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ABSTRACT  

Sebastian Zetterström, Master of Science in energy systems, Mälardalens University in 

Västerås. Abstract of Master’s thesis, submitted 16th of August. 

Evaluation of a suction pyrometer by heat and mass transfer methods. 

The aim of the thesis is to evaluate the cooling of a specific suction pyrometer which is 

designed by Jan Skvaril, doctorate at Mälardalens University. First part is explained how the 

balances and correlations are performed before being implemented in MATLAB, after this  a 

ANSYS Fluent model is constructed and explained, which is used for the comparison of 

results.  

The cooling is performed by using water at an inlet temperature of 10°C and an assumed flue 

gas temperature of 810°C. Sensitivity analysis are performed to test the stability of the 

models which yield good results for stability, done by adjusting both flue gas temperature and 

inlet cooling water temperature which are as well presented for observation. From doing 

further MATLAB sensitivity analysis which show that the model still performs well and is 

stable.  

The resulting cooling water is heated to approximately 24, 8°C and the flue gas is cooled to 

22, 4°C, in ANSYS Fluent the answer differs approximately 2°C and results in 20, 4°C which 

can be considered by looking at the flue gas inlet temperature of 810°C that this can be 

deemed an insignificant change and can therefore conclude that the comparison between the 

two platforms match each other good and that calculations can be considered accurate. 

Keywords: Suction pyrometer, cooling, heat transfer, thermal resistance network, 

MATLAB, ANSYS Fluent, simulation 

  



 

PREFACE 

Before you is the dissertation “Evaluation of a suction pyrometer: By heat and mass transfer 
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suction pyrometer by using water. It is written as a part of graduating from Master of Science 

in energy systems at Mälardalens University in Västerås. I started writing and working on 

this thesis in the beginning of January this year. Chose to work with this topic because the 

subject of heat and mass transfer optimization is an interesting topic.  

The thesis became available as a project after Jan Skvaril made a new design for a suction 

pyrometer and distributed by Mälardalens University as an internal project. Chose this topic 

through an available list presented by Konstantinos Kyprianidis.  

The research for the thesis was extremely time consuming but has allowed me to gain 

significant more knowledge of the heat and mass transfer area as well as how CFD 

simulations are done, and to compare this with results from an analytical model.  
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NOMENCLATURE 

Designation Description Unit 

�� Thermal resistance °C or Kelvin /meter 

��� Fluid temperature in fluid x °C/Kelvin 

�� Temperature at point x °C/Kelvin 

�� Overall heat transfer coefficient at point x �
��,��  

μ� Dynamic viscosity of fluid x � �
���  

�� Kinematic viscosity of fluid x ��

��  

��� Prandtl’s number of fluid x [-] 

�� Heat conductivity of fluid x �
�,��  

��� Nusselt’s number based on diameter [-] 

� Convection coefficient of fluid x �
��,��  

�� Local energy inside one pipe W 

���  Energy based on the overall heat transfer 
coefficient 

W 

��� Reynold’s number based on diameter [-] 

��� Specific heat of fluid x ��
��,��  

�� Mass flow of fluid x ��
��  

�� Diameter of pipe x Meter 

�� Area of point x �� 

� Pressure gradient Pascal / Bar 



 

Designation Description Unit 

� Single pressure loss [-] 

�� Pipe friction [-] 

�� Density of fluid x ��
���  

�� Velocity of fluid x �
�⁄  

�� Length of section x Meter 

�� Radius of section x Meter 

�� � Hydraulic diameter at point x Meter 

ABBREVIATIONS 

Förkortning Beskrivning 

CFD Computational Fluid Dynamics 
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2 INTRODUCTION 

First part of the thesis will contain a brief introduction of the studied object (pyrometer, 

thermocouple) and few selected aspects regarding suction pyrometer. 

2.1 Background 

Emission out of a global aspect is a much-known issue in today’s society, more specifically CO2 

known as carbon dioxide that is a next-to unavoidable emission from combustion systems.  

This is due to the reason that most substances and fuels utilized in combustion contain carbon 

that reacts with the tertiary air in boilers. However, other less known emissions exist that 

engineers constantly work with to reduce in combustion systems that can have a significant 

impact on both efficiency and human health. This can be understood as well by looking at the 

combustion triangle that say that a successful combustion requires fuel, heat and air.(Fuchs, 

2012) 

One method of optimizing the carbon dioxide emission rate from combustion systems is the 

systematic use of industrial combustion testing of boilers, which is a method of gaining 

knowledge of a boiler’s combustion phenomena (emission formation, etc.) and performance 

(efficiency). Accomplished by measuring temperature and gas composition in different 

positions of the boiler that can help to improve efficiency and hence reduce CO2 emissions 

(Konstantinos, 2017)  

It can as well help to reduce or better control other emissions as nitrogen oxides that goes 

under the collection name of NOx and carbon monoxide (CO). These two emissions are heavily 

temperature dependent. For example, NOx is created from temperatures in the combustion 

chamber being excessively high that can cause damages and reduction of efficiency, CO is 

created when temperatures are instead too low that correlates with incomplete combustion, 

one cause can be the lack of air supply when again looking at the combustion triangle. Worth 

mentioning is also dioxins that is created from waste incineration of plastics which is highly 

toxic substance, meaning proper equipment has to be in place when utilizing waste 

incineration.(Cleaver-Brooks.com, 2016, p.; Konstantinos, 2017)  

Determining the concentration distribution of the flue gases will give a deeper insight into the 

boilers combustion phenomena and therefore give a better understanding of the 

emission/pollution formation mechanisms. A good understanding the boilers air supply can 

be crucial information in the sense that it can avoid disastrous malfunctions and or creation of 

CO from the lack of proper air supply.(Cleaver-Brooks.com, 2016) The flue gases composition 

is determined by accompanying equipment that has the possibility of analyzing such content. 
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These improvements and measurements of temperature distribution and gas composition of a 

boiler is achieved by utilizing a suction pyrometer.  

Experimental work is an important part of combustion research and the process of building 

mathematical models. The most important and critical parameter is temperature along with 

its distribution in experimental work as it can be correlated, directly and indirectly, to heat 

transfer, emission formation, corrosion etc. Making temperature and its distribution very 

valuable. In heat transfer theory, temperature is the key parameter for consideration as this 

variable can be used to directly explain how heat will travel through an object.(Incropera et al., 

2005; Konstantinos, 2017)  

Several conventions, policies and laws are in place that has the purpose of mitigating the 

amount of carbon dioxide emissions into the atmosphere. Article 2 of UN’s framework 

convention of climate change has the ultimate objective of stabilizing greenhouse gas 

concentrations to such a level that will prevent anthropogenic interference on the climate 

system. As well, ensure food production and enable economic development. (United Nations, 

1992) Noticing that these goals are part of the sustainable energy definition. In UN’s document, 

“Our common future” say that the humanity has the ability to develop a sustainable energy 

system in such a length that it will meet present demands as well as future generations. (United 

Nations, 1987) 

The most recent mitigation policy is the Paris agreement that 195 countries signed. It is the 

first-ever global agreement that is legally binding. One of the key points of this agreement is 

the goal of avoiding an increase of global temperature above 2°C.(Paris Agreement, 2016) The 

2°C is a much-known project that has been in play since 2009 agreed upon in the Copenhagen 

climate conference.(Knutti et al., 2016) Although this agreement goal, carbon dioxide from 

combustion and cement systems have continued to grow by approximately 2, 5 % per year. 

(Friedlingstein et al., 2014) 

2.1.1 Previous research 

Previous research on the specific point of pyrometer cooling is very vague and lacking 

sufficient information to use as a comparison in this study’s work, therefore there will be 

lacking reference for this purpose and the study will be validated through the use of two 

different simulation platforms, MATLAB and ANSYS Fluent. The most popular research is 

the temperature accuracy of the thermocouple. 

Around this subject of study the most significant differences are of thermocouple sizes and 

type. One or more radiation shields where the emissivity differs due to different material and 

temperature regions. The sheath surrounding the thermocouple and shield can be made of 

different materials as steel or ceramic. With the requirement to be able to withstand up to 

1000°C (waste incinerator for example) (Loyd, 2013)  

The study of bare and aspirated thermocouples in compartment fires evaluate the 

thermocouples temperature accuracy by creating an analytical model of single/double 

shielded thermocouple. By varying flue gas suction velocity and surrounding temperature. 
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The surrounding temperature vary illustrates different measurement positions. (Blevins and 

Pitts, 1999) 

Another study is the “Estimation of radiation losses from sheathed thermocouples” that 

essentially evaluate a similar temperature measurement accuracy as the first stated paper. 

Difference being sheathed vs un-sheathed pyrometer tip.(Roberts et al., 2011) 

What both of these studies have in common is the focus of accuracy of the thermocouple by 

using analytical models and carrying out physical tests. 

The gap of research is regarding the significant difference in research focus. Temperature 

accuracy vs. sufficient water cooling. As already stated the focus of this study is the water 

cooling of a newly designed suction pyrometer by Jan Skvaril, PhD at Mälardalens University 

2.2 Problem formulation 

This thesis will handle the performance testing of a pyrometer, of its water cooling by heat and 

mass transfer methods with the critical parameter being temperature as with this variable it is 

possible to explain how the entire performance and temperature distribution will be.  

Meaning that the performance testing will consist of creating thermal resistance networks for 

the pyrometer body. It is designed in such a way that the pyrometer body consist of three pipes 

within each other with the innermost pipe containing the flue gases to be cooled (See figure 6). 

The MATLAB calculations is compared with a CFD simulation program called ANSYS Fluent, 

which a 2d-Axisymmetric model is constructed in. 

2.3 Research question 

 

 What demands needs to be met in order to keep the tool from getting damaged by high 

temperatures and to maintain a steady operation and cooling? 

2.4 Delimitation 

The thesis will only focus on the suction pyrometer itself and its corresponding calculations 

performed on it. Due to the nature of the heat and mass transfer methods, it will go under the 

assumption that the reader has engineering level knowledge of these types of calculations. As 

well as knowledge of what the variables purpose are such as emissivity. Understanding what 

temperature/velocity profile is.  
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Pyrometers and its use regarding industrial combustion testing is explained in such a way 

that the reader will understand the importance of utilizing this tool and what knowledge it 

will bring by its use  

Programs used for calculations and comparison will not either be explained in detail except 

sufficiently enough that the reader understand which are used for what purpose and for 

which reason. And sufficiently enough to be able to follow and replicate the results. 

2.5 Aim and scope 

To determine the temperature distribution of the pyrometer’s water cooling system and out-

going temperature of the flue gas. Conduct a literature study containing information 

regarding the subject of pyrometers and its connecting usage possibilities. Parallel to these 

calculations information of the pyrometer’s water flows, pressure losses are determined to 

observe that the cooling is being carried out with sufficient pressure. 

3 INTRODUCTION TO PYROMETERS 

A pyrometer is essentially a thermometer, very much relatable to those existing in most 

households today. It works by the same principle except that a pyrometer is designed for high 

temperature areas, such as apartment fires, industrial boilers and other high temperature 

areas that are of interest to measure with this type of tool.  

Pyrometer is a word originating from the Greek words pyro meaning fire and meter meaning 

to measure. The first pyrometer that was used was invented by the potter Josiah Wedgwood 

in 1783 (BBC.CO.UK, 2014) for temperature measurement in his kilns, although it has been 

questioned if he was the true inventor of this tool.(EduBilla.com, 2017) It was achieved by 

comparing the sizes of clay being heated to different known temperatures as the clay would 

shrink depending on temperature. 

3.1 Examples of pyrometer types 

First modern pyrometer became available 1901 when L. Holburn and F.Kurlbaum built the 

first disappearing filament pyrometer. It operated by using a thin heated filament above the 

object to be measured and when the filament disappears the temperature was then read from 

a scale located on the pyrometer. Although this type of pyrometer turned out to have its faults 

due to being heavily dependent of objects emissivity which is highly temperature dependent 

and other aspects of the object such as surface roughness. Meaning extensive knowledge of 

the emissivity was required. This is a manual measurement type, as the temperature 
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measurement is conducted by observing with the human eye on a scale that was located on 

the pyrometer tool. This is also known as an optical pyrometer. (EduBilla.com, 2017) 

Overall it can be divided into two main types. Optical and digital with the main difference 

being as stated manual measurement vs automatic.  

Without going into a larger amount of detail of different types of pyrometers but most 

common today is to use digital measuring devices which can as well be divided into two 

subsections. (Woodford, 2016) 

An example of an absorbing light pyrometer is the infrared (IR) pyrometer. It is a sensor that 

measure radiation from the target objective as all bodies above zero Kelvin will emit an 

infrared light proportional to the body. It works by the principles of radiation laws. Although 

solid bodies usually do not have any infrared transmission. This due to Kirchhoff’s law it is 

assumed that the radiation is absorbed by the body and therefore increasing its temperature 

hence increasing amount emitted. A simplified explanation is that the IR-pyrometer 

measures the temperature by photographing heat radiation, by this fact the accuracy works 

very much the same way as a normal camera, the lens will determine which wavelengths of 

radiation that can be intercepted. The lens is important to pay attention to because of the 

wavelengths, an example is that a wavelength of approx. 2 µm operate at a temperature of 

600°C meaning the pyrometer would stop measuring if it would be below the stated 

temperature.(Gruner, 2003) The lens has the job of focusing the thermal radiation from the 

target object to the receiver (detector) that converts the radiation into an electric signal. 

(Electrotechnik.net, 2017) The wavelength is corresponding to the temperature, as 

temperature increases of an object the wavelength increase.(Electrotechnik.net, 2017) The 

largest difference compared with the suction pyrometer is the fact that IR-pyrometer 

measures the targets temperature compared to a mean temperature. (Pentronic.se, 2017) 

Another example is the optical pyrometer which is as stated regarding the disappearing 

filament pyrometer, what the optical does is a brightness comparison to measure the objects 

temperature. This is done by using a light bulb that can be adjusted to match the brightness 

of the object to receive a reference temperature as the light intensity is proportional to the 

temperature. 

The heat radiation is emitting from the object and captured by the contact lens which has the 

purpose of focusing the thermal radiation to the reference bulb. This is where the 

disappearing filament is used. If the reference bulb is dark, that means having a temperature 

cooler, if brighter the temperature is hotter. When the filament disappears the reference 

temperature has reached equilibrium with the objects temperature.  

After final adjustments are made, the current is measured with a voltmeter which is 

proportional to the temperature. (John, 2011)  

3.2 Suction pyrometer design 

A suction pyrometer is a combination of a thermocouple and a surrounding body. 
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Heat absorption type of pyrometer is the suction pyrometer as an example. That do 

temperature measurement by having gas flow over a thermocouple at high velocities. It can 

be designed with a sheath or non-sheathed, one-radiation shield or more. The shield or more 

properly called radiation shield has the purpose of negating the negative effects of radiation 

while the sheath protects the thermocouple from high temperatures of the test area. 

The thermocouple is measuring the temperature by converting heat directly into electricity, it 

comes in several different types that is mostly decided by required temperature range and 

cost. The direct conversion of heat into electricity is called the Seebeck-effect. After which an 

interpolation table can be used to calculate a corresponding temperature to the induced 

voltage. (thermocoupleinfo.com, 2017) 

Generally a suction pyrometer is a long water cooled device. It can either be circular or 

rectangular cross section. The length varies from design to design, of this study the 

pyrometer is 2, 5 meters long but up to 6 meters in length exists. The front of the tool is 

covered by a sheath that can be made of either steel or ceramic, in most cases the tool is 

surrounded by a radiation shield as stated above.(Loyd, 2013) In the other end is the 

connection point that is connected to a voltmeter which is indirectly the temperature 

measurement. The body of the tool consist of several pipes, depending on design, with 

essentially in all designs having water circulating around the hot flue gas pipe. 

In this design the flue gases flow within the innermost pipe, the cooling water pipe with 

ingoing flow is surrounding hot the flue gas pipe. The outermost pipe is for outgoing water 

flow.  

Overall the design of a suction pyrometer is quite simple. The most advanced point is the tip 

as the temperature accuracy can be improved depending on design and material used. 

3.2.1 Seebeck effect and thermocouple design 

The physicist Thomas Seebeck (1770-1831) originally found the Seebeck effect by observing a 

compass, the needle would be deflected when he created a closed circuit between two 

different metals at different temperatures and originally determined this to be cause of 

induced magnetism, possibly Earth’s magnetic field. But was later realized to be due to 

Ampere’s law by which a thermoelectric force would deflect the needle by inducing an 

electrical current. Summarized is that the temperature difference of a closed circuit can drive 

a voltage, this became known as the Seebeck effect. (CalTech, 2017)  

The Seebeck effect plays its part in the design of a thermocouple. A thermocouple consist of 

two different metals that are joined together at both ends. When heated in one end it will 

create a continuous flow of current. This junction can have several different setups which are 

grounded, ungrounded or exposed. (Omega.com, 2017; thermocoupleinfo.com, 2017) 

Main difference being that in a grounded, the thermocouple wires are attached to the probe 

walls resulting in a good heat transfer through walls to the junction by conduction. 

Ungrounded the wires are instead detached from the probe walls resulting in a slower 
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response time but give electrical isolation. Exposed is mainly what it sounds like it is a 

thermocouple bead that has no sheath or radiation shield.  

 

Figure 1 Thermocouple measuring circuit with a heat source, cold junction and voltmeter 
(Wtshymanski, 2011) 

The thermocouple is as stated much like a thermometer, it only measures its own 

temperature which in a suction probe due to thermal radiation, convection and to a small 

part conduction be a mean temperature between the true gas temperature and the 

thermocouple tip. The above figure is a sketch of how the thermocouple measure 

temperature. (Loyd, 2013) 

3.3 Water cooling 

The stated temperature measurement methods are explaining the “tip” of the suction 

pyrometer. Cooling is crucial due to the flue gas can have temperatures as high as 1000°C 

(waste incinerator as an example), this is dependent on measurement position inside the 

boiler, close to or far from the fire bed. A few important factors include having sufficient flow 

to avoid evaporation of the water, and damages as the pyrometer could be overheated and the 

metal could start to bend inside test area. Conditions such as amount of flow and inlet 

temperature will determine the amount of cooling that can be achieved. (Loyd, 2013)  

3.4 General calculation and validation method for this type of tool 

The most efficient way of explaining the performance of a suction pyrometer is the use of 

heat and mass transfer correlations. Type of equations and balances vary depending on the 

aim of calculation. If the aim is the measurement accuracy of the thermocouple it will be a 
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focus of energy balances that include radiation and convection as the major parts of the 

thermocouple. 

The water cooling and heat transfer of the pipes is mostly efficient explaining using thermal 

resistance networks. This means calculating overall thermal coefficients known as U values 

that is dependent on convection and conduction for the major part and no attention to the 

thermocouple is required as its temperature will follow that of the flue gases. 

In temperature measure accuracy calculation the most efficient way of validating the 

analytical model is to do physical measurements in order to efficiently see how it will 

compare which is the popular way of testing the models according to a number of studies in 

this area, See previous research.  

3.4.1 ANSYS Fluent 

ANSYS CFD Fluent is a simulation program for solving heat and mass transfer problems. A 

model is created using a part of the program that is much like using a CAD program, meaning 

the first step is always to draw the object to be simulated and in the same step define the 

diameters of the model.  

Next step which is the most time consuming is adding mesh. The mesh is the point of where 

the object is affected by the different types of heat transfer.(ANSYS Fluent, 2017.) 

3.4.2 MATLAB 

MATLAB is chosen due to its flexibility in programming all the required correlations and due 

to the need of multiple loops for iteration of the temperature distribution. The thesis will 

contain a significant amount of these types of calculations.  

MATLAB is a universal programming program using its own type of language. It contains 

optimal tools for plotting temperature distribution graphs, among other options. 

The pyrometer is divided in several sections in MATLAB due to thermal resistances. The fluid 

temperatures are affected by each other, meaning the construction of the code will occur in 

steps. By following the structure of building within and moving the required loops outward. 

4 METHODOLOGY 

The objective of this study is straightforward, therefore a detailed methodology of the 

analytical model is presented in such a way that the reader will be able to follow and replicate 

the results obtained. All coding of the analytical model is conducted within MATLAB while 
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the validation of MATLAB results are obtained by utilizing the simulation program ANSYS 

Fluent CFD of where a simplified axisymmetric 2D-model is created. 

All the presented figures contained in method, result, description of study and the appendix 

is created by the author is this thesis for the sole purpose of use in this thesis.  

4.1 Literature study 

The literature study is conducted by searching for valid information regarding heat transfer 

by thermal resistance networks that are mainly explaining the methods behind these options. 

As well as literature of previous courses are used to obtain certain data and/or effective 

equations with the purpose of calculating a property.  

Due to the nature of going the other direction of calculating the cooling of the pyrometer, the 

information is a lot scarcer then temperature accuracy studies that can be found. 

4.2 Calculation pathway 

It will start explaining how it is solved with the help of MATLAB by using stepping calculations 

with balances based on calculations cells or nodes. 

Initial figures will explain how node dependence is created. The next figures illustrate the 

design which has been simplified from the original design of the suction pyrometer.  

Before moving further, due to the thesis will handle pipes. The presented coordinates will be 

of cylindrical form. Meaning the x-axis is explained as “z” which is the length, while the y-axis 

is “r” which is the radius. 

4.2.1 MATLAB 

As previously mentioned the code is executed using a stepping length that can be set before 

running the code. 

Defined as ����� / � where � is the adjustable stepping size. This allows for setting the 

desired number of steps between each temperature calculation the model should take, which 

is also the length the FOR loop will step. Meaning the FOR loop will conduct the same 

amount of iterations as the number of nodes making it a direct correlation to the length.  

The length inserted, is the length of the pyrometer pipes (2, 5 meters) which is the same for 

the flue gas pipe and water pipes.  
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Figure 2 illustration of a calculation cell 

This figure illustrate how one calculation cell is setup, which can be used to explain the 

reason of the balances are setup as they are which is due to the importance of keeping the 

balance within the calculation cell. 

 

Figure 3 Illustration of nodes 

This figure illustrate how the nodes or calculations cells are considered when creating the 

MATLAB code. N-1 of figure 3 can be seen as the “inlet” value while n is seen as the outlet 

value. This is important to keep in mind when setting up calculations. If wanting to move 

even further back or forward, it can be done by increasing the number n-2, n-3 if going 

backwards of n+2, n+3 if going forward etc.  

MATLAB is a sub-sequential solver making it important to keep in mind which variables is 

written into the script first, a sub-sequential solver means that the solver will go from the top 

down, meaning it will execute the code in steps, For instance, the assumed temperature 

needs to be defined before adding temperature dependent correlations, this way the code will 

understand that it has an input variable. 
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Due to the extensive possibilities that exist in MATLAB of what it can accomplish as it is a 

universal coding program, meaning it is not strictly limited to the use of heat and mass 

transfer problems. It will therefore not be explained more than briefly. What will be 

explained is the different utilized features available in MATLAB and how and why they were 

chosen for their task as the previously explained calculation steps is the same that is taken in 

MATLAB. 

In the code the temperatures is defined as T_mw = t_w1(n-1); Which mean that the 
properties will be calculated of the actual step depending on the temperature of the previous 
node as an inlet value. 
 
Syntax is the designated name of code MATLAB use to execute certain features, will use this 

word when explaining what kind of features that is utilized for the study.  

What will be the major change from using the equations in their basic form is the use of 

mentioned calculation cells or nodes. 

���������=  (��� � ��� �/������ �������)+ ��� Eq 3. 

If taking this formula in its basic form and converting into MATLAB syntax and node 

dependence it will have the form of (see the (n) parts of the equation, which mean that n will 

change number of each iteration when moving forward until reaching the end value, which is 

determined by Δx) 

�������=  (��� �(�) ��� �(�)/������ �������)+ ���(���) Eq 3. 

Or t_w2(n) = ((qUA2(n) - qUA3(n))/(m_w*1000*Cpw_tw2(n))) + t_w2(n-1); 
 

The above equation illustrate the MATLAB syntax and is applied throughout the entire study. 

�� = �����������/�������� ����� ���������� �� � � ������ ����,�. 

���(���) =  �����������/�������� �� � � �������� ���� 

Meaning the inlet temperature for the equation will be n-1 while the outlet is n, if seeing out 

of an energy balance stand point. 
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Figure 4 Side view of the suction pyrometer in a simplified form 

Overview of the suction pyrometer from its side. With indicatory text illustrating the inlets 

and outlets. Although the calculations are performed according to figure 6. 
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Figure 5 Front view of the suction pyrometer 

This view is if rotating the pyrometer so the tip is pointing towards the reader, see figure 4 for 

the location of the tip. The figure illustrates how the pipes are positioned inside the pyrometer 

body.  
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4.3 Heat transfer correlations and balances 

 

Figure 6 Overview of how the pipes and energies are setup. Illustrating how the balances are derived 

The water outlet temperature (Designated as “Cooling water outlet”, see figure 6) is unknown 

and an assumption, an iterative process is required to reach the desired known cooling water 

inlet temperature. This temperature is then set as equal (see the line in the left side of figure 

6) 

An iterative process is the process of repeating calculations or analysis to arrive at a desired 

state or result. The goal is by each cycle of calculation reach a result that is closer to the 

desired result until finally reaching a final result.  

As in the case of the iterative process of reaching the desired inlet temperature of 10°C, in 

terms of this process, it is the continuous guess of the outlet temperature until the equation 

match the set term of the desired inlet temperature  

Again keeping in mind that the calculations are done in steps, this figure can be considered to 

be divided into 250 cells in the z-direction if using a Δx of 0, 01 meters.  

It is assumed that the energies of each pipe is symmetrical, therefore the pyrometer could be 

cut in half, much like stacking the pipes on-top of each other and divided into three sections 

designated as q1, flue gas. q2, inlet water pipe. q3, outlet water pipe as figure 6 illustrates.   

The arrows are indicating inlets respectively outlets of the fluids, while the overall thermal 

energies (qUA) arrows are indicating in which direction the heat is travelling between 

(through) the pipes and from these arrows it can be understood which pipe is being heated 

respectively cooled which will be realized further into the explanation when the balances are 

set up.  
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4.3.1 Diameter and radius 

With the suction pyrometer consisting of three pipes as mentioned, this will result in the use 

of three inner diameters with three corresponding outer diameters. 

 

Figure 7 Inner and outer diameter of all pipes with their MATLAB designations 

Outer diameter is defined as ������ = ������ + (2 ���� � �������) this is valid for all the 

pipes. 

The radius which is necessary for the thermal resistance network is obtained by �� =
��

�
 , x will 

change depending on the affected pipe. 

In the case of calculating the Reynold number for the water pipes, the hydraulic diameter is 

necessary. Defined as �� = �� �� where the subscripts 2 and 1 indicate larger diameter 

respectively smaller diameter of the pipes. Source :(Incropera et al., 2005), page 519-520 
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4.3.2 Thermal resistance network 

This subsection will explain how the thermal resistance network is applied to the analytical 

model and the reason behind why they have the form that is presented. 

Figure 6 is illustrating how the thermal networks are drawn and which effects that are 

included. Figure 4 show the location of these networks. 

 

Figure 8 Thermal resistance network illustration 

Due to being constructed of pipes, the thermal resistance network will be of radial 

coordinates that has the form of: 

�����������=  
1

� �
 

�����������=
ln (

��
��� )

2 � ������ �
 

Equation source: (Incropera et al., 2005) Figure 7 highlights how the radiuses are used in the 

conduction resistance. The same principle is applied for the other pipes with the mid-point of 

the flue gas pipe as base of origin as these will change depending on the position of the 

network.   

 

Figure 9 illustrating the radiuses used in the conduction formula 

The thermal resistance networks designated as 1st and 3rd (see figure 4) have the form of Eq .1 

and Eq 3, Eq 2. Represents the last heat transfer which is the external impact. 
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����,1 =  
1

���� �
+

log (�2 �1� )

2  �  ������  �
+

1

�����,� �
 �� 1 

The difference being switching out flue gas convection coefficient for the convection 

coefficient for water at the second water pipe, first term on the right side.  

����,3 =  
1

�����,� �
+

log (�2 �1� )

2  �  ������  �
+

1

�����,� �
 �� 3  

Source : (Incropera et al., 2005) 

Where the areas are calculated with. �������� ���� = �  � ��   This formula calculates 

the area per stepping length, meaning the area of one node or “calculation cell” of the 

convection resistances. 

�� Depends on where the heat transfer is occurring for that network, and if inner or outer 

diameter. This area calculation is valid for all thermal networks presented in this study. The 

conduction thermal resistance is as well calculated per calculation cell by multiplying with � 

as it is a correlation for the length for one calculation cell.  

The last network that is acting towards the pyrometer surface (ts6) is a combination of an 

energy balance and using overall heat transfer coefficient that have the form ��� � = ��2

(��� ���) Designated as the 2nd network. This network is used to obtain the external impact 

from free convection and radiation. By observing Eq. 1 and Eq. 3 it can be seen the 

similarities it share with Eq. 2 with the difference of one less convection term which is 

replaced by the overall thermal energy.  

����,2 =  
1

�����,� �
+

log (�2 �1� )

2  �  ������  �
 �� 2 

To avoid the complexity of view factors the radiation is assumed to affect a small object in a 

larger surrounding, therefore validating the use of ���������� =  � � (������������
�

��������
� ) 

Free convection from flue gases inside the boiler or area of measurement will as well affect 

the pyrometer surface and is of the standard form for convection ����������� = �

(������������ ��������) Source :(Incropera et al., 2005), page 9 

Meaning the energy balance will be ��� � = �����������+   ���������� for which is used to 

solve for ts6.  

Having thermal resistance correlations complete. The overall heat transfer coefficient is 

calculated by � �� =
1
������
�   where ������ is the total thermal resistance for that specific 

network. Meaning there will be three equations corresponding to each network. 
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Notable about the thermal resistances are their similarities to other coordinates. 

For convection the formula has an identical form as for the plane wall.  

�����������=  
1

� �
 

While for conduction it changes from radius dependence to length, i.e. for one-dimensional 

conduction of a plane wall, the temperature will be a function of the x- coordinate. Meaning 

heat is transferred solely in this direction, has the form of  �����������=
�

��
. Reason behind 

this explanation is due to these conduction formulas will have similar results and can 

therefore be used as a comparison. 

Source: (Incropera et al., 2005) , page 96 

4.3.3 Heat balances 

Heat balances is this study is the most important part as it is with the help of these that 

makes it possible to calculate the temperature distribution of the suction pyrometer.  

Heat balances for the individual pipes are obtained as follows with the basic energy balance 

of � =  �� ��� �. Has the form for each pipe as follows. Source :(Incropera et al., 2005), 

page 17 

� ��(�)= ����� ��� ������ ��� (��� ����) 

� ��(�)= ������ �������,� (���� ���) 

� ��(�)= ������ �������,� (���� ���) 

In MATLAB these are calculated as ��(�)= �� ���(�) �(�) meaning the energy is 

calculated for each step, these equations are later summarized with the function “sum” 

q1(n) = m_g * (Cpm_t12(n)*1000) * (t_g2(n-1) - t_g2(n)); 
q1_sum = sum(q1);  
 

q1(n) is the MATLAB code for calculating the energy per stepping length. 
 
Sum(q1) summarized the q1 vector into a single value, allowing to observe the total energy 
contained of that pipe. The process of obtaining the other summaries are identical as the 
presented ones. Note how the (n-1) and (n) are used from seeing figure 3. 
 
Notable is the difference from switching ��� versus ���� of the flue gas and water balances. 

This is due to the water is being heated while the flue gases are being cooled. 1 and 2 

designate the different pipes. 

By observing figure 6 it is realized of how the pipes will affect each other from which the 

energies of these can be obtained by utilizing thermal resistance network.  
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Using these balances allows to calculate the temperatures of the fluids without requiring 

knowledge of their respective surface temperatures of the pipes, the balances will have the 

form as they have with the thought process of realizing which fluid will be warmer for that 

balance for which the equations can be created. At this point it can be observed how the 

overall heat transfer coefficients are utilized. Thought process of the temperature differences 

used is warmer minus cooler.  

��� �(�)= ��� (��� ���) 

��� �(�)= ���2 (��� ���) 

��� �(�)= ���3 (��� ���) 

The effects are designated 1-3 in relation to their respective thermal networks. 

These effects are summarized in the same way as previously stated. The overall heat transfer 

coefficient and area are values that will be changing for each step, but in the code not put into 

a vector as it will still serve its purpose and have the ability to sum up the energies. 

The important relation these balances bear to each other is how they can be connected to 

each other by combining the energies as the ones stated below 

�� = ��� � 

�� = ��� � + ��� � 

�� = ��� � ��� � 

By observing figure 6 the final temperature calculations formulas can be set. The parentheses 

indicate which fluid temperature these derived equations calculate.  

���� (���(�))= ���(���) (��� �/����� ��� ������ ���(�)) Eq 1. 

MATLAB syntax: t_g2(n) = t_g2(n-1) - (qUA(n))/(Cpm_t12(n)*1000*m_g)); 
 
Eq 1. After combining the heat balances and solving for an explicit outlet flue gas 

temperature. Designated as first fluid temperature. The same principle of solving for an 

explicit temperature is applied for Eq 2 and Eq 3 

 

��� (���(�))=  ����(���) (��� � + ��� �/������ �������,�(�)) Eq 2. 

MATLAB syntax: t_w1(n)=t_w1(n-1)-((qUA(n)+qUA3(n))/(Cpw_tw1(n)*1000*m_w)); 
 
Eq 2. The actual temperature of interest is the calculation of the outlet water temperature, 

but in this case the inlet temperature is calculated due to the outlet temperature is unknown 

and is instead a guessed value to reach the desired inlet temperature of cold water. 

Designated as second fluid temperature 

���� ����(�)�=  (��� � ��� �/������ �������,�(�))+ ���(���) Eq 3. 
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MATLAB syntax: t_w2(n)=((qUA2(n)-qUA3(n))/(m_w*1000*Cpw_tw2(n)))+t_w2(n-1); 
 
Eq 3. Is the third and final fluid temperature leaving the suction pyrometer. At this stage, the 

inlet temperature of this pipe is known which the outlet temperature of the first water pipe. 

(See figure 4)  

The specific heat of water is separated in two vectors the water temperature is separated in 

two vectors for which the properties are calculated separately for each water temperature 

vector. 

 

The last heat balance is the overall balance that controls that the effect of the flue gases match 

that of the water.  

����� ������������ = ����� ���,�� (����� ���,��� + �������� ������) 

������ = ������,��� ������,��  

Overall energy balance can be easier understood with previously used designations, these can 

be written in two ways. 

����� ������������ = �(����)� + �����������(��������)+ ������������(��������) 

����� ������������ = ��� + �����������(��������)+ ������������(��������) 

The total energy the water is experiencing can be written in two ways as well by observing the 

previously stated combinations that can be done between the energies. Although the latter is 

used in MATLAB. 

������ =  ��� + ��� 

������ = (�(����)� + �(����)�) �(����)� �(����)�) 

The overall energy balance is a requirement that the amount of heating the water is 

experiencing has to be equal to the amount of cooling the flue gases experience, this includes 

the external impact of radiation and free convection 

������� ������ �������=  ������ ����� ��� ��������� = 0 

Source : (Incropera et al., 2005) , page 13 

The explained heat balances are the correlations required for a complete temperature 

distribution.  

After doing a cycle of calculations, the effects are now known at this point meaning that the 

surface temperatures can be calculated. This is done by using the convection coefficient 

termed as � = � � where � = ������ ��������. It has this form due to the fluid is 

transferring heat to the surface. The balances use the same principle as for the effects derived 

from the overall heat transfer coefficient. Source : (Incropera et al., 2005), page 9 
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Therefore, the balances for the surface temperatures will have the following forms, see figure 

4 for the number designations of each surface 

�� =  � � ���� ����=  ����� ��� ������ ��� (��� ����)= �1  

��� =  ���  
��

�� �
 When solving for surface temperature of the flue gas pipe. 

The surface temperature equation will have the same form for all of the surface temperatures 

due to having the same form of � =  ������ ��������. What will differ is the diameter (Area) 

4.3.4 Water and flue gas properties 

With heat balances and thermal resistance networks complete. The calculation of various 

properties are required for temperature distribution calculations to begin.  

As the key parameter is temperature, the majority of the properties can be calculated using 

temperature based interpolation formulas. Those properties who are not calculated using a 

formula will be calculated using linear interpolation with data that is being directly imported 

into MATLAB. 

The interpolation formula is created by using the trend curve feature available in Microsoft 

Excel.  Due to the amount of interpolation formulas used for this study, the tables used for 

their creation are presented in the appendix. 

List of required properties for initial calculations to begin that use an interpolation formula 

1. Specific heat for flue gas and water, Designation ��� 

2. Dynamic viscosity for flue gas and water, used for the calculation of Prandtl number and heat 

conductivity, Designation μ� 

3. Kinematic viscosity, used for the calculation of Reynold number, Designation �� 

4. Density for flue gas and water, used for the calculation of velocity, mass flow and pressure loss 

calculations, Designation �� 

5. Heat conductivity for steel and water, used for the calculation of convection coefficient and 

thermal resistance for conduction, Designation �� 
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Figure 10 Screenshot from Microsoft Excel illustrating the trend curve for heat conductivity of AISI 
304 steel. Y-axis is the heat conductivity values with x-axis ranging from 300 – 1500 Kelvin 

The exact same principle is used for all the created interpolation formulas, figure 9 illustrate 

the equation for steel. The type of equation chosen is polynomial as it can be fitted to the 

curves with the least margin of error. 

4.3.4.1. Created interpolation formulas 

Specific heat for flue gases is derived from an assumption that there is a certain amount of 

air, therefore performing a linear interpolation for the mean value of flue gas specific heat. 

Meaning the specific heat is calculated using two polynomials for air respectively flue gas. 

The temperature of the equations for flue gas and water are both based on Kelvin 

The mean specific heat is then defined as ��� = �����+ (������ ��� �����) 

Both polynomials of air and flue gas use the same form 

��� =
1000

�� ��
����

��
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+
��
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��
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�
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��
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�� and �� designate actual and previous temperatures respectively.  

Source : (Wester, 2012) 

 

 

Specific heat for water is based on a pre-created excel sheet, based on four constant values 

defined as 

� = 92,053 

� = 3,9953 10�� 
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� =  2,1103 10�� 

� = 5,3469 10�� 

�������,��� = � + � ������,����� + � ������,�����
� + � ������,�����

�  �
�
���,�� � 

To obtain the specific heat in kJ/kg, K, �������,���  is divided by 18 

Reason behind dividing by 18 is because water has a mass of 18 
�
����  

Source : (convertunits.com, 2017) 

�������,���
18

= ������� �
��

��
,�� 

Source : (A.K Coker, 2017) 

Dynamic viscosity formula for water are created from tables, and is dependent on the fluid 

temperature of water. The temperature is in °C 

μ����� = 9,67 10�� 8,207 10�� ������,����� + 2,344 10�� + ������,�����
� 2,244 10��

 ������,�����
�  

Kinematic viscosity formulas depend on the fluid temperatures and are in °C 

 

������ =  5 10��� ������,�����
� + 3 10��� ������,�����

� 7 10��� ������,�����
� + 8

10��� ������,�����
� 5 10�� ������,����� + 2 10�� 

 

For flue gases the kinematic and dynamic viscosity is calculated with linear interpolation 

directly in MATLAB based on a table of values. How this is conducted is presented in the 

MATLAB sub-section and the full code of the function file is observable in the appendix. 

Formula for the density of water is correlated from an excel sheet containing density data per 

degree Celsius 

������ = 1000 (1
������,����� + 288,9414

508929,2 �������,����� + 68,12963� (������,����� 3,9863)�
 

Source : (Maidment et al., 1993) 

Density for the flue gas is as well calculated with linear interpolation. 

Source of table : (Pipeflowcalculations.com, 2017) 
 
The heat conductivity of water and steel. As the temperature of the material will follow that of 

water, the two formulas will use the same temperature.  

������ =  2 10�� ������,�����
� + 0,0176 ������,����� + 9,8662 
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For water 

������ =  0,5752 +  6,397 10�� ������,�����  8,151  10�� ������,�����
�  

 

Table source: (Incropera et al., 2005) ,  The assumed material is AISI304 Steel.  

4.3.5 Equations for properties 

The presented equations are those used for calculated various properties when there is no 

need for an interpolation formula or linear interpolation. 

The stated equations are calculated either using values from the interpolation formulas or by 

having an assumed value. 

�� =
� ���

���
 Heat conductivity, can be used for all materials and fluids. This equation 

depends on the dynamic viscosity, specific heat and the Prandtl number. 

(EngineeringToolbox, 2017) 

The same form of the equation can as well be used to calculate the Prandtl number for water 

as an interpolation formula is available for heat conductivity of water. 

��� =
�� ���

��
 Prandtl number 

For calculation of the Nusselt numbers. Required for the convection coefficient, certain 

formulas can be used depending on the situation of free or forced convection, if it is laminar 

or turbulent flow. 

This knowledge is gained with the calculation of the Reynold number ��� =
�� �

�
 

If Reynold number is less than 2300 it is considered laminar while above 5 10� it is 

considered fully developed turbulent flow. Between these two values is the transition range. 

Source : (Incropera et al., 2005) , page 487 & 515 

��  Is the mean velocity, which varies over the cross section of the pipe  

�� =  � �� � Source: (Incropera et al., 2005), page 487 

As the area is a part of the mass flow formula it will look slightly different for flue gas and 

water respectively. Which is due to how the pipes are located in regard to each other. 

For flue gas the mass flow formula is as presented. 

For water it will be �� =  � �� (������ �������,���� ������ ������� ���� �� ���� ��� ����) 

�� =
��

� ��  When solving for the mean velocity 
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This area differs from that of the one utilized in the thermal resistance networks. Here it 

requires the circumference area, defined as �������������� =
� ��

�

�
 because the flow affects 

the entire “circumference” of a pipe. 

The mass flow is initially calculated with a set velocity of water and flue gas before redoing 

the velocity calculations by making it dependent on the temperature via the density. 

The flow is assumed to be turbulent and fully developed.  

The assumption of fully developed flow only regards internal flow and does not affect free 

convection. It has to do with the reason that flow require a certain length to be fully 

developed, this length is termed the hydrodynamic entry length. Due to the high velocities 

and short length of the suction pyrometer it is instead considered to be fully developed from 

the start. (Incropera et al., 2005), page 487 

��� = 0,023 ���

�
� ���  

The exponential depends on if it is cooling or heating for which n = 0, 3 respectively 0, 4. 

For calculating the free convection of the external impact the Nusselt number is calculated 

with the following equation. This equation is valid over all ranges of Reynolds number and is 

defined for a cylinder in cross flow.  

��� = 0,3 +  
0,62 ���

�
� ��

�
�

�1 + �
0,4
Pr�

�
�
�

�
�

�1 + �
���

282,000
�

�
�
�

�
�

 

Source :(Incropera et al., 2005), page 427 

The convection coefficient regardless of condition is defined for cylindrical systems as 

=  
�� � �

�
 making this a valid equation for the calculation of all convection coefficients. 

What makes the convection coefficients differ is the use of different Nusselt numbers due to 

having certain requirements depending on situation, heat conductivity coefficient will change 

as well depending on the material or fluid affected, and the diameter. The presented Nusselt 

numbers are only for cylindrical coordinates. 

4.3.6 Pressure loss calculations 

The pressure loss calculations do not affect the temperature distribution calculations, will be 

presented as an indicatory value that the amount of water used for cooling is not exceeds the 

maximum allowed pressure of the pipes. 
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� = � �
�

�

� ��

2
+ � �

� ��

2
 

Where f is the friction coefficient � = (0.790 ����� 1,64)�� ���.3000 ≤  ��� ≥ 5 10� 

� is the single pressure loss of a bend, this bend is located at the point where the water is 

entering the second water pipe. This equation is called the Darcy-equation. Which is a 

correlation for the loss of head due to friction. (Bansal, 2005) 

Source : (Wester, 2012) 

4.3.7 Flue gas radiation 

Radiation from the flue gases are calculated as a check to see if it will have a significant 

impact on the temperature of the flue gases as well as how large the radiation will be due to 

the high gas velocity at the suction pyrometer inlet.  

The surface temperature of doing this calculation will then make it a necessity for which the 

used equation is presented on page 19 of study.  

The flue gas radiation function is based on temperature and partial pressure dependent 

tables, these tables calculates the emissivity and absorptance of the gas. From these tables a 

model was created by Kristoffer Hermansson, M. Sc in Sustainable energy systems at 

Mälardalens University and used with permission in this study. (Hermansson, 2015) 

 

From which calculates the flue gas radiation with temperature, pipe diameter and the surface 

temperature of the flue gas pipe as input variables. The function will be available in the 

appendix and not presented here due to the size of the function. 

To obtain the necessary partial pressures for the radiation calculation. A combustion sheet 

was used from which the partial pressures can be obtained. The fuel is based on a bio-fuel 

used in a previous course. Source : (Wester, 2012) 

The required equations are not presented as they are a part of this pre-made function which 

is directly implemented into the code with slight modification to fit this certain model. 
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To obtain the partial pressues, the figures below will give information on how to read them 

out of a combustion excel sheet, the fuel is a bio-fuel which is based on data of a previous 

assignment. 

 

Figure 11 Flue gas input data for partial pressures 

Of this sheet the partial pressures can then be read from 

 

Figure 12 Partial pressures of the flue gas 

Figure 12 illustrate the partial pressures of the gas, which is designated as a ratio of the total 

gas. 

The partial pressures required is that of carbon dioxide ( ���) and water (���)  

See figure 11 for the location (follow the placement of the column), or observe the entire sheet 

in the appendix. 

The input pipe diameter is the diameter of the flue gas pipe only, as this is the flow of interest 

to calculate radiation from, the diameter has to be in centimeters [cm] 
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4.4 Utilized MATLAB features 

4.4.1 Utilized loop methods  

MATLAB has two types of loops. FOR and WHILE. Both of which are used in this study. 

In order to make the equation step as explained a FOR loop is the best choice. A FOR loop 

will make the statements loop a specified number of times, keeping track of each iteration 

using a designated index that is chosen by the user. Using different indexes for each FOR 

loop.  

FOR loop vectors are regularly pre-allocated to make code execute faster. Pre-allocation is 

the pre-creation of a vector before it is filled with data, meaning instead of creating the vector 

as the code is executed it will already exist and instead overwrite the pre-made vector which 

is filled with zeros in this study. (The Mathworks, Inc, 2016a) 

WHILE is used for when having a condition that needs to loop until satisfied. In this case it is 

the conditions of the inlet water temperature and overall energy balance that needs to be 

satisfied for a certain condition. (The Mathworks, Inc, 2016b) 

The next figure illustrate how a condition for the while loop can be stated. In this case the 

while loop will continue to run until deltaqUA3 is less than the absolute value of 10�� 

In the FOR loop statement the index of this loop is “n” and the length and number of nodes is 

designated as ”nst”. 

A FOR loop is designated by writing “for”  “chosen index” = “step to start on” : “step to loop 

until” Other possibilities exist as well if the user desire the program to only take half a step, 

then this is possible by writing for “for”  “chosen index” = “step to start on” : “length to step” 

:“step to loop until”  

It is possible to either designate a variable to each of the statements for the FOR loop or 

simply use numbers. For instance a variable is used in this study for the length as previously 

stated nst, it is as well possible to here instead designate the length with a number instead. 

 

Figure 13 Syntax for FOR and WHILE loop 

4.4.2 Function 

A function in MATLAB is a script that can be called from the main file being executed. It 

works by the principle of receiving an input value and returning an output value. Use of the 
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function feature is widely applied in this study due to its flexibility and the option it gives of 

reducing the amount of code necessary to use in the main file. 

A function script is defined as” function [ “Name of output variable(s)”] = Name of calling 

function from main script (Input variable(s)) “ 

 

Figure 14 Example of how to state a function script 

By observing figure 14 it can be realized how the function is stated. Fluegas_density is the 

output variable, fluegas_density_pyro is the name of calling the function and T_gas is the 

input variable. 

 

Figure 15 How to write the syntax for calling the function 

The above explanation is valid when having one input and one output value. Figure 15 

calculates the flue gas density which is stored into a vector. 

The same principle if the code or equations stated within the function script depend on 

several inputs, to make the function depend on several inputs a comma is placed between the 

input variables. 

The figure below illustrate a function file which has one equation and is dependent on one 

variable, which in this case is the temperature of steel 

 

Figure 16 Example of an function with one output variable which depend on one input variable 

The function of figure 17 use another type of feature, called fsolve.  

fsolve is a function which has the possibility of calculating un-linear equations or equation 

systems. 

Figure 17 is a unique case of this study due to the use of fsolve but use the same principle of 

returning an output while being dependent on several inputs. The fsolve work by having a 

guessing value “X0” from which XVal will be the final answer of the function. That is the 

surface temperature of the pyrometer (ts6) 

Fres is the equation that is being solved which is dependent on the rest of the syntax 

observable in figure 17. Fsolve work by solving this equation = zero which is why there is a 

tolerance level assigned. Of this function Fres = qrad_ext + qh_ext – qUA2 which is the sum 

of the external effects subtracted by the overall thermal energy which will make it a total of 

zero, see page 15 for the energy balance.  
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Xval = fsolve(@nestedfun,X0,options) state that the function called nestedfun(=Fres) is the 

target of equation to be solved with the initial guess of X0, options determine the that the 

feature fsolve is to be used with a accuracy of 0,00001. 

 

 

Figure 17 Example of a function script which return several outputs and depend on several input 
variables 

(The Mathworks, Inc, 2016c) fsolve source ; (The Mathworks, Inc, 2016d)  

4.4.3 Data import 

This feature is used in correlation with linear interpolation in this study. Previously stated 

interpolation equations are used in conjunction with the stated functions, what differ from 

these is the use of importing tables directly into MATLAB and then interpolating while using 

the function feature.  

Import of data is accomplished by using syntax designated as “fopen” , “fclose” and “fscan” 

“fopen” will open up the .txt file into MATLAB. “fscan” will scan the text file and create a 

matrix corresponding to the created layout of the file. “fclose” will then after completed 

scanning close the text file as by this point the matrix has been created and the data 
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contained in the text file is successfully imported. The next figure (18) illustrate how the 

syntax is written to import data. flueg1 is the name is the matrix to be created, flue1 is the 

name of the text file that is to be read and scanned. Then the file is closed down. 

The ‘%f%f%f code is telling the program how many values exist in one line of the text file. 

 

Figure 18 Syntax for data import 

For the linear interpolation the feature “interp1” is used which is a 1-dimensional (table 

lookup) method. Other options of interpolation exist as well and is defined within MATLAB, 

by default it will use the linear option. (The Mathworks, Inc, 2016e) 

 

Figure 19 Example of the layout for a 1D-table 

Before being imported into MATLAB the table is re-formed to have the layout shown in figure 

20. 

 

Figure 20 Layout of the table used to import the values 

Both options are viable to use but will require different syntax so that the table will be read 

into MATLAB correctly, meaning that zero °C will correspond to the value of 1,295 ��/�� 

Which is accomplished by writing temperature = Name of text file (designate which row 

(using numbers), designate which values to be read which is the entire row, 1:end that stands 

for beginning at the first value and going till the end value, when there is no more to be read) 

    temperature = flue1(1,1:end); 
    density = flue1(2,1:end); 

 

Density fluegas

T(deg C)

0 1,295

100 0,95

200 0,748

300 0,617

400 0,525

500 0,457

600 0,405

700 0,363

800 0,33

900 0,301

1000 0,275

1100 0,257

1200 0,24

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

1,295 0,95 0,748 0,617 0,525 0,457 0,405 0,363 0,33 0,301 0,275 0,257 0,24
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As an example if the density of a substance is to be linearly interpolated while being 

dependent on temperature, the syntax for achieving this would be 

������� ����� ���������� =

������1(����� �����������,����� �������,����������� ����������� ���� ��� �������������) 

4.5 ANSYS Fluent 

ANSYS Fluent was used to create a 2D-axisymmetric model of the system by following the 

figure 4 sketch with minor modifications to suit the program. 

ANSYS Fluent is a computational fluid dynamics (CFD) simulation program that has the 

possibility to simulate flows (heat transfer, mass flow etc.). 

Same principle holds here as for the MATLAB section, the following explanation will explicitly 

handle the solution created for the study and within the frame of Fluent. The program itself is 

able to simulate a vast variety of different aspects. 

A 2D model is a model that has two axis, X and Y. Difference from 3D is the addition of axis Z. 

Axisymmetric means that the model will spin around the x-axis therefore creating a 3D space 

simulation program without the necessary geometry and mesh for such a simulation. 

A model in ANSYS Fluent is created in three obligatory steps and two additional steps that are 

optional to take. 

First step is the creation of the geometry for the model. Second step is the addition of mesh, in 

this step, boundary layers are designated for turbulence and inlets, outlets etc. is assigned. 

Third step is the setup of the model, meaning the creation of the boundary conditions, 

designate solid and fluid content, inlet conditions and more. 

A detailed explanation is presented in the appendix due to its sheer size, therefore an 

introduction for each step is given and introduced. 
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Figure 21 Ansys fluent project window 

4.5.1 2D-axisymmetric 

A 2-dimensional model is a flat model that is constructed in the XY-plane. Figure 4 is 

illustrating the different heat flows as well as how a 2-dimensional model is constructed, it is 

this figure the geometry is later constructed from. In Fluent when creating a geometry, even 

though it is cylindrical coordinates used the plane used for draw is designated as XY in Fluent. 

Axisymmetric means that the model will spin around the x-axis, making it therefore possible 

to cut the model in half. This is done by cutting the model in half in the x direction, meaning 

by observing figure 4 it can be imagined that the “bottom line” is the middle of the flue gas 

pipe. 

What this will do in ANSYS Fluent is that the solver will understand that the model is a 

complete pipe rotating around the x-axis, therefore making it as a 3d-dimensional pipe. 

It is chosen to solve the model as an axisymmetric because this will reduce the amount of 

geometry necessary to be created and that as previously stated that it goes under the 

assumption that the conditions are mirrored, i.e. symmetrical. (SAS IP, Inc, 2016b, 2016c) 
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4.5.2 Geometry 

Creating the geometry is the first step of constructing the model and is what lays the ground 

work of a model. (ANSYS Inc, 2009). The next two figures illustrates the finished geometry of 

the model with designations. 

 

Figure 22 Geometry layout with designations 

Figure 22 illustrate the finished geometry model taken of the suction pyrometer from where 

the flue gas inlet and water bend is located.  

 

Figure 23 At the water inlet/outlet location of the suction pyrometer 

By observing these two figures it is possible to draw the conclusion of similarities to figure 4. 

The main difference is the water bend observable in figure 22, this bend was created in order 

to in an easy way designate the water outlet temperature of the first water pipe being equal to 

the inlet water temperature of second outgoing water temperature, see figure 4 for clear 

designation. 

4.5.3 Mesh 

Mesh is entered by double-clicking the Mesh in the project layout (see figure 21) 

This is the second obligatory step (wmich.edu, 2017) 

This part vital for the model creation due to being the part of adding boundary layers and 

conditions for the model, such as designating inlet/outlets and what is a solid respectively a 

fluid.  
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The number of boundary layers depend on later stages and how accurate the model is to be 

near-wall, how refined or coarse the mesh is desired to be, can be in many cases be determined 

by the y-plus requirement and choice of turbulence model.  

This study will use a mesh which is refined to resolve the near-wall region, or known as the 

laminar sub-layer in turbulence terms. 

Figure 24 is refined according to y+ requirement and by the use of a bias factor (see the 

appendix for a detailed explanation of creating the mesh) 

 

Figure 24 Mesh with refined boundary layers towards the wall 

The y-plus is acceptable to be kept below 5 for sufficient results when using the SST k-omega 

turbulence model, meaning it has to be placed within the laminar sub-layer. (Frei, 2017) 

(ANSYS Inc, 2006a; CFD Online, 2011; Kumar Shukla, 2016) 
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Figure 25 Snapshot of the right side of the pyrometer model's Mesh 

4.5.4 Y-plus(y+) 

The y-plus requirement is an important factor to take into regard when creating a mesh. Y-plus 

is a non-dimensional value developed in order to successfully explain the different flow regions 

near-wall, I.e. to distinguish them from each other. The flow regions are known are laminar 

sub-layer, buffer layer and law of the wall. This is where the y-plus is useful for creating a 

sufficiently refined mesh that will have the possibility of resolving detailed flow all the way to 

the wall. Mesh of figure 25 is refined with a y-plus less than 5 which is within the laminar sub-

layer. Buffer layers lies between 5 and 30. Above these values is the law-of-the-wall, known as 

fully developed turbulent flow.  (Mali and Dange) 

The use of y+ is to calculate the first cell height, regularly this can be done by using an iterative 

method. The definition of y+ is where � is the first cell height 

�� =
� �� �

μ
 ≫ � =

�� μ

� ��
 

By using this equation the cell height can be calculated depending on desired y+ value. 

��  Is the frictional velocity that is calculated using �� = �
��

�
.  

��  Is the wall shear stress, calculated using the skin friction coefficient ( ��) › �� =
�

�
�� �

�� 

The skin coefficient can be calculated with an empirical estimate (for internal flow) 

 as �� = 0,079 ����,��. For external flow the constant coefficients differ slightly, from 0,058 

to 0, 2 respectively.  

 U is the free stream velocity 

 � is the density 

 μ is the dynamic viscosity 

Source : (LEAP CFD Team, 2013a) 
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4.5.5 Solver setup 

Setting up the solver is the last step of creating a complete model in Fluent. 

 

Figure 26 Solver setup window 

Due to the temperature distribution is of interest which is calculated using energy, therefore 

the tab “Energy” is selected as “On” 

The second option being changed under the tab “Models” is the choice of the turbulence 

model. 

Which is the SST (Shear stress transport) k-omega (ANSYS Inc, 2006b), reason behind using 

this specific turbulence model is because of being considered optimal for internal flows and 

bends. As well a good near-wall calculation method, this viscous model solves the turbulence 

from near-wall to fully developed flow due to being a mixed method, which means that it has 

the features of standard k-epsilon and standard k-omega together with a SST formulation. 

Meaning this model can without the use of a wall function solve the viscous sub-layer (Y-plus 

< 5) also known as the laminar region up to the law-of-the-wall region, known as fully 

developed turbulent flow. (Frei, 2017) 
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The standard k-omega model has good performance for low-Reynolds number flow and has 

good prediction for transition. The standard k-epsilon model is used for fully developed 

turbulent flow simulations. Lastly the SST adds a formulation for the turbulent viscosity 

(μ�)that take into account the effects of shear stress transport to prevent over prediction of 

turbulent stress.(ANSYS Inc, 2006b; SAS IP, Inc, 2016d) 

The model is summarized as it contain a larger amount of equations which dictate how the 

model works in detail, the above explanation is to understand the reason it being considered 

the best choice for this study. As to fully understand the stated text above will require a more 

in-depth explanation that can be read in ANSYS Inc, Modeling Turbulent Flows – 

Introductory Fluent training. (ANSYS Inc, 2006b) 

4.5.6 Fluent results 

To obtain the result from simulations is done by entering the “Results” section, see figure 26. 

How to create a list of each temperature with a boundary condition and how the graphs are 

created is presented in Appendix 5. It is as well explained how surfaces/lines are created for 

the purpose of illustrating heat transfer(temperature) in the r-coordinate of the suction 

pyrometer. 

5 DESCRIPTION OF CURRENT STUDY 

5.1 Assumed input and properties 

Although some values presented here as set values for the calculations they are still considered 

assumptions. As an example the flue gas inlet temperature will vary depending on measuring 

point. Cooling water is not either a constant value as this can easily be manipulated. 

Initial calculations use ������,����� = 10°� and ����� �����,�����= 810°� 

For the calculation of the outer surface temperature (ts6) an initial guess is set at ��� = 100°� 

These two assumption lay the ground work for the entire temperature distribution calculations 

due to the use of calculation cells. Meaning these are only initial values for which will change 

as the iteration progress.  

For the thermal resistance network (with designation as 2nd) use a number of assumptions for 

initial calculations. 
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� = 0,4 This value is under subject to change due to soot and dirt that comes from a boiler bed 

from firing the fuel but is used as a constant for the purpose of calculating a surface 

temperature.  

��� = 0,7 This is a fixed assumed value of flue gases due to its complexity of calculating it with 

a dependence on temperature. It will require knowledge of a certain fuel for which will give a 

certain content of flue gas. The guess is based on the Prandtl number for air tables presented 

in the appendix of Fundamentals of Heat and Mass transfer (Incropera et al., 2005) 

External surroundings temperature of convection and radiation. These assumptions are 

required for the heat balance of the previously explained 2nd thermal resistance network. 

��,����������= 800°�  

��,���������= 810°�  

Velocities are assumed to the following 

������ = 3 � �⁄   

����� ��� = 100 200 � �⁄  Generally a high velocity of the flue gases is sought after to increase 

the heat transfer to the thermocouple which will cause the reduction of negative radiation 

effects as well. (Loyd, 2013) 

This concludes the necessary input values that will require an assumption. Values such as area 

are constant given values. Other properties such as convection coefficient, specific heat and so 

on are calculated based on the explained assumptions, see the full layout of the balances and 

required properties in the method section. 

5.1.1 Fixed constant values 

This section is close to the section of assumed values as some of the assumptions are considered 

fixed, but some values are not temperature dependent and is fixed regardless of condition. 

The length of the suction pyrometer is set at 2, 5 meters which with a � = 0,01 meter 

will give 250 calculation cells. See figure 10. � Can be changed into smaller increments for 

more calculation cells to be created and therefore increase the amount of iterations by the 

number of cells. If � = 0,001 will mean a number of 2500 cells instead of 250. 

Inner diameters are set as ��� = 0,01� this is the inner diameter of the flue gas pipe. ��� 1 =

0,0175 � The inner diameter of the first water pipe and ��� 2 = 0,0250 � which is the inner 

diameter of the second water pipe.  

It is from these values the radiuses and hydraulic diameters are calculated, as well the outer 

diameters with the explained correlation.  

For radiation calculations the Stefan-Boltzmann constant is necessary defined as  

� = 5,67 10�� 
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The partial pressures for the flue gas radiation calculations, set as input variables in the main 

MATLAB file, the fuel to obtain the pressures are based on a bio-fuel composition. (Fuel 

composition presented further down) 

 For carbon dioxide = 0,119 

 For water = 0,121 

 

For the pressure loss calculation, the singe loss coefficient is assumed from assuming the shape 

of the bend to be 180° which is equal to using 2 90°(������ ���� �����) 

� = 2 0,4 = 0,8 

Source : (ESHA, 2004; Wester, 2012) 

5.1.2 Mesh settings 

The mesh use two different aspects as explained. 

The number of boundary layers of the water flow are set as 20 layers, same amount is used for 

the bend to obtain symmetry. For the flue gas flow this is increased to 50 layers. The number 

of layers used are obtained with trial and error method by observing how the y-plus value 

changed with different amount of layers.  

For the solid pipes the amount of layers is 6 as these do not require a larger amount, the solids 

will not affect the y-plus value of this study. 

Second mesh setting is changing to that the mesh consist on quads, mainly as the flow only 

move in the x-direction meaning a quad mesh will be sufficient to capture the flow along this 

axis. This also reduces the amount of nodes created, therefore reducing simulation time. 

5.1.3 ANSYS Fluent boundary conditions 

Much of the inlet conditions set in fluent is the same values and properties used for MATLAB 

calculations. Difference from MATLAB is that Fluent utilize Kelvin, meaning all the boundary 

temperature dependent properties are converted into Kelvin based. 

The inlet temperature of flue gas and water will use ������,�����= 10°� and ����� �����,�����=

810°� identical to inlet conditions of MATLAB 

The external impact in ANSYS Fluent is difficult to solve without creating an outer boundary, 

meaning the boiler would have to be created around the pyrometer in the model to efficiently 

simulate the radiation and convection impact, instead these stated variables are inserted as 

constant to have ANSYS being affected somewhat by this external impact. The following 

property values are inserted: 

 Emissivity of 0,4 [-] 

 Convection coefficient of 66,47 w/m,K 

 Radiation temperature of 810°� 
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 Convection temperature of 800°� 

These values originates from the MATLAB fsolve model. 

Mass flow are calculated based on the velocity of 100 m/s for flue gases and 3 m/s for water. 

These calculations are performed with the MATLAB model. 

 Water mass flow = 0,3233 kg/s  

 Flue gas flow = 0,0026 kg/s 

 

As previously stated the boundary of the inlet conditions is set as “Turbulence intensity and 

hydraulic diameter. With the respective settings 

 

Figure 27 Turbulence specification method for flue gases 

 

Figure 28 Turbulence specification method for water 

See the method sub-section for the calculation of these. Hydraulic diameter is explained early 

in the method section. Turbulence intensity for the flue gas flow is assumed to be higher than 

the calculated value of approx. 5% and is instead set to 10% to more ideally capture the outside 

conditions of the suction inlet. For water it is calculated to be 5%  

To solve flue gas within ANSYS Fluent, linear interpolation is used similar to that of MATLAB 

but instead of using a function, the table is imported as explained in the Method sub-section, 

this way ANSYS Fluent will linearly interpolate the properties based on temperature. 

The affected properties solved with linear interpolation are 

 Density 

 Specific heat 

 Thermal/Heat conductivity 

 And dynamic viscosity 
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Figure 29 flue gas settings, linear interpolation 

The created and used tables are presented in the appendix. Each of these interpolation tables 

consist of 13 points with a temperature ranging from 0 – 1200°C 

The settings of the k-omega SST viscous model is left with Fluent’s default values and settings, 

which is more explained in the discussion for the motivation behind keeping the set values as 

default.  

5.1.4 Sensitivity analysis settings 

The sensitivity analysis is conducted by changing the inlet temperatures of both water and flue 

gas, the mass flows in ANSYS are corrected accordingly to the calculated flow of the MATLAB 

model. 

The sensitivity analysis was made by adjusting the temperatures of the flue gas inlet to, the 

positions are based on temperatures that can occur inside a waste incinerator.   

 400°C , To simulate a position higher up in the boiler 

 750°C , Close to the assumed value of 810°C but at a slightly elevated position 

 860°C , Same principle here, as a temperature 810°C could easily change to 860°C depending 

on conditions inside the boiler 

 And 1100°C, to simulate a position close to the fire bed. (Loyd, 2013) 

 

Water inlet temperatures of  

 5°C and 15°C, Adjusted the temperature by 5°C higher and lower as the most likely case for 

obtaining the cooling water is simply from a tap, meaning the temperature can fluctuate 

between these two. Then to simply observe how large effects this would cause on the flue gas 

temperature cooling 
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5.1.5 Fuel content 

These is the chemical composition of the fuel for which the table is based upon. This table is 

utilized for the linear interpolation formulas 

 ������ �������  ��� 13%  

 �����  ��� 11%  

 ��������  �� 76%  

 

The next presented composition is the bio-fuel used for the flue gas radiation temperature 

calculation. The composition can be observed of the figure presented in the method section 

as well in the explanation for this calculation. The flue gas sheet is based on g/kg for which 

the sum is 1 kg of the values inserted. The mol/kg are added in the next row after which the 

sheet will automatically calculate the content of the fuel. 

 ������ � =
����

��
 ,
� ��

��
= 63,11 

 ��������  �� =
����

��
,
���

��
= 59,41 

 ��������  �� = 0(����) 

 ������  �� = 121
�

��
,
���

��
3,78 

 ���� �� � =
��

��
,
���

��
= 0,03 

With a ash content of zero 

6 RESULTS 

This section will present all the results of each simulation conducted with a sub-section 

presenting the sensitivity analysis. The main result is compared in another section for a more 

clear comparison and conclusion. A further sensitivity analysis for MATLAB was conducted by 

changing the stepping length, these results are presented in the appendix. 

Other results are displayed in the appendix for observation, such as previous simulations with 

a different mesh, failed results to obtain an image of how a failed result looks like. 
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6.1 MATLAB temperature distribution 

 

Figure 30 MATLAB Results 

Figure 30 is an outtake of the MATLAB results taken from the command window. Printed with 

the public function cprintf (M. Altman, 2012) 

As flue gas radiation is included the results are presented separately for it. 

 

Figure 31 Sum of the flue gas radiation over the length of the pyrometer 

The unit of figure 31 is Watts. Meaning it is 0,00259 kW. Comparing this with the total local 

energy of the flue gas pipe which is  

 

Figure 32 Local flue gas pipe energy 

2,38 kW. By dividing the radiation energy with the local energy it results in a 0,0001 % of the 

energy contained in the pipe. By this it can be realized that the flue gas radiation will have next 

to none effect of the flue gas temperature.  
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Figure 33 Flue gas flow temperature 

Figure 33 illustrate the temperature distribution over the entire length of the suction 

pyrometer. It descends rapidly in temperature over approx. 1, 25 meters after which the 

temperature levels out. 100 nodes is equal to 1 meter, meaning 200 nodes is 2 meters, and 250 

is 2, 5 meters. 

 

Figure 34 Water temperature 

Figure 34 illustrates the rise of the water temperature from the inlet of 10°� to the outlet 

of 24,81°�. Reason behind the layout of the graph is due to the water moving in two 

directions as the arrows indicate. Notable is the area where the water switch direction at z = 0 

(zero) of the graph. Is that the temperature of the bend is set to be equal to each other, 
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therefore overlapping on top of each other. The blue line is the inlet water pipe while red line 

illustrates the outlet water pipe. 

 

Figure 35 Flue gas flow velocity 

Figure 35 illustrate how the flue gas flow velocity decrease from the initial inlet velocity of 

100 
�

�
 to 26, 88

�

�
. The straight blue line at x = 0 comes from the fact that the FOR-loop starts 

iterations at the second node. 
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Figure 36 Water flow velocity 

Figure 36 illustrate the change of velocity of inlet and outlet water flow. The significant 

difference is the outlet flow changing from 3 m/s to 2 m/s. Which is due to the change in 

density, the inlet water pipe holds a density of approx. 999 
��

���  while the outlet water pipe 

has a decrease in density of approx. 2 
��

���  over the length of the suction pyrometer. 
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6.1.1 MATLAB Sensitivity analysis 

The sensitivity analysis is made with adjusting the inlet temperatures as the only changeable 

variable, reason behind only changing this variable is because the entire model is based on 

these values and all other properties calculated based on these. 

6.1.1.1. 400°C 

 

Figure 37 Result of a flue gas inlet temperature of 400°C 

6.1.1.2. 750°C 

 

Figure 38 Result of a flue gas inlet temperature of 750°C 
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6.1.1.3. 860°C 

 

Figure 39 Result of a flue gas inlet temperature of 860°C 

6.1.1.4. 1100°C 

 

Figure 40 Result of a flue gas inlet temperature of 1100°C 

The flue gas temperature ranging from 750 - 1100°C do not differ more than 0,4°C in total 

which indicate a good convergence and stable model. The largest difference is located of the 

400°C inlet condition that give a 20, 4°C outlet temperature.  
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6.1.1.5. 5°C Water inlet temperature, flue gas inlet = 810°C 

 

Figure 41 Result of changing the cooling water inlet temperature to 5°C 

6.1.1.6. 15°C Water inlet temperature, flue gas inlet = 810°C 

 

Figure 42 Result of changing the cooling water inlet temperature to 15°C 

Looking at the flue gas outlet temperature when adjusting the cooling water then the outlet 

flue gas temperature will correspond to approximately the change in cooling temperature 

which is a change of 10°C of the cooling water.  

6.1.2 Pressure loss results 

The pressures are calculated with two vectors, one for each pipe containing water flow. An 

analysis of how the pressures changed with different inlet velocity was conducted and the 

results are presented in the appendix under “Further MATLAB sensitivity analysis” 

The calculations are based on the inlet velocity of 3 � �⁄  

 

The unit presented is in Bars, meaning the inlet water pipe has an total Δp of 9,22 Bar. 

While the outlet has an lower value of 0,0786 Bar. Meaning the outlet has less pressure 

losses. 
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6.2 ANSYS Fluent temperature distribution 

Similar results will be displayed as for MATLAB  

 

Figure 43 ANSYS Temperature results 

 Flue gas inlet = 810°C 

 Flue gas outlet = 19,95 ~ 20°C 

 Water inlet = 10°C 

 Water outlet = 25°C 

 Outer surface = 36,4°C 
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Figure 44 ANSYS Fluent calculated properties 
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Figure 45 Mass flows 

Most notable about figure 45 is the illustration it gives of the mass balance is correct. The aim 

is to have “Net” as close to zero as possible. Meaning the mass balance is what is sent in to the 

system is equal to what is leaving the system. 

 

Figure 46 Flue gas flow temperature 

Figure 46 is created from creating a line surface. With the z-coordinates ranging of the entire 

length of the suction pyrometer and setting the r-coordinate to 0,004 meters, this will give a 

closer value of the mean flue gas temperature as is calculated in MATLAB. Considering the 

diameter of the flue gas pipe being 0, 01 meters, this will put it approx. in the middle.  
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Figure 47 Water temperature 

This figure is of the water flow temperature, notable how it enters at 2, 5 meters and exiting. 

Which is the location of the inlet and outlet for the water. It has this layout due to being over 

800 iterations that all overlap each other in figure that until reaching convergence. 

It illustrates the movement of the flow, but can be hard to dictate the actual temperature 

answer from this figure alone, will therefore reference to the listed temperatures of figure 43 

for the mean water temperature at the outlet. 



55 

 

Figure 48 Cut section graph, mid-point at x-coordinate 1, 25 meters 

This graphs is as well created with the “line” function. By setting the z-coordinate from 1, 24 

to 1, 25. R-coordinate from 0 – 0, 0014 which is the total radius of the pyrometer. 

This figure illustrate the temperature change of the pyrometer in the r-direction. 

See figure 24 for a reference of where the fluids and solids are located. See figures 22 and 23 

for a reference point on the locations specified of figure 48. 
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Figure 49 Cut section graphs at the end of the pyrometer 

Figure 49 is created with identical method as figure 48 but at the z-coordinate of 2, 5 meters 

which is at the end of the pyrometer. This can as well be observed by checking the 

temperature of the z-axis which is higher in figure 46 due still cooling the flue gases at this 

point. The designations from figure 48 applies for this figure as well.  
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Figure 50 Simulation Y-plus value 

By observing the figure it can be seen that the y-plus value is below 5, meaning the turbulence 

is within the viscous sub-layer, which is the near-wall mesh.(M. Salim and Cheah, 2009) 

(LEAP CFD Team, 2013a) 
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6.2.1 ANSYS Fluent Sensitivity analysis 

6.2.1.1. 400°C 

 

Figure 51 Result when adjusting the inlet flue gas temperature in ANSYS Fluent to 400°C 

 Flue gas outlet =  18,5267°C 

 Water outlet = 24,58°C 

6.2.1.2. 750°C 

 

Figure 52 Result when adjusting the inlet flue gas temperature in ANSYS Fluent to 750°C 

 Flue gas outlet = 19,7119°C 

 Water outlet = 24,96°C 
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6.2.1.3. 860°C 

 

Figure 53 Result when adjusting the inlet flue gas temperature in ANSYS Fluent to 860°C 

 Flue gas outlet = 20,06°C 

 Water outlet = 25,09°C 

6.2.1.4. 1100°C 

 

Figure 54 Result when adjusting the inlet flue gas temperature in ANSYS Fluent to 1100°C 

 Flue gas outlet = 20,25°C 

 Water outlet = 25,1857°C 

 

6.2.1.5. 5°C Water inlet temperature, flue gas inlet = 810°C 

 

Figure 55 Resulting values when adjusting the cooling water temperature in ANSYS Fluent to 5°C 

 Flue gas outlet = 15°C 
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 Water outlet = 20,16°C 

6.2.1.6. 15°C Water inlet temperature, flue gas inlet = 810°C 

 

Figure 56 Resulting values when adjusting the cooling water temperature in ANSYS Fluent 

 Flue gas outlet = 24,879°C ~ 25°C 

 Water outlet = 29,94°C 

 

Observing the flue gas outlet temperature of adjusting the inlet cooling water temperature, 

the change in outlet flue gas temperature is similar to that of MATLAB in temperature 

difference of following the inlet temperature, which is a 10°C difference. Looking at the 

cooling water inlet temperature change there is a 3°C difference between the two sensitivity 

analyses of the two platforms. 

Comparing the sensitivity balance the temperature difference of ~ 2, 4°C follows for each case 

of different inlet temperature, which is the case of the 400°C as well. Being 18°C vs 20°C. 

Overall the different cases follow each other in converging towards the same temperature 

with slight differences on the decimal point of both sensitivity analyses, making a good 

indication as previously mentioned that it is a stable models, which for this case can now be 

said for both platforms. 

 

 

7 COMPARISON OF MAIN RESULT 

The comparison will consist of the result of the main simulations, meaning the original inlet 

flue gas temperature of 810°C with an inlet temperature of the cooling water of 10°C. The 

sensitivity analysis will be discussed in the next section. This section will also act as the 

conclusion of the study, meaning the discussion and motivation that the performed 

calculations and results are accurate.  
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The various properties added in both platforms will be compared as well to illustrate the 

accuracy of both platforms. 

These include 

 Thermal conductivity for flue gas 

 Density of flue gas 

 Velocity at inlet and outlet 

 Specific heat at inlet and outlet 

Choosing to compare the inlet and outlet values since this will illustrate that the values are 

accurate towards both platforms after completing a full simulation, therefore the outlet 

values will indicate the accuracy the best. 

 

Figure 57 MATLAB Temperature results 

 

Figure 58 ANSYS Fluent temperature results 

Temperatures in corresponding Celsius degrees 

 Flue gas outlet  = 19,9°C 

 Water outlet = 25°C 
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Figure 59 Resulting properties used for linear interpolation in ANSYS Fluent 

The next presented figures will illustrate the difference of the properties between the two 

platforms. 
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Figure 60 Properties calculated in MATLAB 

Figure 60 is containing all the properties calculated in MATLAB, the figure was created by 

creating a table with MS Excel in the same order as figure 59 for an easier overview for the 

comparison. 

If comparing these it is notable that there are slight differences which can be deemed 

insignificant due to the small differences on the decimal plane. The density difference of the 

flue gases is insignificant due to both platforms has identical linear interpolation table, what 

is causing the overall change is that Fluent use a mass flow as inlet condition while MATLAB 

has velocity inlet condition and therefore instead calculates the mass flow. The density of 

water has a difference of approx. 0, 9
��

��� . 

For the specific heat of flue gas inlet there is a difference of approx. 0, 02
��

��,��  , outlet 

approx. 0, 01 
��

��,�� which was tested by implementing linear interpolation in MATLAB as 

well that caused a specific heat closer to that of Fluent, but due to no change of the flue gas 
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outlet temperature it is chosen to instead use the detailed polynomial in MATLAB and the 

motivation of the slight difference even though using two different calculation methods. 

The thermal conductivity for water in Fluent is calculated to 0, 6 � �,��  for both inlet and 

outlet which is due to using constant properties. In MATLAB this is temperature based per 

calculation cell for which the slight difference can be explained. 

The dynamic viscosity for the water outlet has a larger difference than that of Fluent, which 

again is due to Fluent using constant values for water. 

By combining all these slight differences it can be explained how the water temperature differ 

slightly but insignificantly between the two calculation platforms, which can be said for flue 

gas temperature as well. 

For the flue gases it can be several different factors causing the 2, 4°C of one can be the 

difference of Fluent using mass flow inlet vs MATLAB’s velocity inlet, that can also cause the 

slight differences as the velocity results differ with approx. 1 m/s at both inlet and outlet of 

flue gases and water.  
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8 DISCUSSION 

Starting with MATLAB was quite time consuming as it is a program not widely used, it has 

been used in our education but not more than briefly for a couple of assignments which led to 

a lack of more extensive knowledge of the program, what is meant by this is what kind of 

features MATLAB has to offer. And what it can accomplish.  

Meaning most of the features used to code the analytical model in MATLAB had to be 

researched and tested by trial and error until reaching a successful solution. Among these is 

the fsolve function, data import from text files and linear interpolation.  

Other features was known but not used to this extent as they are in this study. Which is the 

reason behind this study fell behind in the time table of presentation of the first date. Other 

factors included the importance of proper comparison with the help of a second simulation 

platform, in this case ANSYS Fluent which was entirely an unknown program to use.  

So this program required further research and testing, fortunately a doctorate was available at 

MDH for assistance with this program, explaining much and illustrating the different steps 

required to build a fully functional model from which the actual presented model in this study 

was created together with this new knowledge.  

Although some slight differences exist in the temperatures this is expected because MATLAB 

has a detailed calculation path and very few constant values used. For example the water 

properties are constant in Fluent while using temperature dependent functions in MATLAB, 

which over the entire length of the pyrometer will lead to slight differences in temperature, for 

water this difference is very small due to the density of water, in the study has small changes 

with a temperature that fluctuates approx. 15°C in total (the sensitivity analysis).  

Similar action could have been taken for the water with linear interpolation as for the flue gas 

but the polynomial formula used for water in MATLAB has no table from which it was based 

on available, which means creating two different formulas that would most likely result in a 

similar outcome of the water temperature profile. Due to the slight differences in the 

temperatures the density and therefore the velocity will also be slightly different. 

Another factor that could impact simulations is the turbulence intensity (used in ANSYS 

Fluent), for water this is calculated and the value is close to the default value of Fluent (5%), 

for flue gas this value is instead increased from the calculated value (also 5%) in order to more 

mimic the outside condition of the suction inlet as this area will most likely be somewhat more 

turbulent than inside the pipe. Increasing this value also smoothens out the temperature curve 

of the flue gas which can be observed in the result section from Fluent, could be another point 

that can improved upon by a more iterative approach as this value is complex to calculate 

without proper outside condition and as these conditions will differ depending on situation 

and boiler, therefore using the assumed value of 10 % seemed fitting as it produces a good 

curve. Turbulence intensity is a percentage scale that is characterizing the turbulence, which 

can be used to explain low and high turbulence. (TSI Incorporated, 2012) 
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In the sensitivity analysis it is more focused on changing the flue gas temperature rather than 

big adjustments to the cooling temperature, this to more simulate different measuring 

positions of the boiler and to see how the pyrometer can handle the cooling when positioning 

it closer respectively further away from the boiler bed as this is the entire idea of utilizing a 

pyrometer (measuring in different positions). Which is to develop a picture of the combustion 

phenomena inside the boiler, if it is a good combustion or bad that can be noticed by analyzing 

the flue gases as previously mentioned about carbon monoxide, which is an indicator of in-

complete combustion.  

Further testing could be done with the sensitivity analysis by adding several more flue gas inlet 

temperatures, four different positions is enough to see how the model will react and by seeing 

the outlet flue gas temperature, it can be seen that the models (MATLAB and Fluent) handle 

the temperature very good as it converge towards similar temperatures of each simulation with 

slight margin of error. 

The two cases of changing the cooling water felt realistic as it is most likely that common tap 

water is used for circulating the water and that this can change depending on the environment 

and distance with about 10°C (imagining that a boiler “room” usually has a higher temperature 

that over longer distance could heat up the pipe supplying the cooling water). 

In further testing of the MATLAB model where the inlet velocity was changed to see how that 

would affect the temperature as well, in regard to the flue gas outlet when having an inlet water 

velocity of 1, 5 m/s the outlet flue gas temperature increased with approx. 2°C. The results from 

this is presented in the appendix. Meaning that the pyrometer will be sufficiently cooled even 

though reducing the amount of flow in half, this will increase the temperatures some but will 

reduce the pressure losses the system experience. 

The pressure loss calculations are simplified in that way of assuming the disposable loss of a 

180° bend (the water bend, where the water turn and entering the outgoing water flow). The 

friction is calculated from assuming it is a smooth pipe, could be seen as a brand new pipe. 

Which will over time due to corrosion/erosion cause the friction to increase in value and 

therefore increase the pressure losses.  

Considering the equations used in the entire MATLAB model utilize Nusselt’s number (for 

calculation of the convection coefficients) that has stated error variation of ±20-25% that can 

have effects on the end result of all temperature calculations. Both types of Nusselt’s used has 

the same margin of error stated (free convection over a cylinder and internal forced 

convection)(Incropera et al., 2005). Meaning that this error can also effect the thermal 

resistance network that use the convection coefficient in them which in turn results in this 

error possibly moving on to the final temperature distribution result due to the change of the 

overall energy balance. 

Regarding the flue gas radiation, temperature calculations were conducted more as a check to 

see how large on an effect it would have on the overall temperature profile, which turned out 

to be very low to almost non-existent (approx. 0,001 % of the total local energy of the flue gas 

pipe). One cause of this is the high suction velocity which will make convection the main heat 

transfer phenomena.(Loyd, 2013) This statement is done with partial pressures based on a bio-
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fuel, the flue gas data used for the other properties has a different composition which can cause 

that the flue gas radiation can be either higher or lower, but the conclusion of flue gas radiation 

having a small impact still stand. 

The first MATLAB model used several FOR loops to solve the temperature iterations but was 

later changed to only one FOR loop after conducting a few tests and realizing that the use of 

several was not necessary, therefore simplifying the code further by only using one index (see 

the method section for an explanation of this). It was possible to do as all the previous FOR 

loops had identical lengths (or number of nodes).  

Other simplifications is the uses of the function files explained in the method section, these 

allow to further shorten and simplify the main file and reduce the amount of code necessary to 

put there. By not using a function file which is used for all temperature based variables and 

node based vectors effectively would substantially increase the amount of code necessary to 

use in the main file. This could also affect the running time of the code which is approx. 45-50 

seconds in its finished state. The running time of the code increased substantially with 

increasing the number of steps to be taken in MATLAB. The results from these presented in 

the appendix show that the MATLAB model is independent of the step size from trying 2500 

steps and 25000 steps in which the temperature changes not more than approx. 0, 3°C 

The specific heat for flue gases in MATLAB and ANSYS. MATLAB has an advanced developed 

polynomial vs ANSYS linear interpolation with a table consisting of 13 points. It was tested 

with a linear interpolation in MATLAB based on the same table as for ANSYS which resulted 

in the flue gas temperature still converging towards 22, 4°C which is identical to that of using 

the polynomial, the biggest difference is located at the inlet, outlet has a significant smaller 

difference. 

Although these properties differences between the platforms the values match with smaller 

margin of errors, see section 7 containing the comparison. The comparison of the properties is 

mainly based on the values using linear interpolation in Fluent to get a clear image of how they 

differ over the length of the pyrometer. 

The outer surface impact was solved with an energy balance in combination with thermal 

resistance network to avoid the use of radiation thermal resistance correlations and view 

factors. The radiation and convection temperatures were chosen to be slightly different from 

each other to maintain a temperature difference of the balance, as well as that in practical 

applications these temperatures can be expected to be slightly different. Considering a free flow 

temperature vs. heat radiating of the boiler bed directly onto the suction pyrometer. Fluent use 

constant values for the external impact, i.e. they remain constant over the entire length. Which 

is most likely the cause behind the 10°C difference is results between the two platforms. 

Moving on to ANSYS Fluent which meant testing a new form of simulation with instead of 

coding a solution to drawing a solution (geometry and meshing) and from there choose a 

proper turbulence model, number of layers to use and so on, the option of the turbulence model 

was the hardest part to actually make sure is the correct one.  
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Mainly because several turbulence models can be used for this study and it mostly depends on 

how the mesh is constructed. This meant going on what was recommended to use for internal 

pipe flow, having a water bend etc. And came across information stating which model was 

optimal for precisely this of internal flow, which turned out to be the k-omega SST and its 

efficiency of resolving the near-wall turbulence. The turbulence model is used with default 

settings as the obtained results from it were sufficient.  

Most notable options that can be changed is the Energy Prandtl Number, or known as 

turbulent Prandtl number which is the ratio of momentum eddy diffusivity and heat transfer 

eddy diffusivity, which compared to the normal Prandtl number which is the ratio of 

momentum diffusivity and heat transfer diffusivity. Meaning the turbulent Prandtl number is 

basically the Prandlt number of turbulent flow, when experimenting with this variable as stated 

in the description of the study the temperature changed substantially (about 2°C varying it 

from 0, 85 to 0, 9-0, 95), making the belief that a setting or settings could be wrong in the k-

omega SST turbulence model settings making this larger temperature difference as the 

temperature of the water is accurate to that of MATLAB.  

Initial research of the turbulent Prandtl number indicate the severity of implementing this 

variable as it changes throughout the turbulence layers (laminar sub-layer to law-of-the-wall 

region (fully developed turbulent flow) Which is the main reason behind keeping the values at 

default. 

Other options that required attention outside of the turbulence model is the boundary 

conditions and the y-plus value mainly. As the other options of something that has to be done, 

like assigning to proper solid/fluid to the created body of the model which is already explained 

in the method section. 

The y-plus value which is the non-dimensional distance value from the wall, used to dictate 

how the mesh needs to look and be refined, usual guidelines is in which turbulence model is 

used and the desired turbulence layers to be resolved.(Mali and Dange) which for the k-omega 

SST model is required or recommended to be below 5 which is within the laminar sub-layer 

(LEAP CFD Team, 2013b, p. 3) 

Tested the k-epsilon with enhanced wall treatment as well but this model had issues converging 

to an answer even though increasing the iterations up to 10000. Exactly why this model had 

difficulty with this study’s model specifically, to converge is unknown because could not find a 

sufficient answer to exactly why this would be.  

Also experimented with the k-epsilon with “Scalable wall function” which is a method that 

automatically adjusts the mesh to a y+ of approx. 11, 25 meaning this method does not resolve 

the near wall mesh but determined this method to be less accurate and chose not to use it nor 

present any results from it since it would be irrelevant to do. (LEAP CFD Team, 2012, p. 2) 

The k-omega SST was slower at converging and varied between 800 and 810 iterations to reach 

a final result from running all of the simulations (main and sensitivity analysis) which also 

made me believe as another factor that the Fluent solution is accurate as the converging is close 

to each other of each individual simulation. Reading research papers of this method it is stated 
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that it is sensitive to inlet boundary conditions (ANSYS Inc, 2006b) and is usually then 

recommended to use another turbulence model with easier convergence to get better initial 

start values but this is something I never had to do. It is recommended for internal flows and 

bends (swirling flow) which is the main reason behind choosing this specific method and that 

it does resolve the near wall mesh efficiently. (Frei, 2017) 

Initial simulations included some trial and error regarding the mesh. This was visible due to 

having a y-plus value of the flue gases higher than 5, roughly 1, 1 meters into the length of the 

pyrometer (see the presented figure of appendix 4). The first simulations was done with 30 

boundary layers of the flue gas pipe which was later increased to 50 which yielded better 

results and a better y-plus value which was lowered to below roughly 3 of the entire length of 

the pyrometer. This is something that could be improved upon even further but due to the 

simulation time increase exponentially with increasing layers, it was deemed sufficiently 

accurate with 50 layers.  

If having a full version of ANSYS Fluent the boundary layers and refinement of the mesh 

could be substantially increased for better results, but as stated this will also substantially 

increase simulation times, this study use the Academic version which is available for all 

students. It was tested with 40 layers as well which yielded similar results but it was chosen 

to go with 50 due to having a better y-plus value (it being lower).  

Results from the 30, and 40 boundary layers will be presented in the appendix, as well how 

the temperature changed with increasing the turbulent Prandtl number.  

In the sensitivity analysis of adjusting the cooling water temperature, MATLAB has a 3°C 

higher flue gas outlet temperature which is most likely due to the detailed fsolve function of 

MATLAB having a better calculation path while in Fluent this is set as a wall boundary 

condition which will heat the outgoing water more in MATLAB than it will affect the water 

temperature of the Fluent model. 

MATLAB has a flue gas outlet temperature of 22, 4°C compared to Fluent’s flue gas outlet 

temperature of approx. 20°C. After comparison of the temperatures and units it is hard to 

specifically locate what is causing this temperature difference between the platforms. Which 

can the cause of several issues discussed in the comparison section 

These issues can be among the mentioned mesh but is probably less likely due to the simplicity 

of the model’s construction. A boundary condition possibly as there are several options that 

can be adjusted but has been difficult to find sufficient information for to actually make a valid 

adjustment for, if necessary. Flue gases had to be manually created in Fluent, which will mean 

data for a specific fuel with specific content, meaning that the temperature results can change 

depending on fuel which should follow in MATLAB as it build on the same table of data that 

can be changed.  

Due to the study being straight forward of what is to be calculated and concluded, the 

introduction is being kept shorter as this information is more irrelevant than relevant 

information for the task being handled. Finding official scientific articles which handle the 

cooling of a suction pyrometer proved to be more difficult than desired which is the reason 
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behind the lack of information contained in this study about the topic and is instead focused 

on the general principle of suction pyrometers and that the popular field of study of the 

temperature accuracy of measuring the true gas temperature. 

The dimensions and materials of the study is assumed and based on initial data supplied by 

Jan Skvaril, but details such as pipe thickness, the actual material the tool is manufactured of 

are assumed values. Which means in the end the final and true result for the pyrometer will 

most likely be different from those presented of this study. 

Choosing a stainless steel comes from researching some manufactured pyrometers in the 

market which state “stainless steel” but not which one. (Clagget et al., 2003; METLAB AB, 

2015; Paul Gothe GmbH, 2017) So it was decided to go with AISI 304 after observing the heat 

conductivity available in the appendix of “Fundamentals of Heat and Mass Transfer” 

(Incropera et al., 2005) for stainless steels did not differ much and as this was an available 

reliable source for the data of the material which could easily worked with to construct the 

interpolation formula. Which compared with the Fluent heat conductivity match good.  

9 CONCLUSION 

From the simulations of the both models (MATLAB and Fluent) that gives a good insight into 

the cooling process of a suction pyrometer and how to calculate this, by using analytical 

methods and CFD modeling. Further improvements can be made in the Fluent model by 

constructing a larger model which include the boiler, in which the pyrometer is conducting 

measurements within but in this study the external impact is instead solved with constant 

values (Fluent) and by energy balance(MATLAB).  

After having conducted several sensitivity analyses of the MATLAB model by changing inlet 

temperatures and stepping size for which the model still converge towards the same 

temperature. Therefore it can be said to be a stable model and code, and that it can handle 

temperatures of the user’s choice. The inlet water temperature can be changed to the desired 

or available cooling water of that location.  

The CFD model is considered stable after performing a sensitivity analysis in Fluent as well. 

The mesh was determined to be good and refined sufficiently after testing 40 layers vs 50 

boundary layers for which the program converge towards similar results. The major change 

between the two tests is the y+ value that had the requirement of being below 5 which the 

value is in both cases. 

Considering all the small differences that are spread between the two programs, although 

these differences are insignificant when observing temperature and properties. 

MATLAB Outlet flue gas temperature of 22, 4°C 

Fluent Outlet flue gas temperature of 20°C 
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MATLAB Outlet water temperature of 24, 81°C 

Fluent Outlet water temperature of 25°C 

With the inlet temperature of 810°C, the change of the outlet temperature can be deemed 

small and that the result and comparison between the platforms can be considered accurate. 

The evaluation of the cooling process of a suction pyrometer has been conducted to gain a 

theoretical insight in how the tool can perform when being physically tested in an actual 

boiler. Due to the theoretical nature of this study the results from doing measurements in 

practice will have different temperature distribution. What these results will give the 

manufacturer and designer of the tool is the answer that the tool will be able to withstand the 

high temperatures and sufficiently cooling the flue gases.  

Concluding that the performed calculations of the cooling is accurate when considering the 

comparison of the two different platforms, analytical model vs. CFD model. And that this tool 

will be able to cool the flue gases and to keep the tool from getting damaged inside a boiler 

during measurement. Even though improvements exist the MATLAB model can be easily 

changed depending on desired dimensions and inlet temperatures. What is more difficult is 

adjustments of the geometry in Fluent, while it is possible to be changed it is extremely time 

consuming as the steps have to be re-done, meaning the mesh has to be added again and if 

boundary conditions change locations these has to be redefined, basically close to creating a 

new model for the purpose of comparing the MATLAB model with new dimensions.  

10 PROPOSAL FOR CONTINUED WORK 

The only difference from applying this study on another suction pyrometer is the design, 

more specifically how the pipes are located inside as this can differ from design to design. But 

if a similar design is used the only necessary thing to change in MATLAB is the diameters and 

pipe thickness, and construction material. Continued work of this study is the 

implementation of thermal radiation resistance on the external impact, adding view factors 

which can be a very complex job to do, depending on the positions inside the boiler. Meaning 

the view factors has to be divided into several steps depending on how far from the wall the 

calculation point is which will make several different view factors that can be stepped within 

MATLAB depending on the measurement position.  

A mapping of the thermocouple for the purpose of calculating the tool’s temperature 

measurement accuracy, how well it can measure the true gas temperature. This area of study 

is interesting as it is one of the purpose of using a pyrometer, to measure the temperature in 

different positions to gain an insight in how the boiler is performing. Which with the 

presented cooling calculations will give a full answer for how the entire pyrometer will 

perform. 
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With the slight differences of the flue gas temperature which is discussed in both the 

sensitivity analysis and discussion to why this would be is a topic of improvement. It is 

unknown the extent that what exactly is the cause of this, meaning this is something that can 

be an topic of further adjustments that can be done to the existing models. One difference can 

be in Fluent to add the outside boundaries of the pyrometer, meaning to model the boiler to 

in a much better way capture the radiation of the boiler bed and walls, therefore enabling the 

option of radiation in the Fluent solver. 

Making the models transient can be interesting to see how the temperatures will change over 

time, how stable the cooling will hold over a time period. How conducting measurements 

over a longer period of time will affect the pyrometer. 

Later with known material the suction pyrometer will be manufactured from, re-calculate the 

temperatures with a different heat conductivity value in order to see how this would affect the 

thermal resistance networks. I.e. how well/bad the actual material will lead heat. The topic of 

pressure losses is touched to give the reader a general idea of how large these can be and 

calculated with data available for the disposable loss. As the design is simplified in MATLAB 

and Fluent in a way that the right-hand side of the suction pyrometer is straight, meaning 

there is no disposable loss of this end. Which can in the finished design be different as having 

bends for the inlet/outlet cooling water and/or the flue gas outlet flows.  

As well as gain better knowledge of the tensile strength, temperature operation range, 

thermal expansion coefficients, resistance to water erosion can be easier answered as these 

are design questions important to take into regard specifically since this is a water cooled 

tool. 
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11 APPENDIX 1: MATLAB CODE  

11.1 Main file code 

% Pyrometer cooling main file 
clc 
clear ALL 
%====================================================== 
%Main file with adjustable input variables for different temperature 
%distribution scenarios, in the sections below is the dimensions of the 
%pyrometer adjusted. Flows can be changed to reach a desirable cooling 
%while calculating pressure. 
%====================================================== 
%----------Pipe setup---------------------------------- 
Dwt2 = 0.025; %m Outer water tube, inner diameter 
Dwt1 = 0.0175; %m Inner water tube, inner diameter 
Di_g = 0.01; %m Inner diameter 
Di_g_cm = 0.01*100; %cm 
pipe_tk = (1.5/1000); %pipe thickness 
Do_wo = Dwt2 + (2 * pipe_tk); %Outside pipe diameter 
Do_g = Di_g + (2 * pipe_tk); %Outside water pipe diameter 
Do_wt1 = Dwt1 + (2 * pipe_tk); 
%---------Thermal resistance conduction radius--------- 
r1 = Di_g/2; 
r2 = (Di_g/2) + pipe_tk; 
r3 = Dwt1/2; 
r4 = r3 + pipe_tk; 
r5 = Dwt2/2; 
r6 = (Dwt2/2) + pipe_tk; 
%---------------Inlet temperatures--------------------- 
t_water_inlet = 10; 
t_fluegas_inlet = 810; 
%--------Hydraulic diameters for Reynolds nr----------- 
DH1 = Dwt1 - (Di_g+pipe_tk); 
DH2 = Dwt2 - (Dwt1+pipe_tk); 
%-------Pipe lengths and nodes-------------------------- 
Lst = 2.5; %m pipe length 
deltax = 0.01; %m , node stepping length 
nst = round(Lst/deltax); %Calculating number of nodes necessary for that 
specific deltax 
%------Pre allocation for result vectors--------------- 
t_g2 = zeros(nst,1); 
t_w1 = zeros(nst,1); 
u_fluegases = zeros(nst,1); 
u_water_node = zeros(nst,1); 
u_water_node2 = zeros(nst,1); 
qUA2_ts6 = zeros(nst,1); 
q3 = zeros(nst,1); 
q2 = zeros(nst,1); 
q1 = zeros(nst,1); 
t_w2 = zeros(nst,1); 
ts6 = zeros(nst,1); 
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qrad = zeros(nst,1); 
qh = zeros(nst,1); 
qUA = zeros(nst,1); 
qUA2 = zeros(nst,1); 
qUA3 = zeros(nst,1); 
w_dP = zeros(nst,1); 
w_dP2 = zeros(nst,1); 
ts1 = zeros(nst,1); 
Cpm_t12 = zeros(nst,1); 
Cpw_tw1 = zeros(nst,1); 
Cpw_tw2 = zeros(nst,1); 
eps_gas = zeros(nst,1); 
alpha_wall = zeros(nst,1); 
q_fluegasradiation = zeros(nst,1); 
w_dP_Bar = zeros(nst,1); 
w_dP_Bar2 = zeros(nst,1); 
hg_external = zeros(nst,1); 
k_g_out = zeros(nst,1); 
flue_dens1 = zeros(nst,1); 
water_dens1 = zeros(nst,1); 
water_dens2 = zeros(nst,1); 
RED_g = zeros(nst,1); 
%----------------------------------------------------- 
%-------velocities and mass flows--------------------- 
u_water = 3; %Generally between 1-4 m/s , Water velocity 
u_fluegas = 100; %Flue gas velocity, ideally above 100 m/s 
w_density = water_density_pyro(t_water_inlet); %Water density 
m_w = w_density*u_water*(((Dwt1^2*pi)/4) - ((Do_g^2*pi)/4)); %Water mass 
flow 
g_density = fluegas_density_pyro(t_fluegas_inlet);  
%g_density = flue_spec_linear(t_fluegas_inlet);  
m_g = u_fluegas*g_density*((Di_g^2*pi)/4); %flue gas mass flow 
%----------------------------------------------------- 
%---Thermal resistance areas-------------------------- 
Ai_g = Di_g*pi*deltax; %Inner pipe area, flue gas pipe 
Ao_g = Do_g*pi*deltax; %Outer pipe area, flue gas pipe/inner water pipe  
Ao_w1 = Do_wt1*pi*deltax; %Outer area of first water pipe 
Ao_w2 = Do_wo*pi*deltax; %External area, outer pyrometer wall 
Ai_w2 = Dwt2*pi*deltax; %Inner area of second water pipe loop 
Ai_w1 = Dwt1*pi*deltax;  %Inner area of first water pipe loop 
%---------------------------------------------------- 
tic %Measures the time it takes to execute the code 
cprintf('*Comments','----- Loading initial data -----\n\n') 
cprintf('*Comments','----- Calculation start -----\n\n') 
cprintf('Keywords','  Calculating water and flue gas temperature\n') 
%----Starting guess values----------------------- 
t_g2(1) = 810; %Inlet flue gas temperature 
t_w1(1) = 20; %Outlet water temperature, of first water pipe before 
entering outlet pipe 
qUA3(1) = 1; %Start value for the third thermal resistance network 
q_fluegasradiation(1) = 1; %Start value for the flue gas radiation 
%------------------------------------------------ 
%---Flue gas radiation data---------------------- 
p_H2O = 0.121; %Partial pressure of water 
p_CO2 = 0.119; %Partial pressure of carbon dioxide 
e_w = 0.9; %Wall emissitivity for flue gas radiation 
stefan_b = 5.67 * 10^(-8); 
%----Single loss coefficient for pressure loss--- 
Lambda = 0.4 * 2; %Based on 90 degree value times two 
%------------------------------------------------ 
delta_tw = 1; 
deltaEB = 1; 
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while (abs(deltaEB) > 10 ^ (-3)) %Checks the overall energy balance 
     
  while (abs(delta_tw) > 10 ^ (-3)) %Iterates inlet temperature with three 
decimal points 
     
  for n = 2:nst 
       
        %----Flue gas properties----------------------- 
        T_g = t_g2(n-1); %Previous node temperature for the calculation of 
properties 
        v_fluegas  = v_flue_gas(T_g); %Kinematic viscosity 
        flue_dens1(n) = fluegas_density_pyro(T_g); 
        u_fluegases(n) = m_g/(((Di_g^2*pi)/4)*flue_dens1(n)); %Flue gas 
velocity per node 
        RED_g(n) = (Di_g*u_fluegases(n))/v_fluegas; %Reynolds number 
        my_fluegases1(n) = my_fluegases_pyro(T_g); %Dynamic viscosity 
        Cpm_t12(n) = Cpm_pyro(t_g2(n-1),t_g2(n)); %Local specific heat 
        %Cpm_t12(n) = flue_spec_linear(T_g); 
        [h1, k_g_out(n)] = 
h_x_pyro(Di_g,RED_g(n),my_fluegases1(n),Cpm_t12(n)); %Convection 
coefficient, Ekvation 8.60 
        kg_mean = sum(k_g_out)/250; 
        %---------------------------------------------- 
        %-----Water properties------------------------- 
        T_mw = t_w1(n-1); %Previous node temperature for the calculation of 
properties 
        Cpw_tw1(n) = Cpm_pyro_water(T_mw+273.15); %Specific heat water 
        my_water = my_water_pyro(T_mw+273.15); %Dynamic viscosity 
        k_w1 = k_water_pyro(T_mw+273.15); %Water conductivity 
        v_water1 = v_water(T_mw); %Kinematic viscosity 
        k_steel = k_material_pyro(T_mw+273.15); %Steel conductivity, 
approximate interpolation due to temperature range of 300 - 1500 K 
        water_dens1(n) = water_density_pyro(T_mw); 
        u_water_node(n) = m_w/((((Dwt1^2*pi)/4) - 
((Do_g^2*pi)/4))*water_dens1(n)); %Water velocity per node 
        RED_w1 = (u_water_node(n)*DH1)/v_water1; %Reynold number 
        h_w1 = hw_pyro(DH1,my_water,k_w1,Cpw_tw1(n),RED_w1); %Convection 
coefficient 
        %---------------------------------------------- 
        %------------Thermal resistances--------------- 
        Rtot_1 = (1/(h1*Ai_g)) + ((log(r2/r1))/(2*pi*k_steel*deltax)) + 
(1/(h_w1*Ao_g)); %Thermal resistance between fluegas pipe wall and water 
        UA = 1/Rtot_1; %Overall heat transfer coefficient times Area, first 
network 
        qUA(n) = UA*(t_g2(n-1) - t_w1(n-1)); %Tf1 - Tf2 == Mellan rökgasrör 
och första vattenrör 
        qUA_sum = sum(qUA); 
        %----Third thermal resistance network---------- 
        Rtot_3_w1 = (1/(h_w1*Ai_w1)); 
        %---------------------------------------------- 
        %------------Energy balances------------------- 
        t_w1(n) = t_w1(n-1) - ((qUA(n) + qUA3(n))/(Cpw_tw1(n)*1000*m_w)); 
%T_ut - T_in , stegar mot ingående temp 
        t_g2(n) = t_g2(n-1) - ((qUA(n)+ 
q_fluegasradiation(n))/(Cpm_t12(n)*1000*m_g)); %T_in - T_ut , stegar mot 
utgående temp, kommer ha addition av strålning 
        t_w1_in = t_w1(nst); %Inlet temperature cooling water 
          
        %---------------------------------------------- 
        %------------Water pipe energy----------------- 
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        q2(n) = m_w * (Cpw_tw1(n)*1000) * (t_w1(n-1) - t_w1(n)); 
        q2_sum = sum(q2); 
        %---------------------------------------------- 
        %--------Flue gas pipe energy------------------ 
        q1(n) = m_g * (Cpm_t12(n)*1000) * (t_g2(n-1) - t_g2(n)); 
        q1_sum = sum(q1); 
        t_g_ut = t_g2(nst); %Outlet temperature flue gas 
        %----Flue gas pipe surface temperature--------- 
        ts1(n) = t_g2(n) - (qUA(n)/(h1*Ai_g)); %Flue gas wall temperature 
        %---------------------------------------------- 
        %--------Pressure drop, straight smooth pipe--- 
        %Will be a summary of all pipes eventually 
        w_friction = (0.790 * log(RED_w1) - 1.64)^(-2); 
        w_dP(n) = w_friction * 
(water_density_pyro(T_mw)*u_water_node(n)^2)/(2*DH1) * deltax + (Lambda * 
(water_density_pyro(T_mw)*u_water_node(n)^2)/2); %Pascal 
        w_dP_Bar(n) = w_dP(n)/(10^5); %Bar 
        %---------------------------------------------- 
        [eps_gas(n),alpha_wall(n)] = 
fluegas_radiation(Di_g_cm,p_H2O,p_CO2,t_g2(n),ts1(n)); 
        q_fluegasradiation(n) = ((1+e_w)/2) * stefan_b * Ai_g 
*((eps_gas(n)*t_g2(n)^4) - (alpha_wall(n) * ts1(n)^4)); 
        sum_fluegasradiation = sum(q_fluegasradiation); 
        %=======While loop adjusting for a inlet temperature of 10 deg 
C====== 
     %   cprintf('Keywords','  Calculations of correction values\n') 
        t_w1_inlet = 10; %Determined inlet cooling temperature 
        t_w1_new = (q2_sum/(m_w*Cpw_tw1(n)*1000)) + t_w1_inlet; 
%Approximate solution, works due to small changed in Cp based on 
temperature         
  
        t_w2(1) = t_w1(1); %Sets outlet temperature of first water cycle as 
inlet temperature of out flowing water 
      
  
      %  cprintf('Keywords','  Second iteration loop, Calculating outlet 
cooling water temperature\n') 
    %====SECOND WATER PIPE AND EXTERNAL EFFECTS ITERATIONS============% 
    T_mw2 = t_w2(n-1); %Previous node temperature for the calculation of 
properties 
    %----Temperature based water properties------------------- 
    Cpw_tw2(n) = Cpm_pyro_water(T_mw2+273.15); %Specific heat water 
    my_water2 = my_water_pyro(T_mw2+273.15); %Dynamic viscosity 
    k_w2 = k_water_pyro(T_mw2+273.15); %Water conductivity 
    v_water2 = v_water(T_mw2); %Kinematic viscosity water 
    k_steel2 = k_material_pyro(T_mw2+273.15); %Steel conductivity, 
approximate interpolation 
    water_dens2(n) = water_density_pyro(T_mw2); 
    u_water_node2(n) = m_w/((((Dwt2^2*pi)/4) - 
((Do_wt1^2*pi)/4))*water_dens2(n)); %Calculates velocity per node based on 
mass flow and density 
    RED_w2 = (u_water_node2(n)*DH2)/v_water2; %Reynolds number with 
hydraulic diameter 
    h_w2 = hw_pyro(DH2,my_water2,k_w2,Cpw_tw2(n),RED_w2); %Water side 
convection coefficient 
    %----------------------------------------------- 
    %---Thermal resistance network------------------ 
    Rtot_2 = (1/(h_w2*Ai_w2)) + ((log(r6/r5))/(2*pi*k_steel2*deltax)); 
%Thermal resistance network acting towards outer surface 
    UA2 = 1/Rtot_2; %From external radiation and convection, second thermal 
resistance network 
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    %----Third thermal resistance network---- 
    Rtot_3_w2 = (1/(h_w2*Ao_w1)); %Water side thermal resistance of second 
water pipe 
    %---------------------------------------- 
    %---fsolve external surface temperature--------- 
    ts6_guess = 100; %Guess of surface temperature to enable the fsolve 
function 
    [ts6(n), qh(n), qrad(n), qUA2(n), hg_external, EXT_REY, vfluekin] = 
ts6_fsolve(ts6_guess,Ao_w2,t_w2(n-1),UA2,Do_wo); %Calculates surface 
temperature, convection and radiation effects and the overall heat transfer 
effect 
    ts6_guess = ts6(n-1); %Sets previously calculated surface temperature 
as the new guess of next iteration 
    %----------------------------------------------- 
    %---Effect from second thermal resistance network------- 
    qh_sum=sum(qh); %Summary the external convection effect 
    qrad_sum=sum(qrad); %Summary of the external radiation effect 
    qUA2_control = qh_sum + qrad_sum; %Rechecks the outer energy balance is 
equal to the thermal resistance network energy 
    qUA2_sum = sum(qUA2); %Summary that is compared against qUA2_control 
    %----------------------------------------------- 
    %------Water pipe energy balance---------------- 
    t_w2(n) = ((qUA2(n) - qUA3(n))/(m_w*1000*Cpw_tw2(n))) + t_w2(n-1); 
%Energy balance of outgoing water, calculates the temperature per step 
    q3(n) = (m_w*(Cpw_tw2(n)*1000))*(t_w2(n) - t_w2(n-1)); %Second water 
pipe local energy 
    q3_sum=sum(q3); %Summary of the outgoing water energy 
    %--------------------------------------- 
    ts6_out = ts6(nst); %Outer surface temperature of pyrometer at last 
node 
    tw2_out = t_w2(nst); %Outlet water temperature 
    T_mw3 = t_w2(n-1); %Mean temperature of water between the two water 
pipes 
    k_steel3 = k_material_pyro(T_mw3+273.15); %Heat conductivity of the 
mean temperature of water 
    %---Third wall conduction resistance------ 
    Rtot_3_wall = (log(r4/r3)/(2*pi*deltax*k_steel3)); %Conduction 
resistance 
    %---------------------------------------------------- 
    %---Third thermal resistance network calculations---- 
    Rtot_3 = Rtot_3_wall + Rtot_3_w2 + Rtot_3_w1; %Total thermal resistance 
of third network 
    UA3 = 1/Rtot_3; %Overall heat transfer coefficient, between the water 
pipes 
    qUA3(n) = UA3*(t_w2(n-1) - t_w1(n-1)); %Overall heat transfer 
coefficient power 
    qUA3_sum = sum(qUA3); 
    %---------------------------------------------------- 
    %-----Pressure loss of second water pipe------------- 
    w_friction2 = (0.790 * log(RED_w2) - 1.64)^(-2); %Wall friction for 
pressure calculation 
    w_dP2(n) = w_friction2 * 
(water_density_pyro(T_mw2)*u_water_node2(n)^2)/(2*DH2) * deltax; %Pascal 
    w_dP_Bar2(n) = w_dP2(n)/(10^5); %Bar 
    w_dP_bar_sum2 = sum(w_dP_Bar2); 
    w_dP_bar_sum = sum(w_dP_Bar); 
    %----Total pressure--------------------------------- 
    deltaPressure = w_dP + w_dP2; 
    deltaPressure_Bar = w_dP_Bar + w_dP_Bar2; 
    Summary_pressure = sum(deltaPressure_Bar); %Summary of all pressure 
from both pipes in Bar 
    %----Summary of energies---------------------------- 
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    Qwater = q2_sum + q3_sum; %Control of local energy being equal to 
overall heat transfer energy 
    Qwater2 = (qUA_sum + qUA3_sum) + (qUA2_sum - qUA3_sum); %Summary of 
energy contained in the water, expressed with overall heat transfer 
coefficients 
    Qfluegas = qUA_sum + qrad_sum + qh_sum; %Summary of flue gas energy 
contained inside the flue gas pipe + external impact energy 
    %--------------------------------------------------- 
  end 
     %While loop requirement for the water inlet temperature 
     delta_tw = t_w1_new - t_w1(1); 
     t_w1(1) = t_w1_new;  
      
  end 
   
     deltaEB = Qwater2 - Qfluegas; %Checks the criteria of Qwater = 
Qfluegas, deltaEB iterate towards zero 
    
end 
  
%Result matrices 
% Result_matrix_specific_heat = [ Cpm_t12 Cpw_tw1 Cpw_tw2 ]; 
% Result_matrix_velocity = [u_fluegases u_water_node u_water_node2]; 
% Result_matrix_temperature_distribution = [t_g2 t_w1 t_w2]; 
% Result_matrix_radiation_coefficient = [alpha_wall eps_gas]; 
% Result_matrix_locaenergy = [q1 q2 q3]; 
% Result_matrix_thermalenergy = [qUA qUA2 qUA3]; 
% Result_matrix_density = [flue_dens1 water_dens1 water_dens2]; 
  
toc %Measures the time it takes to execute the code 
  
cprintf('*Comments','----- Calculations successful -----\n\n') 
cprintf('*SystemCommands','Input:\n') 
disp('Outlet water temperature and inlet flue gas temperature'); 
fprintf('%-25s%6.2f %c%s\n','Inlet water temperature:', 
t_w1_in,char(176),'C') 
fprintf('%-25s%6.f %c%s\n','Inlet flue gas 
temperature:',t_g2(1),char(176),'C') 
cprintf('*SystemCommands','Results:\n') 
fprintf('%-25s%6.4f %c%s\n','Water mass flow:',m_w,'kg/s') 
fprintf('%-25s%6.4f %c%s\n','Flue gas flow:',m_g,'kg/s') 
fprintf('%-25s%6.1f %c%s\n','Outlet flue gas temperature:', 
t_g_ut,char(176),'C') 
fprintf('%-25s%6.f %c%s\n','Water bend temperature:',t_w1(1),char(176),'C') 
fprintf('%-25s%6.2f %c%s\n','Second water pipe outlet water 
temperature:',tw2_out,char(176),'C') 
fprintf('%-25s%6.2f %c%s\n','Suction pyrometer suface 
temperature:',ts6_out,char(176),'C') 
cprintf('*Comments','----- Temperature distribution calculations complete -
----\n\n')   
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11.2 Function files 

The code for each function is listed below a subsection with an explanatory title for what the 

function does. 

11.2.1 Specific heat for flue gas 

function [ Cpm ] = Cpm_pyro( t_1,t_2) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
C0 = 1.04161; 
C1 = 0.25262; 
C2 = 0.22695; 
C3 = -0.27556; 
C4 = 0.07825; 
  
K0 = 1.0002; 
K1 = 0.04754; 
K2 = 0.47355; 
K3 = -0.47652; 
K4 = 0.14064; 
  
Cp_st = (1000/(t_2-
t_1))*(((C0*(t_2/1000))+((C1/2)*(t_2/1000).^2)+((C2/3)*(t_2/1000).^3)+((C3/
4)*(t_2/1000).^4)+((C4/5)*(t_2/1000).^5))-
((C0*(t_1/1000))+((C1/2)*(t_1/1000).^2)+((C2/3)*(t_1/1000).^3)+((C3/4)*(t_1
/1000).^4)+((C4/5)*(t_1/1000).^5))); 
Cp_air = (1000/(t_2-
t_1))*(((K0*(t_2/1000))+((K1/2)*(t_2/1000).^2)+((K2/3)*(t_2/1000).^3)+((K3/
4)*(t_2/1000).^4)+((K4/5)*(t_2/1000).^5))-
((K0*(t_1/1000))+((K1/2)*(t_1/1000).^2)+((K2/3)*(t_1/1000).^3)+((K3/4)*(t_1
/1000).^4)+((K4/5)*(t_1/1000).^5))); 
  
Cpm = Cp_air + (Cp_st-Cp_air); 
  
end 
 

11.2.2 Specific heat for water 

function [ Cp_water ] = Cpm_pyro_water(T_water) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
A = 92.053; 
B = -3.9953 * 10^(-2); 
C = -2.1103 * 10^(-4); 
D = 5.3469 * 10^(-7); 
  
Cp_water1 = A + B*T_water + C*T_water.^2 + D*T_water.^3; 
Cp_water = Cp_water1/18; %18 is the mol mass of water, dividing by 18 to 
convert the value into kj/kg, K 
  
end 
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11.2.3 Density for flue gas 

function [ fluegas_density] = fluegas_density_pyro(T_gas) 
%UNTITLED Summary of this function goes here 
%   Water density interpolation formula, calculating the density based on 
%   temperature, based on degress celcius 
  
    flueg1=fopen('./flue1.dat.txt','r'); 
    flue1 = fscanf(flueg1,'%f%f%f%f%f%f%f%f%f%f%f%f%f',[13 Inf])'; 
    fclose(flueg1); 
     
    temperature = flue1(1,1:end); 
    density = flue1(2,1:end); 
    fluegas_density = interp1(temperature,density,T_gas); 
     
end 
 

11.2.4 Density for water 

function [ water_density_pyro ] = water_density_pyro( T ) 
%UNTITLED Summary of this function goes here 
%   Water density interpolation formula, calculating the density based on 
%   temperature, based on degress celcius 
  
water_density_pyro = 1000*(1-(T+288.9414)/(508929.2*(T+68.12963))*(T-
3.9863)^2); 
  
end 
 

11.2.5 Kinematic viscosity for flue gas 

function [v_flue_gas] = v_flue_gas(Tfluegas) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
%v_flue_gas = (6*10^(-11)*Tfluegas^2) + (10^(-7)*Tfluegas) + 10^(-5); 
  
  
    kin_visc_flueg1=fopen('./kinematic_viscosity_fluegas.dat.txt','r'); 
    flue1 = fscanf(kin_visc_flueg1,'%f%f%f%f%f%f%f%f%f%f%f%f%f',[13 Inf])'; 
    fclose(kin_visc_flueg1); 
     
    temperature_kinvisc = flue1(1,1:end); 
    kin_visc = flue1(2,1:end); 
    v_flue_gas = interp1(temperature_kinvisc,kin_visc,Tfluegas); 
  
end 
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11.2.6 Kinematic viscosity for water 

function [v_water] = v_water(Twater) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here, based on degress celcius 
  
v_water = -5*10^(-17)*Twater^5 + 3*10^(-14)*Twater^4 - 7*10^(-12)*Twater^3 
+ 8*10^(-10)*Twater^2 - 5*10^(-8)*Twater + 2*10^(-6); 
  
end 
 

11.2.7 Outer surface function, fsolve 

function [ts6, qrad, qh, qUA2_test, hg_external, EXT_REY, vfluekin] = 
ts6_fsolve(ts6_guess,Ao_w2,t_w,UA2,Do_wo) 
%UNTITLED12 Summary of this function goes here 
%   Detailed explanation goes here 
     
    X0=ts6_guess; 
        
    options = optimoptions('fsolve','Display','off','TolFun',1e-6); 
     
    XVal=fsolve(@nestedfun,X0,options); 
     
    function Fres=nestedfun(XVal) 
         
    Prg = 0.7; %Approximate Prandtl number 
    u_fluegas_ext = 10; 
    stefanb = 5.67 * 10^ (-8); %Stefan-Boltzmann constant 
    e_ext = 0.4; %External suraface emissitivity 
    tsur = 800; %Convection surrounding temperature 
    tsur2 = 810; %Radiation surrounding temperature 
    T_mgexternal = (tsur+tsur2)/2; %Mean temperature of surrounding 
temperatures 
    v_flue_ext = v_flue_gas(T_mgexternal); %Flue gas viscosity 
    my_fluegases = my_fluegases_pyro(T_mgexternal); %Dynamic viscosity flue 
gases 
    RED_ext_flue = (Do_wo*u_fluegas_ext)/(v_flue_ext); %Flue gas reynolds 
number 
    NUD_ext = 0.3 + 
(((0.62*RED_ext_flue^(1/2)*Prg^(1/3))/((1+(0.4/Prg)^(2/3))^(1/4)))*((1 + 
(RED_ext_flue/282000)^(5/8))^(4/5))); %External convection coefficient, 
cylinder 
    Cpg_ext = Cpm_pyro(tsur,tsur2); %Calculates flue gas specific heat 
based on content of air 
    k_g_ext = (my_fluegases*(Cpg_ext*1000))/Prg; %Flue gas conductivity 
    hg_ext = (NUD_ext*k_g_ext)/Do_wo; %Convection coefficient 
     
    qh_ext = hg_ext*Ao_w2*(tsur - XVal);  
    qrad_ext = e_ext*stefanb*Ao_w2*((tsur2+273.15)^4 - (XVal+273.15)^4);  
    qUA2 = UA2*(XVal - t_w); 
   
    Fres = qrad_ext + qh_ext - qUA2; 
  
    end 
  
    ts6 = XVal; 
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    qrad = qrad_ext; 
    qh = qh_ext; 
    qUA2_test = qUA2; 
    hg_external = hg_ext; 
    EXT_REY = RED_ext_flue; 
    vfluekin = v_flue_ext; 
     
end 
 

11.2.8 Dynamic viscosity for flue gas 

function [ my_fluegases_pyro ] = my_fluegases_pyro(T) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
    %my_fluegases_pyro = 5*10^(-15) * T^3 - 2*10^(-11) * T^2 + (2*10^(-5)); 
  
  
  
    dyn_visc_flueg1=fopen('./dynamic_viscosity_fluegas.dat.txt','r'); 
    flue1 = fscanf(dyn_visc_flueg1,'%f%f%f%f%f%f%f%f%f%f%f%f%f',[13 Inf])'; 
    fclose(dyn_visc_flueg1); 
     
    temperature_dynvisc = flue1(1,1:end); 
    dyn_visc = flue1(2,1:end); 
    my_fluegases_pyro = interp1(temperature_dynvisc,dyn_visc,T); 
  
end 
 
 

11.2.9 Dynamic viscosity for water 

function [ my_water_pyro ] = my_water_pyro(T_water) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here, Based on Kelvin 
  
  
my_water_pyro = (9.67 * 10^(-2)) - (8.207 * 10^(-4) * T_water) + (2.344 * 
10^(-6) * T_water^2) - (2.244 * 10^(-9) * T_water^3); 
  
  
  
end 
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11.2.10 Heat conductivity for water 

function [ k_water_pyro ] = k_water_pyro(T_water) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here, Based on Kelvin 
  
k_water_pyro = -0.5752 + 6.397 * 10.^(-3) * T_water - 8.151 * 10.^(-6) * 
T_water.^2; 
  
end 
 

11.2.11 Heat conductivity for steel 

function [k_material_pyro] = k_material_pyro(Tsteel) 
%UNTITLED2 Summary of this function goes here 
%   Heat conductivity of steel 
  
k_material_pyro = (-2*10^(-6))*Tsteel^2 + 0.0176 * Tsteel + 9.8662; 
  
end 
 

11.2.12 Convection coefficient for flue gas 

function [hg ,k_g_out] = h_x_pyro(D,RED,my_fluegases,Cpg) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
Pr = 0.7; %Assumed value 
k_g = (my_fluegases*(Cpg*1000))/Pr; 
NUD = 0.023*(RED^(4/5))*Pr^(1/4); 
hg = (NUD*k_g)/D; 
  
k_g_out = k_g; 
  
end 
 

11.2.13 Convection coefficient for water 

function [ hw ] = hw_pyro(D,my_water,k_w,Cpw,RED) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here 
  
Pr = (my_water * (Cpw * 1000))/k_w; 
NUD = 0.023*(RED^(4/5))*Pr^(1/3); 
hw = (NUD*k_w)/D; 
  
end 
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11.2.14 Flue gas radiation 

function [ eps_gas, alpha_wall ] = fluegas_radiation(diameter_cm,p_H2O, 
p_CO2, T_gas, T_wall ) 
  
    L=3.4*(pi()*diameter_cm^2/4)/(pi()*diameter_cm); 
     
    %Open and scans data files 
    fid1=fopen('./g1.dat.txt','r'); 
    fid2=fopen('./g2.dat.txt','r'); 
    fid3=fopen('./g3.dat.txt','r'); 
    fid4=fopen('./g4.dat.txt','r'); 
    fid5=fopen('./g5.dat.txt','r'); 
    fid6=fopen('./g6.dat.txt','r'); 
     
    g1=fscanf(fid1,'%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f',[19 Inf])'; 
    g2=fscanf(fid2,'%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f',[22 
Inf])'; 
    g3=fscanf(fid3,'%f%f%f%f%f%f%f%f%f',[9 Inf])'; 
    g4=fscanf(fid4,'%f%f%f%f%f%f%f%f%f%f',[10 Inf])'; 
    g5=fscanf(fid5,'%f%f%f%f%f%f%f%f%f%f%f',[11 Inf])'; 
    g6=fscanf(fid6,'%f%f%f%f%f%f%f%f%f%f%f%f',[12 Inf])'; 
     
    fclose(fid1); 
    fclose(fid2); 
    fclose(fid3); 
    fclose(fid4); 
    fclose(fid5); 
    fclose(fid6); 
  
%     global g1; 
%     global g2; 
%     global g3; 
%     global g4; 
%     global g5; 
%     global g6; 
     
    
eg_co2=interp1(g1(1,2:end),interp1(g1(2:end,1),g1(2:end,2:end),T_gas),p_CO2
*L); 
    
f_h2o=interp1(g3(1,2:end),interp1(g3(2:end,1),g3(2:end,2:end),p_H2O),p_H2O*
L); 
    
eg_h2o=f_h2o*interp1(g2(1,2:end),interp1(g2(2:end,1),g2(2:end,2:end),T_gas)
,p_H2O*L); 
     
    
alph_co2=interp1(g1(1,2:end),interp1(g1(2:end,1),g1(2:end,2:end),T_wall),p_
CO2*L*(T_wall+273.15)/(T_gas+273.15))*((T_gas+273.15)/(T_wall+273.15))^0.65
; 
    
f_alph_h2o=interp1(g3(1,2:end),interp1(g3(2:end,1),g3(2:end,2:end),p_H2O),p
_H2O*L*(T_wall+273.15)/(T_gas+273.15)); 
    
alph_h2o=f_alph_h2o*interp1(g2(1,2:end),interp1(g2(2:end,1),g2(2:end,2:end)
,T_wall),p_H2O*L*(T_wall+273.15)/(T_gas+273.15))*((T_gas+273.15)/(T_wall+27
3.15))^0.45; 
     
    r=p_H2O/(p_H2O+p_CO2); 
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delta_alph=interp1(g4(1,2:end),interp1(g4(2:end,1),g4(2:end,2:end),r),L*(p_
H2O+p_CO2)); 
     
    if T_gas>730 
        
delta_eps=interp1(g6(1,2:end),interp1(g6(2:end,1),g6(2:end,2:end),r),L*(p_H
2O+p_CO2)); 
    else  
        
delta_eps=interp1(g5(1,2:end),interp1(g5(2:end,1),g5(2:end,2:end),r),L*(p_H
2O+p_CO2)); 
    end     
     
    eps_gas=eg_co2+eg_h2o-delta_eps; 
    alpha_wall=alph_co2+alph_h2o-delta_alph; 
     
  
end 
 

Source : (Hermansson, 2015) 
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12 APPENDIX 2: FLUE GAS EXCEL SHEET  

The sheet is obtained from a previous course which handled combustion technique and 

technology. By inserting the different parts of which the fuel contain, the different 

components can be calculated. Like the partial pressures and amount of green house gases. 

 

 

 

 



16 

13 APPENDIX 3: ANSYS FLUENT GRAPHS 

13.1 Flue gas and water velocity profiles 

 

Figure 61 Water outlet velocity profile 

 

Figure 62 Flue gas outlet velocity profile 
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The velocity graphs are created as a reference that the velocity is accurately calculated which 

can be observed on the form of them. The flue gas velocity is illustrating half the profile due 

to being axisymmetric, meaning it will have an identical layout in the other direction, and 

therefore creating a full velocity profile. 

14 APPENDIX 4: PREVIOUS FAILED SIMULATIONS 

In this appendix results with faulty answers are presented to illustrate how it can be seen that 

they are faulty. Much has been explained and discussed regarding the y-plus value. This next 

graph illustrate the y-plus value larger than 5 with its corresponding temperature results. 

 

Figure 63 y-plus value above 5 of the flue gas pipe 

Figure 63 was run with 30 boundary layers of the flue gas pipe.  
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Figure 64 y-plus value below 5 of the flue gas pipe 

This figure illustrates the y-plus value with 40 boundary layers which is within the acceptable 

limit of less than 5, comparing figures 64 and 65 it can be noticed how refinement of the 

mesh can improve the y-plus value. 

 

Figure 65 Corresponding results to the increased y-plus value 

By looking at these figures it can be clearly seen how it affects the outlet temperature of the 

flue gases.  
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Next graphs are illustrations of increasing the turbulent Prandtl number. 

 

Figure 66 Temperature result with increased turbulent Prandtl number 

Looking at this outlet temperature which do not differ more than 1 Kelvin apart from the 

main results presented in this study. Meaning the turbulent Prandtl number is a hard 

variable to get correctly as previously explained. Also an indicator of how heat transfer results 

can be tampered with. The turbulent Prandtl number of figure 104 and 105 is set to 0, 95. 

 

Figure 67 Temperature result with faulty heat conductivity 

This figure illustrate the results from a simulation that had a faulty heat conductivity value 

for flue gases. 
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15 APPENDIX 5: ANSYS FLUENT MODEL CONSTRUCTION 

DETAILS 

15.1 Geometry 

First thing when entering the geometry section is to differentiate between of the modeling and 

sketching tabs. The “sketching tab” is where the different drawing options are found, see the 

next figure. 

 

Figure 68 Sketching and modeling tab 

Of the sketching tab is where the dimensions of the model are set.

 

Figure 69 Dimensions in the geometry step 

In order to be able to select the correct surface or edge, done by using four different buttons. 

This is useful in both creating the geometry and adding of the mesh. 
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Figure 70 Selection of edges/surfaces/edges 

Because this is a 2 dimensional model when selecting an entire surface, both the “Face” and 

“Body” will work and do the same marking. Having a 3D model this principle would not work 

as then “Face” will only mark the surface of for example a pipe, I.e. the circumference. When 

“Body” will mark the entire pipe. 

To create a 2D-model it is important to select the XY-plane. (CADFEM UK and Ireland Ltd., 

2016) 

 

Figure 71 XY-plane 

To get the drawing board in the XY-plane click on the z-axis once so that it has the look as 

figure 75 illustrate, before moving on observe that the axis are located as the figure illustrates. 

Next step is to create a sketch, done in the “Modeling” tab. This study consist of five different 

sketches. A sketch is created by clicking the circled button of figure 76 

After a sketch is created it will have a random name such as “sketch1, sketch2” and so on, to 

change the name, right click on the created sketch and choose change name. Before starting to 

draw the geometry of the specific sketch it is important to first mark it, then go into the 

“Sketching” tab. For example if selecting “Sketch15” (wmich.edu, 2017) 



22 

 

Figure 72 Sketch creation 

Now observe figure 77, by the arrow indication is the name of the selected sketch. In this case 

“Sketch15” 

 

Figure 73 Drawing a geometry 

Of this example a rectangle is created, which is done by selecting “rectangle” (see figure 73) 

and then click in middle (see the orange circle). After, drag the cursor out as the figure 

illustrates. 



23 

Dimensions are specified with the use of the “Dimension” tab, see figure 74 for the tool box. In 

figure 73 select “Horizontal” and click on the horizontal line, then simply drag the cursor up 

until a line appears. Same principle applies for the vertical line.  

The dimensions are specified at the marked rectangle of figure 74, the unit is in meters. 

From this point forward inside DesignModeler, the tab “Modeling” is activated. If no more 

geometry requires creation there should be no need to use “Sketching” anymore.  

A surface from a sketch is created by clicking on Concept (top row of the program) and choosing 

“Surface from Sketch” as observable in figure 77, when a surface has been created it is 

important to click on “Generate” so that the surface is actually generated in the geometry. 

(wmich.edu, 2017) Five total surfaces are created from five different sketches. The generated 

surfaces are placed in the “Modeling” tab. (wmich.edu, 2017) 

 

Figure 74 Location of the "Generate" button 

This figure is created inside the geometry section of Fluent. 
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Figure 75 Add frozen 

The operation for each surface is ”Add Frozen” which is an operation that adds and creates 

material, but do not merge them. (SAS IP, Inc, 2016e) 

The generated surfaces are observable in figure 79 with its designations “SurfaceSk16” and so 

on. Notice that “SurfaceSk16 is created from the sketch flue gas, which in this model is the 

flue gas flow. 
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Next figures will explain the Boolean operation, which is necessary for the creation of the water 

bend. A Boolean is an operation for which surfaces can be united, subtracted, added. 

 

Figure 76 Boolean operation 

To create a “Boolean” click on “Create” and choose “Boolean”. Figure 80 illustrates how a 

subtraction “Boolean” is performed, to change type of Boolean press on the tab “Operation” 

within the “Details of Boolean”. It is optional to either keep or to completely remove the 

selected surface, in this case the subtracted surface is kept as it will otherwise create an empty 

hole in the middle of the bend. The small surface in figure 85 is kept for the water pipe to have 

a round edge. (wmich.edu, 2017) 
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The entire model except the water bend consist of rectangles. To draw the water bend the 

operation “Arc by center” is selected. 

 

Figure 77 Creation of the water bend 

“Arc by center” for which the center is in the middle of the water pipe. To draw the arc, the 

center is clicked on and then draw the cursor out so that it matches the inner wall of the outer 

pipe and the outer wall of the flue gas pipe as figure 81 illustrates. An “Arc” is a half circle. 
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Next figure illustrate the layout of the suction pyrometer walls. By observing figure 22 again it 

can be seen which wall belong to which pipe. All the pipes are drawn as one sketch, observe 

that these “pipes” are drawn as rectangles. The flue gas and water flows are drawn as rectangles 

as well but the water flow will include the mentioned Boolean operations to make it a complete 

surface. 

 

Figure 78 Wall sketch 

The next three figures will illustrate the water bend that in total consist of three out of five of 

these sketches. 

Figure 83 and 84 use the unite function as the desired outcome is to have the flow complete as 

one surface, therefore uniting the two surfaces. The water bend was created to efficiently make 

ANSYS Fluent understand that the temperature of the outlet of first water pipe is equal to the 

inlet temperature of the second water pipe, see figure 6 for a detailed explanation. Which 

making this a geometry difference from MATLAB due to in MATLAB using simple code that 

will set this temperature as equal. 

The subtract can be seen is necessary from figure 84 and by observing figure 85. As figure 84 

overlap with figure 85 and has to be removed for the unite operation to be successful as 

previously explained. The figures are presented on the next page. 
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Figure 79 Water bend sketch 

 

Figure 80 Water flow sketch 

 

Figure 81 Water bend solid 
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When all the surfaces has been created, all the bodies are put into a part which is shown in the 

next figure. The next two figures illustrate where to designate the surfaces as a solid or fluid, 

by clicking on the affected surface, the choice in “Details of Surface Body” “Fluid/Solid” are 

given as stated in the figures 86 and 87. 

 

Figure 82 Fluid surface 

 

Figure 83 Solid surface 

 

 

 



30 

15.2 Mesh 

The same principle of pressing “Generate” as in the geometry applies in the mesh as well. The 

first step will be to press generate before adding any methods or boundary layers. After for 

example, adding boundary layers of the flue gas flow it is optimal to generate this flow before 

moving on the adding the rest. 

If changes needs to be done post-finish, it is optimal to right click on “Mesh” (see figure 89) 

and choose “Clear generated data” this will make sure that the new mesh is added. (SAS IP, 

Inc, 2016f) 

15.2.1 Mesh method 

The first step of adding the mesh of this study is to choose the method, which is an all quad 

mesh.  

 

Figure 84 Mesh method 

 

The choice of mesh method depend on geometry. As this model is in the majority straight with 

the slight exception of the water bend an all-quad mesh is sufficient to efficiently solve the flow. 

Having non-linear models a triangle mesh can be used, observe figure 24 it can be seen how all 

the nodes have the form of a quad, with a triangle mesh all these would instead be replaced 

with triangles. (Ozen, 2014) 
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Figure 85 Edge sizing creation 

Observe figure 89-94 for an explanation of the settings for the edge sizing used, and the 

location of them. 

 

Next step is the addition of said boundary layers (figure 89). Which can be added by two 

different options, this study use edge sizing for the use of bias type and bias factor. To add an 

“Edge Sizing” select “Edge” see figure 75, then right click and choose “Sizing” and due to 

selecting edge and sizing, an “Edge Sizing” is created. The second option is to use “Inflation 

layers” that is added similarly as a “Sizing”. The explanation of the arrows are given in figure 

88. 
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15.2.2 Boundary layers 

 

Figure 86 Bias factor and type toolbox 

 

Figure 87 Bias type 

In figure 91 it can be observed how bias type is used for placement of the boundary layers, due 

to the desire of having a mesh resolving the flow all the way to the wall (y-plus below 5) 

meaning there has to be a more refined mesh the closer the flow go to the wall. In figure 92 is 

the gas flow and axisymmetric axis, therefore having a mesh that gets coarser further away 

from the wall. 

The number of boundary layers is set with choosing “Number of divisions” under the tab 

Definition, then choose the number of desired layers which in this case of the gas flow is 50. 

Under the tab Advanced the behavior is set to “Hard” which means that the number of chosen 

number of division will be fixed. (SAS IP, Inc, 2016g) The bias factor is set to 5 for all the 

boundary layers regarding flow which is the ratio of the largest edge to the smallest edge, in 

simple words. How spread the layers are apart from each other.  
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Figure 88 Water boundary layers 

For the water flow a different bias type is used but will follow the same principle as for the gas 

flow. Having a more refined mesh close to the wall before becoming coarser towards the 

middle. Figure 92 is shown from the right hand side of the model, next figure will illustrate 

why the boundary layers has to be created from this side due to the water bend. 

 

Figure 89 Water bend boundary layers 

For the boundary layer a bias type is not necessary as the mesh will follow that of the previously 

configured bias type for that of water but has to use the same amount of layers, the water has 

20 boundary layers. 
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Figure 90 Boundary layer for the pipes 

All the pipes use a more coarse mesh than the flow. The walls are not experiencing any flow or 

turbulence, which is the reason behind using less boundary layers. The pipes has 6 boundary 

layers. 
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15.2.3 Boundary conditions, Named selections 

Last part of the mesh is the addition of all boundary condition positions, these are positions 

later used in the solver to set boundary conditions, i.e. assign that the flue gas inlet has a 

temperature, that the flue gas flow is flue gas, and water flow is water etc. The axisymmetric 

axis will as well require a named selection. Which will be explained further in the next section. 

 

Figure 91 Named selections 

The required and used “Named Selections” of this study is shown in figure 95. Basically 

everything that will experience a heat transfer requires a named selection. All these are 

important to assign before opening the solver as the mesh will be loaded into it. 
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Adding a “Named selection” is done by choosing the correct Edge/Surface or what is required 

and then right clicking on the marked target. 

 

Figure 92 Creating named selection 

 

Figure 93 Designating the named selections 

In the “Selection Name” window name the boundary condition, for example flue gas inlet, for 

a clear indication in the solver that this position is the inlet. 
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Next figure illustrate when marking an edge. 

 

Figure 94 Edge named selection 

Named selection source : (ANSYS Inc , p. 27, 2010) 

 

Figure 95 Surface selection (flow) 

 

Figure 96 Surface selection (pipe) 

This concludes the meshing of the model.  
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15.2.4 Solver setup 

Final step of creating the model. This step include setting boundary conditions, assign solids 

and fluids and the choosing of turbulence model. 

The solver is the step where the actual simulation is conducted. Solver is entered by double 

clicking on “Setup” 

 

Figure 97 Solver setup launch window 

After double clicking on ”Setup” this window will appear. Chosen setting are a serial processing 

option with double precision, double precision means exactly what it stands for which is better 

precision. (SAS IP, Inc, 2016h) 
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Figure 98 Inside the solver part of ANSYS project 

As can be noted in the figure the program will automatically detect that it is a 2D-space model 

due to the geometry being drawn in the XY-plane. Axisymmetric and steady is chosen under 

2d-space and time respectively. The rest is left as default being pressure-based solver with 

velocity in an absolute formulation. The arrows and box is the tabs that will be changed and 

adjusted for a successful simulation, explained in order. 
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Figure 99 Chosen turbulence model 

Models is the first step, the temperature and velocity profile are of interest therefore the Energy 

equation has to be enabled. 

Nothing else is necessary to be changed in this step and is left with the setting “Off”. 



41 

 

Figure 100 Materials 

Next is the definition of all fluids and solids. In the solver the flue gas is added manually and 

properties are calculated with the help of linear interpolation. 

Water and steel are left with default values for properties because MATLAB use the same 

material and therefore the same temperature dependent properties. 



42 

 

Figure 101 Flue gas properties 

To change or create a solid/fluid is done by clicking on “Create/Edit” then the window of figure 

105 will appear and changed can be done. 

As previously stated the properties are calculated with linear interpolation which can be 

selected by clicked the down arrow for each property. 

 

Figure 102 Edit of interpolation table 

Much like the linear interpolation in MATLAB this work similarly and is based on the same 

data as for the MATLAB interpolations. Each of the properties are based on a table containing 

13 values meaning it will be 13 points, from there each point can be selected and assigned a 

temperature and its corresponding value, see the circles of figure 106. The same principle is 

applied for each of the listed properties. 



43 

After creating all the required materials next step will be to assign them to the correct created 

material, meaning flue gas flow will consist of flue gas, the pipes will be of steel etc. 

 

Figure 103 Assigning all fluids and solids to their correct material 

By clicking on the tab “Cell Zone Conditions” all created “bodies” are displayed. By selecting 

each of them and assigning each of them to the correct material by clicking on “Edit” then click 

on the down-arrow named “Material name” and selecting the material.  

Observe figure 107 it can be seen that the flue gas flow is assigned to the material flue gas. 

Same principle is then applied for all existing materials of the model. 

Moving to the boundary conditions which is the most important step of initializing the 

simulation. 
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Figure 104 Boundary condition of the water inlet 

Figure 108 illustrate how to set the boundary inlet condition. Identical options are changed for 

the flue gas inlet, only difference being different values. First setting is to choose “mass-flow-

inlet” due to using the mass flow, this setting is optional and choosing velocity-inlet will have 

a similar effect as well. The difference being velocity being calculated vs mass flow being 

calculated. 

Due to having pipe flow it is required to choose “Intensity and Hydraulic Diameter” under 

“Specification method” see the marked rectangle. Next the mass flow is assigned which is based 

on calculations from MATLAB. (ANSYS Inc, 2010, 2006a) 

The turbulence intensity is calculated with the formula �= 0,16 ����
�
�

�  

Where ���� is the Reynold’s number based on the hydraulic diameter, I stands for intensity. 

(SAS IP, Inc, 2016i) 
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Under the tab “Thermal” the inlet temperature is set in Kelvin. 

 

Figure 105 Inlet temperature specification for water 

This concludes the inlet settings. For the outlet a type is pressure-outlet, meaning only a 

temperature is necessary to assign. This outlet value is a guess of what the outlet might be as 

the program will calculate and overwrite this values. If doing a good guess the computational 

time for the solution to reach convergence will be shorter. 

 

Figure 106 Outlet condition 

This outlet temperature is called “Backflow Total Temperature”. (SAS IP, Inc, 2016j) 

For the pipes which are designated as walls the boundary conditions are similar. 
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Figure 107 Wall boundary condition 

Where “type” is set to wall, in most cases this is set as default by the program. If not recognized 

as a wall this must be changed. 

For the “water pipe” and “flue gas pipe” has the same settings. In the last pipe designated as 

“Outer pipe” has unique settings due to the external radiation and convection impact. 

 

Figure 108 Outer pipe external settings 

In the case of the outer pipe the thermal condition is chosen as “Mixed” in which the radiation 

and convection properties can be set. Another important aspect of the wall settings is to make 

sure the material is set to the correct one, which is steel in this case. 
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Figure 109 Symmetry axis settings 

The boundary condition of the symmetry axis is a unique case. This has to be set to type “axis”, 

this type has no edit option. It simply tells the solver that this is an axis spinning around the x-

axis in the case of being axisymmetric. 
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Before running the simulation the “Solution Method” is all set to second order for a more 

accurate solution. 

 

Figure 110 Solution methods settings 

 Before being able to run the simulation it has to be initialized. 

 

Figure 111 Solution initialization 

Standard initialization is selected and computed from all zones which is normally chosen for 

“moving fluids”. (Keating, 2011) 
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Figure 112 Run calculation 

Selecting “Run Calculation” this window will show. It is possible to adjust number of iterations 

to run and how frequently the program should report result from each iteration. 

The number of iteration is indicatory due to the solution can converge before hitting the last 

iteration number, if not hitting the last iteration number means more iterations are required. 

After running a successful simulation the results can be displayed in different forms. From 

being posted as a list or a graph illustrating the profile of the chosen property.

 

Figure 113 List of result options 
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15.2.5 Setting up results and graphs 

For easier understanding of the results they can be plotted and listed. 

To list the results the following figure will explain the steps to do so. 

 

Figure 114 How to plot a list of results 

Plotting a list of the results is done with the following steps 

1. Click on Results 

2. Choose “Surface Integrals” from the list and press “Set up...” the window “Surface Integrals” 

will open 

3. On the tab “Report Type” click and choose “Facet Average” this will display the average results 

4. On “Field Variables” choose to desired property to be displayed, in this case temperature. 

5. From the list “Surfaces” choose the inlets and outlets 

6. Press “Compute” 

(SAS IP, Inc, 2016k) 

The results will then be displayed in the console window, can be found at the bottom of the 

solver with two options “Console” or “Graphics” choose “Console” 

For plotting a graph the steps are similar to that of plotting the list. 
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Figure 115 Creating a graph in ANSYS Fluent 

 

 

1. Click on “Plots” 

2. Choose XY Plot and press “Set up…” the “Solution XY Plot” will open 

3. Under “Options” it can be chosen to position the values on the x-axis or y-axis 

4. Under Plot Direction it can be chosen to be directed in the x-direction or y-direction 

5. Similar to results, the desired value to be plotted is chosen under “Y Axis Function” 

6. From the list choose which surface is desired to be plotted 

(SAS IP, Inc, 2016l) 
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To create a specific type of graph for the purpose of this study the “line-point” feature was 

used. 

 

Figure 116 Creating a line point 

 

Figure 117 Line point options 

(SAS IP, Inc, 2016m) 
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16 APPENDIX 6: FURTHER MATLAB SENSITIVITY ANALYSIS 

A test was ran with a higher amount of stepping taken in MATLAB, meaning a lower Δx. 

16.1 Different Δx 

 

Figure 118 Temperature results from having 2500 steps, with Δx = 0,001 

As can be seen the model is still stable even though increasing the amount of steps taken. 

 

Figure 119 Temperature results from having 25000 steps, with Δx = 0, 0001 

Notable is how stable the model is even though substantially increasing the steps taken with 

an outlet flue gas temperature differ with a maximum of 0, 3°C in total. Which can be 

considered a very small change. Having such many steps substantially increase the running 

time of the model, 5010 seconds corresponds to approx. 83 minutes or 1, 4 hours.  
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16.2 Change of inlet water velocity 

Next figures illustrate the temperature of changing the inlet velocity of the water with its 

corresponding pressure difference. Notable is the large difference it has of adjusting the inlet 

velocity of the water on both pressure and the outlet water temperature. Although the flue gas 

outlet temperature still cools sufficiently. 

 

Figure 120 Temperature result from having an inlet velocity of 1, 5 m/s 

 

Figure 121 Pressure from having an water inlet velocity of 1,5 m/s 

 

Figure 122 Temperature from having an inlet water velocity of 2m/s 

 

Figure 123 Pressure from having a water inlet velocity of 2m/s 
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