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Abstract 

Methane and oxygen are a promising propellant combination in future rocket propulsion engines mainly 

due to its advantages like reusability and cost reduction. In order to have a comprehensive understanding 

of this propellant combination extensive research work is being done. Especially, for reusable rocket 

engines the thermal calculations become vital as an effective and efficient cooling system is crucial for 

extending the engine life. The design of cooling channels may significantly be influenced by radiation. 

Within the framework of this thesis, the gas radiation heat transfer is modelled for CFD simulation of 

rocket thrust chambers and analysed for the 𝐶𝐻4/𝑂2 fuel combination. The radiation is modelled within 

ArianeGroup’s in-house spray combustion CFD tool - Rocflam3, which is used to carry out the 

simulations.  

Radiation properties can have strong influence for certain chemical compositions, especially 𝐶𝑂2 and 𝐻2𝑂 

which are the products of the 𝐶𝐻4 and 𝑂2 combustion. A simplified gas radiation transport equation is 

implemented along with various spectral models which compute the gas emissivity for higher temperature. 

Also, Rocflam-II code which has an existing gas radiation model is used to compare and validate the 

simplified model. Finally the combination of the convective and radiative heat transfer values are 

compared to the experimental test data. In contrast to the previously existing emissivity models with a 

certain temperature limit, the model used here enables the inclusion for the total emissivity of 𝐶𝑂2 and 

𝐻2𝑂 for temperatures up to 3400 K and hence more appropriate for hydrocarbon combustion in space 

propulsion systems.   

It turns out that the gas radiation is responsible for 2-4% of the total heat flux for a 𝐶𝐻4/𝑂2 combustion 

chamber with maximum integrated temperature of 2700 K. The influence of gas radiation would be 

greater than 4% respective of the integrated temperature. Gas radiation heat flux effects are higher in 

stream-tube combustion zone compared to the other sections of the thrust chamber. The individual 

contribution of radiative heat flux by 𝐶𝑂2 was noted to be 1.5-2 times higher than that to 𝐻2𝑂. It was 

shown that the analytically derived simplified expression for gas radiation along with the various spectral 

models had reasonable approximation of the measured radiation. The estimated radiation was correct to 

the measured radiation from the Rocflam-II model for a temperature range of 400-3400 K.  

Keywords: Gas radiation, thrust chamber, CFD, heat transfer, Rocflam3, methane. 
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Sammanfattning 

Metan och syre är en lovande kombination av drivmedel i framtida raketframdrivningsmotorer främst på 

grund av dess fördelar som återanvändbarhet och kostnadsminskning. För att få en omfattande förståelse 

av denna drivmedelkombination görs ett omfattande forskningsarbete. Speciellt för återanvändbara 

raketmotorer blir värmeberäkningarna viktiga eftersom ett effektivt och effektivt kylsystem är avgörande 

för att förlänga livslängden på motorn. Utformningen av kylkanaler kan betydligt påverkas av strålning. 

Inom ramen för denna avhandling modelleras gasstrålningsvärmeöverföringen för CFD-simulering av 

rakettryckkamrar och analyseras för 𝐶𝐻4/𝑂2 -bränslekombinationen. Strålningen är modellerad i 

ArianeGroup’s egen förbränning CFD-verktyg - Rocflam3, som används för att utföra simuleringarna.  

Strålningsegenskaper kan ha starkt inflytande för vissa kemiska kompositioner, särskilt 𝐶𝑂2 och 𝐻2𝑂 som 

är produkterna från förbränningen 𝐶𝐻4 och 𝑂2. En förenklad gasstrålningstransportekvation 

implementeras tillsammans med olika spektralmodeller som beräknar gasemissiviteten för högre 

temperatur. Dessutom används Rocflam-II-kod som har en befintlig gasstrålningsmodell för att jämföra 

och validera den förenklade modellen. Slutligen jämförs kombinationen av konvektiva och 

strålningsvärmeöverföringsvärden med de experimentella testdata. Till skillnad från de tidigare existerande 

utsläppsmodellerna med en viss temperaturgräns möjliggör modellen som används här att inkludera den 

totala emissiviteten för 𝐶𝑂2 och 𝐻2𝑂 för temperaturer upp till 3400 K och därmed mer lämplig för 

kolväteförbränning i rymdframdrivningssystem. 

Det visar sig att gasstrålningen svarar för 2-4% av det totala värmeflödet för en 𝐶𝐻4/𝑂2  

förbränningskammare med maximal integrerad temperatur på 2700 K. Påverkan av gasstrålning skulle vara 

större än 4% av den integrerade temperaturen. Effekter på värmeströmning av gasstrålning är högre i 

strömrörs förbränningszon jämfört med de andra sektionerna av tryckkammaren. Det individuella bidraget 

från strålningsvärmeflöde med 𝐶𝑂2 noterades vara 1.5-2 gånger högre än det 𝐻2𝑂. Det visades att det 

analytiskt härledda förenklade uttrycket för gasstrålning tillsammans med de olika spektralmodellerna hade 

en rimlig tillnärmning av det uppmätta strålning. Den uppskattade strålningen var korrekt den uppmätta 

strålningen från Rocflam-II-modellen för ett temperaturintervall på 400-3400 K. 

Nyckelord: Gasstrålning, tryckkammare, CFD, värmeöverföring, Rocflam3, metan.  
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1 Introduction 

Heat can be transferred by conduction, convection and radiation. This work will mainly focus on heat 

transfer by radiation of the combusted gases to the thrust chamber wall. The transfer of heat by radiation, 

by definition [1, 2], is given as the combined processes of emission, transmission, and absorption of 

radiant energy: emitting radiant energy is in the form of waves or particles. The radiation heat emission is 

the electromagnetic radiation emitted by a gas, liquid, or solid body by the virtue of its temperature and at 

the expense of its internal energy. It covers the wavelength range from 10,000 to 0.0001 μm, which 

includes a visible range of 0.39 to 0.78 μm [1]. Radiation heat transfer occurs efficiently in a vacuum as 

well because there is no absorption by fluid interventions. 

 

Figure 1-1 Liquid propellant thrust chamber basic sections and setup [3] 

The heat transmitted by the mechanism of radiation depends primarily on the temperature of the radiating 

body and its surface condition. The second law of thermodynamics can be used to prove that the radiant 

energy E is a function of the fourth power of the absolute temperature T:   

 𝐸 = 𝑓휀𝜎𝐴𝑇4 ( 1 ) 

The energy E radiated by a body is defined as a function of the emissivity 휀, which is a dimensionless 

factor for surface condition and material properties, the Stefan-Boltzmann constant σ (5.67 ∗

 10−8 𝑊/𝑚2𝐾4 ), the surface area A, the absolute temperature T, and the geometric factor f, which 

depends on the arrangement of adjacent parts and the shape. At low temperatures below 700 K, radiation 

accounts for significantly less portion of the total heat transfer and so can be negligible [3]. 

According to Sutton [3], rocket propulsion has few radiation concerns: (i) Emission from hot gases to the 

internal walls of a combustion chamber (ii) Emission to the surroundings or to space from the external 
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surfaces of hot hardware (radiation-cooled chambers or nozzles) (iii) Radiation from the hot plume 

downstream of the nozzle exit. 

In rocket combustion devices gas temperatures are between 1900 and 3800 K; their radiation contributes 

between 2 and 10% of the heat transfer to the chamber walls, depending on the reaction gas composition, 

chamber size, geometry and temperature [3]. It can be a significant portion of the total heat transfer. The 

absorption of radiation on the wall follows essentially the same laws as those of emission. Metal surfaces 

and formed tubes reflect much of the radiant energy, whereas ablative materials and solid propellant seem 

to absorb most of the incident radiation. A highly reflective surface on the inside wall of a combustor 

tends to reduce absorption and to minimize the temperature increase of the walls. 

 

Figure 1-2 Radial change in average temperature of a cooled rocket thrust chamber [3] 

In general, the radiation intensity of all gases increases with their volume, partial pressure and the fourth 

power of their absolute temperature as shown in equation (1). For small thrust chambers and low chamber 

pressures, radiation contributes only a small amount of energy to the overall heat transfer. Furthermore, 

the impact of particulates with the wall will cause an additional increase in heat transfer, particularly to the 

walls in the nozzle throat and immediately upstream of the nozzle throat region. The particles also cause 

erosion or abrasion of the walls. 

In rocket development, the heat transfer is analysed but also the rocket units are almost always tested to 

assure that heat is transferred satisfactorily under all operating and emergency conditions. Heat transfer 

calculations are useful to guide the design, testing, and failure investigations. The rocket combustion 

devices that are re-generatively cooled or radiation cooled can reach thermal equilibrium and the steady-

state heat transfer relationships will apply. Transient heat transfer conditions apply not only during thrust 

start-up and shutdown of all rocket propulsion systems but also with cooling techniques that never reach 

equilibrium [3](Figure 1-2). 

In the case of a liquid propellant engine, the propellants are metered, injected, atomized, vaporized, mixed 

and burned to form the reacting products required to accelerate through the convergent-divergent section 

and ejected at high velocity. The heat transfer analysis plays a vital role as the temperatures inside the 

chamber; it could reach around 3600 K [4]. Even though every rocket unit is tested to ensure that the heat 

transfer is satisfactory under all operating conditions, heat transfer calculations are done prior during the 

preliminary phase to optimize the design [3]. Especially for a reusable engine, the thermal analysis 

becomes important. An efficient and effective cooling system is crucial to facilitate the extension of engine 

life. As gas radiation is higher for hydrocarbons fuels, it is fair to investigate its effects for a methane 

combustion model which would be one of the objectives of this work.    
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The choice of methane as a fuel enables a good compromise between performance, reduced thermal 

gradients in the systems and cost reductions [5]. There has been several studies done by NASA and ESA 

[6, 7] comparing various fuels and explanations on why methane is of interest. Methane is more stable 

than liquid hydrogen and is considered as the most promising fuel for the Mars Missions. Since they can 

be stored at manageable temperatures, there are plans to recover or create it from the local resources, 

using in-situ resource utilization (ISRU) [8]. According to NASA, with the mission to Mars in 2020, there 

are plans to demonstrate ISRU technologies that could enable propellant and consumable oxygen 

production from the Martian atmosphere. If successful, astronauts could create both the fuel and oxidizer 

needed to propel an ascent vehicle to Martian orbit [7].  

 

Figure 1-3 Ideal specific impulse for different propellant combinations (pc =100 bar) [9] 

Moreover, the storage temperature for methane is similar to liquid oxygen so lesser insulation required 

leading to reduction in cost. As the density of the methane fuel is higher, smaller tanks could be used 

resulting in lesser cost and overall weight reduction. Hydrogen fuels need active cooling to maintain 

cryogenic state, whereas passive cooling would suffice for methane. Methane can also be stored for longer 

durations and will not vent over time. The engines can be re-used more times without any or less 

refurbishment due to lesser residue build-up. Notable disadvantages would be specific impulse as seen in 

Figure 1-3, causing the rocket engine with methane fuel to have just above 1000 kN thrust compared to 

hydrogen fuel with 1300 kN thrust [5]. But the simplistic design with less parts results in weight reduction, 

compensating to the difference in thrust levels for the methane fuel engine [5]. 

 

Figure 1-4 Comparison of the Vulcain 2.1 and the Prometheus engine [5] 
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Since 2015, ArianeGroup and CNES have initiated in strong partnership the development of a new low 

cost and reusable rocket engine to power the next generation of launchers after Ariane 6 [5].  The 

Prometheus engine, refer Figure 1-4, is to be considered as the prototype of a new industrial approach to 

rocket engine design. The major change will be the shift from H2/O2 to CH4/O2 fuel combination. Over 

the past decade, there has been a shift in the industry with almost all the major space propulsion 

companies researching on methane fuels. The Prometheus engine design integrates the most promising 

solutions from R&T and other programs in the field of Additive Layer Manufacturing (ALM), design to 

cost strategies, on board computing and digital technologies to name a few. The main aim to cut down the 

cost and from a whopping 10 million euros to 1 million euros and for reusability purposes.  

Table 1 Overviw of different research groups and their methods on investigating the numerical 
simulation of hydrocarbon combustion [9] 

Groups Ariane Group Airbus DS JAXA TUM-LFA 

Code Rocflam3 CFX CRUNCH-CFD FLUENT 

Equations RANS RANS RANS RANS 

Solver 
Pressure based-
SIMPLE 

Pressure based- 
COUPLED 

Density based 
Pressure based- 
SIMPLE 

2D/3D 2D/3D 2D 3D/quarter 2D 

Grid cells 45 . 103 45 . 103 45 . 103 45 . 103 

Turbulence 
models 

K-ϵ 

K-ω –SST 
K-ω SST 

K-ϵ 

two-layer 

K-ϵ 

two-layer 

Combustion 
Model 

Flamelet, PPDF & 
global* 

Flamelet Finite rate Flamelet 

TCI Laminar Beta-PDF Laminar Beta-PDF 

Chemistry 33 species Ansys C1 21 species 11 species 

Prt/Sct 0.85/0.85* 0.9/0.9 0.9/0.9 0.85/0.85 

Injector resolved No  No  Yes  No  

*case dependent 

Sophisticated programs for heat transfer analysis have been available for several years and have been used 

to investigate thrust chamber steady-state and transient heat transfer, with different chamber geometries 

or different materials with temperature variant properties [10]. Major rocket propulsion organizations have 

developed their own versions of suitable computer programs for solving their heat transfer problems, as 

shown in Table 1 . Similarly, Ariane Group has its in-house combustion modelling code Rocflam-II and 

Rocflam3: Rocflam meaning Rocket Combustion Flow Analysis Module. Rocflam3 is an axisymmetric 

Navier–Stokes solver with a Lagrange droplet tracking module that incorporates several models for multi-

class droplet tracking, evaporation and combustion, balancing their accuracy and computational effort 

[11]. As the name suggests Rocflam-II and Rocflam3 evaluates the 2D and 3D simulations respectively, 

Section 2.7 gives a more detailed explanation. The gas radiation model was developed for Rocflam-II by 

Kiesner et al. [11]. But the gas radiation model has not yet been implemented in Rocflam3. As there is a 

transition from 2D to 3D code, efforts are being made to make all the models available. The initial focus 

of this thesis work will be incorporating the framework of gas radiation model into the Rocflam3 code 

and validate it. 
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2 Literature review 

A literature review was performed. The following sections give an overview of a few different features 

which would be considered in this study. 

2.1 Thermal radiation heat transfer  

 

Figure 2-1 Total emitted energy as a function of temperature, according to equation (1) 

Thermal radiation transfer that takes place between two distant bodies depends on the difference between 

the fourth power of their absolute temperatures, Figure 2-1. If the temperature-dependent material 

properties are considered in the calculations, the radiative heat flux can be proportional to even higher 

power of absolute temperatures, and the importance of radiation transfer is significantly enhanced at high 

temperatures consequently [12]. Thus, contributing substantially for the energy transfer in furnaces, 

combustion chambers, rocket plumes, spacecraft atmospheric re-entry, high-temperature heat exchangers 

and during explosions of chemicals. Even at low temperatures, if conduction and convection are 

suppressed then radiation can be the important heat transfer mode. Proper consideration of radiation 

transfer would improve the design and the operation of such devices. Radiative transfer calculations 

require the use of accurate radiative properties and appropriate radiation models [13]. Radiation properties 

can be strong functions of chemical composition, especially for the products of hydrocarbon combustion 

such as 𝐶𝑂2 and 𝐻2𝑂. Radiation heat exchange is difficult to solve experimentally [14] (refer Section 2.5) 

thus making it dependent on computational methods. 

2.2 Gas radiation in thrust chambers 

The hot reaction gases in rocket combustion chambers are the potential radiation sources. Gases such as 

hydrogen, oxygen and nitrogen have been found to show many weak emission bands in those wavelength 

regions of importance in radiant heat transfer [3]. Also, they do not really absorb much radiation and do 
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not contribute considerable energy to the heat transfer. Hetero-polar gases, such as water vapour, carbon 

monoxide, carbon dioxide, hydrogen chloride, hydrocarbons, ammonia, oxides of nitrogen, and the 

alcohols, have strong emission bands of known wavelengths. 𝐶𝑂2 , 𝐻2𝑂 𝑎𝑛𝑑 𝐶𝑂 which are the products 

gaseous methane and oxygen combustion(Figure 2-2), are the major contributors for gas radiation. 

 

Figure 2-2 Effect of gas radiation and products of radiating species for CH4/O2 combustion 

 

Figure 2-3 Ideal chemical reaction for CH4/O2 combustion 

For an engine with hydrocarbon fuel, gas radiation has effects on the wall temperature and a small effect 

on its coolant flow characteristics, according to Naraghi et al. [15].  It  is  also  shown  that  in  order  to  

maintain  reasonable  wall  temperatures  and  cryogenic  coolant  flow  temperature  and  pressure,  the  

design of cooling channels is significantly influenced by radiation.  The main cause of radiation is the 

presence of hydrocarbons 𝐶𝑂2, 𝐻2𝑂, 𝐶𝑂 and also soot particles. In the case of using methane as fuel, the 

production of soot is negligible as complete combustion take place at higher temperatures and so would 

result in 𝐶𝑂2 and 𝐻2𝑂 and heat (Figure 2-3). Due to which it is not toxic like other space propellants and 

also referred as green propulsion fuel. But at the same time the effects of 𝐶𝑂2 and 𝐻2𝑂 have to be 

considered. 

2.3 View factors 

 

Figure 2-4 Estimating view factors between two infinitesimal surfaces dAi and dAj [16] 
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The view factor is a purely geometrical value which describes the fraction of the total radiation from a 

surface dAi that hits another surface dAj, as seen in Figure 2-4. If the two areas are finite, then the view 

factor is given by: 

 𝑑𝐹𝑖𝑗 =
1

𝐴1
∫ ∫

𝑐𝑜𝑠𝜃𝑖𝑐𝑜𝑠𝜃𝑗

𝜋 𝑅𝑖𝑗
2

𝐴2𝐴1

 𝑑𝐴𝑖𝑑𝐴𝑗  ( 2 ) 

This equation will change depending on the type of surface configuration. So in almost all cases of thermal 

radiation heat transfer, the calculation procedure is to determine the view factor which is valid for the two 

surfaces under consideration. The view factor depends on the areas of the radiating surface, their shapes, 

the distance between the two surfaces and angles between them, according to Siegel et al [13]. The 

simplified gas radiation model considers the path length of the geometry [10], and the view factors were 

not explicitly considered so no extensive study was performed. 

2.4 Wall emissivity 

 

Figure 2-5 Emissivity of copper versus temperature and picture of a test thrust chamber [17] 

The emissivity of the wall 휀𝑤 is not easy to determine. It strongly varies for different materials. It is mainly 

driven by temperature but also strongly dependent on the surface properties (manufacturing process, 

degree of oxidation, etc.). For the most commonly used materials measured emissivity values can be found 

in heat atlas [18, 19]. One can see from Figure 2-5 that oxidation has a significant impact on wall 

emissivity. The wall emissivity of 0.3 was used in Rocflam-II. The amount of gas radiative heat flux is 

proportional to the wall emissivity.  

2.5 Transport modelling 

Radiation heat transfer does not rely upon any contact between the heat source and the heated object or 

fluid as is the case with conduction and convection. Heat can also be transmitted in vacuum by thermal 

radiation. There is no mass exchange or requirement of a medium in the process of radiation. The 

generalized radiative transfer equation (RTE) for an absorbing, emitting and scattering position at 𝑟 in the 

direction 𝑠 is given as [20]: 
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𝑑𝐼(𝑟, 𝑠)

𝑑𝑠
+ (𝑎𝑐 + 𝜎𝑠)𝐼(𝑟, 𝑠) = 𝑎𝑛2

𝜎𝑇4

𝜋
+

𝜎𝑠

4𝜋
∫ 𝐼(𝑟, 𝑠′)𝛷

4𝜋

0

(𝑠, 𝑠′)𝑑𝛺′ ( 3 ) 

where 𝑟, 𝑠 and 𝑠′ are position, direction and scattering direction vector respectively. 𝑎𝑐 and 𝜎𝑠 are the 

absorption and scattering coefficients which depend on the radiation intensity (𝐼). The generalized form is 

also dependent on the path length (𝑠), refractive index (𝑛), phase function (𝛷) and solid angle (𝛺′).  

 

Figure 2-6 Process illustrating the radiative heat transfer [21] 

(𝑎𝑐 + 𝜎𝑠)𝑠 in Figure 2-6 is the opacity or optical thickness of the medium. Transparent medium is 

optically thin, conversely opaque medium is optically thick. The absorption coefficient 𝑎𝑐 is required for 

various different types of radiation models available, few of the common models are Discrete Transfer 

Radiation Model (DTRM), P-1 model and Rosseland radiation model. The 𝑎𝑐  is a function of path length, 

total pressure and also local concentrations of the radiating species such as 𝐶𝑂2 and 𝐻2𝑂 [21]. Also the 

refractive index (𝑛) of the medium is required to resolve the equation (3). Thus making the generalized 

radiative transport equation (3) complex to compute, and requires high CPU or computational time. 

The Discrete Transfer Radiation Model [22, 23] is accurate and its accuracy depends on the number of 

rays considered (more rays increase accuracy), and this method applies to a wide range of optical 

thickness. But has few limitations: Assumes that all surfaces are diffuse which means that the reflection of 

incident radiation at the surface is isotropic with respect to solid angle. The effect of scattering (𝜎𝑠 , 𝑠 and 

𝑠′) is not included and also assumes grey radiation as large numbers of variables are CPU-intensive [21].  

Whereas the P-1 [13, 24] model has several advantages over the DTRM. For the P-1 model, the RTE is a 

diffusion equation making it straightforward to solve with little CPU demand. The model includes the 

effect of scattering unlike DTRM. Also assumes that all surfaces are diffuse and grey radiation. If the 

optical thickness is small it might lead to loss of accuracy. P-1 model tends to over-predicts localized 

radiative fluxes [21].  

The Rosseland [13] is faster and requires less memory as the extra transport equations are not solved for 

incident radiation like the P-1 model. But it is inaccurate for density based flows so used only for 

incompressible flow areas and for optically thick (opaque) medium. There are more complex models such 

as the Surface to Surface model and the Direct Ordinates radiation model which results in much higher 
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memory space and computational expense, but these models compute the radiation from the surface, 

hence were not be considered for this work.  

For this thesis work, primarily the gas radiation will be implemented using an even more simplified 

radiation transport model.  This is mainly in order to build the basic framework for gas radiation, as it has 

not been implemented before in Rocflam3.  

2.5.1 Simplified gas radiation model 

Lefebvre et al. [10] derived the simplified radiation for gas turbine engine combustion chambers. For the 

combustion gases generated fuels, the total emitted radiation has two components: non–luminous and 

luminous radiation. The non-luminous radiation is emitted from certain hetero-polar gases, major gases 

[25] being carbon dioxide 𝐶𝑂2 and water vapour 𝐻2𝑂. The luminous radiation depends on the number 

and size of the solid particles in the flame, mainly soot. Both modes of radiant heat transfer are taken into 

account for calculations of the liner-wall temperature and the amount of air to be employed in wall 

cooling [10]. 

Let us consider the radiation heat exchange between a gas at temperature 𝑇𝑔 and the surface of a black-

body container at temperature 𝑇𝑤1 
. While the black surface emits and absorbs heat at all wavelengths, the 

gas emits only a few narrow bands of wavelengths and absorbs only those wavelengths included in its 

emission bands. The net radiant heat transfer is given as:   

 𝑞𝑟𝑎𝑑 = 𝜎(Ɛ𝑔 𝑇𝑔
4 − 𝛼𝑔𝑇𝑤1

4 ) ( 4 ) 

where 𝛼𝑔 is the gas absorptivity at Tw1 
. In practice, the surface exposed to the flame is not black, but has 

an effective absorptivity that is less than 1. For most practical purposes, this effect may be accounted for 

by introducing the factor 
1

2
(1 + 휀𝑤) to obtain: 

 𝑞𝑟𝑎𝑑 =
1

2
𝜎(1 + Ɛ𝑤)(Ɛ𝑔 𝑇𝑔

4 − 𝛼𝑔𝑇𝑤1
4 ) ( 5 ) 

Where 휀𝑤 is dependent on the material, temperature, and degree of oxidation of the wall. Approximate 

mean values of 휀𝑤 at typical liner-wall temperatures are 0.7 - 0.8. Investigation over a wide range of values 

[25] has shown that equation (6) is accurate to a sufficiently close approximation: 

 
𝛼𝑔

Ɛ𝑔
= (

𝑇𝑔

𝑇𝑤1

)

1.5

 ( 6 ) 

Hence substituting in equation (5), it can be rewritten as: 

 𝑞𝑟𝑎𝑑 =
1

2
𝜎(1 + Ɛ𝑤)Ɛ𝑔𝑇𝑔

1.5( 𝑇𝑔
2.5 − 𝑇𝑤1

2.5) ( 7 ) 

The temperature and composition are far from homogenous for hot gases. Thus the variables of the 𝑞𝑟𝑎𝑑 

equation (7) must be expressed in mean or effective values for every cycle. Improvements in accuracy 

could be achieved by the method of zoning, as described by Hottel [26], but this would demand a more 

exact knowledge of the distribution of fuel and temperature in the combustion zone than is available for 

most current chamber designs [10].  
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2.5.2 P-1 radiation model 

The P-1 radiation model is one of the simpler cases and this section provides details about the equations 

used in the P-1 model. The following equation is obtained for the radiation flux 𝑞𝑟𝑎𝑑: 

 𝑞𝑟𝑎𝑑 = −
1

3(𝑎 + 𝜎𝑠) − 𝐶𝜎𝑠
▽ 𝐺  ( 8 ) 

where  𝑎 is the absorption coefficient, 𝜎𝑠 is the scattering coefficient,  𝐺 is the incident radiation, and  𝐶 is 

the linear-anisotropic phase function coefficient, described below. After introducing the parameter 𝛤, the 

equation further simplifies to: 

 𝛤 = −
1

3(𝑎 + 𝜎𝑠) − 𝐶𝜎𝑠
  ( 9 ) 

 𝑞𝑟𝑎𝑑 = −𝛤 ▽ 𝐺  ( 10 ) 

The transport equation for  𝐺 is given as follows: 

 𝑆𝐺 =▽ (𝛤 ▽ 𝐺) − 𝑎𝐺 + 4𝑎𝜎𝑇4 ( 11 ) 

where 𝑆𝐺 is a user-defined radiation source and the solver solves this equation to determine the local 

radiation intensity when the P-1 model is active. Solving the previous equations we get − ▽ 𝑞𝑟𝑎𝑑. The 

expression for − ▽ 𝑞𝑟𝑎𝑑  can be directly substituted into the energy equation to accounted for heat 

transfer due to radiation [21]. 

 − ▽ 𝑞𝑟𝑎𝑑 = 𝑎𝐺 − 4𝑎𝜎𝑇4 ( 12 ) 

This is similar to the method used in the Ansys codes [21], just that most of the parameters available in 

those codes have a lower cut of limit for temperature and limited species data. The user defined input can 

be used to compute the other un-defined values.  

2.5.3 Discrete Transfer Radiation Model (DTRM) 

The DTRM is one of the more computation intensive cases and this section provides details about the 

equations used in the discrete transfer radiation model. The main assumption of this model is that the 

radiation leaving the surface element in a certain range of solid angles can be approximated by a single ray. 

The equation for the change of radiant intensity 𝑑𝐼, along a path 𝑑𝑠, can be written as: 

 
𝑑𝐼

𝑑𝑠
+ 𝑎𝐼 =

𝑎𝜎𝑇4

𝜋
 ( 13 ) 

Here, the refractive index is assumed to be unity. The DTRM integrates the radiant intensity along a series 

of rays emerging from boundary faces. If  𝑎 is constant along the ray, then 𝐼(𝑠) can be estimated as: 

 

 
𝐼(𝑠) =

𝜎𝑇4

𝜋
(1 − 𝑒−𝑎𝑠) + 𝐼0𝑒

−𝑎𝑠 ( 14 ) 
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where 𝐼0 is the radiant intensity at the start of the incremental path, which is determined by the 

appropriate boundary condition. The energy source in the fluid due to radiation is then computed by 

summing the change in intensity along the path of each ray that is traced through the fluid control volume. 

The radiation intensity approaching a point on a wall surface is integrated to yield the incident radiative 

heat flux 𝑞𝑖𝑛 as: 

 

 
𝑞𝑖𝑛 = ∫ 𝐼𝑖𝑛

𝑠.⃗⃗⃗�⃗⃗�>0

𝑠.⃗⃗⃗ �⃗⃗�𝑑𝛺 ( 15 ) 

where 𝛺 is the hemispherical solid angle. The net radiative heat flux from the surface 𝑞𝑜𝑢𝑡 is then 

computed as a sum of the reflected portion of  𝑞𝑖𝑛 and the emissive power of the surface: 

 

 
𝑞𝑜𝑢𝑡 = (1 − 𝜖𝑤)𝑞𝑖𝑛 + 𝜖𝑤𝜎𝑇𝑤

4 ( 16 ) 

 𝐼0 =
𝑞𝑜𝑢𝑡

𝜋
 ( 17 ) 

The solver incorporates the radiative heat flux in the prediction of the wall surface temperature and also 

provides the surface boundary condition for the radiation intensity of a ray emanating from any point [21]. 

The ray tracing technique used in the DTRM can provide a prediction of radiative heat transfer between 

surfaces without explicit view-factor calculations. The accuracy of the model is limited mainly by the 

number of rays traced and the computational grid [21]. 

2.6 Spectral modelling 

Spectral modelling governs the determination of the gas emissivity 휀𝑔. In Rocflam-II, the emissivity 

calculation has the most excessive computational contribution considering the other parameters of the 

radiation model. The gas emissivity suggested by Lefebvre et al. [10] were not sufficient to predict the 

radiation. But Kiesner et al. [11] decided to use more complex spectral model to find Ɛ𝑔, so several more 

complex spectral models were implemented such as the Hottel & Egbert model [14] and  WSGGM Smith 

model [27]. 

2.6.1 Hottel & Egbert model 

The Hottel and Egbert model is based on experimental results. This method was carried out by Hottel and 

Egbert in order to resolve the conflict as to calculate the radiant heat transfer due to carbon dioxide and 

water vapour. They conducted a series of experiments varying the length of the gas columns and the 

partial pressure (𝑝) of the gas species using a variable length gas furnace [14]. There were a couple of 

important assumptions such as, the partial pressure of the radiating component of the gas and the path or 

beam length (𝑠) enter as a single product variable 𝑝𝑠, and the molecular gas absorption is proportional to 

temperature, from which total gas absorption at constant 𝑝𝑠 is independent of temperature. 

The Figure 2-7 gives a basic overview of the experimental setup used for this method, for detailed 

explanation refer [14]. Based on which Port [28] plotted the emissivity of carbon dioxide and water vapour 

and is currently being used in the VDI Heat Atlas [19]. 
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Figure 2-7 Flow chart of the experimental setup used in the Hottel & Egbert model [14] 

2.6.2 WSGGM model 

Another method to calculate the gas emissivity is the Weighted Sum of Grey Gas Model (WSGGM) 

which calculates the emissivity by calculating the weighting average of emissivity over the particular 

wavelength. A black body is a perfect absorbing body for incident energy and emits all the energy. 

Whereas a grey body absorbs and reflects some of the incident energy it receives, and also emits the 

energy absorbed.  The Figure 2-8 displays the spectral data for the particular species 𝐶𝑂2 and displays the 

principle idea on how the averaging of the model works.  

 

Figure 2-8 Spectral CO2 data over wavelength (left) and principle concept of the Weighted Sum of 
Grey Gas Model, WSGGM (right) [11] 
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The Weighted Sum of Grey Gases Model (WSGGM) [27] is given by: 

 Ɛ𝑔(𝑇𝑔, 𝑝𝑝, 𝑠) = ∑ 𝑎Є,𝑖 (𝑇𝑔)[1 − 𝑒
−𝑘𝑖𝑝𝑝𝑠

]

𝐼

𝑛=0

 ( 18 ) 

where 𝑎𝜀,𝑖,𝑗 denote the emissivity weighting factors for the 𝑖𝑡ℎ gray gas as based on gas temperature, T. 

The bracketed quantity in equation Ɛ𝑔(𝑇𝑔, 𝑝𝑝, 𝑠)is the 𝑖𝑡ℎgray gas emissivity with absorption coefficient, 

𝑘𝑖 and partial pressure-path length product  𝑝𝑠. For a gas mixture, P is the sum of the partial pressures of 

the absorbing gases. The weighting factor, 𝑎𝜀,𝑖,𝑗, may be physically interpreted as the fractional amount of 

black body energy in the spectral regions where grey gas of absorption coefficient 𝑘𝑖 exists. The 

absorption coefficient for 𝑖 = 0 is assigned a value of zero to account for windows in the spectrum 

between spectral regions of high absorption. Since total emissivity is an increasing function of the partial 

pressure-path length product approaching unity in the limit, the weighting factors must sum to unity and, 

also, must be positive values [27].The weighting factor for 𝑖 = 0 is evaluated from: 

 𝑎Є,0 = 1 − ∑ 𝑎Є,𝑖, (𝑇𝑔
𝑗−1

)

𝐼

𝑛=1

 ( 19 ) 

Thus, only 𝐼 values of the weighting factors need to be determined. A convenient representation of the 

temperature dependency of the weighting factors is a polynomial of order 𝐽 − 1 given as follows: 

 𝑎Є,𝑖 = ∑𝑏Є,𝑖,𝑗 (𝑇𝑔
𝑗−1

)

𝐽

𝑗=1

 ( 20 ) 

where 𝑏𝜀,𝑖,𝑗 are referred to as the emissivity gas temperature polynomial coefficients. The absorption and 

polynomial coefficients are evaluated by fitting equation Ɛ𝑔(𝑇𝑔, 𝑝𝑝, 𝑠) to a table of total emissivity. For 𝐼 

grey gases and  𝐽 − 1 polynomial order, there are 𝐼(1 + 𝐽) coefficients to be evaluated. 

But the polynomial coefficients 𝑏𝜀,𝑖,𝑗  derived by Smith T.F. et al. [27] have a limitation in temperature 

range. The coefficients have a range of 2400 K which is not sufficient for a space propulsion thrust 

chamber. Moreover, for most of the commercial tools such ANSYS Fluent, CFX etc., the polynomial 

coefficients used for 𝑏𝜀,𝑖,𝑗 and 𝑘𝑖 are given by Smith T.F. et al [27] or in NASA’s thermodynamic fitting 

function document [29]. Concerning temperature, the valid range is given from 600 to 2400 K, clearly 

depicting a drawback for rocket combustion applications. Above 2400K two different approaches can be 

applied. Either, the same polynomials function are used even above the recommended limit of 2400 K, or 

the emissivity values are clipped at 2400 K (WSGGM with clipping). If the emissivity value is clipped for 

temperatures above 2400 K then the emissivity value for 2400 K was used for all 𝑇𝑔 above it. Using the 

same polynomial function used in [27], above the recommended temperature can lead to a deviation from 

the actual value as the polynomials are set to specific ranges, thereby increasing the error. 
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2.7 Rocflam-II 

 

Figure 2-9 Schematic representation of the simplified overall view in Rocflam-II code 

There are diverse model features implemented in the Rocflam (Rocket Combustion Flow Analysis 

Module, version II) code. Thrust chamber flows of cryogenic hydrogen/oxygen rocket engines are 

characterised by the coexistence and complex interaction of various physical phases. Rocflam treats the 

gaseous phase by solving the Favre-averaged Navier-Stokes equations extended by the turbulence 

equations. Also, accounting for compressibility effects and handling the near wall region by a logarithmic 

wall function approximation or by a two-layer approach. The set of equations is discretised according to 

the finite-volume methodology for non-orthogonal, boundary fitted multi-block grids and solved by an 

implicit algorithm. Hereby, either central or upwind differencing schemes can be applied. Sub-processes 

such as droplet-to-film deposition, droplet breakup, droplet evaporation, droplet-to-gas phase turbulent 

interaction, droplet-to-wall interaction, liquid film build-up at the combustor walls film evaporation, liquid 

annular film cooling,  gas-to-film and film to-wall heat transfer, shear forces between film and gas phase 

and hypergolic liquid phase reactions have been modelled. 

In Rocflam- II the gas radiation module is computed separately at the end without influencing other 

parameters. The calculated radiative heat flux terms are fed back for computation via the source terms 

accounting for the influence of gas radiation. Then the influence of radiative heat fluxes at the at the 

chamber walls and flow field are evaluated. 
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2.8 Simplified gas radiation model in Rocflam-II 

Previously, a gas radiation model has been developed and implemented in the Rocflam-II code. Gas 

radiation is generally neglected in a combustion processes which does not have hydrocarbons in the 

combustion mixture. The gas radiation contributes 2-5% of the total heat flux [11]. Radiative heat flux can 

exceed 10% of total value locally when the convective heat flux is small i.e. propellant preparation zone, 

film cooled walls [11]. The simplified gas radiation transport equation is given by 𝑞𝑟𝑎𝑑, refer equation (7). 

The simplified radiation model does consider the gas absorptivity during its derivation. The calculated gas 

radiation is supplemental to the energy equation to evaluate the overall heat transfer in the combustion 

chamber. 

To compute the radiative fluxes in a CFD simulation it is often necessary to calculate the radiative fluxes 

and radiative power at the domain boundaries and the volume of the domain respectively [30]. Radiative 

power is the equal opposite of the radiative flux divergence which is fed into the energy equation to 

account for the effect of gas radiation, which is given as follows: 

 

 
𝑑𝑖𝑣𝑞𝑟𝑎𝑑(𝑥) = −𝑞𝑟𝑎𝑑(𝑥) ∗ 𝐴𝑤𝑎𝑙𝑙(𝑥) ∗

𝐴𝑐𝑒𝑙𝑙𝑇𝑔
4(𝑟)

∫ 𝐴𝑐𝑒𝑙𝑙𝑇𝑔
4(𝑟)𝑑𝑟

𝑅

0

 ( 21 ) 

 

 

Figure 2-10 Evaluation of gas radiation qradwall acting on the wall boundary 

Initially, the simulations are computed acquiring the volume centric values for each cell. The values are 

averaged across the y-axis then the transfer of data takes place to its neighbouring cell, as shown in Figure 

2-10. The data exchange takes place between the temperature, pressure, heat flux and species properties. 

The averaged heat flux values are sent to the wall as 𝑞𝑟𝑎𝑑𝑤𝑎𝑙𝑙
. The data is sent to its adjacent cell and the 

same cycle repeats for all the columns. 

Figure 2-9 and Figure 2-11 explain the entire workflow of Rocflam-II and gas radiation workflow 

respectively. The Figure 2-9 also highlights where the gas radiation routine is implemented and the values 

are looped and fed back to the energy equation. Figure 2-11 represents the sequence in which the gas 

radiation evaluation takes place in Rocflam-II. 

 

 

 

Integration of the solution field: 

 𝑇𝑔, 𝑝,  𝑌𝑖 →  휀𝑔 



Literature review 

 
 

-29- 
 

Table 2 Comparison of percentage radiation between different fuels [11] 

Model 
𝑸𝒓𝒂𝒅

𝑸𝒕𝒐𝒕
   [%] 

RocflamII WSGGM3 clipping H2/O2    2.8 

RocflamII WSGGM3 clipping CH4/O2   2.3 

 

 

Figure 2-11 Schematic representation of gas radiation model in Rocflam-II code  

 

Figure 2-12 Temperature and source term field results of the Kiesner’s [11] simplified radiation 
model 

Previously, Kiesner et al. [11] used the simplified gas radiation model in Rocflam-II and tested it for 

𝐻2/𝑂2  and 𝐶𝐻4/𝑂2 combustion and validated it with a more sophisticated P-1 radiation model [31]. The 

P1 model imported the data from Rocflam-II results to another CFD code Navier-Strokes Multi-Block 

(NSMB) [32, 33]. The NSMB calculates the gas emissivity by using the weighted sum grey gas model 

method (WSGGM). Due to insufficient data for gas emissivity [19] for 𝐻2𝑂 and 𝐶𝑂2 at higher 

temperatures, the emissivity value at 2400 K was considered as input for all 𝑇𝑔𝑎𝑠 greater than 2400 K. This 

resulted in radiation of 𝐶𝐻4/𝑂2 being approximately equal to 𝐻2/𝑂2 fuel, as seen in Table 2. The 
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Rocflam-II simulation results clearly indicate that (Figure 2-12) the 𝑇𝑔𝑎𝑠 is greater than 2400 K for most 

part of the thrust chamber. Thus, making the clipping of emissivity results debatable. 

2.9 Modelling of soot 

Generally, soot has to be considered for hydrocarbon combustion. But considering methane as discussed 

in Section 2.2, fuel burns cleaner causing lesser residue build-up resulting in the formation of soot being 

less or negligible. But if it has to be considered, the Ɛ𝑠𝑜𝑜𝑡 is given by the following equation, refer [18]: 

 

 
Ɛ𝑠𝑜𝑜𝑡(𝑇, 𝑓𝑣𝑠) = 1 −

1

(1 + (
𝐾𝑓𝑣𝑠
𝑐2

)𝑇)
4 Ɛ𝑠𝑜𝑜𝑡 

( 22 ) 

𝐾

𝐶2
 is a constant considered to be the property of soot which has the value 350 𝑚−1𝐾−1. In the above 

equation (22), 𝑓𝑣 is the small volume fraction and it is close to unity. The consideration of soot is a 

complex task and so neglected in most cases. However, the soot can be considered to study its effects on 

gas radiation.  
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3 Objectives 

In light of the possible benefits of increasing the knowledge about the overall performance using 𝐶𝐻4/𝑂2 

propellent combination for space propulsion, this thesis aims to assess the effect of gas radiation and its 

impact on the total heat flux in the thrust chamber using Rocflam3. Also, establish a computational 

framework for gas radiation in Rocflam3.  The study will essentially focus on how well the radiation 

models predict its contribution to the convective heat flux due to the presence of hydrocarbons, 

accounting for emissivity at temperatures up to 3400 K. The assessment of the performance will be done 

by comparing this result to the experimental results and Rocflam-II.  

3.1 Outline 

 Create gas emissivity libraries for different spectral models 

 Implement and validate the Hottel-Egbert and WSGG Model 

 Create a pressure correction table for 𝐶𝑂2 and 𝐻2𝑂 

 Create  a new subroutine for the evaluation of the gas radiation in Rocflam3 

 Implement the simplified gas radiation model 

 Validate with Rocflam-II results 

 Perform code adaptions for the user input, solver parameters and outputs in Rocflam3  

 Determine the effect of gas radiation on the total temperature and the temperature on the thrust 

chamber walls.    

 Compare the computed Rocflam3 gas radiation model results to similar radiation model in other 

commercial CFD tool. 

3.2 Challenges and limitations 

The following limitations and challenges apply to this study: 

 Gas emissivity data values for 𝐶𝑂2 and 𝐻2𝑂 are limited for temperatures above 2800 K.  

 Estimation of view factors for various geometries. 

 CO being one of the radiating species is neglected due to lack of experimental emissivity data. 

 Adapting the code for multiple CPU processing in Rocflam. 

 All the available experimental data for emissivity are for low pressure values of 1 bar, the pressure 

in the rocket thrust chamber is higher.  
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4 Methodology 

This section presents the approach adopted for the evaluation of gas radiation in methane rocket thrust 

chambers. 

4.1 Estimation of gas emissivity 

The gas emissivity calculation takes high computational time (the amount of resources required by the 

algorithm, opposed to the elapsed time) compared to other parameters involved for estimating gas 

radiation. The basic chart for gas emissivity represents emissivity as a function of gas temperature and the 

product of partial pressure 𝑝 and path length 𝑠. Various experimental studies have been conducted for the 

emissivity and plotted for radiating species such as 𝐶𝑂2 and 𝐻2𝑂 by varying the product of 𝑝𝑠. But the 

experiments were only done for a total pressure of 1 bar and for limited values of 𝑝𝑠 [19, 27]. The total 

pressure was confined to one atmosphere as the experimental furnace setups could not operate at higher 

atmospheric pressures [14].  

According to the heat atlas [19], to determine the path length  𝑠 the characteristic dimension 𝐷 and the 

equivalence factor 𝛿 has to be known, refer Table 3. For this case the cylinder of infinite length with 

radiation onto the circumference is considered. The path length 𝑠 is given as follows: 

 𝑠 =
𝛿

𝐷
 ( 23 ) 

Table 3 Equivalence factors for a cylinder with infinite length [19]  

Gas body and nature of incident radiation Characteristic dimension D Equivalence factor δ 

Cylinder of infinite length   

Radiation onto the circumference Diameter 0.94 

Radiation onto center of base Diameter 0.9 

Radiation onto entire base Diameter 0.65 

The experimental data values of the gases were generated only for particular partial pressure-path 

length (𝑝𝑠) for 𝐶𝑂2 and 𝐻2𝑂 and gas temperatures from approximately 400-2800 K. From the previous 

Section 2.5.1 and [11], it is clearly visible that the temperatures reaches around 3400 K. Due to inadequate 

data for higher temperatures, the experimental data set is extrapolated from 2800 K to 3400 K, as the 

experimental data indicates a linear behaviour in logarithmic space for temperatures above 1500 K. 

Let us consider a 𝑝𝑠 value of 0.1 [bar m] subjected to a pressure of 1 bar for evaluating the emissivity of 

carbon dioxide Ɛ𝐶𝑂2
. The experimental data is plotted and the data points are extrapolated up to 3400 K 

based on the data points above 1500 K, as shown in Figure 4-1. The values at lower temperature limit are 

neglected for the data extrapolation due to their erratic behaviour of total emissivity. Moreover, at lower 

temperatures i.e. below 700 K, the radiation becomes negligible [14], as seen in Figure 2-1.  
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Figure 4-1 Extrapolated curve for temperature values above 2800 K at 1 bar 

As the experimental data points was available only for certain temperature limits, a polynomial curve 

fitting expression was used as shown in Figure 4-2. An iterative procedure was done initially with 3, 5 and 

7 coefficient polynomial fitting expression. For 𝑐 = 3 and 𝑐 = 5, the fitted curve had a deviation 

of approximately 8-12% for temperatures less than 1000 K, whereas for 𝑐 = 7 there were deviations for 

lower 𝑝𝑠 values at higher temperatures. Finally, to obtain a good fit over a large range of emissivity 휀 

values, an eight function polynomial expression (𝑐 = 8) was used. The deviation of the fitted values was 

never greater than 2% over the range of experimental 𝑝𝑠 values for the temperature range between 400-

2800 K. 

 

Figure 4-2 Polynomial curve fit for an experimental ps data at 1 bar 
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Finally, the polynomial function of the form equation (24) was used to acquire the data over the defined 

range: 

 

 
𝑓(𝑥) =  𝑐1 log(𝑡) + 𝑐2(𝑡

−1) + 𝑐3 + 𝑐4(𝑡) + 𝑐5(𝑡
2) + 𝑐6(𝑡

3) + 𝑐7 exp(−𝑡) + 𝑐8(𝑡
−2) ( 24 ) 

Here 𝑐1,….,8 are the curve fit polynomial coefficients. The 𝑐 values are dependent on temperature 𝑡 input 

for each 𝑝𝑠 curve. The fit is done for all the 𝑝𝑠 values of 𝐶𝑂2 and 𝐻2𝑂 using the experimental data from 

[19] and [27]. All calculations were performed utilizing sixteen decimal digits for accuracy. But upon the 

completion of curve fitting calculation they are rounded to nine decimal digits and the errors were 

recomputed. It was found that the original results could be reproduced with nine decimal digits. Thus, 

these coefficients were employed in creating the gas emissivity library for Rocflam3.  

 

Figure 4-3 Comparison of the experimental data points and the expected ps data points  

The experimental data has limited 𝑝𝑠 levels. The Figure 4-3 shows that the experimental data is not always 

at regular intervals. In order to make the process computationally less intensive, the experimental 𝑝𝑠 levels 

are converted to levels with equal increments as shown in Figure 4-3. If the 𝑝𝑠 values are in between the 

experimental data then an interpolation is done with the neighbouring curves to compute the data. An 

emissivity library is created as shown in Figure 4-4, where the species number, number of 𝑝𝑠 levels, 

minimum 𝑝𝑠 and 𝑝𝑠 increment values for each species are stored. The species numbers are specific to the 

Rocflam3 code where species-4 is 𝐶𝑂2 and species-5 is 𝐻2𝑂. Rocflam3 reads in the calculated 𝑝𝑠 values, 

checks the library (Figure 4-4) from the minimum 𝑝𝑠 values and increments it until range of the calculated 

𝑝𝑠 values is reached. Also, the temperature intervals and the coefficients for each 𝑝𝑠 curve are stored in 

the library as shown in Figure 4-4. If the values are in between the range of two 𝑝𝑠 values then an 

interpolation is done with its new neighbouring curves. The computational process is intensive to find the 

𝑝𝑠 curves if it is not at equal increments as the evaluation for finding the correct 𝑝𝑠 level becomes 

complicated in the library. 

The library is created in this particlar structured format for making it easier to read. Then, a routine is 

developed to read in the library for Rocflam3. For this work, three different models are considered to 

calculate the gas emissivity, such as (i)Hottel and Egbert model (ii)WSGGM model and (iii)WSGGM-mix 

model. The sections 4.1.1 and 4.1.2 describe these gas emissivity methods and their results. 



Methodology 

 
 

-35- 
 

 

Figure 4-4 Structure of the gas emissivity library for Rocflam3 

4.1.1 Gas emissivity- Hottel & Egbert method 

The Hottel and Egbert method is based on experimental results. This method was carried out by Hottel 

and Egbert in order to resolve the conflict as to calculate the radiant heat transfer due to carbon dioxide 

and water vapour. They conducted a series of experiments varying the length of the gas columns and the 

partial pressure of the gas species using a variable length gas furnace [14]. Based on which Port [28] 

plotted the emissivity of carbon dioxide and water vapour at elevated total pressures were experimentally 

calculated, refer [19]. As in the previous section, the data has to be extrapolated and the gas emissivity 

library is created.  
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Figure 4-5 New ps data points computed at regular intervals for CO2 (left) and H2O (right); 
Hottel-Egbert method 

According to Figure 4-5, plotting the experimental 𝑝𝑠 data points it is clearly visible that the experimental 

data for Hottel and Egbert [19] are not at regular intervals in logarithmic scale. In order to make the 

process less intensive, the experimental 𝑝𝑠 levels are converted to levels with equal increments as shown 

in the same figure. The number of levels, first and the last 𝑝𝑠 values are user defined and the python tool 

intimates the increment value along with the value for each level. The process become less intensive as an 

emissivity library is created as shown in Figure 4-4.  

 

Figure 4-6 Gas emissivity plot with fitted curves at equal intervals for water vapour H2O at a total 
pressure of 1 bar as a function of Temperature and ps; Hottel-Egbert method 

 

𝒑𝒔𝒎𝒂𝒙 = 𝟔 

𝒑𝒔𝒎𝒊𝒏 = 𝟎. 𝟎𝟎𝟏𝟔 
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Figure 4-7 Gas emissivity plot with fitted curves at equal intervals for water vapour CO2 at a total 
pressure of 1 bar as a function of Temperature and ps; Hottel-Egbert method 

4.1.2 Gas emissivity –Weighted sum grey gas method (WSGGM) 

The detailed explanation of the Weighted Sum Grey Gas Method is done in Section 2.6.2. Similar to the 

Hottel and Egbert method, a new emissivity library has to be created as shown in the previous section 4.1. 

Firstly, the curves have to be extrapolated for higher temperatures until 3400 K from the experimental 

data for all the 𝑝𝑠 values from [27]. Then the intervals between the 𝑝𝑠 values are checked: the 𝑝𝑠 values 

must have the same increment for easier evaluation, as shown in Figure 4-8. A curve fitting polynomial 

expression is determined with the least possible deviation from the experimental data set.  

 

Figure 4-8 ps data points computed at regular intervals, CO2 and H2O has the same ps values; 
WSGGM method 

Similar steps as the previous Section 4.1.1 are followed for the estimation of the gas emissivity and 

creation of the library. The Figure 4-8 indicates that the experimental data for both 𝐶𝑂2 and 𝐻2𝑂 are 

already in equal 𝑝𝑠 intervals. The same polynomial curve fitting function in equation (24) is used. Figure 

𝒑𝒔𝒎𝒊𝒏 = 𝟎. 𝟎𝟎𝟎𝟑𝟓 

𝒑𝒔𝒎𝒂𝒙 = 𝟏. 𝟓 
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4-9 and Figure 4-10 display the gas emissivity by the weighted sum grey gas method for 𝐶𝑂2 and 𝐻2𝑂 

respectively.  

 

Figure 4-9 Gas emissivity plot with fitted curves at equal intervals for water vapour CO2 at a total 
pressure of 1 bar as a function of Temperature and ps; WSGGM method [27] 

 

Figure 4-10 Gas emissivity plot with fitted curves at equal intervals for water vapour H2O at a total 
pressure of 1 bar as a function of Temperature and ps; WSGGM method [27] 

 

𝒑𝒔𝒎𝒊𝒏 = 𝟎. 𝟎𝟎𝟏 

𝒑𝒔𝒎𝒂𝒙 = 𝟏𝟎 

𝒑𝒔𝒎𝒂𝒙 = 𝟏𝟎 

𝒑𝒔𝒎𝒊𝒏 = 𝟎. 𝟎𝟎𝟏 
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Figure 4-11 Overview of the gas emissivity library generation for Rocflam3 

4.2 Estimation of pressure correction factors 

The calculation process for the generation of the pressure correction table is presented in Figure 4-14 as a 

flow chart. The Section 4.2.1 explains the theory and the reason for estimating the pressure correction 

factors for this case. 

4.2.1 Pressure correction theory 

Leckner [19] developed a method to determine the emissivity for a total pressure greater than 1 bar, to 

which Cheng et al. [34] recommended the pressure correction factor to deliver better results. Using this 

method the gas emissivity can be determined by the product of the pressure correction factor and the 

experimental emissivity value calculated at 1 bar. The pressure correction method is valid for a range of 1 

to 100 bar. 

The gas emissivity for 𝐻2𝑂 is given as: 

Ɛ𝐻2𝑂(𝑝) = 𝑓𝑝,𝐻2𝑂  . Ɛ𝐻2𝑂(𝑝𝐻2𝑂𝑠𝑒𝑞)  ( 25 ) 

The correction parameter for 𝑓𝑝,𝐻2𝑂 is given by: 

𝑓𝑝,𝐻2𝑂 = 1 + (𝐴 − 1) exp

[
 
 
 
 

−0.5

(

 
 

𝑙𝑜𝑔

(

 
 0.132(

𝑇𝑔

1000)
2

𝑝𝐻2𝑂𝑠𝑒𝑞

)

 
 

2

)

 
 

]
 
 
 
 

 ( 26 ) 
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𝐴(𝑇, 𝑝, 𝑝𝑝) =

((1888 − 2053 𝑙𝑜𝑔 𝜏 )𝑝(1 + 4.9
𝑝𝐻2𝑂

𝑝 √
273
𝑇𝑔

) + 1.10 (
𝑇𝑔

1000)
−1.4

)

((0.888 − 2053 𝑙𝑜𝑔 𝜏 ) + 𝑝(1 + 4.9
𝑝𝐻2𝑂

𝑝 √
273
𝑇𝑔

) + 1.10 (
𝑇𝑔

1000
)
−1.4

)

 ( 27 ) 

Where 𝐴 and 𝜏 are functions of (𝑇, 𝑝, 𝑝𝑝)and (𝑇) respectively, and Figure 4-13 represents the estimated 

tau 𝜏 for the required temperature values, based on the following equations: 

𝜏 = 0.75 𝑓𝑜𝑟 𝑇𝑔 ≤ 750 𝐾  ( 28 ) 

𝜏 =
𝑇𝑔

1000
 𝑓𝑜𝑟 𝑇𝑔 > 750 𝐾 ( 29 ) 

If the value of 𝑓𝑝,𝐻2𝑂 is higher than for  𝐴 then consider 𝑓𝑝,𝐻2𝑂 = 𝐴. This method is recommended [19] 

for 1 ≤ 𝑝 ≤ 100 bar pressure range.  

Similarly, the gas emissivity for 𝐶𝑂2 is given as: 

Ɛ𝐶𝑂2
(𝑝) = 𝑓𝑝,𝐶𝑂2

 . Ɛ 𝐶𝑂2
(𝑝𝐶𝑂2

𝑠𝑒𝑞)  ( 30 ) 

The correction parameter for 𝑓𝑝,𝐶𝑂2
 is given by: 

𝑓𝑝,𝐶𝑂2
= 1 + (𝐴 − 1) exp [−0.5(𝑙𝑜𝑔 (

𝐵

100 𝑝𝐶𝑂2
𝑠𝑒𝑞

)

2

)] ( 31 ) 

𝐴(𝑇, 𝑝, 𝑝𝑝) =

[0.1 (
𝑇𝑔

1000)
−1.45

+ 1]𝑝 (1 + 0.28
𝑃𝐶𝑂2

𝑝 ) + 0.23 

[0.1 (
𝑇𝑔

1000)
−1.45

] + 𝑝 (1 + 0.28
𝑃𝐶𝑂2

𝑝 ) + 0.23 

   ( 32 ) 

Where Figure 4-13 represents the estimated 𝐵 for the required temperature values, based on the following 

equations: 

𝐵 = 0.225 (
𝑇𝑔

1000
)
2

 𝑓𝑜𝑟 𝑇𝑔 ≥ 700 𝐾  ( 33 ) 

𝐵 = 0.054(
𝑇𝑔

1000
)
2

 𝑓𝑜𝑟 𝑇𝑔 ≤ 700 𝐾 ( 34 ) 

If the value of 𝑓𝑝,𝐶𝑂2
 is higher than for  𝐴 then consider 𝑓𝑝,𝐶𝑂2

= 𝐴. This method is recommended [19] 

for 1 ≤ 𝑝 ≤ 100 bar pressure range. This condition is checked as the 𝑓𝑝 term becomes negative because 

of (𝐴 − 1), thereby approximately after 2700 K the value of 𝐴 becomes less than 1. This can be visualized 

in Figure 4-12, where the the pressure correction values are plotted against temperature for varying 

pressure values 
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Figure 4-12 Pressure correction vs T for mole fraction 0.3 and radius 0.01m (left) and 0.04m (right)  

Plotting 𝜏 and 𝐵 as a function of  𝑇, Figure 4-13 indicates that below 750 K both the plots display 

unappealing results. The effects of radiation at these low temperatures were inconsequential. Thus no 

further studies were carried out. 

  

Figure 4-13 Estimation of tau and B for H2O and CO2 correction factors respectively 

4.2.2 Generating the pressure correction table 

The execution of the table generation is done using a Python script, such that the generated table has all 

the required parameter.  
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for Species 

in range 

for T in 

range 

if         

𝑓𝑝 > 𝐴 

for R in 

range 

for M in 

range 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2.1 User inputs  

The first part of the python script is defining the user inputs that are to be used in the course of the 

calculation as shown in Figure 4-14. The required inputs values are the minimum, maximum and the 

distribution values for temperature, mole fraction, radius and pressure.  However, for this case the 

temperature limit is set from 400 K to 3500 K, the pressure limit is set for 1 bar to 20 bar (case dependent 

value) and the mole fraction of 0 to 1 is set. Also the equivalent factor (refer Table 3) and species index 

for 𝐶𝑂2 & 𝐻2𝑂 are declared. The user has complete influence in the creation of the pressure correction 

table and they are accessible through the python script. 

 

Start User input 

Compute table 

distribution in 

linear resolution 

Initialize output 

date 

End Statement 

Solve Temperature 

conditions (𝜏 and 𝐵) 

Calculate A and 

Correction Factor (𝑓𝑝) 

𝑓𝑝  =  𝐴 

Plots 

gaspcor.txt 

is the table 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 
Calculate solution for the input 

values 

-Pressure Correction table        

-Plots for all input values 

 

Figure 4-14 Schematic representation of creating a pressure correction table 
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4.2.2.2 Initializing the data 

Once the initial user inputs are declared, the declared parameters are distributed according to the user 

defined distribution values in linear scale. Then the output data are initialized. The output data consists of 

partial pressure, pressure correction factor, 𝐴(𝑇, 𝑝, 𝑝𝑝), 𝐵, 𝜏, 𝑠 and 𝑝𝑠. These initialized data varies 

according to the species involved, shown in Section 4.2.1. The pressure correction factor is calculated for 

the initialized parameter range, in order to accelerate the solution. The closer the tabulated solution is to 

the desired value, the faster the code will converge.  

4.2.2.3 Compute output data 

In order to calculate the output parameters the input values are looped for the entire range of 

temperature, mole fraction and the radius respectively for both the species.  First the path length (𝑠) is 

calculated which is dependent on the equivalence factor and the radius (refer equation 23). The partial 

pressure (product of mole fraction and pressure) and 𝑝𝑠 (product of partial pressure and path length) are 

calculated to be used in the pressure correction factor equation. The gas temperature 𝑇𝑔 is used to evaluate 

the value of 𝜏 and 𝐵 for 𝐻2𝑂 and 𝐶𝑂2 respectively, refer Section 4.2.1 for detailed description. Then 

𝐴(𝑇, 𝑝, 𝑝𝑝) and the correction parameter 𝑓𝑝  for 𝐶𝑂2 and 𝐻2𝑂 are calculated. Finally, if 𝑓𝑝 > 𝐴 then the 

correction parameter is equal to 𝐴 i.e. 𝑓𝑝 = 𝐴. Once all the required parameters are calculated, the results 

are tabulated as shown in Figure 4-16. 

 

Figure 4-15 Overview of the Pressure correction table generation for Rocflam3  
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Figure 4-16 Structure of the pressure correction table for Rocflam3 

The pressure correction table has the pressure correction factors for the range of values of temperature, 

pressure, mole fraction, path length and species, as displayed in the header section in Figure 4-16. The 

values are based on the method explained in Section 4.2 for both the species. This process makes pressure 

correction computationally less intense as all the values are computed prior to the actual simulation and 

just reads the required values or interpolates it if necessary.Figure 4-15 displays the simple overview of the 

pressure correction table.  

4.3 Spectral overlapping of gas emissivity   

The emissivity is calculated for all the required species using one of the spectral models, and then they are 

corrected for the actual pressure using the pressure correction table. There is one final step before the 

emissivity value is used in the actual radiation transport model. When considering the contribution of 

several radiating species, there is superimposing or spectral overlapping of the considered species. 

For considering the emissivity for gas radiation, the total Ɛ𝑔 is given as follows: 

 Ɛ𝑔 = 1 − (1 − Ɛ𝑔𝑥
) ( 35 ) 
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Here, 𝑥 indicates the number of grey gases present, i.e. if two grey gases are present Ɛ𝑔1
, Ɛ𝑔2

. Then 

equation (35) is given as: 

 Ɛ𝑔 = 1 − (1 − Ɛ𝑔1
)(1 − Ɛ𝑔2

) ( 36 ) 

In this case Ɛ𝑔1
, Ɛ𝑔2

 are the gas emissivity for 𝐶𝑂2 and 𝐻2𝑂 respectively. Due to the unavailability of data 

for CO, it is neglected.  For the inclusion of soot Ɛ𝑠𝑜𝑜𝑡 , refer Section 2.9, the equation for Ɛ𝑔 is given as 

follows: 

 Ɛ𝑔 = 1 − (1 − Ɛ𝑔1
)(1 − Ɛ𝑔2

)(1 − Ɛ𝑠𝑜𝑜𝑡) ( 37 ) 

4.4 Rocflam3 workflow with gas radiation module 

Spray combustion tools for rocket combustion chambers have been developed at ArianeGroup 

Ottobrunn for over 25 years. Rocflam3 is based on that experience and is an evolution of Rocflam-II 

(Section 2.7), which in turn is a merger of the two predecessor codes for storable propellant combinations. 

It is designated to be ArianeGroup’s new standard tool for heat transfer and performance evaluation. 

Rocflam3 is an in-house developed spray combustion CFD code that solves the Favre averaged Navier-

Stokes equations using the SIMPLE algorithm [35]. 

The thesis focuses on establishing a computational framework for gas radiation in Rocflam3. This Figure 

4-17 gives a rough overview of the Rocflam3 code; it has all the functionalities in Rocflam-II as shown in 

section 2.7 but able to process three dimensional computations as well. The Figure 4-17 also suggests to 

where the gas radiation module is added. In order to make the model computationally cheap, previous 

works suggest computing gas radiation separately and adding it onto the source terms. 

The influence of the radiation to the flow field is expressed by feeding the divergence of gas radiation heat 

flux to the energy equation. Also, the effects of gas radiation heat flux acting on the thrust chamber wall 

boundary would help to determine the influence of radiative heat flux to the overall convective heat flux. 

Figure 4-18 gives an overview of the methodology of how the radiation module works. The amount of 

energy which is transported through the combustion chamber per unit time is large compared to gas 

radiation which amounts for some orders of magnitude less [11]. For these reasons, 1D parameters would 

be used for few variables in order to evaluate radiative heat flux. 

Once the gas radiation module is implemented in Rocflam3, the module has to be computed and 

validated. Initially, the test case is run without the gas radiation module and the results are stored. In order 

to find the effect of gas radiation, it is compared with the experimental data and the same case computed 

without gas radiation. The experimental results do not have the effect of gas radiation in particular but the 

overall heat flux and output parameters along the chamber wall. 
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Figure 4-17 Schematic overview of the Rocflam3 code with the gas radiation module 

 

Figure 4-18 Schematic overview of the gas radiation module 
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if 𝑖𝑟𝑡𝑒= 0 

if 𝑖𝑟𝑡𝑒= 1 

if 𝑖𝑟𝑡𝑒= 2 

if 𝑖𝑟𝑡𝑒= 3 

4.5 Implementation  

Initially, the modelling of gas radiation is implemented without coupling its effects with the overall heat 

flux at the wall or field. In principle, the radiative heat flux 𝑞𝑟𝑎𝑑 due to radiative gases are computed and 

added on to the normal heat flux at the boundary. The implementation captures the effects of gas 

radiation at the wall boundary and also the impact in the fluid domain. The 𝑞𝑟𝑎𝑑 is computed and used to 

solve the thermal source terms of the boundary cells. This approach has few distinct advantages as most 

of the terms required to calculate gas radiation can be used from the existing modules in Rocflam3 code.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As a first implementation step, a gas radiation subroutine (Figure 4-19) is developed in which all the 

required parameters are initialized. The number of integration planes 𝑛𝑐𝑢𝑡𝑠 along the x-axis is declared, 

Figure 4-20 is a simple representation of 𝑛𝑐𝑢𝑡𝑠. The term 𝑖𝑟𝑡𝑒 refers to the identifier for the radiative 

transport equation. The framework is set for three radiative models; however, this work would only focus 

on the implementation of the simplified gas radiation model. The simplified gas radiation model has four 

subroutines. The integrater.f computes the integrate values in the solution domain along the x-positions. 

The gaspcor.f using the values from the previous integrate routine calculates the pressure correction 

values by indexing and computing the interpolation factors from the gaspcor.dat table created, as seen in 

Section 4.2. The gasemissivity.f routine follows the methodology discussed in Section 4.1 and creates the 

Subroutine GASRAD 

Gas radiation OFF 

Declare 𝑛𝑐𝑢𝑡𝑠 

CALL INTEGRATER Simplified radiation model 

P-1 radiation model 

DTRM  

CALL GASPCOR 

CALL GASEMISSIVITY 

CALL GASRADSIMPLE 

GASRAD end 

Yes 

 

 

Yes 

 

 

Yes 

 

 

Yes 

 

 

Figure 4-19  Overview of the gas radiation routine 
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𝑔𝑎𝑠𝑒𝑚 library and computes the gas emissivity to be used in the calculation of radiative heat flux. The 

gasradsimple.f uses the values from the previous routines and computes the 𝑞𝑟𝑎𝑑 for the wall boundary 

condition and the 𝑑𝑖𝑣𝑞𝑟𝑎𝑑 for the field terms. 

 

Figure 4-20 Simple representation of integrate planes along the axial direction 

The method illustrated for the modelling of gas radiation is based on computing the interpolated values 

over axial direction for pressure, temperature, mole fraction, geometry and gas emissivity. In reality or 

when using a complex model, the gas radiation would also depend on gas absorptivity and view factors of 

the particular geometry. In addition, the fluxes are computed in radial direction. However, the simplified 

model might lead to additional errors compared to the other costly transport models such as P-1, DTRM 

etc. 

 

Figure 4-21 Evaluation of integrate plane values 

Integrater routine: In order to calculate the parameters required for gas radiation the integrater.f routine 

computes the 1D integrate values for constant x-positions. The number of integration planes are along the 

x-directions are set using 𝑛𝑐𝑢𝑡𝑠. As depicted in Figure 4-21, if an integrate plane is in between two grid 

indices then an interpolation factor is computed using the higher and lower table indices. This routine 

calculates the required data such as the local minimum & maximum x-value, local radius and the 

integrated values for pressure, temperature & species composition, and returns the data to be used in the 

other routines. It has to be noted that the direction of the flow has to be in x-axis direction. The 
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integrated values are calculated over the computational domain in order to sum up in the predefined cuts 

set in the routine. Using the vector cross product, the local radius helps to compute the cross-sectional 

area of the cell. The area is required to compute the integrated values for each cell from the face centred 

values. The species composition is calculated according to the combustion model used; here it is setup for 

flamelet, global and equilibrium models. As Rocflam3 works with multiple CPUs the values from all the 

CPUs are collected and summed up. Thus, this routine computes the 1D value along the x-axis for all the 

above mentioned variables, similar to the integrated temperature as seen in Figure 4-22.  

 

Figure 4-22 Integrated temperature along the chamber contour 

Gaspcor routine: The gaspcor.f uses the values from the previous integrate routine and calculates the 

pressure correction values by indexing and computing the interpolation factors from the gaspcor.dat table 

created, as seen in Section 4.2. This routine computes interpolated values for temperature, pressure, radius 

and mole fraction for the radiating species such as 𝐻2𝑂 and 𝐶𝑂2.  

Gasemissivity routine: The gasemissivity.f routine follows the methodology discussed in Section 4.1 and 

creates the 𝑔𝑎𝑠𝑒𝑚 library and computes the gas emissivity to be used in the calculation of radiative heat 

flux. Initially, the 𝑝𝑠 value at the integration plane is calculated using equation (38) and then reads in the 

corresponding Ɛ𝑔 from the library (Figure 4-23). Integrated pressure is in pascal where as 𝑝𝑠 needs the 

pressure in bar. If the values have to be calculated between the integration planes then the interpolation 

factor is used. Then the gas emissivity polynomial function is evaluated, refer equation (24). Since there 

are two species involved the spectral overlapping has to be done, refer Section 4.3. 

 𝑝𝑠𝑖𝑛𝑡 = ((𝑃𝑖𝑛𝑡)10−5)𝑌𝑖 𝛿 (2(𝑟𝑙𝑜𝑐𝑎𝑙)) ( 38 ) 
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Gasradsimple routine: The gasradsimple.F routine mainly calculates the radiation heat flux (𝑞𝑟𝑎𝑑) and 

also determines the radiation energy source (𝑑𝑖𝑣𝑞𝑟𝑎𝑑) to be included in the enthalpy equation source. The 

integrated values are called in from integrater routine along with the estimated gas emissivity from the gas 

emissivity routine. The radiative heat flux has to be calculated for the wall boundary condition for which 

the values are interpolated between the integration planes. The values for a particular plane are integrated 

as shown in Figure 4-25, and also the value is evaluated for every projected area on the wall boundary on 

that particular plane. The evaluated values on the boundary are again integrated across the wall.  Also, it 

has to be noted that the face centred area is accounted for if the cells are skewed for calculating the 

projected face area as seen in Figure 4-25. 

Figure 4-23 Schematic representation of the gas emissivity routine 

Subroutine GASEMISSIVITY 

for 𝑛𝑐𝑢𝑡𝑠 

Read Integrater 

data, gasradpcor & 

gasem(library) 

Compute 𝑝𝑠𝑖𝑛𝑡 

Interpolate 𝑝𝑠 value 

Compute Ɛ𝑔 using the 

polynomial function 

Spectral overlapping 

GASEMISSIVITY  end 

for all radiating 

species 
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Figure 4-24 Evaluation of values between the integrate planes 

 

Figure 4-25 Estimation method of projected face area for normal and skewed cells 

Figure 4-22 is the 1-D integrated T along the direction of the flow. For example, if 𝑋 is the target plane as 

shown in Figure 4-24 then the values from the closest integrate planes are interpolated in order to find the 

value of 𝑋. The values are evaluated for all the control volumes on current path. Then the indexing of the 

control volume is done on the wall boundary plane. After which the interpolation indices for the 

integration plane is set. Once the indexing is done, the interpolation of the integration plane takes place 

for all the required values. The radiative heat flux 𝑞𝑟𝑎𝑑 is calculated as per equation (7) for the boundary 

face area 𝐴𝑓 and integrated across the wall boundary. The impact of 𝑞𝑟𝑎𝑑  is evaluated by subtracting 𝑞𝑟𝑎𝑑 

from the total heat flux 𝑞𝑡𝑜𝑡 at the wall boundary. If the radiation is acting in the direction of the wall then 

𝑞𝑟𝑎𝑑  has to be added on, where as in this case the 𝑞𝑟𝑎𝑑 is going out so (𝑞𝑡𝑜𝑡 + (−𝑞𝑟𝑎𝑑)) is considered, as 

seen in Figure 4-26. The unit of 𝑞𝑟𝑎𝑑 computed according to equation (7) is in 𝑊/𝑚2.  
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For calculating wall temperature boundary, the source term equation 𝑠𝑢(𝑐) is given as: 

 𝑠𝑢(𝑐) =
𝐾

𝐶𝑝(𝑐)
(ℎ(𝑤) − ℎ(𝑐)) + (𝑞𝑟𝑎𝑑(𝑤)𝐴) ( 39 ) 

For calculating heat flux at wall boundary, the source term equation is given as: 

 

 
𝑠𝑢(𝑐) =

𝐾

𝐶𝑝(𝑐)
(ℎ(𝑤) − ℎ(𝑐)) − (𝑞𝑟𝑎𝑑(𝑤)) ( 40 ) 

where 𝑐 represents the values calculated for a particular cell or field and 𝑤 represents the values calculated 

at the wall boundary. Here 𝐾 represents the heat transfer coefficient, 𝐶𝑝 is the heat capacity and ℎ is for 

enthalpy. 

 

Figure 4-26 Estimation of heat flux at the wall boundary and flow field 

Whereas, in order to allocate the radiation energy source to the enthalpy equation, the cross sectional 

surface area 𝐴𝑠 has to be computed. The interpolation takes place for an integration plane and then the 

interpolation takes place between the integration planes for the local radiative heat flux and gas 

temperature. The divergence of the radiative heat flux is computed based on equation (41), where 𝑐 

represents the values calculated for a particular cell and the subscript 𝑖𝑛𝑡 is for integrated plane 

parameters. The unit of 𝑑𝑖𝑣𝑞𝑟𝑎𝑑  computed according to equation (41) is in 𝑊/𝑚3. 

 

 
𝑑𝑖𝑣𝑞𝑟𝑎𝑑(𝑐) = −

𝑞𝑟𝑎𝑑𝑙𝑜𝑐𝑎𝑙
𝑡𝑐
4𝐴𝑓

𝑇𝑔𝑎𝑠𝑖𝑛𝑡

4 𝐴𝑠𝑣𝑜𝑙(𝑐)
 ( 41 ) 

However, the divergence of gas radiation heat flux to the flow field is expected to be almost negligible as 

the energy is of some magnitude less than the total energy in the field. 

 

  

 

  

Wall boundary   Flow field 
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5 Computational setup 

This section gives an overview on the simulation setup and tools used in this work. The main focus is on 

Rocflam3, which is currently under development and scheduled to replace the standard heat transfer and 

performance tool Rocflam-II. The tools used for the simulation of combustion and heat transfer are 

presented in order of increasing fidelity. A detailed description of the capabilities of the Rocflam tool 

family which is capable of both 2D and 3D computations and the new features of Rocflam3 can be found 

in Section 2.7. 

5.1 Case description 

 

Figure 5-1 Schematic view of the 7-Element Thrust Chamber [35] 

  

Figure 5-2 Injection strategy for Rocflam 3D (left) and 2D (right) simulations [35] 

To examine the validity of the gas radiation module, a test case with CH4/O2 combustion in thrust 

chamber was simulated. A 7 element combustion chamber was used as the test case, as shown in Figure 

5-1 and Figure 5-2. The chosen multi-element combustion chamber has a circular cross section with an 

inner diameter 𝑑𝑐𝑦𝑙  = 30 mm and a contraction ratio 휀𝑐 = 2.5, resulting in a throat diameter 𝑑𝑡 = 19 mm. 

The total length of the combustion chamber from faceplate to exit plane is 383 mm. It is designed for 

chamber pressures of up to 100 bars and a maximum combustion temperature of 3600 K [36].  

For 2D simulations axi-symmetry is assumed. Thus, the computational mesh represents only a section of 

the actual combustion chamber. Instead of resolving the circular element geometry, rings for fuel and 

oxidizer injection approximate the outer element row .These rings can either represent the actual element 

radii or can be tailored for a matching injection surface area. The first approach yields a correct geometric 

injection position, but leads to a different injection mass flux and momentum whereas the second 

approach leads to different injection positions but yields the correct injection mass flux and momentum. 

Experiences with Rocflam-II and Rocflam3 have shown that the first approach is to be preferred. 
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Figure 5-3 Injector configuration [35] 

Propellant injection can be handled in two ways in Rocflam3. An inlet boundary condition with prescribed 

mass flow rate can be used which is especially suited for gaseous and supercritical injection conditions. 

For the injection of liquid propellants the use of a Lagrangian module for droplet tracking and 

evaporation provides better results. The Lagrangian module is loosely coupled to the Eulerian flow solver. 

The injected droplets are tracked until vaporization. Mass, momentum and enthalpy transfer to the 

continuous phase are considered using source terms in the conservation equations. For the current state 

of the test case both fuel and oxidizer are injected in a gaseous phase, thus the inlet boundary condition 

was chosen.  

For the current experiments the G𝑂2 post is mounted flush with the faceplate and possesses no tapering. 

The injection pattern is shown in Figure 5-3 and exhibits a central element on the chamber axis and six 

equally spaced elements on a concentric circle with a radius of 3/2𝐷𝑜. This ensures that the injector-

injector distance is constant for all elements. The main dimensions of the combustion chamber and the 

injection element are given in Table 4. 

 

Figure 5-4 Wall Temperature input values from experimental data 

However, before the execution of 3D Rocflam3 simulations an extensive study on a quasi 3D grid section 

of 1°, as seen in Figure 5-2, was performed to compare the changes due to the gas radiation module. The 

simulations allow for a quick parameter variation and the characterization of the influence of the 

computational grid and various modelling parameters. Inlet boundary conditions for oxidizer and fuel, the 

mass flow and inlet temperature from the experiment are for initial simulations. Also, the hot gas wall 

temperature is derived from the experimental data, as seen in Figure 5-4. 

Table 4 Chamber and injector dimensions 
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5.2 Pre-processing- ICEM 

The mesh has to be discretised in order to capture the transition of flow properties. The structured mesh 

is used to resolve the boundary region as the structured grids help to reduce the computation time and cell 

count. Also localizing the data or memory allocation can be done easily, which is not possible for an 

unstructured mesh. 

 

Figure 5-5 Mesh difference between a 2D and 3D case 

In order to reach mesh convergence, an extensive mesh study was performed. The axial mesh resolution 

near the faceplate, in the cylindrical part of the chamber and in the throat region together with the radial 

resolution in the core flow and boundary layer region were varied independently. The resulting mesh has 

around 70 000 finite volumes and is depicted in Figure 5-6. The dimensionless wall distance y + of the 

wall nearest cell is in the order of 1 for all calculations as shown in Figure 5-7. 

 

Figure 5-6 Structured mesh for the 7 element combustion chamber test case (Scaled 1:5 - y axis) 

    

Figure 5-7 Y+ values for the test case at the thrust chamber walls 
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5.3 Solver- Rocflam3 

The CFD simulations of the thrust chamber were done using Rocflam3. This section elaborates the 

transition from preliminary setup to the final setup, its geometry, simulation setup and boundary 

conditions. Table 6 and Table 7 are the input parameters for the basic simulations. 

Turbulence modelling in Rocflam3 can be done with several two-equation turbulence models. The k-ε 

model of Launder and Sharma, the two-layer-model of Rodi, Wilcox’s k-ω model and the widely spread 

and well accepted k-ω-SST model of Menter are implemented. Best results were achieved with the k-ε-

model of Launder and Sharma and the k-ω-SST model of Menter [35]. 

A global chemistry approach is based on computing finite rates for the reactions of the existing species. 

Considering these finite rates signifies that non-equilibrium effects are taken into account. For the 

calculation of the finite reaction rates, a kinetic model is needed, which reduces the high complexity of the 

elementary reactions to a necessary minimum [37]. 

The generalized global reaction mechanism is an overall reaction of one mole of fuel 𝐹 with 𝑎 moles of 

oxygen 𝑂, to form 𝑏 moles of products 𝑃 [38]: 

 𝐹 + 𝑎 ∗ 𝑂 → 𝑏 ∗ 𝑃 ( 42 ) 

 

Figure 5-8 CH4/O2 solution using GRI-full mechanism and reduced mechanism of 
Frassoldati et al. [39, 40]  

This single-step reaction mechanism is not sufficient for the combustion computation of hydrocarbons. 

Typical hydrocarbon combustion contains a considerable number of incompletely oxidized species and 

happens in a sequential manner. However, the application of a global chemistry model requires solving the 

Major species            Minor species 

Temperature                              Density 

     Full mechanism  Reduced mechanism 
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kinetics during runtime of a simulation, which requires the model to be simple to achieve reasonable 

computational expenses. To account for these effects, the Rocflam3 global chemistry simulations employ 

the reduced methane oxidation mechanism of Jones and Lindstedt [41] from Frassoldati et al. [39] with 

Arrhenius coefficients 𝑘𝑓 = 𝐴𝑎𝑐𝑇
𝐵𝑎𝑐  𝑒𝑥𝑝(𝐸𝐴/𝑅𝑇) were performed using the values from Table 5. Here 

𝐸𝐴 is the activation energy. 

Table 5 Jones-Lindstedt mechanism of Frassoldati et al. with Arrhenius coefficients [39] 

Reaction 𝑨𝒂𝒄   𝑩𝒂𝒄 𝑬𝑨[𝑐𝑎𝑙/𝑚𝑜𝑙] 

CH4  +  0.5 O2  →  CO +  2 H2   3.06 × 1010 0 30 × 103 

CH4  +  H2O →  CO +  3 H2 3.84 × 109 0 30 × 103 

CO +  H2O ⇌ CO2   +  H2 2.01 × 109 0 20 × 103 

H2  +  0.5 O2  ⇌  H2O 8.03 × 1016 -1 40 × 103 

O2   ⇌  2 O 1.5 × 109 0 113 × 103 

H2O ⇌  H +  OH 2.3 × 1022 -3 120 × 103 

The Figure 5-8 represents the difference between the full mechanism and the reduced method of Jones-

Lindstedt with additional reactions of Frassoldati et al. [39]. In Figure 5-8, 𝑓 represents mole fraction and 

𝑌 represents the species composition. The full mechanism was designed by the Gas Research Institute 

(GRI) for the modelling of natural gas combustion [42]. The Full mechanism of GRI contains 53 species 

and 325 reactions compared to the reduced mechanism of modified Jones-Lindstedt mechanism with 9 

species and 6 reactions. The reduced mechanism is optimized for certain problems or operating points 

thus having similar results compared to full mechanism with a significant saving in computational time 

and easier evaluation [40]. However, the error for the reduced mechanism increases significantly when 

they deviate from the optimized operating points. 

Table 6 Rocflam3 solver input parameters 

Solver parameters Values Unit 

Liquid fuel CH4 - 

Liquid oxidiser O2 - 

Injector type Co-axial  - 

Turbulence model Menter SST - 

Combustion model Global chemistry - 

Pressure velocity coupling  Simple - 

Wall treatment  K-w low Re model - 

Inlet boundary condition Mass flow per area and static temperature - 

Exit boundary condition Static Pressure - 

Prandtl number 0.9 - 

Schmidt number 0.8 - 
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Table 7 Rocflam3 boundary input parameters 

Boundary parameters Values Unit 

Fuel inlet condition 

Static temperature 237.6 K 

Massflow/Area 1227.219 Kg/m^2s 

Mixture fraction 1 - 

Turbulence intensity  0.2 - 

Reference length 0.001 m 

Fuel injection velocity 100  m/s 

Minimum injection angle -5 ° 

Maximum injection angle 5 ° 

Velocity variation 5 m/s 

Oxidiser inlet condition 

Static temperature 259.4 K 

Mass flow/Area 883.7288 Kg/m^2s 

Mixture fraction 0 - 

Turbulence intensity  0.2 - 

Reference length 0.004 m 

Oxidiser injection velocity 100 m/s 

Minimum injection angle -5 ° 

Maximum injection angle 5 ° 

Velocity variation 5 m/s 

Outlet condition 

Static pressure 0.9 Pa 

The emissivity dimensions such as the number of radiating species and the number of 𝑝𝑠 levels must be 

mentioned mapping input according to the gas emissivity table. Similarly, the pressure correction table 

dimensions such as the temperature, mole fraction, pressure levels and the geometry dimension levels are 

also mentioned. 

Table 8 Rocflam3 gas radiation input parameters 

Boundary parameters Type Unit 

Radiation model  Simplified - 

Emission model Hoteg | wsggm - 
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6 Results 

The necessary tests were performed, and the following section describes the results after the post 

processing. As already addressed in the previous section, Figure 6-1 gives the overview of the user input 

section for the gas radiation module implemented in Rocflam3. The simplified radiation model along with 

the Hottel-Egbert model and the WSGGM model is used. In order to validate the simulation results in 

Rocflam3, a quasi-3D setup was used and compared to the results of Rocflam-II using similar solver 

parameters. But validation using Rocflam-II was to prove that the new model used in Rocflam3 followed 

similar trends predicting the influence of gas radiation. 

 

Figure 6-1 Solver user-input interface for Rocflam3 

The reference computation for the validation of the model presented using Rocflam-II is discussed in 

detail in [11]. The reference computation tries to use the closest possible parameters to the simulation that 

is to be validated. The Rocflam-II code does not have few of the turbulence models used in Rocflam3 

which led to deviation in results as shown in Figure 6-2. Rocflam3 uses Menter SST turbulence model 

which resolves the near boundaries more accurately compared to the 𝑘 − 휀 model used in Rocflam-II .As 

shown in the temperature field and 𝑞𝑟𝑎𝑑𝑑𝑖𝑣
 field in Figure 6-2 and Figure 6-3 respectively, they follow 

similar results in except for the near wall region due the issue discussed above. However, in the flow field 

radiation parameter 𝑞𝑟𝑎𝑑𝑑𝑖𝑣
, there was a discrepancy near the throat in Rocflam3 simulation due to 1D 

parameter as shown in Figure 6-3. 

 

Figure 6-2 Temperature field of the thrust chamber for methane combustion simulations 
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Figure 6-3 Source term field of the thrust chamber for methane combustion simulations 

The chamber pressure of approximately maximum 20 bar was realized, depicting the relevant pressure for 

this 7 element chamber test case and making the pressure correction value fall within the limit of 

maximum of 100 bar. Typically, the pressure for a rocket engine application reaches around 100 bar [11]. 

 

Figure 6-4 Pressure field of the thrust chamber for methane combustion simulations 

Impact of gas radiation on total heat flux: The data for the wall heat flux is available for the Rocflam-

II and Rocflam3 simulation which allows the comparison of the computed wall heat flux values. In order 

to estimate the effect of radiation a simulation is run with radiation and compared with the radiation 

module turned off, as seen in Figure 6-5. This indicates that there is influence of gas radiation on heat flux 

along with the convective heat flux. But only relatively small contribution of radiation becomes visible. 

With respect to the test data the values still fall within its measured variation. Nevertheless the results 

confirm that contributions of gas radiation on the flow field are well represented by the model created in 

Rocflam3. From the integrated temperature plot Figure 4-22 and the total heat flux plot Figure 6-5  it is 

clear that the radiative heat flux at the face plate are small due to lower temperature levels and fewer 

available combustion products. 
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Figure 6-5  Effect of gas radiation on total heat flux for CH4/O2 combustion  

Comparison between Rocflam-II and Rocflam3 gas radiation results: The total heat flux maximum 

is reached near the convergent point of the throat.  Whereas, the maximum radiative heat flux is reached 

towards the end of the cylindrical section and there is a significant drop in the radiative heat flux 

downstream from the throat because of the drop in the temperature and pressure as seen in Figure 6-6. 

The test data has stepped results due to the available data points. The best agreement to the test data is 

with the estimated heat flux in Rocflam3 using the Hottel-Egbert model. Figure 6-6 depicts the heat flux 

values from Rocflam-II and Rocflam3, the general trend for 𝑞𝑟𝑎𝑑 is similar. The results for radiative heat 

flux using the WSGGM emissivity model can be referred from Appendix – A section. However, Rocflam-

II does not evaluate Menter SST turbulence model so over-predicts the total heat flux. The implemented 

model predicts the radiative heat flux levels similar to the reference heat flux. The model using the Hottel 

-Egbert method yields a slightly lower value compared to the reference heat flux where as the predicted 

results using the WSGGM model is higher in the initial sections and much higher on the later sections. 

The wall emissivity is kept constant and Ɛ𝑤 = 0.3 is used assuming an averaged value for a copper alloy 

wall. 

Impact of different spectral models on gas radiation: The contribution of the radiative heat flux on 

the total heat flux is illustrated in Figure 6-7 for both the spectral models. Hottel-Egbert model varies 

maximum around 25% from WSGGM in few sections of the thrust chamber. The Hottel-Egbert model 

estimates a contribution of 2.5% and the WSGGM estimate 3.5%, refer Table 9. However, the integrated 

temperature and mixture fraction plays an important role in the estimation of heat flux. For this case the 

maximum integrated temperature is around 2700 K: The contribution of radiative heat flux would be 

higher about 5% considering the maximum thrust chamber temperature being 3500 K.  
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Figure 6-6 Radiative heat flux for CH4/O2 combustion using Hottel-Egbert emissivity model 

 

Figure 6-7 Effect of radiative heat flux for CH4/O2 combustion using different spectral models 
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Table 9 Comparison of contribution from gas radiation for thrust chamber 

Model 
𝑸𝒓𝒂𝒅

𝑸𝒕𝒐𝒕
   [%] 

Rocflam3 with Hottel-Egbert model    2.5 

Rocflam3  with WSGGM model 3.5 

 

 

Figure 6-8 Effect of radiative heat flux for CH4/O2 combustion varying wall emissivity 

Impact of wall emissivity on radiative and total heat flux: The wall emissivity plays an important role 

with respect to the radiative heat flux. Initially, a wall emissivity of 0.3 is used but in order to determine its 

influence, the wall emissivity is varied from 0.1 to 0.9 and the results are recorded. Figure 6-8 indicates the 

computed results varying the wall emissivity. The radiative heat flux 𝑞𝑟𝑎𝑑 increases proportionally with 

wall emissivity 휀𝑤. The radiative heat flux is almost doubled taking into account the extreme values of the 

wall emissivity considered. However, there is no significant impact on the total heat transfer as seen in 

Figure 6-9. There is a deviation of 0.01 due to the influence of wall emissivity on the total heat flux.  
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Figure 6-9 Effect of varying wall emissivity on the total heat flux

Impact of individual radiating species on gas radiation: The effect of gas radiation was investigated 

due to the presence of hydrocarbons in methane combustion: 𝐶𝑂2 and 𝐻2𝑂 being considered the major 

contributes. In 𝐻2/𝑂2 combustion  𝐻2𝑂 is the only contributor to gas radiation. So the radiative heat 

fluxes are calculated separately for 𝐶𝑂2 and 𝐻2𝑂 and the results are evaluated as seen in Figure 6-10. It 

was noted that the contribution of 𝐶𝑂2 was 1.5-2 times higher than 𝐻2𝑂. This justifies the reason for 

considering 𝐶𝑂2 as a major contributor. However, 𝐶𝑂 being one of the contributing species was not 

considered in this case. Assuming the emissivity of 𝐶𝑂 is half that of 𝐶𝑂2 would fairly increase the overall 

contribution of the radiative heat flux. It can be noted that there is a significant temperature decrease 

visible starting from the nozzle extension, where the temperatures are less than 1500 K. At such low 

temperatures the effects of gas radiation are close to negligible. 

 

Deviation of ~0.01 

due to the influence 

of wall emissivity 
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Figure 6-10 Individual contribution of the radiating species to radiative heat flux qrad 
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7 Conclusion 

A simplified gas radiation transport model was implemented in Rocflam3 to compute the impact of gas 

radiation for a rocket thrust chamber. The simplified transport model was used in combination with 

Hottel-Egbert model and WSGGM spectral model. The model yields the values from the CFD simulation 

and uses the integrated values for temperature, pressure and species combination of the radiating species 

inside the thrust chamber to compute gas radiation.  

The radiating species considered for this work were 𝐶𝑂2 and 𝐻2𝑂, thereby making this model compatible 

for hydrogen as well as hydrocarbon combustion. A gas emissivity library and pressure correction table 

were created for the radiating gas species. The feedback of gas radiation on the flow field and the wall 

boundaries were executed by accounting them for the source terms in the energy equation. The influence 

of gas radiative heat flux is added on to the source values for evaluating temperature and overall heat flux 

on the chamber wall and gas. But locally the radiative heat flux effects depend on the temperature effects.  

The validation of the influence of gas radiation was a challenging task due the unavailability of similar 

models in commercial CFD code. Therefore, the validation of the model has been done by computing a 

quasi 2D case in Rocflam3 and comparing the results with a similar case in Rocflam-II code. The 

Rocflam-II code has been compared with higher level numerical P1 model results. Also the test data 

available gave an overview of the total heat flux.  

Several interesting observations were made concerning the impact of gas radiation for rocket thrust 

chambers: Gas radiation was about 2-4 % compared to the convective heat flux. The estimation of the 

heat flux by the WSGGM model was higher than that of Hottel-Egbert model. The effects of radiative 

contribution would depend on mixture fraction, temperature, 𝑝𝑠 and the geometry. The influence of wall 

emissivity was investigated: The heat fluxes were found to proportionally increase with wall emissivity. 

The individual effects of each radiating species on gas radiation were also investigated. The contribution 

of radiative heat flux for 𝐶𝑂2 was 1.5-2 times that of  𝐻2𝑂. Considering the influence of gas radiation 

would give a more accurate wall temperature which helps while deciding on the design of the cooling 

channels.   
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8 Future work 

This work mainly focused on developing the framework in Rocflam3 and validating the model with the 

existing Rocflam-II code. However, it is necessary to run simulation for 3D cases and check if there are 

any significant changes when another axis comes into play. The simplified gas radiation model does not 

take into account the absorptivity of the radiating species, whereas more complex models such as the P1 

and DTRM transport models can be implemented for better accuracy. The modelling of soot might not 

have serious contribution for methane fuel combustion but still appropriate to be considered. Moreover, 

carbon monoxide 𝐶𝑂 must be included in addition to 𝐶𝑂2 and 𝐻2𝑂 as a radiating species in order to 

compute gas radiation for a thrust chamber. However minor or major the impact of 𝐶𝑂 might be 

compared to 𝐶𝑂2, it would be good to consider the impact of 𝐶𝑂 and check its contribution to gas 

radiation.  
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Figure A-2 Radiative heat flux for CH4/O2 combustion using WSGGM emissivity model 

Figure A-1 Contribution of the radiating species to radiative heat flux qrad 


