 500 𝑑𝑚3 and operates by an 

electric motor that can be programmed to dispense an exact amount of biomass desired. 

These systems are the most cost effective when installed in narrow places, being particularly 

efficient when transporting pellets on a limited area. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. (a) Hopper (green circle) installed on the boiler system. 
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2.1.2. Worm-screw Supplier 

The worm screw allows to transfer the solid fuel from the hopper into the 

combustion chamber. The amount of biomass fed into the combustion chamber at each 

moment depends on the power demand. This equipment has an electric motor with 

controllable speed to increase or decrease the fuel flow rate. 

 

2.1.3. Combustion Chamber 

The most important zone of the studied boiler is the combustion chamber (i.e., 

furnace) where most of the energy produced is transferred to the surrounding walls. 

The studied chamber has a cylindrical shape and has two distinct sectors. The 

lower sector, showed in Figures 2.3 (a) and (b), is where the fuel and air join altogether 

causing the combustion. This chamber’s zone has an isolated ceramic concrete to avoid 

material erosion and is considered that no energy is transferred to the surroundings. Also, 

this section, also called the burner zone, is where the fire ignition of the mixture starts. 

During this combustion process, very high temperatures are produced by the flame, which 

are transmitted to surrounding walls and to the bottom of the fuel. The air introduced in this 

sector also contributes to a greater heat flux transferred to the surface, degrading the biomass 

at a higher rate.  

Due to the high temperatures, the pyrolysis effect starts, changing the 

compositions of chemical burned gases that occurred in the beginning of the combustion 

process. This combustion process behaviour and the production of flue gases products are 

 Figure 2.2. (a) Biomass carried by worm-screw (b) Worm-screw and structure. 
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very complex to convert into numerically equations due to several factors (later explained), 

that promote a faster biomass degradation.  

 

 

As seen in the following schematic representation, heat and mass transfer 

processes are produced in the lower section of the combustion chamber where the flame’s 

heat flux as well as heat losses irradiate the chamber’s surface base [12]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. (a) CAD model of the chamber’s lower section (b) Furnace door where biomass is transferred. 

 

Figure 2.4. Representation scheme of a burning surface (Furnace lower 
section) showing a heat fluxes in with highly non-linear behaviour from the 

surface 𝑚̇", flame heat 𝑄̇𝐹"  to the surface and losses 𝑄̇𝑙" [12]. 
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Furnace’s higher sector is where the heat of combustion products will be 

transferred to the surrounding surfaces assuming an isobaric process. The walls are made 

from the same material as the smoke tubes and its area is large enough to dissipate the most 

energy produced [13]. The following heat transfer model presented in chapter 4, will take 

into account only the higher sector of the furnace in which, the adiabatic temperature flame 

value is calculated from this sector’s base surface. 

2.1.4. Vertical Smoke-Tubes 

 The smoke tubes are mounted vertically and separated from each other by equal 

distances. There are two passes of smoke-tubes in the studied boiler. A “first pass tubes” is 

defined by a group of 22 tubes, while the “second pass” has 20 tubes, both having the same 

dimensions and thermal properties. Objectively, flue gases pass through the inside of these 

tubes at high temperatures, transferring the thermal energy to the surrounding water. The 

tubes’ internal surfaces are prone to dirtiness by the gas flow, adding thermal resistance to 

the heat surface transfer. Hence, cleaning the internal surfaces of tubes are ultimately 

important to not only reduce the friction between the hot gases and the tube’s internal 

surfaces but also to obtain the maximum power efficiency transferred.  

 

Figure 2.5. Boiler top view highlighting the two passes of smoke-tubes. 
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2.1.5. Induced Draft and Forced Draft Fans 

To ensure a complete combustion of the biomass transferred into the combustion 

chamber, it is necessary to guarantee that enough oxygen is introduced in the chamber. To 

this end, forced draft fans are installed on the bottom of the boiler, sending the necessary 

amount of ambient air to the biomass combustion. The induced draft fans are installed at the 

outlet of the multicyclone filter system to extract cleaned flue gases from the boiler by 

generating depression within the furnace. The induced fans are exposed to elevated 

temperatures and are prone to corrosion. Both fans can be controlled to adjust the 

(de)pressure in the combustion and the oxygen content in the airflow rate. 

2.1.6. Cyclone Separation System 

 

This boiler has also a pyramidal/rectangular shaped cyclone system (Figure 2.7) 

installed between the boiler and the induced draft fan, which purpose is to extract the solid 

particles (e.g. volatile ashes and soot) present on the flue gases from the combustion of the 

biomass. The uncleaned flue gases enter through the side of the filtration system, moving 

down along the walls by a descendent vortex, passing then, through a conical shaped section 

where the flue gases invert their direction by an ascendant vortex. Later, the now cleaned 

flue gases are exhausted from the top of the separation cyclone whereas the solid dirt is 

retained in a reservoir installed on the bottom of the system. 

Figure 2.6. Induced draft fan for the boiler system. 
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2.2. Principles of Boiler Operation 

Fire-tube boilers can reach high efficiency levels [13] due to its well-made 

design that absorbs the flue gases heat throughout its entire gas route. The wall surfaces have 

great thermal conductibility and major energy losses are due to the non-exploited flue gases 

temperatures that exit the boiler chimney. 

Figure 2.7. Multiple cyclone system (red circle) installed on the boiler system. 

 

 

Figure 2.8. Flue gases path represented on boiler schematic. drawing. 
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The flue gases path is exemplified by the arrows in Figure 2.8. The hot gases 

produced from combustion start at the beginning of the furnace’s higher section, ascending 

then, to the first inversion box, while transferring most of its internal energy to the side 

surfaces. Then, the hot gases descend through the first pass tubes until they reach the half of 

the second inversion box, transferring also thermal power to the surrounding surfaces. After, 

the flue gases go to the 2nd pass of tubes while transferring much less thermal energy than 

the previous sectors. At last, they ascend to the chimney (i.e., 3rd inversion box), where the 

gas will be exhausted to a multiple cyclone system that aims to reduce flue gases emission 

particles sent to the atmosphere. 
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3. COMBUSTION ANALYSIS 

A combustion process is defined as the production of both heat and light through 

an exothermic chemical reaction between a fuel and an oxidizer (usually atmospheric air). 

This process generates gaseous products at very high temperatures containing a large amount 

of energy.  

Most solid fuels have in their composition C, H, O, S and N molecules, while 

atmospheric air has generally 𝑂2 and 𝑁2. Shortly after starting the combustion process, the 

chemical products such as 𝐶𝑂2 and 𝐻2𝑂 are formed inside the studied furnace. Nonetheless, 

the presence of ashes will not be considered on this model for simplified calculations 

purposes and since the latter results would not change considerably. The type of biomass 

used in this work was pellets from red pine. This selected type biomass is composed by four 

chemical species: carbon, oxygen, hydrogen and nitrogen. 

The mass fraction (%) of such chemical species in dry biomass are shown on the 

graphic of the Figure 3.1. 

 

47,40%

44,11%

6,63%
1,15%

0,71%

Biomass Atomic Mass Fraction

C O H Ashes N

Figure 3.1. Mass fraction of each biomass chemical substances. 
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Later, the biomass mass fractions were converted into molar fractions by 

dividing the mass fractions with the molar mass of each chemical specie. This conversion 

eases the upcoming chemical balances, allowing better cohesiveness between MATLAB’s 

calculations and Refprop’s data units. The following calculations throughout this chapter 

were based on equations from [14]. The Refprop software was used in this work as a fluid 

database from which several fluid properties can be evaluated for different states using 

MATLAB.  

The chemical formula corresponding to 1 kmol of dry biomass is depleted by: 

 

 𝐶0,0395  𝐻0,0628 𝑁0,00051𝑂0,0276 (3.1) 

 

The fuel’s HV is the amount of heat that can be exploited from a complete 

combustion process in which the reactants and the combustion products are at the reference 

conditions. The biomass HV is also known as the absolute value of the fuel’s enthalpy of 

combustion.  

 

 𝐻𝑉 = 𝐿𝐻𝑉 = |𝐻𝑐𝑜𝑚𝑏| 
(3.2) 

 

Only the biomass LHV was considered since the water existing in the 

combustion products is in the vapor form and never condensed. 

3.1. Requirements 

To initiate the combustion model, data inputs are required. The main purpose of 

MATLAB’s calculations is to determine the quantity of combustion products, the adiabatic 

flame temperature and the flue gases mass flow at the following initial conditions: 

 

• Pressure in the furnace → 𝑃𝑓𝑢𝑟 = 101,325 𝑘𝑃𝑎 

• Combustion air temperature → 𝑇𝑎𝑚𝑏 = 290.15 𝐾 

• Reference temperature → 𝑇𝑟𝑒𝑓 = 298.15 𝐾 

• Combustion air relative humidity → ℎ𝑎𝑚𝑏 = 70% 
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• Boiler nominal output → 𝑃𝑡ℎ𝑒𝑟 = 578 𝑘𝑊 

• Biomass heat value → 𝐿𝐻𝑉 = 18,92 𝑘𝐽/𝑘𝑔 

• Moisture in biomass → ℎ𝑏𝑖𝑜 = 10% 

• Quantity of oxygen in products → 𝑑 = 6,5% 

 

Some of the above-mentioned conditions such as the 𝑃𝑓𝑢𝑟,  𝑇𝑎𝑚𝑏 and  ℎ𝑎𝑚𝑏 

correspond to the average values experimentally determined. The reference temperature 𝑇𝑟𝑒𝑓 

is considered a constant value. It was also assumed that the biomass temperature is the same 

as the reference temperature while the maximum boiler thermal power (𝑃𝑡ℎ𝑒𝑟) was supplied 

by manufacturer Ventil [13]. 

3.2. Combustion Reactions 

Four types of combustion conditions were subject of in-depth analysis: 

• Theoretical reaction with dry biomass. 

• Theoretical reaction with moisture in biomass. 

• Real reaction with excess air and with dry biomass. 

• Real reaction with excess air and moisture in biomass and combustion 

air. 

3.2.1. Theoretical Reaction with Dry Biomass 

 

The terms in the parentheses represent the dry air composition which contains 1 

kmol of 𝑂2. In this situation, the quantity of 𝑂2 in the products equals to zero since the aim 

of this chemical equation is to determine the minimum quantity of dry air needed to fulfill a 

complete combustion, i.e., where all oxygen is consumed (𝑑 = 0).   

 

 
 

𝐶0,0395  𝐻0,0628 𝑁0,00051𝑂0,0276  +  𝜆𝑠𝑡(𝑂2 + 3,76𝑁2)

→ 𝑎𝐶𝑂2 + 𝑏𝐻2𝑂 +  𝑐𝑁2 + 𝑑𝑂2  
(3.3) 
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{

𝑛𝐶 → 0,0395 = 𝑎
  𝑛𝐻 → 0,0628 = 2𝑏

                        𝑛𝑁 →  0,00051 + 7,52𝜆𝑠𝑡 = 2𝑐
                              𝑛𝑂 → 0,0276 + 𝜆𝑠𝑡 = 2𝑎 + 𝑏 + 2𝑑

  (3.4) 

 

The unknown variables (𝑎, 𝑏, 𝑐) represent the unknown mole numbers of each 

chemical compound present on the products side. The variables in both sides were calculated 

and resulted in the following values: 

 {

𝑎 = 0,0395
𝑏 = 0,0329 
𝜆𝑠𝑡 = 0,0421
𝑐 = 0,1586

 [𝑘𝑚𝑜𝑙] (3.5) 

 

The 𝜆𝑠𝑡 is defined as the stoichiometric air coefficient, i.e., 1/4,76 of the 

theoretical number of dry air molecules needed on an ideal combustion situation. The 

quantity of dry air necessary for this theoretical reaction is  𝜆𝑠𝑡 = 4,76 𝑥 0,0421 kmol per 

kg of biomass, as defined before, burned. 

 

3.2.2. Theoretical Reaction with moisture in Biomass 

 

 
𝐶0,0395  𝐻0,0628 𝑁0,00051𝑂0,0276 + 𝑛𝐻2𝑂𝑏𝑖𝑜 + 𝜆𝑠𝑡(𝑂2 + 3,76𝑁2)

→ 𝑎𝐶𝑂2 + 𝑏𝐻2𝑂 +  𝑐𝑁2 + 𝑑𝑂2 
(3.6) 

 

In this part, the molar fraction of the moisture (liquid state) present in dry 

biomass was assessed. As the chemical balance is based in 1 kmol of dry biomass, the 

equation 3.4 converts the mass fraction of the biomass moisture into molar fraction.  

 𝑛𝐻2𝑂𝑏𝑖𝑜 =
0,1

𝑀𝐻2𝑂
 (3.7) 

 

As seen in equation 3.5, the fraction of  𝐻2𝑂 in the products increases from the 

former theoretical reactions, as a result of the considered moisture present in the fuel. Also, 

the fact that this moisture is in liquid state, does not change the amount of 𝜆𝑠𝑡 since the 



 

 

  COMBUSTION ANALYSIS 

 

 

Tiago Miguel Pedro do Couto  17 

 

𝐻2𝑂𝑏𝑖𝑜  molecules will be directly transformed into 𝐻2𝑂 on the products side. Hence, solely 

the 𝑂2 amount is increased compared to the previous theoretical reactions. 

 

 

3.2.3. Real Reaction with Excess Air considering moisture in 

Biomass 

In a real condition, yet neglecting ambient air humidity in a first approach, the 

𝑂2 fraction in the products side was set at 6.5% (d=0,065) as a first desired input. The 

analysis of this reaction allowed to highlight the higher air fraction in the reactants compared 

to the fraction in the theoretical reaction. The presence of oxygen fraction in the products is 

justified by the increased dry air value on the reactants side. 

 

To determine the excess air from the data of the gas’s analysis and assuming the 

generated flue gases were completely dried, the following auxiliary expression can be 

admitted in order to calculate the chemical balances: 

 

 𝑐 = 1 − (𝑎 + 𝑑 ) (3.10) 

 

From the former balance equation 3.6 and with the auxiliary expressions 3.7 and 

3.10, the following equation can be expressed by: 

 

{

𝑛𝐶 →  0,0395𝜒 = 𝑎

                 𝑛𝐻 → (0,0628 + 0,2)𝜒 = 2𝑏 
                         𝑛𝑁 →  0,00051𝜒 + 7,52𝜆𝑟𝑒𝑎𝑙 = 2𝑐

                               𝑛𝑂 →  (0,0276 + 0,1)𝜒 + 2𝜆𝑟𝑒𝑎𝑙 = 2𝑑

   (3.11) 

 {

𝑎 = 0,0395
𝑏 = 0,0384 
𝜆𝑠𝑡 = 0,0421
𝑐 = 0,1586

 [𝑘𝑚𝑜𝑙] (3.8) 

 

𝜒(𝐶0,0395  𝐻0,0628 𝑁0,00051𝑂0,0276+ 0.1 𝐻2𝑂𝑏𝑖𝑜) + 𝜆𝑟𝑒𝑎𝑙 (𝑂2 + 3,76𝑁2)

→ 𝑎𝐶𝑂2 + 𝑏𝐻2𝑂 +  𝑐𝑁2 + 0,065 𝑂2 

(3.9) 
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The 𝜆𝑟𝑒𝑎𝑙 is useful to evaluate the amount of excess air o burn all the available 

fuel present in the chamber, while considering moisture in the biomass. The amount of each 

combustion product is: 

 

{
 
 

 
 𝑛𝐶𝑂2 = 0,0395

𝑛𝐻2𝑂 = 0,0384 

𝑛𝑁2 = 0,2287

𝑛𝑂2 = 0,0186

 [𝑘𝑚𝑜𝑙] (3.12) 

 

3.2.4. Real Reaction with Excess Air considering Moisture in 

Biomass and Ambient Air 

 

(𝐶0,0395  𝐻0,0628 𝑁0,00051𝑂0,0276 + 𝑛 𝐻2𝑂𝑏𝑖𝑜) + 𝑒 𝐻2𝑂𝑎𝑖𝑟
+ 𝜆𝑟𝑒𝑎𝑙(𝑂2 + 3,76𝑁2)
→ 𝑎𝑟𝑒𝑎𝑙  𝐶𝑂2 + 𝑏𝑟𝑒𝑎𝑙 𝐻2𝑂 + 𝑐𝑟𝑒𝑎𝑙 𝑁2 + 𝑑𝑟𝑒𝑎𝑙 𝑂2 

  (3.13) 

 

In reality, the combustion process is never completed, although, the chemical 

balance above (3.13) tries to accurately represent a realistic combustion reaction in the 

boiler’s furnace. Besides the already mentioned simplifications explained through this 

chapter, its values will not diverge significantly from the experimental results. The values 

from this reaction will be used as reference for both combustion model’s output data and the 

upcoming heat transfer model. This chemical balance (also shown in Annex A in greater 

detail) allowed to determine the air coefficient and the molar fractions of each substance on 

the products side. 

 

 {

𝑛𝐶 →  0,0395𝜒 = 𝑎

                              𝑛𝐻 → (0,0628 + 2𝑛)𝜒 + 2𝑒 = 2𝑏 
                            𝑛𝑁 →  0,00051𝜒 + 7,52𝜆𝑟𝑒𝑎𝑙 = 2𝑐

                                            𝑛𝑂 → (0,0276 + 𝑛)𝜒 + 2𝑒 + 2𝜆𝑟𝑒𝑎𝑙 = 2𝑑

   (3.14) 

 

Molar fractions for 1 kmol of dry biomass on the products side: 
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{
 
 

 
 𝑛𝐶𝑂2 = 0,0395

𝑛𝐻2𝑂 = 0,0423

𝑛𝑁2 = 0,2287

𝑛𝑂2 = 0,0186

 [𝑘𝑚𝑜𝑙]   (3.15) 

 

3.3. Enthalpy of reaction 

 

To evaluate the amount of absorbed or released energy during the combustion 

process from the chemical balance showed in chapter 3.2.4. and based on [14], it is necessary 

to calculate the enthalpy of both reactants and products, by the following equation: 

 

 

As seen from the equation 3.11 the total enthalpy equals to the enthalpy of 

formation since it is admitted that the sensible enthalpy both at a specific state (ℎ̅) and at 

reference state (ℎ̅𝑜) hold the same value. As potential and kinetic energies are also despised, 

the energy balance relation that translates the steady-flow chemical reaction can be 

expressed by: 

 

 

Which can be developed in the alternative balance equation shown below: 

 

 

𝑁𝑟𝑒𝑎𝑐 and 𝑁𝑝𝑟𝑜𝑑 are the number of moles of the reactants and products, 

respectively, per moles of biomass. The sum of the third member in both sides (reactants and 

products) are respectively, 𝐻𝑟𝑒𝑎𝑐 and 𝐻𝑝𝑟𝑜𝑑.  

 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 = ℎ̅𝑓 + (ℎ̅ − ℎ̅
𝑜) (3.16) 

 𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡 (3.17) 

 

𝑄𝑖𝑛 +𝑊𝑖𝑛 +∑𝑁𝑟𝑒𝑎𝑐 (ℎ̅𝑓 + ℎ̅ − ℎ̅
𝑜)
𝑟𝑒𝑎𝑐

=𝑄𝑜𝑢𝑡 +𝑊𝑜𝑢𝑡

+∑𝑁𝑝𝑟𝑜𝑑  (ℎ̅𝑓 + ℎ̅ − ℎ̅
𝑜)
𝑝𝑟𝑜𝑑

   

(3.18) 
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To calculate the flue gases total internal energy, it was previously determined 

the energy present in both reactants and products. The enthalpy of formation on the products 

side were obtained from [24]. 

 

Biomass’ Enthalpy of formation is established by: 

 

 ℎ̅𝑓𝑏𝑖𝑜
= 𝐿𝐻𝑉 + (𝑁𝐶𝑂2  ℎ𝑓𝐶𝑂2 + 𝑁𝐻2𝑂  ℎ𝑓𝐻2𝑂

) (3.19) 

 

Reactants and products enthalpies values were obtained respectively by the 

following equations: 

 

 
𝐻𝑟𝑒𝑎𝑐 = ℎ̅𝑓𝑏𝑖𝑜

+ 𝑛𝐻2𝑂  ℎ̅𝑓𝐻2𝑂𝑙𝑖𝑞
+𝑚𝐻2𝑂  ℎ̅𝑓𝐻2𝑂

+ 𝜆 (ℎ̅𝑇𝑎𝑚𝑏𝑂2
− ℎ̅𝑇𝑟𝑒𝑓𝑂2

)

+  3,76 𝜆𝑟𝑒𝑎𝑙  (ℎ̅𝑇𝑎𝑚𝑏𝑁2
− ℎ̅𝑇𝑟𝑒𝑓𝑁2

) 
(3.20) 

 

 

𝐻𝑝𝑟𝑜𝑑 = ( 𝑁 ℎ̅𝑓  )𝐶𝑂2
+ ( 𝑁 ℎ̅𝑓  )𝐻2𝑂

+ ( 𝑁 (ℎ̅𝑓𝑙𝑎𝑚𝑒 − ℎ̅𝑟𝑒𝑓))
𝐶𝑂2

+ ( 𝑁 (ℎ̅𝑓𝑙𝑎𝑚𝑒 − ℎ̅𝑟𝑒𝑓))
𝐻2𝑂

+ ( 𝑁 (ℎ̅𝑓𝑙𝑎𝑚𝑒 − ℎ̅𝑟𝑒𝑓))
𝑁2

+ ( 𝑁 (ℎ̅𝑓𝑙𝑎𝑚𝑒 − ℎ̅𝑟𝑒𝑓))𝑂2
 

(3.21) 

 

Where the products enthalpy from the chemical balance equals to the adiabatic 

flame enthalpy, as: 

 𝐻𝑝𝑟𝑜𝑑 = 𝐻𝑓𝑙𝑎𝑚𝑒 (3.22) 

 

The energy of the products is then calculated from the already known molar 

fractions and enthalpies of formation (chemical energy), as well as thermal and physic 

enthalpies (latent and sensible energies). In a first approach, the exit temperature value is 

figured out experimentally since there is no other experimental alternative to obtain its value. 
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During combustion with a steady-flow rate, it is considered that no work is 

involved throughout the whole combustion process, hence, it is possible to assume the 

following equation: 

 

The combustion on the furnace only produces heat output, thus, 𝑄𝑖𝑛 = 0. The 

total energy generated in the combustion chamber, also known as the enthalpy of reaction, 

is the heat released through an exothermic chemical reaction which is calculated by: 

 

 

 

The total energy produced in the furnace for the studied condition mentioned in 

chapter 3.2.4, is 𝑄𝑜𝑢𝑡 = 16101 𝑘𝐽/𝑘𝑚𝑜𝑙𝑏𝑖𝑜 . 

3.4. Output Parameters 

The output parameters determined by the combustion model are described in the 

following sub-chapters. These can be useful to better understand and control the combustion 

performance but also gives insightful data values, such as the adiabatic flame temperature or 

flue gases flow, which will be needed onto the following heat transfer model. 

3.4.1. Excess Air 

During a combustion process it is necessary to ensure that all fuel introduced 

into the chamber is burned. Excess air 𝜆 is an informative and important parameter that 

indicates the additional amount of air needed for a complete burning. It is also characterized 

as the supplementary fraction of air in the reactants beyond the needed for the theoretical 

combustion. 

On fire-tube boilers is usual to use excess air as an operating control parameter 

to control the airflow during the combustion process. The air flow adapts to the fuel flow 

ensuring a minimum amount of excess air to the combustion. Due to the difficulty of directly 

measuring the air flow rate that enters in the combustion chamber, the air excess is evaluated 

by defining the quantity of 𝑂2 present in the products, which can also be evaluated by a gas 

 𝑊𝑖𝑛 = 𝑊𝑜𝑢𝑡 = 0   (3.23) 

 𝑄𝑜𝑢𝑡 = 𝐻𝑟𝑒𝑎𝑐 − 𝐻𝑝𝑟𝑜𝑑 (3.24) 
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analyzer. The excess air is then calculated by the ratio between the air coefficients 𝜆𝑟𝑒𝑎𝑙 and 

𝜆𝑠𝑡, existing in the reactants. As seen in the Figure 3.2, increasing the excess air into the 

combustion chamber, the quantity of 𝑂2 will rise exponentially. 

 

 

 

 

The excess air value for this studied case while using the former input data, is: 

 

 𝐸𝑥𝑐 =
𝜆𝑟𝑒𝑎𝑙

𝜆𝑠𝑡
= 1,443 (3.25) 

 

Which stands for 44,3% of added 𝑂2 than the ideal amount for a complete 

theoretical combustion. 

3.4.2. Air-Fuel Ratio 

The Air-Fuel ratio is a fractional parameter used to estimate the mass of air 

required for a complete combustion when a certain quantity of fuel is used. In a real 

environment, the amount of air needed to burn the whole present fuel is much higher than 

theoretical conditions due to the existing moisture in both ambient air and fuel, increasing 

the difficulty of the combustion process by the extra work needed to vaporize that moisture.  
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Figure 3.2. Resultant amount of 𝑂2  by increasing the excess air. 
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The AF ratio expression admitting the initial inputs is: 

  

 𝐴𝐹 =
𝑚̇𝑎𝑖𝑟

𝑚̇𝑓𝑢𝑒𝑙
= 8,478 (3.26) 

 

Knowing the flue gases mass flow rate and the AF value from the combustion 

model it is possible to verify the flow rate of air or fuel to be used in a steady-flow 

combustion. 

3.4.3. Adiabatic Flame Temperature 

The adiabatic flame temperature is the result of a “theoretical” complete 

combustion without any heat transfer to the surroundings and no realization of work or 

changes in potential and kinetic energies where it was also assumed a constant atmospheric 

pressure during the combustion process. 

On the combustion chamber, the initial conditions were set at 290.15 K and 70% 

for the ambient temperature and the air moisture, respectively. 

To evaluate the adiabatic flame temperature, it was also necessary to previously 

estimate the flame energy products, which are already known by the expression 3.20 and 

flame enthalpy, which equations are showed in Annex A. 

The flame temperature was then determined by a “while” cycle where an 

admissible error between the balance of both reactants and flame enthalpies, was introduced 

to force the loop to stop when this difference amid the two equations was less than 50 kJ, as 

shown in Annex A. 

 

 𝐸𝑟𝑟𝑜𝑟 = 𝑎𝑏𝑠(𝐻𝑟𝑒𝑎𝑐 − 𝐻𝑓𝑙𝑎𝑚𝑒) < 50 [𝑘𝐽/𝑘𝑚𝑜𝑙𝑏𝑖𝑜] (3.27) 

 

The adiabatic flame temperature for the assumed initial conditions is: 

 

 𝑇𝑓𝑙𝑎𝑚𝑒 = 1831,1 𝐾  (3.28) 
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3.4.4. Flue Gases Rate 

 

The mass flow rate value depends on the boiler output power the sum of all 

products molar fractions, introduced air-flow rate and the reactants and products enthalpies. 

During combustion, the gas mass flow rate is considered constant throughout the whole 

boiler and was based from the real reaction (3.2.4). Its value can be calculated by the further 

expression: 

 

 𝑚̇𝑓𝑔 =
𝑃𝑡ℎ𝑒𝑟

𝑄𝑜𝑢𝑡
 (𝑓𝐶𝑂2,𝑟𝑒𝑎𝑙 +  𝑓𝐻2𝑂,𝑟𝑒𝑎𝑙 + 𝑓𝑁2,𝑟𝑒𝑎𝑙 + 𝑓𝑂2,𝑟𝑒𝑎𝑙) 

(3.29) 

 

Where 𝑓𝑗,𝑟𝑒𝑎𝑙 refers to the mass fractions of each chemical compound of the 

products side which are calculated by both molar masses and number moles of each flue 

gases substance present in the products: 

 

 𝑓𝑗,𝑟𝑒𝑎𝑙 = (𝑀𝑗 𝑁𝑗)𝑟𝑒𝑎𝑙
 (3.30) 

 

Considering the initial input data values, the flue gases mass flow rate is: 

 

 𝑚̇𝑓𝑔 = 0,342 𝑘𝑔/𝑠 (3.31) 
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4. HEAT TRANSFER MODELLING 

4.1. Heat Transfer Model 

There have been few studies exhibiting comprehensive heat transfer models for 

smoke-tube boilers. In addition, not even one study on boilers using biomass as fuel was 

found through Elsevier publisher. Thus, a custom heat transfer model was developed for this 

work based on various 3 pass fire-tube boiler studies. The burning of biomass produces high 

temperature flue gases throughout the boiler containing also ashes and soot that will be 

despised in this work for simplification measurements. Besides that, the following used 

correlations and equations were used as references to comprehensively explain the boiler’s 

heat transfer model, which is supported by several case studies [13] [15-17]. Although, 

different types of fuels are used by other studies, the heat transfer equations presented are 

the same, so it eases the whole calculation process. First, it is necessary to define the input 

data related to the boiler’s initial conditions. 

This model requires the following data inputs: 

• Flue gases mass flow 

• Boiler geometry 

• Adiabatic flame temperature 

• Wall surfaces properties 

• Wall average temperature 

 

The flue gases mass flow and the adiabatic flame temperature were already 

determined by the combustion model. Boiler geometry and walls characteristics were given 

by Ventil [13]. It was also assumed an average temperature for the surface walls set at 353.15 

K. 

The output data given by the heat transfer model is: 

• Outlet flue gas temperatures at each boiler section 

• Released energy in each slice of the furnace 

• Released overall energy in the two convection sections 
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The schematic showed below sums up the entire process of energy transfer that 

occurs in each control volumes. The main focus of this project is to determine the amount of 

energy released in each control volume by the flue gases to the boiler internal surfaces. 

 

4.2. Radiation Section 

The combustion chamber is a vertical cylinder where heat is released by the flue 

gases to the surrounding walls and which are produced from the combustion of fuel with 

atmospheric air in the burner section (i.e., the combustion chamber’s lower sector). From the 

papers studied, the furnace is also called radiation section because the amount of heat 

released occurs mainly due to radiation as observed by some experimental tests [13] [19]. 

Additionally, some case studies [20-21] stated that the transmitted energy by convection 

contributes, on average, to less than 20% of the total transferred energy. Using biomass as 

fuel may increase the radiation contribution even more since great amount of ashes and soot 

are produced during combustion, however, it will not be assumed in this work. 

 

To model the radiation section the following assumptions were considered: 

• Stationary conditions (constant mass flow) 

• Complete combustion of the reactants 

• Combustion chamber and inner tube surface are gray surfaces 

• Excess air is constant 

Figure 4.1. Proposed heat transfer modelling scheme. 
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4.2.1. Fractional Heat Release 

Translating the amount of energy transferred into a numerical model is very 

complex [22] since the released heat behavior from the flue gases is highly non-linear and 

the unpredictable turbulent flow containing soot and ashes around the internal section add 

further intricacy to the whole process.  

The furnace’s height has been discretized into 𝑁𝑖  equal segments (i.e., slices) in 

order to determine the amount of energy transferred in each slice to the surrounding surfaces 

with greater exactitude. An energy balance considering the generated and released energy 

was established for each slice, as seen on the equation 4.1. 

 

 𝑄̇1,𝑖𝑛𝑖 − 𝑄̇1,𝑜𝑢𝑡𝑖 = 𝑄̇1,𝑐𝑜𝑛𝑣𝑖 + 𝑄̇1,𝑟𝑎𝑑𝑖  (4.1) 

 

On the left side of the Equation 4.1, both the amount of energy that enters and 

exist each control volume may be calculated by the following equation: 

 

 𝑄̇1,𝑖𝑛𝑖 − 𝑄̇1,𝑜𝑢𝑡𝑖 = (𝐻1,𝑖𝑛𝑖 − 𝐻1,𝑜𝑢𝑡𝑖) 
(4.2) 

 

Flue gases average properties such as emissivity, absorptivity, specific mass, 

dynamic viscosity, specific mass, heat capacity, Prandtl number and thermal conductivity 

were correlated with gas products’ film temperatures and partial pressures mean values 

present in each slice, using Refprop database to gather the thermal properties of the 

combustion products. 

The 𝐻1,𝑖𝑛𝑖 and  𝐻1,𝑜𝑢𝑡𝑖  are the products enthalpies in each segment and can be 

determined through the Refprop data as well as NASA’s tables (See Annex A). The 𝑚̇1,𝑓𝑔 

value is constant throughout the whole furnace section. 

The heat transferred by convection to the surrounding inner walls in each 

segment, can be translated into: 

 

 𝑄̇1,𝑐𝑜𝑛𝑣𝑖 = ℎ1,𝑐𝑜𝑛𝑣𝑖
𝐴1

𝑁𝑖
 (𝑇̅1𝑖 − 𝑇̅𝑤𝑎𝑙𝑙) (4.3) 
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The convective coefficient is given by the following equation:  

 

 ℎ1,𝑐𝑜𝑛𝑣𝑖 = 𝑁𝑢𝐷,1 (
𝑘̅1𝑖
𝐷1,𝑖𝑛𝑡

)𝐾𝑐 (4.4) 

 

𝐾𝑐  is a convective calibration factor used to improve the convective heat 

coefficient values since the equations used for plains tubes do not work properly on this 

boiler’s furnace section as the diameter measures almost the same as the section length [24]. 

After many simulations (see Annex C) pursuing an optimal value that would adapt to various 

boilers with different output power values, which were taken from the experimental data, it 

was proved that 𝐾𝑐 = 5 was in good agreement with the all experimental output power 

parameters.  

This factor took into account the convection average percentage demonstrated 

in study [13] and the overall compatibility within other various output thermal power values 

(see Annex C), showing acceptable results as proved in chapter 5. The parameter 𝑘̅1𝑖  is the 

mean flue gas thermal conductivity in each discretized slice. 

 

The Nusselt number is defined by McAdam’s correlations for turbulent mass 

flow rate and used solely for plain tubes, admitted by [15], [16] and [23]: 

 

 𝑁𝑢𝐷,1 = 0,023𝑅𝑒0,8𝑃𝑟0,3 (4.5) 

 

Reynold’s number depends on the internal furnace diameter, the mass flow value 

that was already determined by the previous combustion model and the flue gases dynamic 

viscosity which is evaluated by RefProp database where both film temperature (mean 

temperature between the mean flue gases and wall temperatures) and products partial 

pressures serve as input data to gather the mean viscosity value. 

 

 𝑅𝑒1𝑖 =
4 𝑚̇1,𝑓𝑔

𝜋 𝐷1,𝑖𝑛𝑡 𝜇1,𝑓𝑔
 (4.6) 
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Prandtl number can also be evaluated in MATLAB by the Refprop’s data base. 

For gases, the Prandtl number varies insignificantly with the temperature with its values 

ranging between 0,70 < 𝑃𝑟 <0,75.  

The radiation zone geometry is difficult to measure due to its spherical top vessel 

and two irregular shape ducts. To minimize this geometry complexity, an equiavalent surface 

area of the furnace section was assumed, considering not only the furnace surface’s area, but 

also the vessel and smoke ducts areas and half area of the 1st inversion box. Additionally, to 

reduce and simplify the calculations of all areas of this section, an equivalent length was 

considered while maintaining the furnace’s internal diameter (1 m) as reference. This total 

area was estimated by the given dimensions of each boiler components supplied by Ventil 

[18], as also seen in Annex B. A schematic representation of an equivalent area for the 1st 

boiler pass is shown in Figure 4.2, while is calculation is showed in equation 4.7.  

 

 
Figure 4.2. Calculation of the equivalent length and total volume of the furnace by simplifying the radiation 
section of the boiler biomass. 

 

𝐴1 = 𝐴𝑓𝑢𝑟 + 𝐴𝑣𝑒𝑠𝑠𝑒𝑙 + 𝐴𝑑𝑢𝑐𝑡𝑠 + 0.5 ∗ 𝐴𝐼𝑛𝑣𝐵𝑜𝑥1 =  𝜋 𝐷1,𝑖𝑛𝑡 𝐿𝑒𝑞𝑓𝑢𝑟  (4.7) 

 

The temperature in each slice is defined as the mean temperature between both 

starting temperature and the exit temperature of each single segment. This assumption is 

supported by studies [13] [17] and is expressed by: 

 

 𝑇̅1𝑖 = 0.5 ∗ (𝑇1𝑖,𝑖𝑛 + 𝑇1𝑖,𝑜𝑢𝑡) 
(4.8) 
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The inlet flue gases temperature of the first discretized slice equals to the 

adiabatic flame temperature, 𝑇𝑓𝑙𝑎𝑚𝑒 = 𝑇1,𝑖𝑛. Wall temperature is much lower than the gas 

temperature, given the minor amount of radiative heat released from the wall surface to the 

hot gases compared to the opposite direction [24]. It was assumed an average wall 

temperature value throughout the entire boiler surfaces (i.e., radiation and convection 

sections).  This representative temperature is a sensible approach to predict the amount of 

released energy within the furnace when compared to experimental results.  

 

Energy release by radiation to the inner walls is given by: 

 

 𝑄̇1,𝑟𝑎𝑑𝑖 = 𝐴1 𝜎 (𝜀1,𝑖𝑇̅1𝑖
4 − 𝛼1𝑖𝑇̅𝑤𝑎𝑙𝑙

4 ) (4.9) 

 

𝑇̅1𝑖
4  corresponds to the mean temperature of the combustion gases in each 

segment while 𝑇̅𝑤𝑎𝑙𝑙
4  is defined as a constant temperature along the furnace wall. 𝐴1 

corresponds to the whole irradiated section area i.e., the radiation heat in each slice is emitted 

to the whole furnace internal area. In addition, 𝜎 is the Boltzmann constant. 

 Under the assumption of gray gases and gray walls, Hottel and Sarofim [25-26] 

developed several procedures to calculate gaseous emission and absorption, stating that the 

radiative emissions are determined by the mean gas temperature of each slice. 

To determine the emissivity from the Figures 4.3 (a) and (b), it is necessary to 

determine the radius 𝐿 [24] of a gas which radiates to an element of area at the center of its 

base. This dimension has been replaced to a mean beam length 𝐿𝑒, which assumes the use 

of various gas geometries. The 𝐿𝑒 was established to correlate the gas emissivity dependency 

on the size and shape of the flue gas geometry. In this work, the flue gases geometry is very 

irregular, so an arbitrary volume shape that radiates the whole surface area was considered 

and 𝐿𝑒 was determine by: 

 

 𝐿𝑒 =
3.6 𝑉𝑖,𝑠𝑙𝑖𝑐𝑒

𝐴1,𝑖𝑛𝑡
 (4.10) 
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𝑉𝑖,𝑠𝑙𝑖𝑐𝑒 corresponds to the volume of one slice, while 𝐴  is the total internal area 

of the furnace, since that volume segment radiates to the whole furnace area. The total gas 

emissivity 𝜀𝑓𝑔 may be evaluated from the gas’s temperatures and total pressure correlations, 

but also by the partial pressure of the radiative species (𝐻2𝑂  and 𝐶𝑂2) and the furnace 

dimensions. 

The emitted heat by diatoms molecules can be ignored since the radiation 

emitted by triatomic molecules such as 𝐻2𝑂  and  𝐶𝑂2 have much greater magnitude [21]. 

This assumption induces insignificant errors to the following calculations, thus, the total gas 

emissivity in each slice can be described as: 

 𝜀1,𝑖 = 𝜀𝐻2𝑂 + 𝜀𝐶𝑂2 − 𝛥𝜀 (4.11) 

 

Where the radiative species 𝐻2𝑂 and 𝐶𝑂2 are estimated by the upcoming figure: 

  

Figure 4.3. Emissivity of water (left) and carbon dioxide (right) in a mixture without radiating gases at 1-atm 
total pressure and considering hemispherical shape. 

 

This calculation is applied when water vapor and carbon dioxide are separated 

in the gas mixture with other non-radiating species, nevertheless these results can be used 

for cases in which water vapor and carbon dioxide are mixed in the gas mixture. The 

correction factor 𝛥𝜀 is defined as a reduction of the radiative emissivity associated with the 

radiation absorptivity between the radiative species and it is determined from Figure 4.4 for 

various gas temperatures. 
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Figure 4.4. Corrective factor related to the mixtures of water vapor and carbon dioxide. 

 

Gas absorptivity can be calculated from the gas’s emissivity equations and from 

correlations demonstrated in [24], translating into this equation: 

 

 𝛼1,𝑖 = 𝛼𝐻2𝑂 + 𝛼𝐶𝑂2 − 𝛥𝛼 (4.12) 

 

4.2.2. Mean Temperature Method 

 

Several studied papers [13] [17] [23] showed that a developed model to predict the 

amount of heat transferred in a 3-pass fire-tube boiler can be done according to a bi-

dimensional assumption, on both furnace and tube pass sections using, to evaluate the 

amount of energy transferred, an average temperature for each main boiler section. The two-

axis of this bi-dimensional approach are defined as width (internal diameter) and length (or 

height) of each main sector. The length also corresponds to the furnace 𝐿𝑒𝑞. This method 

uses both in and out-temperatures of the boiler main sections to determine the mean 

temperatures values. As the furnace was discretized in slices because of the complex heat 

flow behavior, no such approach was needed for the convection sections since they have 

simple cylinder forms which translates into straightforward correlations, producing also 

good results with minor discrepancies. 
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4.3. Convection Sections 

After evaluating the amount of energy transferred in the radiation section, it is 

necessary to model the remaining boiler sections. To analyze the heat exchange inside the 

tubes pass, it was assumed some simplifications: 

 

• The inversion boxes areas were converted into added equivalent smoke-tube areas. 

• The mean temperature in the smoke tubes is constant. 

• The flow rate is divided by the number of tubes in each section. 

4.3.1. 1st Convection Section 

The geometric dimensions considered in the 2nd pass include the whole 22 tubes 

area and two half areas of both first and second inversion box surfaces, as shown in the 

Figure 15. The total equivalent area of this section is determined by equation 4.13. 

 

 

𝐴2 = 𝑁1,𝑡𝑢𝑏𝑒𝑠 𝐴𝑡𝑢𝑏𝑒𝑠 + 2 ∗ (
𝐴𝐼𝑛𝑣𝐵𝑜𝑥

2
) =  𝜋 𝐷2,𝑚 𝑁2,𝑡𝑢𝑏𝑒𝑠 𝐿𝑒𝑞𝑓𝑢𝑟  (4.13) 

 

 

Figure 4.5. Total area of the 2nd pass represented in orange, which considers the area of the two sets of 
smoke tubes, and half of each inversion box. 
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The energy balance representing the heat exchanges in this section is adapted 

from [13] [23], and is expressed by: 

 

 𝑄̇1,𝑜𝑢𝑡 − 𝑄̇2,𝑜𝑢𝑡 = 𝑄̇2,𝑟𝑎𝑑 + 𝑄̇2,𝑐𝑜𝑛𝑣 (4.14) 

 

The entering and exiting heat transmitted on the 1st convection section may be 

calculated through: 

 

 𝑄̇1,𝑜𝑢𝑡 − 𝑄̇2,𝑜𝑢𝑡 = 𝑚̇2,𝑓𝑔  (𝐻2,𝑖𝑛 − 𝐻2,𝑜𝑢𝑡)  (4.15) 

 

Where: 

𝑚̇2,𝑓𝑔  =
𝑚̇1,𝑓𝑔

𝑁2,𝑡𝑢𝑏𝑒𝑠
     (4.16) 

 

Gas mass flow rate  𝑚̇𝑓𝑔,2 on the 2nd boiler pass is divided by the number of 

tubes, while the gas enthalpy values are evaluated from the Refprop database as mentioned 

on the radiation section. 

In this section, the amount of radiative energy is lower than before due to the 

lower gas temperature. Radiation energy value is expected to be lower than the convective 

heat exchange because the radiative energy increases as the temperature of the flue gases 

increase as well (flue gases temperature elevated to the power of 4), therefore, as in this 

second pass, the average temperature of the gases is much lower than the combustion 

chamber. 

 

𝑄̇𝑟𝑎𝑑(𝑓𝑔,1−𝑤𝑎𝑙𝑙,1) = 𝐴2,𝑚 𝜎 (𝜀2𝑇̅2
4 − 𝛼2𝑇̅𝑤𝑎𝑙𝑙

4 ) (4.17) 

 

Emissivity and absorptivity depend on the section average temperature, therefore 

the values of 𝜀𝑓𝑔 and 𝛼𝑓𝑔 are average for the whole sector. The 𝐴2,𝑡𝑜𝑡𝑎𝑙 is evaluated by the 

mean equivalent area of each tube and its  𝐿𝑒𝑞,2  and multiplied by the number of 

tubes. 𝑇̅𝑤𝑎𝑙𝑙,2 is considered as the same temperature as 𝑇̅𝑤𝑎𝑙𝑙,𝑓𝑢𝑟. 
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The exchanged heat from the flue gases to the enveloped smoke tube walls is 

done mainly through convection, and which can be translated into: 

 

 𝑄̇2,𝑐𝑜𝑛𝑣 = ℎ2,𝑐𝑜𝑛𝑣 𝐴2,𝑚 (𝑇̅2 − 𝑇̅𝑤𝑎𝑙𝑙) (4.18) 

 

Where: 

 𝑇̅2 =
𝑇1,𝑜𝑢𝑡 + 𝑇2,𝑜𝑢𝑡

2
 (4.19) 

 

The average temperature 𝑇̅2 of the flue gases is assumed to be uniform 

throughout the tubes length and results from the average temperature between the outlet of 

the furnace and the exit temperature at the 1st pass tubes. 

 

The convection coefficient is used in thermodynamic models to determine the 

heat transferred occurred by convection effects. As seen from the radiation section the 

convective coefficient may be evaluated from McAdam’s correlation [24], but it can be also 

expressed as: 

 

 ℎ2,𝑐𝑜𝑛𝑣 = 𝑁𝑢2
𝑘̅2,𝑓𝑔

𝐷2,𝑚
 

(
(4.20) 

 

𝑘̅2,𝑓𝑔 is the mean thermal gas conductivity and can be determined by the mass 

fraction and thermal conductivity 𝑘𝑖  of each product substances. Using Refprop’s database 

required two different data inputs, as for example, the mean temperature of the flue gases 

and each product substances’ partial pressure to determine each 𝑘𝑖 , then the overall thermal 

gas conductivity 𝑘𝑓𝑔 could be calculated by the follow expression: 

 

 𝑘̅2,𝑓𝑔 = 𝑘𝐶𝑂2  𝑓𝑚𝑎𝑠𝑠,𝐶𝑂2 + 𝑘𝐻2𝑂  𝑓𝑚𝑎𝑠𝑠,𝐻2𝑂 + 𝑘𝑁2  𝑓𝑚𝑎𝑠𝑠,𝑁2 + 𝑘𝑂2 𝑓𝑚𝑎𝑠𝑠,𝑂2 
(

(4.21) 

 

The Nusselt number can also be described by other expressions cited by [13]. 

Idealized by Gnielinski [24], the use of this following equation is justified by the added 
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accuracy given to the Nusselt number for turbulent flow which equation also contains a 

corrective factor that takes into account the tubes D/L ratio [13]. 

 

 𝑁𝑢𝐷,2 =
(
𝑓2,𝑓𝑔
8
) (𝑅𝑒 − 1000) 𝑃𝑟

1 + 12,7√
𝑓2,𝑓𝑔
8

(𝑃𝑟2

2
3 − 1)

[1 + (
𝐷2,𝑚

𝐿2,𝑒𝑞
)

2
3

] 
(

(4.22) 

 

Friction coefficient value is determined by the next equation for plain tubes [24]. 

 

 𝑓2,𝑓𝑔 = −1,8 log [
6,9

𝑅𝑒2
+ (

𝜀𝑟2
3,7 

)
1,11

] (4.23) 

 

Where 𝜀𝑟 is the metal relative rugosity used on the inner walls, while 𝜀𝑎𝑏𝑠 is the 

absolute rugosity which value is given by Ventil [13].  

 

 𝜀𝑟2 =
𝜀𝑎𝑏𝑠

𝐷2,𝑚
 (4.24) 

 

To evaluate the Reynold number of one tube, the mass flow rate is divided by 

the number of 2nd pass tubes (i.e., 𝑁2,𝑡𝑢𝑏𝑒𝑠 = 22) and the flue gas’ dynamic viscosity is 

determined by the section mean temperature. 

 𝑅𝑒2 =
4 𝑚̇2,𝑓𝑔

𝜋 𝐷2,𝑚 𝜇2,𝑓𝑔 𝑁2,𝑡𝑢𝑏𝑒𝑠
 (4.25) 
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4.3.2. 2nd Convection Section  

The 2nd convection section total area include a set of 20 tubes, the half of the first 

inversion box and the entire second inversion box areas, as shown in the Figure 4.6.  

 

 

The 𝐴3 is evaluated by the mean equivalent area of each tube, an equivalent 

length 𝐿𝑒𝑞,3  and multiplied by the number of tubes. The overall section area is expressed 

by the following equation: 

 

 𝐴3 = 𝑁3,𝑡𝑢𝑏𝑒𝑠 𝐴𝑡𝑢𝑏𝑒 + (
𝐴𝐼𝑛𝑣𝐵𝑜𝑥

2
) + 𝐴𝑐ℎ𝑖𝑚𝑛𝑒𝑦 =  𝜋 𝐷3,𝑚 𝑁3,𝑡𝑢𝑏𝑒𝑠 𝐿𝑒𝑞3 

(4.26) 

 

 

On this system’s third pass, the flue gases release much less energy to the smoke 

tube surfaces because of the gas temperature decrease. The amount of energy carried by the 

gases tends to diminish proportionally as well. Based on studies [24-25] [29], radiating 

species have much less importance in this section due to that low gas temperatures, some 

studied papers even consider the radiation portion negligible. Nonetheless, the small amount 

of heat released by radiation was considered in this work.  

 

Thermal balance which represents the total energy exchanged in the 2nd 

convection section, is displayed as: 

 

 𝑄̇2,𝑜𝑢𝑡 − 𝑄̇3,𝑜𝑢𝑡 = 𝑄̇3,𝑟𝑎𝑑 + 𝑄̇3,𝑐𝑜𝑛𝑣 (4.27) 

Figure 4.6. Total area of the 3rd pass represented in orange, which considers the area of the two sets of 
smoke tubes, half of the second inversion box and the whole third inversion box (chimney). 
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The left side of the equation above can be translated into: 

 

 𝑄̇2,𝑜𝑢𝑡 − 𝑄̇3,𝑜𝑢𝑡 = 𝑚̇3,𝑓𝑔  (𝐻3,𝑖𝑛 − 𝐻3,𝑜𝑢𝑡) (4.28) 

 

Where: 

𝑚̇3,𝑓𝑔  =
𝑚̇1,𝑓𝑔

𝑁3,𝑡𝑢𝑏𝑒𝑠
   (4.29) 

 

Gast mass flow rate 𝑚̇3,𝑓𝑔 on the 3rd  boiler pass is divided by the number of 

tubes, while the gas enthalpy values are evaluated from the Refprop data as mentioned on 

the radiation section. 

 

 𝑄̇3,𝑟𝑎𝑑 = 𝐴3 𝜎 (𝜀3𝑇̅3
4 − 𝛼3𝑇̅𝑤𝑎𝑙𝑙

4 ) (4.30) 

 

Emissivity and absorptivity depend again, on the section average temperature, 

consequently, the values of 𝜀𝑓𝑔 and 𝛼𝑓𝑔 are average for this entire section. Also, 𝑇̅𝑤𝑎𝑙𝑙,3 is 

considered as the same temperature as 𝑇̅𝑤𝑎𝑙𝑙,𝑓𝑢𝑟. 

 

 𝑇̅3 =
𝑇2,𝑜𝑢𝑡 + 𝑇3,𝑜𝑢𝑡

2
 (4.31) 

 

Where 𝑇𝑓𝑔,3,𝑜𝑢𝑡 is the exit temperature on the chimney and which was obtained 

by experimental results and used as initial input data on the previous combustion model. 

𝑇𝑓𝑔,2,𝑜𝑢𝑡 is the starting temperature at the half of the second inversion box. 

Along the boiler sections, the amount of heat released by the hot gases decreases 

gradually till the chimney where they are subsequently exhausted to the atmosphere. During 

the heat transfer process in this section, the convection fraction increases while the radiation 

diminishes even more compared to the 1st convection section due to the lower flue gas 

temperatures, thus convection has greater importance in this section (see also chapter 5).  
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Through the following equation, convective energy can be expressed as:  

 

 𝑄̇𝑐𝑜𝑛𝑣(𝑓𝑔,2→𝑤𝑎𝑙𝑙,2) = ℎ𝑐𝑜𝑛𝑣,2 𝐴3 (𝑇̅𝑓𝑔 − 𝑇̅𝑤𝑎𝑙𝑙)3
 (4.32) 

 

Convective heat transfer coefficient can be evaluated by the same equations as 

the 1st convection section i.e., expressions from 4.18 to 4.25. The average temperature values 

and the total area of this section were already determined as well, so the heat transferred by 

convection can be calculated for the 3rd boiler pass. 
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4.4. Model Calculation Process 

To evaluate the overall boiler output power, a comprehensive model process is 

represented in the following chart (Figure 4.7).

Figure 4.7. Process calculation by the heat transfer model to determine output parameters. 
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5. DATA ANALYSIS 

5.1. Combustion Model  

 

After an explicit explanation of the combustion model in chapter 3, some 

parameters such as the excess air 𝑂2 (in products), ambient and biomass moistures were 

altered to comprehend which input data has greater influence on the adiabatic flame 

temperature and on the flue gas mass flow rate. 

To this extent, the value of excess air was changed while the remaining initial 

data inputs were retained. 

 

From Figure 5.1, it is shown that the increasing the products excess air will 

linearly decrease the flame temperature considerably since too much air quantity will not be 

consumed by the flames and thus, will affect the combustion process. However, the flue 

gases mass flow rate will benefit exponentially when increasing excess air due to the 

additional air introduced that will flow throughout the boiler sections. 
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Figure 5.1. Flame temperature and flue gases mass flow value by changing the quantity 
of excess air in the products side. 
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For different values of the boiler’s thermal output power, the mass flow rate 

changes proportionally, as seen by the Figure 5.2. 

 

The presence of moisture in both ambient air and biomass will also negatively 

influence the adiabatic flame temperature. To test the adiabatic flame temperature changes, 

moisture quantities were altered while maintaining the other input data as previous reference 

values. Below, the Figure 20 shows that increasing the amount of biomass’ moisture will 

greatly decline the flame temperature value. This linear behaviour is explained by the 

vaporization process, i.e., the added energy needed to vaporize the liquid water present on 

the biomass (consuming energy). 
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Figure 5.2. Flue gases mass flow increases proportionally with the boiler’s output power. 

Figure 5.3. Influence of biomass moisture on the adiabatic flame temperature. 
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Increasing the amount of moisture present in ambient air (gaseous state) as seen 

in the following Figure 5.4, slightly affects the flame temperature value since the water 

molecules require more energy than air molecules to reach a determined temperature, i.e., 

the water has a higher specific heat value than the ambient air. 

 

. 

 

5.2. Heat Transfer Model  

This study aims to provide a heat transfer model based on this 3-pass fire-tube 

boiler. In order to translate the heat exchange numerically, the taken approaches were based 

on various thermodynamic correlations and equations as mentioned in the chapter 4. Hence, 

various temperature results and released energy were determined in every boiler section by 

this model. With this amount of data collected by this heat transfer model, it is possible to 

evaluate its accuracy trough comparisons with experimental obtained data from real tests. 

Parameters such as power output, outlet furnace temperature and chimney temperature were 

evaluated by the model and compared against real value to validate the data and measure the 

error differences. 

5.2.1. Radiation Section 

 

The furnace section is where a large amount of energy is released. Thus, slices 

method was adopted to see in detail how much energy in form of radiation and convection 

is released in each slice and to better understand its behaviour on the radiation zone. 

1820

1825

1830

1835

1840

1845

1850

1855

0 20 40 60 80 100

A
d

ia
b

at
ic

 F
la

m
e 

Te
m

p
er

at
u

re
 

[K
]

Ambient Air's Humidity[%]

Figure 5.4. Influence of ambient air moisture on adiabatic flame temperature. 
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Figure 5.5 shows the correlation between the maximum amount of radiative 

energy released on the first slices due to the higher temperatures. As the flue gases ascend,  

the temperature falls gradually in each slice promoting a decrease of the radiative fraction. 

 

 

As mentioned before, the heat transfer within the 1st boiler pass is mainly due to 

radiation with 87,47% of the total amount of energy released. The 324,52-kW output power 

released by radiative emissions make up 56% of the whole boiler power. Experimental data 

gathered from six different boiler operations were used. The values of each output power,  

excess air (products), outlet furnace and chimney temperatures were then compared against 

the heat transfer model calculations.  

 

 

Maximum error difference was obtained on the 628-kW boiler test, close to 2,5% 

which is a good result considering the many simplifications proposed previously. 
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Figure 5.5. Power released by radiation and convection in each discretized slice. 

Figure 5.6. Power released by radiation and convection in the furnace. 

Figure 5.7. Output power values and outlet temperatures obtained by six experimental boiler tests. 
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As seen by the Figures 5.8 and 5.9 the heat transfer model produces acceptable 

results for the majority of the experimental tests. Note that, each blue dot in both figures 

represent the thermal power of each boiler tested. 

The main error differences from these six boiler operations are explained by the 

furnace area simplifications where an equivalent length containing half area of the first 

inversion box was assumed as part of the furnace. This justifies on why the model furnace 

outlet temperatures were lower than the experimental obtained values. The first two error 

blue dots can be explained by the low boiler thermal power which this model was not aimed 

0,00

2,00

4,00

6,00

8,00

10,00

840,00 890,00 940,00 990,00 1040,00 1090,00

Er
ro

r 
D

if
fe

re
n

ce
 [%

]

Furnace Outlet Temperature [K] (Experimental Data)

-3,00

-2,50

-2,00

-1,50

-1,00

-0,50

0,00

250,00 300,00 350,00 400,00 450,00 500,00 550,00 600,00 650,00

Er
ro

r 
D

if
fe

re
n

ce
 [%

]

Boiler Output [kW] (Experimental Data)

Figure 5.8. Heat Transfer Model error difference for various output power experimentally obtain. 

Figure 5.9. Model’s outlet temperature error compared to experimental data. 
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to simulate and because of the less suitable value of the convective calibration factor 

admitted. 

5.2.2. Convection Sections 

 

In these sectors, as mentioned earlier, was applied a mean temperature method 

to obtain the heat released and outlet temperatures in each convection section. This technique 

showed good results since the used flow equations were based on plain tubes which worked 

well for these tubes while respecting the 𝐿𝑒𝑞/𝐷 > 60 ratio [24]. The slice approach would 

offered greater discretization and better accuracy on heat release values. However, that 

would come at a cost of an increased longer computational time while the results would not 

diverge in great scale, providing negligible differences. 

For initial conditions as referred in chapter 4, the power release analysis in these 

sections were calculated by the model for the 578-kW 3-pass smoke-tube boiler with 6,5% 

of excess air in the products. 

 

 

 

 

Power output in both convection section was obtained from the model data 

showed in Figures 5.10 and 5.11. The radiation heat release fraction is on average less than 

15% in the 2nd boiler pass section and even less than 10% on the 3rd pass. This large gap is 

due to the average low temperatures in each convections section which do not promote great 

amount of radiative energy.  

Figure 5.10. 1st Convection pass with radiative and convective heat quantities and overall convective 
fraction. 

Figure 5.11. 2nd Convection pass with radiative and convective heat quantities and overall convective 
fraction. 
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On the 2nd convection section the overall power release is less than 50% when 

compared to the former section as much of the energy was already transferred when flue gas 

temperatures were higher. 

 

As the flue gases reach the chimney all the simplifications made till now are 

more pronounced and are reflected in the chimney temperature values, nonetheless the 

difference between the temperature values from the heat transfer model and the presumable 

ideal temperature results do not affect the great model’ output power results which is the 

most important parameter. 

5.3. Performance coefficient 

In this study last analysis, it is interesting to see how much power is released 

along 3 main sections and how important the radiation section is. As proved by the output 

power results in each section (Figure 5.13), the radiation section produces the most energy 

(over 65%).
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Figure 5.12. Model’s chimney temperature error compared to experimental results. 

Figure 5.13. Power fractions of the three main boiler sections. 
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6. CONCLUSIONS 

 

The demand of heat power domestic appliances using green alternative fuels 

have been increasing over the year. There is now a competitive market which forced the 

boilers price to reach a new low. Using bio fuels is also an advantage since it reduces the 

greenhouse gases to the atmosphere while being renewable by using forest waste. The 

biomass price per energy is also more attractive than natural gas or oil for domestic heat 

appliances. 

To this extent, there is a need to develop and evaluate this type of boilers in order 

to make them even more efficient by understanding its heat transfer process. Thus, a 

complete heat transfer model has been developed from the ground up to numerically translate 

the energy transfer occurred in a 578-kW 3-pass fire-tube boiler. Hence, some experimental 

parameters from the studied boiler served has input data to start the combustion model.  

 

These evaluated parameters provide various insights on the amount of radiative 

and convective energy transferred in each boiler section, demonstrating also, why the flame 

temperature and consequently, the heat radiation process are so important in the combustion 

chamber section and on the overall boiler output power. 

Existing experimental data used in this work were limited and prevented better 

results within the model, hence, additional tests needed to be done to possibly recalibrate the 

convective calibration factor and improve the model. To further enhance the results, ashes 

and soot must be taking into account since their radiative emissions can be accountable as 

an additional energy transferred.  

 

This model has high adaptability and can be used to evaluate heat transfer 

parameters for boilers with different geometries and power outputs. It can also simulate the 

amount surface area needed to produce a required power output.  

Finally, this model may be used to design and develop new fire-tube boilers and 

might help various research projects since it easily adapts to different stationary operating 

conditions and for other types of fuel.
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ANNEX A 

 

Molar fractions of each product substance in a real reaction were calculated 

from the chemical balance equations seen in Figure 26.  

 

 

 

As mentioned in chapter 3.4.3, evaluating the adiabatic flame temperature was 

done by matching the reactants and flame enthalpy energies with a maximum admissible 

error of 50 kJ as shown in the next Figure 26.  

 

 

 

 

 

Figure A.2. Flame temperature evaluation using a “while” cycle on MATLAB 

Figure A.1. Chemical balance equations for a real reaction situation with moisture in both ambient air and 
biomass. 
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ANNEX B 

The 2D boiler drawings provided by the boiler supplier Ventil are displayed 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2. Boiler top and side dimensions. 

Figure B.1. Boiler dimensions with detailed tube geometries. 
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From Ventil’s website, some parameters for the studied boiler can been examine 

through the following table.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3. Boiler characteristics given by Ventil. 
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ANNEX C 

Six different boilers, each with different output power values are displayed in 

the Figure 37, where furnace and chimney outlet temperatures were evaluated. 

 

 

 

 

 

 

 

As seen below, some boiler parameters were determined by the heat transfer 

model using several calibration factors. To select the optimal factor value to accurately 

match, in the best way possible, the experimental results. The lowest error difference on 

the boiler outlet power was the main parameter taken into account when choosing the 

calibration value. Although, the calibration factor value 10 would give the best results in 

terms of error differences, it did not work well for the 628-kW boiler test. Proving that this 

factor is not suitable for high powered boilers. Thus, the best calibration values were 

between 5 and 6, where the value 5 was chosen solely for its lower error difference of the 

overall boiler thermal power.

Figure C.2. Power and temperature values for various convective calibration factors. The calibration factor 
with the value 10 shows that the last thermal power (ideally 629,23 kW) value does not correspond to what 

was expected, so this factor was dismissed. 

Figure C.1. Data gathered by experimental tests using thermocouples to evaluate outlet temperatures. 
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