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i 

ABSTRACT 

Numerical heat transfer analysis and simulation is one of the important tasks 

which should be performed prior to an experimental testing of any propulsion 

system. Successful analysis will help to investigate possible problems and errors 

which could occur during the real test. This will give a chance to improve the 

system and to perform a successful practical test. This project is focussed on the 

SPTR which is under development by Cranfield Space Research Centre. Heat 

transfer analysis to the injector of a liquid propellant rocket engine is the primary 

task of the project. The particular case is very much interested in the radiant heat 

transfer from hot gases and convective recirculation of the hot gases since the 

heat transfer to the injector is a combination of both. Initially various existing 

methods for predicting thermal radiation from transparent hot gases has been 

studied. During the next phase of the project a convenient method has been 

selected in order to develop a computer model for the CFD analysis of 

combustion gas radiation and hot gas recirculation in the SPTR. Background 

calculations for determining expected flame temperature has been done in order 

to validate the procedure for the computer modelling. Various results have been 

analysed for different model configurations and determined the appropriate one 

for the analysis. Finally the obtained results are validated using calculated 

expected values and results obtained from AFAL Specific Impulse Program for 

the similar case. A significant role of radiation heat transfer to the total heat 

transfer is identified at the injector wall and nozzle exit during analysis.   Various 

heat transfer quantities such as total temperature, radiation temperature, effects of 

combustion products and effects of hot gas recirculation in the combustion 

chamber for the SPTR are investigated.  
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1 INTRODUCTION 

The idea of modern rocketry got birth in 1898 from a school teacher in Russia, 

Konstantin Tsiolkovsky (1857 – 1935). He proposed the use of rockets for space 

exploration. He published a report showing the advantages of using liquid 

propellants in rockets for achieving greater range of flight in 1903. For the great 

idea, vision and dedication to research in this field, he has been called the father 

of modern astronautics [1].  

In the beginning of 20th century, Robert H. Goddard (1882 – 1945) performed 

various experimental tests in rocketry. He conducted his initial experiments with 

solid propellants. After numerous tests he became convinced that liquid 

propellants are more efficient over solid propellants. At that time no one ever had 

any kind of experimental research on liquid fuel rockets due to the system 

complexity. With strong passion and dedication to rocketry, he was able to 

achieve the first successful flight test on March 16, 1926. For his works in 

rocketry he has been called the father of modern rocketry. 

Another great space pioneer in the field of rocketry is Hermann Oberth (1894 – 

1989). He was the German physicist and engineer who popularised rocketry and 

space flight around the world through his writings. Many inspired small rocket 

societies formed during that time. As a result the research on modern rocketry 

was at the peak. This led to the development of V-2 rockets which was used 

during World War II. After the World War II, the world realised the high 

potential of research in rocketry. This was an important milestone in the 

development of rocketry and space technology which helped to achieve what we 

have now. 

Today the space propulsion sector has become more exciting and full of 

challenges. This is an era in which science fiction is becoming a fact. When the 

objectives and targets become higher, the need for the facilities to learn and 
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experiment also increases. Nowadays many Universities and research 

organisations are offering such world class facilities and opportunities to young 

researchers. The project for developing a new space propulsion test rig (SPTR) at 

Cranfield Space Research Centre was initiated with that objective. The aim 

behind such a project is to provide the opportunity for the space propulsion 

engineering students to gain a professional experience and also to conduct 

various researches.  

1.1 Background 

Numerical heat transfer analysis and simulation of the combustion process is one 

of the important tasks which should be performed before the experimental tests 

of any propulsion systems. A proper heat transfer analysis and result validation 

prior to the testing will help to identify the possible failures and problems within 

the system. This will help to redesign the system according to the objective and 

to rectify all the problems which thereby will increase the probability of 

successful testing by saving time and money.  

SPTR project deals with the bipropellant engine. In liquid propellant engines the 

temperature range attained inside the combustion chamber is very high which 

might cause structural failure. This results the need for a proper combustion heat 

transfer study of the SPTR. In this project the interest is about the injector phase 

heat transfer studies. Heat transfer to the injector is a combination of radiant heat 

transfer from the hot gases and convective recirculation of the hot gases. Since 

the existing knowledge about radiation heat transfer inside the combustion 

chamber is very limited, it makes the project more challenging and interesting.  

1.2 Objectives 

The project focus on the injector heat transfer study. Since the radiation heat 

transfer from the hot gases plays an important role in this phase, the initial 

research is in the form of literature search to discover the convenient method for 

predicting such radiations and to provide a computer model. In the later stage of 
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the project the proposed method and simulation should be performed in the 

context of 500N nitrous oxide-IPA engine. The objectives of the project can be 

summarised as below: 

 Literature research on various methods proposed for predicting the 

thermal radiation from transparent hot gases, and to discover a convenient 

method for the SPTR analysis. 

 Provide a computer model based on the selected method to allow such 

predictions. 

 Implement the validated method and simulation on SPTR case in order to 

evaluate the heat transfer to the injector of the 500N thrust nitrous oxide-

IPA engine.  

1.3 Thesis Outline 

Chapter 1: In this chapter a brief introduction about the rocket history and the 

need for heat transfer analysis in the rocket engine development process is 

described. In sections 1.1and 1.2 the background of the thesis and the objectives 

are defined.  

Chapter 2: This chapter discuss about gas radiation process in detail. The sections 

2.1 and 2.2 describe the radiation process inside the combustion chamber and the 

basic mechanism behind the radiation emission from a single atom. Based on this 

fundamental study there are various methods developed for gas radiation 

calculations. Section 2.3, 2.4, 2.5 and 2.6 discuss such methods and their 

comparisons. Finally a convenient method for the computational heat transfer 

analysis of SPTR is defined. 

Chapter 3: The computational heat transfer analysis procedure for the selected 

method from chapter 2 is discussed in detail. ANSYS Fluent is the software used 

for the analysis. The reason for particular model selections and tools in Fluent for 

the analysis is described in this chapter.  
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Chapter 4: The results obtained from the Fluent simulation is discussed in this 

chapter. The initial calculation for the expected results is performed in section 

4.1. The results obtained from the Fluent analysis is then compared to the 

calculated expected values and the results obtained from AFAL Specific Impulse 

Program (SIP) for the similar SPTR case and validated in sections 4.2 and 4.3. In 

the end the mesh dependency test for the results is performed in section 4.4. 

Chapter 5: A detailed discussion is conducted about the results and findings of 

the work and related to the objectives defined initially. 

Chapter 6: A formal conclusion regarding the thesis work and findings is made in 

this chapter. There are some key areas in the current work which can be further 

improved. This is defined for the future works on this project in section 6.1.    
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2 LITERATURE REVIEW 

Primary task of the literature research is focused on understanding various 

methods used for radiative calculations and to select the most convenient method 

for the analysis of current project through computer simulations. Sections 2.1 and 

2.2 give a brief description regarding radiative processes inside the combustion 

chamber and the mechanisms behind the gas radiation. Later sections discuss on 

various methods used for radiative flux calculations, various benchmark data 

used for the calculations and the selection of particular methods and data 

according to the current project conditions. In the next chapter these selected 

methods are used to develop the computer model and to produce simulation 

results for the analysis.   

2.1 Combustion Gas Radiative Process 

Since the very early years onwards the radiative heat transfer effects due to 

dissociated molecules were recognised by many [2] [3] [4]. Because of the minor 

contribution of radiative heat transfer to the total heat transfer, the research 

interest on this domain was passive.  

At moderate temperatures the gases with asymmetric molecules such as 

H2O, CO2, CO, SO2and hydrocarbons take part in radiative process by absorption 

and at high temperatures it may participate by both absorption and emission. The 

latter is the case of combustion chambers [5]. Thus the medium containing these 

molecules are to be considered as participating medium in all radiative 

calculations. 

Radiation process inside a combustion chamber is very complicated. In the real 

life scenario the combustion chamber surfaces act as a gray surface (ϵ < 1) and 

the assumption for blackbody is no longer valid. This complicates the radiative 

calculations between surface and gas. Since the surface is a gray surface it 

absorbs only partial energy which is emitted by the gas and the remaining energy 

is reflected back in to the gas. This reflected energy is partially absorbed by the 



 

   

Combustion Gas Radiation                                                                              MSc Thesis                                                                                                                                                          

8 

 

gas again and the remaining reflected energy falls on the other part of the 

combustion chamber surface. This process continues and the net effect is that 

only a certain amount of the total energy emitted by the gas is absorbed by the 

combustion chamber surface. [6] 

Other than the above mentioned complicated radiative heat transfer process, the 

presence of a participating medium makes the calculations further complicated. 

Gaseous radiation depends on shape and size of the body since it is a volumetric 

phenomenon.  Since the absorption and emission of the gas mixture are also 

dependent on pressure, temperature and composition of gas mixture, the 

participating gases present have an effect on individual gas radiation properties 

[5]. 

2.2 Gas Radiation 

Bohr’s theory states that there are stable electron orbits inside an atom in which 

an electron can move by not altering the atom’s energy state. An orbit with 

smaller radius represents the stable ground state of the atom. In order to move an 

electron from smaller orbit to larger orbit, a certain amount of quantum energy is 

required which is known as excitation energy. If sufficient excitation energy is 

available for moving the electron from lower orbits to higher orbits, it eventually 

results in the escape of the electron from the atom forming an ionised atom and 

free electron. Suppose the available energy is higher than the excitation energy 

for forming an ionised atom, the free electron will carry the extra amount of 

energy in the form of kinetic energy [6]. 

According to quantum theory when an atom or a molecule moves from one 

energy level to another energy level, it emits or absorbs radiant energy. The 

electromagnetic wave frequency emitted or absorbed can be represented as a 

function of magnitude of energy change as following equation, 

 hν = E1 − E2 2.1 
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Where, 

h =Planck’s constant E1 =Initial energy level 

ν =Radiation frequency E2 =Final energy level 

2.2.1 Mechanisms inducing changes in the Energy levels 

There are several mechanisms which cause the radiative emission of gases. But 

some of them are less significant. Following are the various mechanisms causing 

radiation from gases [7], 

 Energy level change of nucleus of an atom. 

These changes are induced only by violent stimuli and are very much high in 

magnitude resulting the emission of gamma radiation. 

 Energy level change of electron shells surrounding the atom. 

These changes are induced by electronic transitions or by extremely high 

temperatures. As a result it forms the visible and ultra-violet spectra. This is 

having less significance at industrial furnace temperature range. 

 Vibrational energy level change of heteropolar molecules. 

At high temperature gas systems this mechanism has large significance in 

radiative heat transfer. In the case of industrial temperature ranges, it causes 

radiation varying from 0.9 to 10 microns wavelength – case of water vapour. 

 Rotational energy level change of heteropolar molecules. 

In the case of water vapour, this mechanism causes a radiation of 15 to 200 

microns wavelength and it is significant at low and moderate temperature 

levels. 

Usually the excitation occurs due to simultaneous changes of vibrational and 

rotational energy levels. The spectral ranges in near infrared and visible regime 

are having great importance in the case of high temperature gas systems. These 

are formed due to changes of vibrational-rotational levels of excitation. The 

excited level states in the rotation-vibration spectrum decays by direct emission 

only if there is a change in electric moment of the system. Since the homonuclear 

molecules such as O2, H2 and N2 have balanced charge distribution the electric 
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moment remains unchanged for internal vibrations. Because of this they do not 

show vibration-rotation band spectrum. But there are exceptional cases such as 

high pressure, energetic, close-range two body collisions between such molecules 

which can lead to change in electric moments. This phenomenon is known as 

collision induced emission [6]. 

2.3 Methods for Radiative Calculations 

In the report of H. Ziebland and R.C. Parkinson [6] there are discussions on two 

major methods used for radiative calculations. The first method is known as the 

spectral absorption method in which if the absorption spectrum of the gas is 

known then by integrating Plank’s distribution law over the spectral range of 

each individual band will give the total radiative flux emanating from a volume 

of gas. The second method is known as the total emissivity method in which the 

radiative properties of gases and gas mixtures is obtained by direct measurement 

of the total energy emitted by an isothermal volume of gas.  

It is good to know the general principles regarding the absorption and emission 

of gaseous medium before discussing the methods. 

2.3.1 Fundamental Principles regarding absorption and emission of gaseous 

medium 

When a beam of radiation passes through a solid, liquid, or gas phase substance it 

gets attenuated progressively. When compared to gaseous medium, the solid and 

also many liquids are able to perform complete absorption of the incident 

radiation within a thin layer of the medium. In the case of gaseous medium the 

radiating beam will travel a considerable depth before causing any significant 

absorption. Beer’s law states that [6] the energy flux dIωabsorbed in a layer of 

elementary thickness dX is proportional to the flux Iωentering the layer and 

proportionality constant kω. This factor is known as the monochromatic 
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absorption coefficient and it is a physical constant for substance and wave 

number ω. 

In the case of gaseous medium it has very low kωdue to high transmittance. If the 

number of molecules present in the gaseous medium is less, then the chances for 

the absorption of energy by molecules from the surrounding molecules’ emission 

before reaching the boundary of the control volume is also less [7]. Since 

absorption within the gaseous medium is related to the interaction of radiative 

beam and the gaseous molecules within the medium, it is proportional to the 

number of molecules lying within the path length L of the radiating beam. 

Number of molecules of radiating gas in gas mixture is proportional to the partial 

pressure Pg in the case of ideal gas. Thus when the partial pressure increases the 

emission and radiation also increases accordingly. This gives the following 

equation for spectral emissivity [6], 

 ϵω = 1 − exp (−kωPgL)1 2.2 

The term kωPgL is used to represent the spectral absorptivity. The product of PgL 

and is known as the optical density of the gas. The equation 2.2 is not universally 

valid since it shows some deviations for strong polar molecules.  

2.3.2 Spectral Absorption Method 

As described in the beginning of section 2.3 the spectral absorption method 

requires an initial knowledge about the absorption spectrum of the gas in order to 

integrate as per Plank’s distribution law over the spectral range of each 

                                              

1According to Kirchhoff’s Law, the product of spectral radiancy of a blackbody and the spectral 

absorptivity gives the spectral radiancy of any substance. This implies that spectral absorptivity and 

spectral emissivity are identically equal. In practice it is convenient to use product of two dimensional 

quantities for the dimensionless spectral absorptivity. kω is the spectral absorption coefficient expressed 

in cm−1atm−1 which represent the pressure responsible for the absorption at the wave number ω. The 

product of partial pressure and geometric length represents the optical density which is having a unit of 

cm atm [38]. 
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individual band for finding total radiative flux emitting from a volume of gas. 

The emitted radiative flux from a spectral band is [6], 

 Iband = ∫ kωIω
° dω

ω2

ω1

 2.3 

Where, 

kω : Spectral emissivity 

ω1, ω2 : Wave number limits of the band 

Iω
° dω : Spectral radiance in the wave number region ω + dω for a blackbody 

emitter, which is given by Plank’s distribution function as follows, 

 Iω
° dω = C1ω

3dω/[exp (
C2ω

T
) − 1] 2.4 

Equation 2.1 gives the spectral emissivity which is dependent on effective beam 

length L, where L depends on the shape and size of radiating gas volume. In the 

case of high gas density the spectral lines get pressure broadened in the vibration-

rotation spectrum. In this case the emissivity can be calculated by integrating 

measured intensities below each band. The integrated intensity of an absorption 

band is given by [6], 

 ϕ = ∆ωkω
̅̅ ̅̅ = ∫ kωdω

Band

 2.5 

Where, 

∆ω : Effective band width 

kω
̅̅ ̅̅   : Mean spectral absorption coefficient 
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After introducing the term 
ϕ

∆ω
, the equation 2.1 becomes, 

 ϵBand = [1 − exp (−
ϕPgL

∆ω
)] 2.6 

This gives the radiance of a single band as, 

 IBand = [1 − exp (−
ϕPgL

∆ω
)C1ω

3∆ω/[exp (
C2ω

T
) − 1]] 2.7 

In order to find the total radiative flux of the gas, algebraic sum of individual 

band radiance should be performed [6]. 

2.3.3 Total Emissivity Method 

In this method the radiative properties of the gases and mixtures are obtained by 

direct measurement of total energy emitted. Many researchers [8] [2] [3] have 

conducted experiments on H2O and CO2 which are the major two combustion 

products. In many of the radiative flux calculations at various temperature ranges 

these results has been used. The gas emissivity is determined by the comparison 

of actual emission to the emission from a black body emitter. This allows 

considering the gas as continuous gray emitter.  

The major advantage of this method is the simplicity of calculations. The 

radiative flux is calculated from the simple Stephan-Boltzmann equation. 

 Q̈R = σBϵgTg
4 2.8 

Where, 

σB : Stephan Boltzmann constant 

ϵg : Gas emissivity 

Tg : Absolute temperature of gas 
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2.3.4 Selection of Convenient Method 

In liquid propellant rocket engines the temperature attained inside the 

combustion chamber is very high. In most of the radiation heat transfer 

calculations the source for thermal emissions are assumed as the strong polar 

equilibrium combustion products. For hydrogen and oxygen mixtures the strong 

polar combustion product is water vapour whereas in the case of hydrocarbon 

fuels, it is water vapour and carbon dioxide. 

In the first method – Spectral absorption method, there are existing databases for 

integrated band emissivity for water vapour up to a temperature range of 1000 K 

to 2200 K [8]. Since the temperature range in the case of rocket engines is very 

high, two semi-empirical relations [6] are used to calculate properties at higher 

temperatures.  

The integrated band intensity is inversely proportional to absolute temperature. 

 ϕ = ϕ300(
300

T
) 2.9 

The effective bandwidth is proportional to the square root of the absolute 

temperature. 

 ∆ω = ∆ω300(
T

300
)
1
2 2.10 

For the second method – Total emissivity method, there are various experimental 

results existing for gas emissivity at various temperatures and optical density 

ranges. But most of the experimental results are within the range of 1500 K. Due 

to the higher temperature inside the rocket combustion chamber, the existing 

database of emissivity data [2] [9] should be extrapolated to the required 

temperature range.  

When these two methods are compared to each other, the spectral absorption 

method gives the most accurate results. Even though it produces accurate results 
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it is computationally expensive (requires more time/memory) and complex. In 

this study we are interested in the radiation heat transfer process. Since the 

contribution of radiative heat flux to the total heat flux is much less, it is 

recommended to use the total emissivity method for the calculation [6]. Even 

though it is less accurate compared to the earlier, it is very simple and easy to 

use. Thus it is wise to use radiation models based on total emissivity method for 

radiative heat flux calculations.  

2.4 Emissivity Data Selection 

In total emissivity method the hardest part is to determine the emissivity 

properties at higher temperature range for the calculations. Following sections 

describe the procedure for determining the appropriate emissivity data for higher 

temperature ranges from various existing databases. The task for determining an 

efficient emissivity correlation is complicated due to many reasons. The accuracy 

of a particular emissivity correlation is determined by comparing the 

discrepancies of the results with the existing benchmark data. In order to 

understand the cause for discrepancies a strong knowledge about the spectral 

database which is used for various models is required. Another reason for the 

complexity of the procedure is mainly because the accuracy about a total 

emissivity correlation given in various reports cannot be considered as solid 

proof for the selection. This is due to the different benchmark data used for each 

report for the validation purpose. Since we are interested in the discrepancy 

values rather than accuracy during comparison, quite often in many papers it is 

not explained properly whether the given accuracy refers to the maximum or 

average discrepancy. Finally the coupling between existing solution methods for 

RTE and correlation makes it more difficult task. 

2.4.1 Benchmark Emissivity Data and Models 

There are many benchmark data and models that are used for determining the 

accuracy of various emissivity correlations for various cases. Sections 2.4.1.1-
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2.4.1.4 discusses the commonly used benchmark data for CO2 − H2O − N2 

radiation calculations [10]. 

2.4.1.1 HITRAN Database and LBLM 

HITRAN database give the values for spectroscopic line parameters for 47 

species at a standard temperature of 296 K [11]. Line-by-Line model (LBLM) 

gives more accurate results [12]. One of the major limitations of LBLM is that it 

is computationally very expensive. The accuracy of HITRAN database is limited 

to very small range of temperature. In high temperature scenarios the data from 

HITRAN database has to be extrapolated in order to investigate the influence of 

hot lines. This procedure is less accurate for determining the position and 

intensity of hot lines. As a result HITRAN database using LBLM is not 

recommended for cases with temperature range more than 1500 K. 

2.4.1.2 General Dynamic Database and NBM 

Same as LBLM the Narrow Band Model (NBM) is also a commonly used model 

for radiative property predictions which give accurate results. NBM requires a 

database consisting of data over entire infrared spectrum regarding reciprocal 

mean line spacing parameter and mean absorption coefficient at various 

temperatures. Generic dynamic database is used for NBM calculations. This 

database helps to conduct various property calculations for 

H2O, CO2, CN, CO, HF, NO and OH. Even though NBM produce accurate results, it 

is also computationally very expensive [10]. 

2.4.1.3 EWBM Database 

Various studies show that the absorption by gases is primarily due to the bands 

present in the infrared and near infrared spectrum (1-20 μm). These observations 

lead to the development of Exponential Wide Band Model (EWBM). The 

speciality of this model is that it considers the whole absorption band instead of 

each individual narrow band for calculation. It provides data about 
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CO2, H2O, CO, SO2, NO, NH3, N2O and C2H2 molecules over the most important 

absorption bands in order to predict the pressure-temperature dependence. 

Compared to other models EWBM has simpler mathematical expressions. It is 

used to do calculations for predicting homogenous total emissivity of gas – soot 

mixtures and also for radiation in non – homogenous gas mixtures. Unlike NBM 

and LBLM it doesn’t require larger information for calculations. This thereby 

reduces the computational power required compared to other models. The major 

limitation of EWBM in radiative problems is that it does not easily give 

satisfactory results for the wall interactions. The reason behind this limitation of 

the model is described in reference [10]. 

2.4.1.4 Benchmark Total Emissivity data 

In earlier period several workers have already done research based on total 

emissivity method and obtained a range of emissivity results for various 

temperature and path lengths. These results have been widely used as the 

benchmark data for various calculation methods. Some of the notable benchmark 

data used are Hottel’s charts, Eckert’s charts and the works by Schmidt, E [2] [9]. 

These results are very useful for various non – luminous gas radiative heat flux 

calculations for a temperature range up to 1200 K to 1500 K. In the case of 

rocket propulsion the temperature range attained is very high compared to the 

above range. This force the extrapolation of data from the charts to higher 

temperature ranges. Due to this many studies  [13] [14] agree on the inaccuracy 

of Hottel’s charts at higher temperatures where the data obtained are from 

extrapolation rather than by measuring.  

2.4.2 Selection of Better Benchmark Emissivity data 

In previous sections various benchmark data used for radiative calculations are 

described. Each of them has its own limitations and advantages. It is necessary to 

select the most convenient benchmark data according to the conditions of the 

problem. The selected benchmark data is used for determining the accuracy of 

various mathematical models.  
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Section 2.4.1.4 explained the inaccuracy of Hottel’s charts at higher temperature 

scenarios due to the extrapolation process. When the data for CO2 from the charts 

is compared to NBM and EWBM for temperatures above 1200K, it shows a 

discrepancy as large as 30%. Various studies have proved that Hottel’s charts are 

not reliable for water vapour at higher temperatures [13] [14]. The discrepancy in 

data is larger for small optical density for both gases [10]. Thus in the case of 

rocket propulsion this data cannot be recommended as benchmark data.  

k-distribution model and LBLM gives somewhat accurate results at various 

temperatures up to 1500 K. At higher temperatures both models provide less 

accurate data when compare with Farag’s [15] and EWBM benchmark data. 

When compared with Farag’s data for H2O it shows a discrepancy of 40% at 

temperatures above 1500 K and 20% at 400 – 1500 K. For CO2 it shows a 

discrepancy of 14% at 600 – 1500 K and 12% at 1500 – 1800 K. This shows that 

larger discrepancies are observed at higher temperatures. Thus these two models 

are also not reliable for rocket propulsion conditions [10].  

When EWBM and NBM are compared with the Farag’s data it often gives an 

average accuracy within ±20%. The comparison with the existing total 

emissivity data which is experimentally determined for lower temperatures, it 

shows an accuracy of ±10%.At temperatures above 1200 K these two models 

shows excellent agreement with Farag’s data which does not exceed ±15% [10]. 

Thus it can be concluded that NBM and EWBM are the most acceptable models 

for predicting total emissivity at higher temperatures. When these are compared, 

EWBM is more convenient than NBM due to the simplicity and less 

computational expense. 

2.5 Correlations for Emissivity and Absorptivity Prediction 

Emissivity correlations are represented in two forms – Weighted sum gray gas 

model (WSGGM) and Polynomial form. WSGGM has simpler mathematical 
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expressions and it helps the engineers to determine radiative properties of the gas 

easily. Leckner [13] and Modak [16] developed two well-known total emissivity 

correlations using polynomial but the range of applicability is very limited for 

them when compared to WSGGM. Appendix D shows the applicability domain 

for various emissivity correlations [10]. Lallemant, Sayret, and Weber conducted 

various comparative studies of the emissivity models based on WSGGM and 

Polynomial representations through various test taking EWBM as the benchmark 

data. The reference [10] shows the various test results conducted. The result 

shows that two WSGGM - Smith’s model and Coppale and Vervish model has 

the lowest maximum discrepancy and average discrepancy of emissivity data 

obtained for higher temperatures and various range of path lengths.  

2.6 Radiative Heat Flux Models 

In section 2.3 various methods for calculating radiative heat flux has been 

discussed. From the initial literature research it has been found that Total 

Emissivity Method is the most convenient one for the particular case due to its 

simplicity [6]. There are various radiation models based on this concept. The 

next task is to determine the most convenient model suiting for this project.  

2.6.1  P-1 Model 

P-1 is the simplest radiation model. Due to the high computational cost for 

solving radiative transfer equation (RTE), P-1 model can be used for some 

systems. It is a radiation intensity based model which expands into an orthogonal 

series of spherical harmonics. One of the concerns in practical applications 

regarding the model is that the boundary conditions applied are physically less 

realistic. The model suits better for systems with larger optical thickness [17].  

2.6.2 Rosseland Model 

As P-1 model the Rosseland model also used for optically thick medium. It is 

recommended to use this model for the medium having optical thickness greater 

than three. P-1 model equations can be used for deriving Rosseland model. 
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Unlike P-1 model the Rosseland model assumes the intensity as the black body 

intensity at gas temperature [18].  

2.6.3 DTRM  

Discrete Transfer Radiation Model (DTRM) assumes that the radiation of 

particular range of solid angles leaving the surface can be approximated by a 

single ray [19]. The intensity is determined by keeping gas absorption coefficient 

as constant and integrating the equation for change of radiant intensity along the 

set of rays emanating from the surface.  

 
dI

ds
+ aI =

aσT4

π
 2.11 

 

Where, 

a : Gas absorption coefficient 

I : Intensity 

T : Gas local temperature 

σ : Stephan-Boltzmann constant (5.670373 × 10−8 Wm−2K−4) 

With the use of ray tracing approach in DTRM, the radiative heat transfer 

prediction between surfaces can be done without performing view factor 

calculations. The number of rays traced and the mesh generated determines the 

accuracy of the model. Due to this the model is computationally too expensive 

for complex systems consisting of larger number of surfaces to trace rays from 

and too many volumes through rays crossed.  
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2.6.4 Discrete Ordinates (DO) Radiation Model 

This model solves the RTE for a finite number of separate solid angles. Each 

solid angle is associated with a vector direction fixed in global coordinate 

system. DO model does not perform ray tracing [20]. The solution method used 

is similar to that used for energy equations and fluid flow. The major advantage 

of DO model is that it can be used for a large range of optical thickness mediums. 

It is commonly used for systems having optical thickness less than 1.   

2.6.5 Selection of Radiative Heat Flux Model 

Before selecting a particular radiation model for the calculation it is important to 

consider the significance of various factors with respect to each one. 

 Optical thickness: 

Optical thickness can be represented as kL, where k is the absorption 

coefficient and L is the domain length. If the optical thickness is greater 

than 1, the best models recommended are P-1 and Rosseland models. P-1 

is commonly used for kL>1, whereas Rosseland model is used for kL>3. 

While comparing these two models Rosseland model is cheaper and 

efficient. DTRM and DO models are able to work properly at all ranges of 

optical thicknesses, but both are expensive. So the models should be 

selected according to the requirements such that if the problem is optically 

thick then P-1 and Rosseland models are recommended whereas for 

optically thin problems DTRM and DO models are preferred. 

 

 Scattering: 

DTRM does not consider scattering whereas P-1, DO and Rosseland 

models consider scattering process.  

 

 Semi-transparent media and specular boundaries: 

When compared with other models only DO model allows specular 

reflections and considers radiation in semi-transparent media. 
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 Particulate effects: 

P-1 and DO models consider the radiation exchange between particulates 

and gas. 

 

 Non-gray radiation: 

Non-gray radiation calculation can only be done by DO model using gray 

band model. 

 

 Localized heat sources: 

In localized heat source problems P-1 model is not recommended whereas 

DO model is the best one. In this case radiative fluxes are over predicted 

by P-1 model [21]. 

From the above discussion on various factors, it can be seen that DO model is the 

best recommended model for our case since we consider ranges of optical 

thickness less than one during calculations. In our project we also deals with 

transparent medium, scattering and radiation exchange between gas molecules in 

which DO model is preferred more than other models.  

2.7 Conclusion 

In this chapter initially we saw how the combustion gas radiation occurs inside 

the chamber. Then in section 2.2 the mechanism behind the gas radiation is 

described. With this knowledge various methods used for radiative calculations 

have been compared to each other and the convenient method for this project – 

Total Emissivity Method, has been identified. As part of this method the need for 

accurate emissivity data is discussed in section 2.4. It has been found that 

EWBM is the better model which can be used as the benchmark data for 

emissivity calculations in our case. The discussion based on various comparative 

studies regarding the emissivity correlations done by different workers has made 

in this section. As a result of this it has been identified that Smith’s model and 
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Coppale and Vervish model are giving better results at higher temperature 

conditions similar to that of the current project. Finally different radiation flux 

calculation models based on total emissivity method principle have been 

discussed in section 2.6 and eventually DO model is selected as the better option 

for this project. The next task is to implement all these selected methods into a 

computer model in order to perform the heat transfer analysis and to obtain 

validated simulation results so that it can be used as a reference while performing 

tests on the SPTR in future. For this ANSYS Fluent has been selected as the CFD 

tool. The selection of the particular software is described in section 3.2.1.  
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3 COMPUTATIONAL FLUID DYNAMICS SIMULATION 

In chapter 2 the initial literature research on gas radiation and methods used for 

calculations are described. Current chapter describes the implementation of 

selected methods for radiation heat transfer analysis into a computer model.  

3.1 Grid Generation 

Objective of the project is to determine the injector phase radiation heat transfer 

and to study the role of hot gas recirculation near to the injector wall. Since the 

injector radiative heat transfer depends on the entire model from inlet to nozzle, 

the generation of grid has to be done for the complete control volume (Refer 

Appendix C). CATIA V5 R20 is used for making the sketch of the model. Grid 

generation of the model is done with the Gambit software. Due to the large time 

consumption in generating optimum structured grid, the unstructured grid is 

opted for the analysis task. The generated 3D fine mesh is shown in Figure 3-1. 

Model is divided into three volumes in order to make volumetric mesh. Elements 

and type used for meshing is Tet/Hybrid and TGrid respectively with an interval 

size of 1. First volume consists of injector wall and combustion chamber. Total 

number of cells and nodes in volume one is 270473 and 51069 respectively. The 

second volume is the contraction part of the nozzle. This contains a total number 

of 9322 cells and 2483 nodes. The third volume is the expansion part of the 

nozzle. For this part total number of cells is 14594 and nodes are 3132. 

Increasing the number of nodes will make the mesh finer which thereby helps to 

produce more accurate results. But this makes the processes computationally 

very expensive. Mesh dependency test is described in result validation section.      
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Figure 3-1: Unstructured grid generation for 3D SPTR model 

Required dimensions for making the sketch is obtained from the previous 

projects on SPTR done by James P. Norman [22] and Andrew MacMillan [23]. 

Table 3-1: SPTR Dimensions 

SPTR Dimensions 

Chamber Length 25 cm 

Chamber Diameter 4.5 cm 

Throat Diameter 2.25 cm 

Exit Diameter 3.24 cm 

Nozzle Length 1.84 cm 

Nozzle Half Cone Angle 15° 

Fuel Inlet Diameter 0.949 mm 

Oxidiser Inlet Diameter 2.47 mm 
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Table 3-1 shows the geometric dimensions of SPTR used for grid generation. 

Since the area of interest of the project is the primary zone, the number of nodes 

on the injector wall and inlets are increased. This will help to obtain more 

accurate results of the flow closer to this region. 

3.2 Heat Transfer and Fluid Flow Modelling using FLUENT 

3.2.1 Introduction 

ANSYS Fluent software is used to perform various computational fluid dynamics 

analysis having industrial applications such as flow analysis over an aerofoil 

section, combustion process, heat transfer etc. This software has the capabilities 

to model flow, various heat transfers, turbulence etc. Today it is widely used in 

student research topics related to CFD analysis. It is developed using C language. 

Fluent can accept various types of meshes such as unstructured mesh, structured 

mesh and hybrid mesh for solving the complex problems. Various previous 

works on liquid propellant rocket engine using Fluent [24] [25] helped to 

increase the confidence in selecting ANSYS Fluent as the CFD tool for this 

project. The most attractive part of Fluent is that it can display and simulate 

detailed results graphically which helps the researcher to understand the solutions 

more clearly.  

3.2.2 Importing Meshed Model 

In order to import the meshed model which was developed in section 3.1 we need 

to convert the model file in Gambit to mesh file using the option File −> 

Export −> Mesh. After exporting, the “.dbs” file will get converted into “.msh” 

mesh file. This is the file which is opened in Fluent to import the meshed model. 

After reading the grid in Fluent, the next step is to scale the model. This is an 

important step which has to be done for every models imported. Fluent consider 

the dimensions in meters by default. Using the “scale” option the model has to be 

scaled according to the required dimension.  After this perform grid check and 

confirm that there is no errors in the mesh file.  
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3.2.3 Models 

The models option in Fluent helps to enable various calculation methods for the 

required inputs according to the problem. Following are the various models used 

for solving the problem for the current project.  

3.2.3.1 Solver 

In Fluent there are two types of solvers available, Pressure based and Density 

based. In pressure based solver the primary variables used are momentum and 

pressure. There are two kinds of algorithms exists for this solver. The first 

algorithm is called segregated solver in which the pressure correction and 

momentum are solved sequentially. The second type is Pressure Based Coupled 

Solver in which the pressure correction and momentum are solved 

simultaneously. In Density based solver the governing equations of momentum, 

energy, continuity and species transport are solved simultaneously. During this 

process several iterations has to be done for obtaining a converged solution. This 

is mainly because of the non-linearity and coupled behaviour of the equations. 

Figure 3-2 shows the flow chart of how the solver model works in Fluent [26].  

For a wide range of applications the Pressure based solver can be used. The 

major advantage of this solver is that it requires very less memory storage. 

Density based solver is often used in problems consists of strong coupling of 

governing equations. In combustion related problems density based solver is 

commonly used. Since in this project we are using the Probability Density 

Function (PDF) approach (Refer 3.2.3.5.2) for modelling the combustion process 

the density based solver is not able to use. Therefore the preferred solver for this 

project is Pressure based solver.  
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Figure 3-2 : Flow chart for Fluent Solvers 

3.2.3.2 Energy Equation 

Energy equation 3.1 [27] has to be enabled in all combustion heat transfer related 

problems.  

 
∂

∂t
(ρE) + ∇. (υ⃗ (ρE + p)) = ∇.(keff∇T − ∑hjJj⃗⃗ 

j

+ (τeff̿̿ ̿̿ . υ⃗ )) + Sh 3.1 

Where, 

keff : Effective conductivity 

Jj ⃗ : Diffusion flux of species j 

Sh : Volumetric heat source including heat of chemical reaction 

The first three terms on the right hand side represents the energy transfer due to 

conduction, species diffusion and viscous dissipation respectively [27].  
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In this project the non-adiabatic non-premixed combustion model is used. When 

this is enabled the total enthalpy form of the energy equation shown below is 

used. 

 
∂

∂t
(ρH) + ∇. (ρυ⃗ H) = ∇. (

kt

cp
∇H) + Sh 3.2 

Where total enthalpy is defined by, 

 H = ∑ YjHj
j

 3.3 

Yj : Mass fraction for species j.   

 Hj = ∫ cp,jdT

T

Treff,j

+ hj
0(Treff,j) 3.4 

hj
0
(Treff,j) : Enthalpy of formation for species j at reference temperature.  

3.2.3.3 Viscous Model 

Since the problem consists of turbulence, the preferred model used to obtain 

solutions for all the turbulence effects in the combustion flow is k-ε model. It is a 

two equation model. Turbulent properties are represented by two transport 

equations. The turbulent velocity and length scales are calculated independently 

using these equations. The detailed description and derivation for the k-ε model 

is given in ANSYS Fluent user guide [28]. 

3.2.3.4 Radiation Model 

During the literature research various radiation models have been discussed. 

After a detailed study by considering various affecting factors in the problem, 

DO radiation model has been selected to calculate radiative heat flux (Refer 

section 2.6). 
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3.2.3.5 Species Transport and Reaction 

This is the step in which the combustion model is enabled. As mentioned in the 

introduction chapter the combustion process is a very complex process. It is the 

process consists of numerous elementary reactions between different combustion 

species. Due to the complexity of solving each and every reactions occurring 

during combustion, various simplifications (Refer 3.2.3.5.1) are done in the 

combustion models. In this project the Non-Premixed combustion model is 

adopted for modelling the combustion.   

In non-premixed combustion both fuel and oxidiser streams are injected in to the 

combustion zone separately. As mentioned before, due to the complexity of 

modelling the combustion process certain assumptions are made and the 

thermochemistry of the model is reduced in to a single quantity – the mixture 

fraction. This approach is very effective because the mixture fraction is a 

conserved scalar quantity. This is because in every chemical reaction the atomic 

elements are conserved. This method helps to reduce the complex combustion 

process in to a simple mixing problem. This mean the modelling of chemistry 

can be done once the mixing has been performed. Following are the various 

benefits and limitations of this approach, 

 Specifically developed for turbulent diffusion flames with fast chemistry. 

 Allows intermediate species prediction, dissociation effects and turbulence 

chemistry coupling. 

 Computationally efficient 

 This method can be used only when system meets certain requirements, 

such as the flow should be turbulent, separate fuel and oxidiser streams 

should exists and a fast chemical kinetics should be present. 

 

(Refer Fluent Manual [29] for detailed description of non-premixed combustion)  
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3.2.3.5.1 System Chemistry Models 

There are various options available in Fluent for describing the system chemistry 

while using non-premixed model. These models help to obtain the relationship 

between thermo-chemical state and mixture fraction.  

 Flame Sheet Approximation: 

This is the simplest approach. It assumes a one-step reaction which 

converts the reactants into the final products through infinitely fast and 

irreversible chemistry. This results a situation where both fuel and oxidant 

never coexists in space. As a benefit of this assumption there is no 

chemical equilibrium information required for determining the species 

mass fraction since it can be determined by given reaction stoichiometry. 

Due to the less requirements of information for calculations, this approach 

is computationally cheaper and simpler. Even though it has many 

advantages this method can only be used for single step reactions and it 

cannot predict the intermediate species formation and dissociation effects 

[29].  

 

 Equilibrium Assumption: 

This approach assumes that both forward and reverse chemical reactions 

are infinitely fast so that even at molecular level the chemical equilibrium 

exists. Due to the chemical equilibrium assumption, the thermo-chemical 

state is a function of local mixture fraction. The major advantage of this 

model compared to the previous model is that it can predict the 

intermediate species formations and it does not require the information 

regarding chemical kinetic rate data. This approach does not solve the 

multi-step reaction mechanisms rather it defines the important species 

exists in the system. An algorithm developed based on minimisation of 

Gibbs free energy is used to determine the species mole fractions from 

local mixture fraction [30].  
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 Flamelet Model:  

This model is used for systems consisting of non-equilibrium reactions. In 

this approach it models turbulent flames which consist of several laminar 

flames. This is called flamelets. Each flamelets has the structure of 

laminar flames and it is obtained by experiments or calculations. The 

major advantage of this model is that using the turbulent flames the 

realistic chemical kinetics of the system can be derived. It is also 

computationally cheaper. The negative side of this approach is that the 

model is applicable only for fast chemistry flames. It cannot be used for 

modelling the deep non-equilibrium effects like ignition, extinction and 

slow chemistry [31]. 

After a thorough understanding of the above discussed models, it has been 

decided to use Equilibrium assumption approach for modelling system chemistry 

for this project since the information regarding each individual species formation 

and dissociation is important in radiative heat transfer calculations. 

3.2.3.5.2 PDF Modelling 

In Fluent the turbulent reacting flow is defined by the prediction of various time 

averaged fluctuating properties. Turbulence chemistry interaction model relates 

these time averaged values to the instantaneous values. The PDF function 

provides the turbulence chemistry interaction model. In the PDF approach the 

predicted mixture fraction from various assumptions such as equilibrium 

calculations or fast chemistry gives the instantaneous individual species 

concentrations [32].  PDF approach is developed especially for turbulent 

diffusion flames. The coupling of chemistry and turbulence and the formation of 

intermediate species are modelled with the help of mixture fraction method used 

in the PDF approach. One of the major advantages of this approach is that it is 

computationally efficient since it does not require the solutions for large number 

of species transport equations. Refer Appendix B for the details regarding how to 

create the PDF table in non-premixed combustion model.   
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3.2.4 Materials 

Materials panel helps to edit the species used for the simulation and to make 

changes to the species properties. Since in this project the model used for 

combustion modelling is non-premixed combustion model, all the thermo-

chemical properties of the species are calculated while creating the look up table. 

Therefore the material type used for the case is mixture type and the Fluent 

mixture material used is the PDF-mixture. By selecting this option enables to use 

the data from the look up table for calculations. In order to calculate the 

absorption coefficient the “WSGGM-domain based” method is selected from the 

drop down list. The working of WSGGM in Fluent is described in Appendix A.  

3.2.5 Boundary Conditions 

Table 3-2: Boundary Conditions 

Zones Boundary Conditions 

Fluid  Enable the Fluid Type 

 Enable the option “Participates in 

Radiation”. 

Fuel Inlet  Type: Mass Flow Inlet 

 Mass Flow Rate: 0.074 kg/s 

 Initial Gauge Pressure: 108 Pa 

 Direction Specification Method: 

Normal to Boundary 

 Reference Frame: Absolute 

 Turbulence Specification Method: 

Intensity and Hydraulic Diameter 

Intensity: 10% 

Hydraulic Diameter: 0.000949 m 
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 Total Temperature: 298.15 K 

 Mean Mixture Fraction: 1 

Injector Wall  Enable Radiation in Thermal 

conditions panel 

 Keep both external emissivity and 

internal emissivity as 0.5 

Outlet  Type: Pressure Outlet 

Oxidiser Inlet  Type: Mass Flow Inlet 

 Mass Flow Rate: 0.221 kg/s 

 Initial Gauge Pressure: 1.9 ×

107 Pa 

 Reference Frame: Absolute 

 Direction Specification Method: 

Normal to Boundary 

 Turbulence Specification Method: 

Intensity and Hydraulic Diameter 

Intensity: 10% 

Hydraulic Diameter: 0.00247 m 

 Total Temperature: 298.15 K 

 Mean Mixture Fraction: 0 

Wall  Enable Radiation in Thermal 

conditions panel 

 Keep both external emissivity and 

internal emissivity as 0.5 

Table 3-2 shows the various boundary conditions applied for the model. 

Boundary conditions are applied to the different zones created for the mesh 

geometry in Gambit. There are six important zones present in the boundary 

condition panel. The boundary conditions for the fuel inlet and oxidiser inlet are 
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already investigated by Andrew MacMillan [23] during the previous project on 

simulation and testing of SPTR. Using these values as the initial boundary 

conditions, the heat transfer process for SPTR is modelled. The various options 

present in the boundary conditions panel apart from the Table 3-2 are kept as 

default. The reason behind the selection of particular values for gauge pressures 

in fuel and oxidiser inlets are discussed in Appendix B. 

3.2.6 Solution Initialization   

In order to begin the iteration process, Fluent requires the initial values to guess 

an initial solution which is then iterated into more accurate result. This is done by 

selecting the particular zone from the “Compute from” drop down list. The 

values already defined while applying the boundary conditions for the zone will 

get updated in the fields as default. In this case the solution is initialized from 

Oxidizer inlet.  

Before starting solution initialisation the solution methods has to be defined. It is 

done using solution controls panel. Make sure for the pressure discretisation the 

option PRESTO! is selected. Keep all other parameters as first order upwind 

scheme for the initial iteration. Maintain default values for under relaxation 

factors. If the solution shows an acceptable range, then the second order upwind 

scheme discretisation can be performed. This is computationally expensive. 

Under relaxation factors can be varied accordingly to stabilize the solution or to 

make the convergence faster.  

Convergence criteria for each variable can be set in Residual monitor panel. In 

order to get a trusted range of solution it is recommended to increase 

convergence criteria. (The procedure followed for modelling the Non-Premixed 

combustion in Fluent is described in Appendix B along with screen shots.)  



 

 

 

 

 

 

 

 

 

 

Chapter 4 

 

 

 

 



 

   

Combustion Gas Radiation                                                                              MSc Thesis                                                                                                                                                          

38 

 

4 RESULTS 

This chapter focus on discussion and validation of various results obtained 

through Fluent simulation. Section 4.1 calculates the expected results in order to 

validate the models and procedures used in Fluent. Later in section 4.2 various 

simulation results for the parameters that are having significant role in radiation 

heat transfer process are discussed. The validation of these results is made with 

the help of initially calculated expected values and the results obtained with the 

help of AFAL SIP in section 4.3. Finally the mesh dependency test is done in 

section 4.4. 

4.1 Expected Results 

Before conducting the discussion of obtained results it is important to determine 

the expected range of results so that the procedure followed for modelling the 

combustion process can be validated. In this section the expected range of 

combustion flame temperature is calculated. It is already given in the problem 

that the expected thrust is 500 N. 

4.1.1 Combustion Flame Temperature Calculation 

The reactants in the combustion system are usually enters the chamber at room 

temperature whereas the combustion products are emitted out of the control 

volume at higher temperatures. The energy released by the combustion reactions 

and the heat exchange at the control volume boundary influence the temperature 

attained inside the control volume. This combustion product temperature is 

known as flame temperature.  

Combustion is an exothermic chemical reaction. The heat of formation is the 

energy required to create a compound from its reactance at standard temperature 

and pressure. The enthalpy for reactants or products can be determined by adding 

the enthalpy of formation and the enthalpy difference between the standard and 
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actual states. With the help of JANAF tables the enthalpy of formation and 

enthalpy differences for the products and reactants can be determined [33]. 

In reality there are number of combustion products formed during combustion 

process. It is difficult to make a balanced chemical reaction equation consists of 

all products. Due to this a balanced chemical reaction consists of combustion 

products having significant effect on heat transfer is determined. The simplest 

balanced combustion chemical reaction equation for nitrous oxide and IPA is, 

C3H8O + 9N2O = 3CO2 + 4H2O + 9N2 

The enthalpy of products and the reactance at temperature T and of standard state 

respectively can be calculated by, 

Hp = 3 ∗ hf,CO2 + 3 ∗ [hCO2(T) − hCO2(298.15)] + 4 ∗ hf,H2O + 4

∗ [hH2O(T) − hH2O(298.15)] + 9 ∗ N2O + 9 ∗ [hN2O(T)

− hN2O(298.15)] 

          Hr = hf,C3H8O + 9 ∗ hf,N2O 

When the steady-flow First Law of Thermodynamics is applied, 

Q = Hp + Hr 

           Hr = −318.2
KJ

Mol
+ (9 ∗ 82.048

KJ

Mol
) = 420.232

KJ

Mol
  

       Hp = [(3 ∗ −393.522) + (4 ∗ −241.826) + (9 ∗ 0)] + (3 ∗ ∆hCO2(T))

+ (4 ∗ ∆hH2O(T)) + (9 ∗ ∆hN2(T)) 

                 = −2147.304 + (3 ∗ ∆hCO2(T)) + (4 ∗ ∆hH2O(T)) + (9 ∗ ∆hN2(T)) 

Assuming Q = 0 gives, the adiabatic flame temperature designated T* by, 

Hp(T
∗) =  Hr(Tr) 
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With the help of spreadsheet the expected range of flame temperature is 

determined. Table 4-1shows the spreadsheet generated for various flame 

temperatures. Expected temperature for the above simplified reaction is around 

4000K. 

Table 4-1 : Expected flame temperature obtained through spreadsheet calculation 

developed based on the above mentioned method in 4.1.1. 

 

4.2 FLUENT Results 

In this section various results obtained through Fluent simulation is discussed. 

The total number of iterations performed is 30000. Since the combustion is a 

very complex process with number of varying factors, it is not necessary to 

obtain a converged solution. Figure 4-1shows the residual plot for the simulation. 

 

Figure 4-1 : Residual Plot 

Temperature 2000 3000 3100 3200 3300 4000 4100

CO2 91.439 152.852 159.081 165.321 171.573 215.622 221.951

H2O 72.79 126.549 132.139 137.757 143.403 183.552 189.363

N2 56.137 92.715 96.421 100.134 103.852 130.027 134

Hp -1076.59 -348.117 -273.716 -199.107 -124.305 404.013 480.057
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Here we are more interested in a range of possible solutions for various quantities 

rather than a particular single solution. The residual plot shows that the variation 

in solution remains uniform over number of iterations.  

4.2.1 Total Temperature Plot 

 

 

Figure 4-2 : Contours of Total Temperature inside the chamber – Cross-section view 

Figure 4-2 shows the total temperature profile inside the combustion chamber. 

First figure shows the filled contours for the temperature distribution and the 

second figure shows the variation in layer by layer form. The maximum and 
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minimum temperatures reported are 3085.148 K and 297.9811 K respectively.  

The major range of temperature attained inside the combustion chamber where 

the combustion occurs lies between 2700 K – 2900 K.  The position of fuel 

injector is decided with an objective of reducing the chamber wall temperature 

[23]. From the temperature plots it is understood that the temperature at the outer 

region is less compared with the center core region of the combustion chamber. 

While comparing the two plots in Figure 4-2 it is understood that the minimum 

temperature is showing in the region where the recirculation occurs. From the 

figure it can be seen that a recirculation zone [34] is formed near to the injector 

wall. Its position is determined by the magnitude and direction of the oxidizer 

and fuel inlet velocities. This kind of swirl formation helps to form an unstable 

shear layer which helps in the atomization of fuel and oxidizer which thereby 

increases the mixing of the species prior to the combustion. In the second plot of 

temperature contour shows that the burning of the atomized mixture begins at the 

shear layer forming a higher temperature region along the layer.  

 

Figure 4-3 : Vector Plot for Total Temperature Distribution 

Figure 4-3 shows the detailed view of the recirculation zone forming near the 

injector wall. Due to the formation of shear layer near to the injector wall, the 
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immediate burned products are struck on the center of the wall. The direction 

vector of the combustion products closer to the injector is pointing towards the 

injector wall forming a very hot region at the center. Figure 4-4 shows the 

temperature contour of the injector wall. The lower temperature regions formed 

on the injector wall is due to the recirculation zone and the center region shows 

higher temperature due to the initial combustion occurred from the shear layer 

formation. The total temperature range attained on the wall varies from 1100 K 

to 2800 K.  

 

Figure 4-4 : Total Temperature Distribution on the Injector Wall 

The obtained temperature is having a significant difference from the expected 

temperature distribution which has been determined prior to the simulation. The 

major reason behind this difference is, during the calculation procedure the 

contribution of every combustion products is not included. The Table 4-2 shows 

the maximum mole fractions of various combustion products formed.  From the 

table it can be seen that there are nearly 9 different species which has a 

significant role in the combustion process.  
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Table 4-2 : Mole fractions of various combustion products obtained through the Fluent 

simulation. 

Combustion Products Mole fraction (Max.) 

𝐍𝟐 0.6558 

𝐎𝟐 0.2511 

𝐇𝟐𝐎 0.2041 

𝐂𝐎𝟐 0.0950 

𝐂𝐎 0.1029 

𝐇 0.0136 

𝐎 0.0116 

𝐎𝐇 0.0344 

𝐇𝟐 0.0316 

𝐇𝐎𝟐 5.6063× 𝟏𝟎−𝟓 

𝐇𝐂𝐎 9.5929× 𝟏𝟎−𝟕 

𝐂𝐇𝐎 9.5929× 𝟏𝟎−𝟕 

𝐇𝟐𝐎𝟐 2.6552× 𝟏𝟎−𝟔 

𝐇𝐎𝐍𝐎 9.1403× 𝟏𝟎−𝟕 

𝐎𝟑 1.5235× 𝟏𝟎−𝟕 

𝐇𝐂𝐎𝐎𝐇 6.1334× 𝟏𝟎−𝟖 

𝐍𝐂𝐎 3.6817× 𝟏𝟎−𝟗 
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4.2.2 Radiation 

In this project the major focus is about the radiation occurring during combustion 

process. Figure 4-5 shows the radiation temperature distribution along the 

combustion chamber. The minimum and maximum radiation temperature 

reported is 1423.081 K and 2763.77 K respectively.  

 

 

Figure 4-5 : Radiation Temperature distribution inside the chamber - Cross sectional view 
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For rocket engines the heat transfer due to radiation is calculated with an 

assumption that the strongly polar equilibrium combustion products are the major 

sources for thermal emissions. Since in our case we are dealing with the 

hydrocarbon fuel, carbon dioxide and water vapor are the two species having 

more interest for the study. Figure 4-6 and Figure 4-7 show the mass fraction of 

H2O and CO2 respectively. The contour plots show that the formation of both 

water vapor and carbon dioxide molecules are from the shear layer. While 

moving towards the nozzle exit the complete combustion reaction happens 

thereby forming more combustion products.  

 

Figure 4-6 : 𝐇𝟐𝐎 Mass Fraction 
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Figure 4-7 : 𝐂𝐎𝟐 Mass Fraction 

Majority of H2O and CO2 molecules are formed towards the nozzle exit. This 

causes the radiation to occur in an increasing fashion from injector wall to nozzle 

exit. Apart from the contribution of combustion products to the radiation 

temperature there are other factors which influence the radiation.  

In section 2.2 it has been discussed that if an atom gets an external energy which 

is sufficient to form an ionized atom, it releases the free electron. Suppose the 

available energy is more than required excitation energy for forming an ionised 

atom, the free electron will carry the extra amount of energy in the form of 

kinetic energy [6]. According to quantum theory when an atom or a molecule 

moves from one energy level to another energy level, it emits or absorbs radiant 

energy. This indicates that the radiation can be described as a function of kinetic 

energy of the molecules which participate in collision. 
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Figure 4-8 : Velocity Contour 

Figure 4-8 shows the velocity distribution inside the combustion chamber during 

combustion process. In the primary zone the particular region which is 

surrounded by the shear layer gives a velocity of 160 ms−1 to 200 ms−1. Then it 

drops to a velocity of about 136 ms−1 to 146 ms−1 and remains constant 

throughout the combustion until the nozzle section. At throat section the velocity 

is again increased to nearly 365 ms−1 which is about Mach 1. The exit velocity 

attained at the nozzle exit is 730.7101 ms−1.  

As per the previous discussion the radiation also should increase according to the 

velocity increase. When the velocity of the colliding molecules increases it 

transfers more energy than the required excitation energy causing the radiation 

emission. The higher radiation values at the exit agree with this statement.  

As we can see from the velocity contour plot, there exists a higher velocity 

region in the primary zone where the shear layer is surrounded. But the radiation 

temperature contour shows that there is not much significant radiation emission 

is happening at this region. The reason behind this is the higher molar 

concentration of the homo-nuclear molecules in this region. Because of the 
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charge distribution in these molecules the electric moment remains unchanged 

for internal vibrations. Due to this the molecules such as O2, H2 and N2 usually 

do not possess vibration-rotation band spectrum (Refer section 2.2.1).  

 

Figure 4-9 : Molar Concentration of  𝐎𝟐 

 

Figure 4-10 : Molar Concentration of N2 
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Figure 4-11 : Molar Concentration of 𝐇𝟐𝐎 

 

Figure 4-12 : Molar Concentration of 𝐂𝐎𝟐 

Figure 4-9, Figure 4-10, Figure 4-11and Figure 4-12 shows the molar 

concentrations of O2, N2, H2O and CO2 molecules in the primary zone 

respectively. In this region the molar concentration of the homo-nuclear 

molecules O2 and N2 are 0.01 kmol m−3 and 0.04 kmol m−3 respectively which 

is very much higher than H2O and CO2 molecules, which is 0.003 kmol m−3 and 
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0.002 kmol m−3 respectively. When the number of molecules increases in a 

region the probability for absorbing the emissions by the molecules from 

neighbouring molecules increases. This in turn should agree that the radiation is 

proportional to the number of molecules present. But in this case since the 

greater number of molecules present in the zone is homo-nuclear molecules 

which are having less significance in the radiation, it reduces the radiative 

emission. This is also the region where lots of initial incomplete combustion 

reactions take place due to poor atomization.  

 

Figure 4-13 : Radiation Temperature Contour on Injector Wall 

Figure 4-13 shows the radiation temperature distribution on the injector wall. The 

range of temperature attained on the wall varies from 1500 K to 2000 K. Higher 

temperature is formed at the center of the wall.  

When compared to the total temperature attained, the contribution of radiation is 

significant at the injector wall. Almost most of the temperature attained on the 

wall is from radiative temperature whereas at the center region of the wall it has 

almost half the contribution. When compared along the axis of the chamber, the 

contribution of radiative temperature to the total temperature is less at the 

primary zone but slowly becomes significant towards the nozzle exit. At nozzle 
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section the majority of the temperature attained is from the contribution of 

radiation. 

4.3 Result Validation 

In section 4.1.1the expected adiabatic flame temperature has been investigated. 

The initial calculation of the flame temperature predicts a value around 4000 K. 

The total temperature result obtained through fluent simulation is around 3100 K. 

The difference of 900 K between the results is because many of the species 

which participate in the combustion reaction is not considered in the initial 

calculation for simplicity and also other sources of temperature is not considered.  

For the initial validation of the results, the same problem has been analyzed using 

a different program called AFAL Specific Impulse Program. The temperature 

result from the program gives a value around 2761 K which is within an 

acceptable range.  The program also shows that the pressure inside the 

combustion chamber is 10 Bar where the Fluent result gives a pressure value of 

12.5 Bar. Table 4-3 shows the comparison of results obtained for various 

parameters using AFAL Specific Impulse Program and Fluent. 

Table 4-3 : Comparison of Results from AFAL Specific Impulse Program and Fluent 

Parameters AFAL SIP Fluent Simulation 

CC Temperature 2761.086 K 3085.148 K 

CC Pressure 10 Bar 12.5 Bar 

CC Enthalpy 0.384 kcal 0.356 kcal 

CC Density 0.001 gcm−3 0.0009 gcm−3 
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Next validation is for the thrust obtained. The given engine specification is for 

500 N thrust. In order to validate the obtained thrust from the Fluent simulation it 

is necessary to use the rocket thrust equation. 

The rocket thrust equation is, 

 F = ṁVe + (Pe − Po)Ae 4.1 

Where, 

Pe : Exit pressure 

Po : Free stream pressure 

Ae : Exit area cross section 

ṁ : Mass flow rate 

Ve : Exit velocity 

From the fluent simulation, 

Pe : 959970.69 Pa 

Po : 101325 Pa 

Ae : 8.2448 × 10−4 m2 

Ve : 730.7101 ms−1 

ṁ : −0.298 Kgs−1 (Negative sign is due to the sign convention applied for mass 

flow rate. Mass flow rate leaving the control volume is represented with negative 

sign and entering the control volume represents with positive sign.) 

By solving the equation 4.1gives the thrust value as, 

F = 490.185 N, which is approximately equal to 500 N. 
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4.4 Mesh Dependency Check 

It is very important to perform the mesh dependency check for all kind of CFD 

simulation analysis problems. The solution should not be dependent on the mesh 

size or type. In this project the simulations were performed with unstructured 

mesh for 30000 iterations. Both finer and coarse meshes were used to analyze the 

mesh dependency.  Table 4-4 shows the details regarding finer mesh and coarse 

mesh used.  

Table 4-4 : Fine and Coarse Mesh Details 

 Fine Mesh Coarse Mesh 

Total No. of Elements 294389 81620 

Total No. of Nodes 56684 16805 

Elements and Type Tet/Hybrid and TGrid Tet/Hybrid and TGrid 

Table 4-5 shows the results obtained from the simulations using both finer and 

coarse meshes. Both the results are approximately equal to one another. This 

means that the solution obtained is independent on the mesh configurations and it 

is purely based on the thermodynamic behaviour of the flow field.  

Table 4-5 : Results obtained from Fine and Coarse mesh simulations 

Parameters Fine Mesh Coarse Mesh 

Max. Total Temperature  3085.98 K 3118.32 K 

Min. and Max Radiation 

Temperature 

1423.081 K & 

2763.77 K 

1468.902 K & 

2721.48 K 

CC Absolute Pressure 12.5 Bar 13 Bar 

Exit Velocity 730.71 ms−1 728.14 ms−1 
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CC Enthalpy 356.63 kcalkg−1 354.68 kcalkg−1 

CC Density 0.8936 kgm−3 0.9111 kgm−3 
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5 DISCUSSION 

In this chapter various findings at different phases of the project is discussed and 

related to the thesis objectives. The primary objective of the project is to conduct 

a detailed research on various methods used for radiation analysis of the 

transparent hot gases in the combustion chamber. In the second phase of the 

project the findings and conclusions made during the literature research is used to 

perform analysis for the SPTR. During this phase the secondary objectives of the 

project which is to determine the effect of radiation from hot gases on the 

injector wall and the role of hot gas recirculation in the injector heat transfer is 

successfully achieved.  

5.1 Selection of Convenient Method for Radiation Analysis 

Radiation from the transparent hot gases inside the combustion chamber is due to 

several complex processes. Due to its complexity and lack of available 

information about the effects of each and every combustion products, various 

assumptions and procedures has been made for variety of calculations. This 

resulted in the formation of various methods used for radiation calculations. In 

chapter 2 a detailed study of radiation from the combustion hot gases is 

described. Sections 2.1and 2.2 describe how a single atom emits or absorbs 

radiation. The basic reason behind the radiation emission from an atom or 

molecule is due to the variations in the energy state. This is occurred by the 

collision process between the atoms inside the combustion chamber.  

Since collision is a parameter which influences the change in energy state of an 

atom, the factors which influence collisions such as number of molecules, path 

length, temperature, velocity and mass of the atom are also have a direct 

influence on radiation emission. This is the fundamental background for all 

methods which are derived for radiative calculations.  

In section 2.3 two kinds of methods are discussed. Due to the simplicity and 

reliability the total emissivity method has been opted as the best method for the 
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project. Since emissivity is a quantity which has a significant role in the total 

emissivity method, it is important to find a proper benchmark data and 

correlations used for determining it. Section 2.4 describes various emissivity 

benchmark data and models used for combustion radiation calculations. It is very 

important to select the accurate benchmark data which gives reliable results for 

the combustion conditions in the problem. Various studies and experiments 

conducted by Lallemant, Sayret and Weber [10] shows that the EWBM is the 

best to use as a benchmark data for higher combustion temperatures. Using 

EWBM as the benchmark data the accuracy of various emissivity correlations 

has been determined. It shows that the two WSGGMs - Smith’s model and 

Coppale and Vervish model has the lowest maximum discrepancy and average 

discrepancy of emissivity data obtained for higher temperatures and various 

range of path lengths.  

Finally the selection of a better radiation heat flux model based on the total 

emissivity method concept in order to calculate the radiative heat flux has done. 

In section 2.6 various models are discussed. It is very important to select the 

model which gives reliable results for the current project. This made the 

comparison of the models in section 2.6.5 with respect to the influence of various 

factors such as optical thickness, scattering, individual species effects etc. This 

shows that the DO model is the most convenient one to use for this project.   

By the end of chapter 2 the primary objective of the project has been successfully 

achieved. The simpler and most reliable method for the analysis of radiation from 

transparent hot gases inside the combustion chamber has been identified.    

5.2 CFD Simulation for SPTR Case Using Selected Methods 

In the second phase of the project the selected radiation heat transfer methods in 

the initial phase is used to conduct the CFD simulations for the SPTR case. 

Chapter 3 discusses about the CFD simulation procedure in Fluent software and 
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various models and tools used for it.  The detailed step by step simulation 

procedure for the project is described in Appendix B.  

There are several problems encountered during the simulation phase. The major 

problem faced during the initial stage is regarding the Fluent species database. 

The required IPA species for the project was absent in the Fluent database. This 

issue is resolved by entering the new species into the ‘thermo’ file of the 

software. Because of the alterations made in the software files, it is important to 

validate the result in the initial stage itself for a simple case. This is done with the 

help of results obtained from the AFAL SIP for the similar case. Table 4-3 shows 

the comparison of results obtained from AFAL SIP and Fluent. Both results 

showed a discrepancy within ±10% which is acceptable. After the initial 

validation for the simpler model a finer grid model is established for the detailed 

analysis.   

The simulation results described in chapter 4 show that the contribution of 

radiation heat transfer has a significant role in the total heat transfer inside the 

combustion. Figure 5-1 and Figure 5-2 shows the radiation temperature and total 

temperature variations along the chamber axis respectively. By comparing both 

the plots it can be seen that the radiation from combustion gases has significant 

effect on the injector wall and toward the nozzle exit. Almost every source for 

the temperature attained on the injector wall is from the transparent hot gas 

radiation. The major reason for this is the formation of hot gas recirculation zone 

near to the injector wall. The recirculation zone creates a shear layer in the 

primary zone which influences the atomization of the species near to the injector. 

This results in the ignition of the combustion products close to the wall.  
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Figure 5-1 : Radiation Temperature Curve along the Chamber Axis 

 

 

 

Figure 5-2 : Total Temperature Curve along the Chamber Axis 

 

Even though the radiation has major effect on the injector wall, the significance 

of it reduces at a distance of 0.025 m to 0.05 m from the injector. This is the 

region in the primary zone where the mixing of species takes place where the 
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formation of homo-nuclear initial combustion products such as  O2 and N2 

occurs. Figure 4-9, Figure 4-10, Figure 4-11and Figure 4-12 show that the molar 

concentrations of these molecules are very much higher than H2O and CO2 

molecules which produce the near-infrared radiation spectrum which has great 

significance in the high temperature gas systems. When the atoms in this region 

emits the radiation the nearby homo-nuclear atoms absorbs it. Since these homo-

nuclear molecules does not possess vibration-rotation band spectrum the excess 

energy emitted will not be in the near infrared or visible regimes. This causes a 

drop in the radiation effect in the initial mixing region.  When the mixing process 

proceeds further down the chamber, the rapid atomization occurs and the 

reactions become complete. As a result the rapid formation of H2O and CO2 

molecules occurs towards downstream. Thus the radiation process has a 

significant role in heat transfer while moving towards the nozzle exit.   

By the end of second phase, the secondary objectives of the project have been 

successfully achieved. The combustion heat transfer analysis and the role of 

radiation heat transfer and hot gas recirculation in this for the SPTR has been 

investigated using the selected models and methods from the initial literature 

research.  
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6 CONCLUSION  

The objectives of this thesis were developed as part of the SPTR project which is 

under development. The main focus of this thesis is to analyse the injector wall 

heat transfer. Since this process is highly influenced by the radiation from the 

transparent hot gases and the hot gas recirculation in the primary zone, the 

primary objective set for the thesis was to conduct a detailed literature research 

on various methods used for radiative calculations. During this task a convenient 

method was selected in order to make a computer model for the SPTR case. In 

chapter 2 various methods and models for the combustion gas radiation 

calculations are discussed and the total emissivity method is opted for the 

simulation purpose. As part of this it has been identified that EWBM can be used 

as the benchmark data for emissivity calculations. With the help of EWBM the 

most reliable WSGGM emissivity correlations for the SPTR case was 

determined. These correlations are used to calculate the emissivity quantities 

used in radiative flux models. The next objective is to investigate various 

radiative flux models based on total emissivity concept. Section 2.6 discuss on 

radiative flux models and their applicability. After a detailed comparative study 

of each models with respect to the SPTR combustion conditions, the DO 

radiation model has been selected for the simulation purpose.  

In the next phase of the project, all selected methods and models investigated 

during the literature research were used to build a computer model simulation 

with the help of Fluent software. Since the software database was not having the 

required fuel species for SPTR, the necessary alterations has been made to the 

database file in the initial stage. The validation of new software setup has been 

done with the help of results obtained from AFAL SIP for the similar SPTR case. 

After validating various tools and models used in the software for SPTR case, the 

actual mesh model was analysed for 30000 iterations. The analysis results of 

various parameters such as total temperature, radiation temperature, pressure, 

velocity, mole fractions of combustion products etc. which are related to the 
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radiation process were studied in detail and obtained an acceptable explanation 

regarding the role of radiation process in the primary zone. The results are 

validated with the help of numerical calculations. It has been found that the 

radiation from transparent hot gases is having a significant role in the total heat 

transfer at the injector wall and toward the nozzle exit. With the help of vector 

simulation of the fluid flow it was found that the recirculation zone forming in 

the primary zone influences the radiation process by atomizing the combustion 

products.  

All assigned tasks for the project was successfully performed and validated. 

Since it was a short time project, further investigations on various parameters are 

encouraged to do. Next section discusses on the possible future works which can 

be performed on the current project in order to get more detailed and improved 

results.   

6.1 Further Works 

 In this project the First order upwind scheme is the discretisation method 

used for the governing equations of various parameters. The reason behind 

this choice is to make the analysis computationally less expensive and for 

faster processing. Since the obtained results are within an acceptable 

range, it is highly recommended to use second order upwind scheme for 

further analysis in order to obtain more accurate results.  

 During the discussion regarding radiation temperature attained inside the 

combustion chamber, the Figure 4-5 shows a varying pattern of the 

property. In order to learn more regarding the factors affecting the 

radiation process an in-depth investigation regarding the radiation 

temperature pattern can be performed. An initial study regarding this 

research has done by using different radiation flux models. Different 

radiation patterns are obtained for both P-1 and DO radiation models. The 

factor which caused this variation between these models was the optical 
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thickness. Therefore it is necessary to investigate the exact reason behind 

the radiation temperature pattern inside the combustion chamber by 

investigating the different radiation flux models in detail. 

 In the current project the radiation heat transfer discussions based on the 

significant molecules such as O2, N2, H2O and CO2 are made. In order to 

obtain a complete and improved analysis result, the effect of each and 

every combustion products has to be investigated. This will help to 

understand the complete chemistry of the fluid flow. As part of this a more 

detailed varying radiative heat transfer pattern can be simulated.  

 One of the important objectives of the project is to determine the role of 

hot gas recirculation in injector wall heat transfer. It was found that the 

position of recirculation zone influence the injector wall heat transfer. The 

injection velocity and the direction of injection are the factors which affect 

the recirculation of gases. Since a shower head injector is used there is no 

impingement of injections occurs. As a result the effect of direction and 

velocity of the injections are insignificant. This makes the recirculation 

zone to be located at the same position. It is recommended to design a 

different type of injection method which can influence the recirculation 

zone for further comparative study of radiation heat transfer between the 

two kinds of injectors.  

 In order to further validate the obtained results it is recommended to 

conduct the analysis with structured grid as well and also with other CFD 

simulation software. 
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Appendix A : WSGGM in FLUENT [35] 

The total emissivity in WSGGM for a distance L can be represented as, 

 ε = ∑aε,i(T)(1 − e−kipL)

I

i=0

 0.1 

Where, 

aε,i : Emissivity weighting factors for the ith fictitious gray gas. 

(1 − e−ki pL) : ith Fictitious gray gas emissivity.  

 ki : Absorption coefficient of ith gray gas.  

 p   : Sum of the partial pressures of all absorbing gases. 

 L   : Path length. 

For aε,i and ki, the values from Coppalle and P. Vervisch and Smith’s models are 

used. These values depend on gas composition whereas aε,i  also depends on 

temperature as well. When the total pressure is not equal to 1atm, scaling rules 

for ki are used. 

ki → kiPtot
m  

Where m is the non-dimensional value obtained from “Scaling Rules for Total 

Absorptivity and Emissivity of Gases” by D. K. Edwards and R. Matavosian 

[36]. It depends on partial pressures and temperature T of the absorbing gases as 

well as Ptot. 

Weighting factor for i = 0 is evaluated from, 

aε,0 = 1 − ∑aε,i

I

i=1
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The temperature dependence of aε,i can be represented as, 

aε,i = ∑bε,i,jT
j−1

J

j=1

 

bε,i,j : Emissivity gas temperature coefficient. 

Where bε,i,j and ki are obtained experimentally (Coppalle and P. Vervisch, T. F. 

Smith). Since both values are slowly varying functions of pL and T, it can be 

assumed to be constand for wide range of these parameters. Values from Smith is 

valid for 0.001 ≤ pL ≤ 10.0 and 600 ≤ T ≤ 2400 K. For T > 2400 K values 

from Coppalle and P. Vervisch are used. 

If ki pL ≪ 1 then, 

ε = ∑aε,iki pL

I

i=0
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Appendix B : Non-Premixed Combustion Modelling in Fluent 

In this project the reaction is modelled using non-premixed combustion model. 

With the help of PDF mixture fraction model the combustion simulation is 

modelled.  

Step 1: Mesh 

File−>Read−>Mesh 

The model is meshed using Gambit software. In gambit the “.dbs” file should be 

exported into a mesh file “.msh” so that it can be read by Fluent.  

Step 2: Grid Settings 

1. Grid check 

Grid−>Check 

This will check the grid which imported and report the progress in the 

console. Here we can identify if there is any errors in the grid before 

starting the simulation. 

2. Scale 

Grid−>Scale 

Gambit is dimensionless software. Any file read into Fluent from gambit 

is considered in meters by default. So it very important to scale the model 

into required units in Fluent. It is recommended to perform grid check 

after this as well.  

Step 3: Models 

1. Enable Energy Equation 

Models−>Energy 

The theory behind the energy equation is described in section 3.2.3.2. 

2. Enable 𝑘 −epsilon turbulence model. 

Models−>Viscous 
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Keep all other settings as default. 

3. Enable DO Radiation model. 

Models−>Radiation 

DO radiation model can produce more accurate solution than other 

models. (Refer theory in section 2.6). 

4. Enable non-premixed combustion model. 

Models−>Species 

Figure shows the screenshot of the chemistry tab settings have to be made 

for non-premixed combustion model.  

 

a. It is important to create a PDF table while using non-premixed 

combustion model. The table generated consists of the information 

regarding thermo-chemistry and its turbulence interaction.  

b. Enable inlet diffusion. This enables the mixture fraction to diffuse 

out of the domain through inlets and outlets. 

c. Equilibrium chemistry model is enabled. The theory behind this is 

described in section 3.2.3.5.1. 

d. Operating pressure is 1000000 Pascal. 
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e. Fuel stream Rich Flammability Limit is set to 0.15. Setting this 

limit enables to perform partial equilibrium calculations by 

ignoring the calculations for mixture fractions greater than the 

limit. This increase the efficiency of the PDF calculation by 

ignoring more complex equilibrium calculations in fuel rich 

region. This approach is more acceptable than assuming a full 

equilibrium system. In the case of combustion gases the acceptable 

range of the limit is the value larger than 10% - 50% of the 

stoichiometric mixture fraction.  

f. Boundary Tab 

 

The figure shows the screenshot of the boundary tab selection. All 

the default species present in the fuel and oxidizer columns are 

removed and the required species are inserted. In this project the 

fuel we are using is C3H8O (IPA) and N2O. Unfortunately the 

Fluent species database doesn’t consist of IPA. In order to import a 

new species the “thermo.db” file of the software is edited. The 
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required thermal data of the species is obtained from Prof. Burcat’s 

data at the website of Laboratory for Chemical Kinetics [37]. 

g. The values in the control tab are retained. 

h. Retain the table parameters in the Table tab and click ‘Calculate 

PDF Table’ button.  

i. Save the PDF file generated. 

File−>Write−>PDF 

Step 4: Materials 

Figure shows the materials window. 

 

Select the material type as mixture and fluent material mixture as pdf-mixture. 

All thermodynamic data are extracted from the chemical database. Select 

WSGGM-domain-based from the absorption coefficient drop down list. Click the 

change/create button. 
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Step 5: Set Boundary Conditions 

Set boundary conditions as defined in section 3.2.5. 

Define −>Boundary Conditions 

Step 6: Solutions 

1. Retain the under relaxation factors. Use PRESTO! for pressure 

discretization and select First order upwind scheme for others.  

2. Set residuals to 10−3. 

3. Ensure Plot is enabled. 

Step 7: Solution Initialization 

Initialize the solution from oxidiser inlet. Retain the default initializing values.  
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Appendix C : Difficulties Faced during Various Stages of the 

Project   

C.1 FLUENT Species Database 

The major problem faced in the initial stage of the simulation process is 

regarding the Fluent database. The required fuel species (IPA) is not present in 

the Fluent database. Initially it was decided to choose a species which has the 

properties closer to the IPA properties. But since the analysis using other species 

were showing a very large discrepancy with the expected results, the proposed 

solution for the problem was ignored.  

Solution: 

Finally after a detailed study regarding the Fluent software, it was decided to edit 

the thermodynamic data file “thermo.db” and the species properties file 

“thermodb.scm” with the IPA values. The required thermodynamic data for IPA 

was obtained from the website of ‘Laboratory for Chemical Kinetics’ [37]. The 

data given in the website is known as Prof. Burcat’s Thermodynamic Data.  

Figure C-1shows the Burcat’s thermodynamic data for IPA.  

 

Figure C-1 : IPA Thermodynamic Data 

The changes made in the species property file helped to make the IPA species 

available for Fluent analysis.  
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C.2 Required Control Volume for Meshing 

Since the analysis is focussed on the heat transfer at the injector wall, it was 

initially decided to use only the chamber control volume focusing the primary 

zone. But the results obtained for this configuration was not able to validate. The 

discrepancy showed between the expected and obtained results was significant. 

Thus it was decided to change the control volume for meshing. The new control 

volume includes the entire engine from injectors to nozzle exit. The new results 

obtained are in the acceptable range. Reason behind this difference is due to the 

change in absolute pressure inside the combustion chamber. The nozzle plays an 

important role in maintaining the combustion chamber pressure. Pressure is a 

significant factor for radiation process.  

C.3 Initial Gauge Pressure Value for Inlet Boundary Conditions 

Another problem faced was during the solution initialisation. The inlet boundary 

condition applied for both fuel and oxidiser is “Mass flow inlet”. When the inlet 

condition is applied with a given mass flow rate, it is supposed to give the inlet 

velocity for the injectors in the initialisation window automatically. When it was 

initialised with the given mass flow rate the obtained inlet velocity for both fuel 

and oxidiser inlets were very much different from the expected values. This 

produced unacceptable results for various parameters.  

Solution: 

After a detailed study regarding the Mass flow inlet boundary condition, it was 

found that while using mass flow boundary condition the initial gauge pressure is 

used to calculate initial data according to isentropic relations. Various pressure 

values are given as input until the correct expected initial values for inlet velocity 

and temperature are obtained.        
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Appendix D : Miscellaneous  

D.1  Domain for Various Total Emissivity Correlations [10] 

 

Figure D-1 : Domain for Various Total Emissivity Correlations 


