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ABSTRACT 
The numerical description of combustion provides a good 

understanding of the thermal boundary conditions of a 

combustor already in the early design phase. To predict 

accurately the thermal load on combustor walls, the 

numerical modeling of such components has to cover a lot of 

physical aspects. Besides the precise prediction of the 

reacting flow field, the gaseous and soot radiation as well as 

the heat transfer onto the combustor walls have to be taken 

into account. 

 

Due to the high demand of computational power for the 

described modeling depth, MTU used the open source CFD 

software OpenFOAM and developed a multi-physics solver 

to capture all these aspects. The validation of the solver was 

accomplished with different academic and semi-technical test 

cases in the past. These cases covered gaseous as well as 

liquid fuels.  

 

This paper describes the investigation of the impact of the 

fuel switch from natural gas to liquid fuels for a commercial 

combustor. For this purpose, the thermal load caused by soot 

radiation is compared for natural gas and Jet-A operation. 

The detailed comparison of the combustor liners heat fluxes 

and temperature fields reveal significant differences.  

 

INTRODUCTION 
 The formation of soot in the combustion process is a 

very complex topic. Due to this complexity, there are many 

numerical models for soot predictions published. Models as 

e.g. the Magnussen model of the 1970’s answer the question 

of soot formation with moderate efforts, high sophisticated 

models predicting even soot particle size distributions as e.g. 

Eberle et al. 2016 increase the requirement of computational 

power significantly. Additionally, there are only limited 

validation data available to confirm the accuracy of the 

different approaches with respect to technical applications as 

combustors investigated in this paper.  

 Initiated in 2010 by the European research project 

FIRST, the combustion group of the DLR Stuttgart designed 

a swirl stabilized combustor and analysed it with the focus on 

the soot formation during C2H4 operation (Geigle et al. 

2014). The wide range of operation tested for this combustor 

covers variations of air-fuel ratios, thermal power, amount of 

secondary cooling air, and operation pressure. Chosen as one 

test case for the International Sooting Flame workshop ISF 

2016, the published data for this combustor design includes 

velocity measurements, chemiluminescence pictures, CARS 

temperature data, and LII soot information. Publications of 

numerical research dealing with the FIRST data to validate 

their approaches are e.g. Eberle et al. 2016 and Wick et al. 

2017.  

 MTU used this data set to validate an in-house multi-

physics solver implemented in the open source CFD code 

OpenFOAM. Additional data of the European Projects 

TECC-AE and TIMECOP-AE were used to validate the 

solver’s accuracy for liquid fuel operated combustors. More 

details about the validation were published in Konle et al. 

2017. Due to its comprehensive accuracy, the validated 

solver was applied for re-design studies of a commercial 

combustor (Konle et al. 2018). Well aware of the limited 

validation for liquid fuel operation with respect to soot 

formation, purpose of the study reported here is to analyze 

the impact of dual fuel operation on commercial combustors 

via purely numerical studies and back-to-back comparisons.  

 

METHODOLOGY 

To predict accurately the thermal load on combustor 

walls, the numerical modeling of such components has to 

cover a lot of physical aspects. The transient character of the 

reacting flow field of the combustor investigated in this 

paper requires a temporal resolution and, thus, the URANS 

approach (SST k-) is chosen to describe the flow field and 

turbulence. The solver includes additionally gaseous 

radiation as well as the radiative heat load contributed by 

soot formed in the combustion process. Finally, the conjugate 

heat transfer provides the information required to evaluate 
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the combustor design with respect to thermal loads and 

structural life. Due to its importance, the modelling of 

combustion, radiation, and soot formation are presented in 

the following. For more details see Konle et al. 2017. 

 

Turbulence and Combustion Modeling 
The mass, momentum, species, and enthalpy 

conservation equations below are solved to predict the flow 

behavior and are solved within the Unsteady RANS 

turbulence approach according Menter 1994, the SST k- 

model.  
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where the subscripts i and j represent the xi and xj 

direction components, k the species and t the turbulent part 

(Poinsot and Veynante 2005). ui is the velocity, ρ the density, 

p the pressure, Yk the mass fraction of species k, and h the 

enthalpy. µ and µt are the molecular and turbulent viscosity, 

Sc and Sct the laminar and turbulent Schmidt number, Pr and 

Prt the laminar and turbulent Prandtl number. τij and Tij 

symbolize the viscous and the Reynold stresses. Moreover, 

ωk, ωT, and ωrad are source terms for the equations. The 

production and consumption of reactive species due to 

combustion is described by ωk and heat release due to 

combustion by ωT. ωrad represents the radiation effects. The 

solver used by the authors is intended to calculate flow fields 

with Mach numbers below 0.3. 

The combustion is solved using the Partially Stirred 

Reactor model (PaSR) and, with it, the empirical Arrhenius 

law (Kärrholm 2008). The PaSR model is a finite rate 

chemistry method which assumes that the real flame is much 

thinner than any computational cell. Thus, each cell is 

divided into a reacting part, in which all present species are 

homogeneously mixed and react together, and a non-reacting 

part. The reactive volume fraction κ, which is a multiplying 

factor for ωk and ωT in Eq. (3) and (4), results of the 

turbulence-chemistry interactions: 

        
mixc
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where τc represents the chemical timescale and τmix the 

turbulent timescale. τη and τT are the Kolmogorov and Taylor 

timescale, respectively, and Cmix a model constant. This 

constant as well as the turbulent Schmidt number Sct for the 

thermal diffusion were calibrated via measured temperature 

profiles at the exit of the combustors used for the validation 

[2-4]. Two different fuels has been used in the further 

investigations: methane (CH4) and Jet-A. The Jet-A has been  

supposed to be immediately evaporated entering the 

chamber, in order to handle it as gas phase only. That this 

assumption for the simulated boundary conditions (i.e. inlet 

pressure and temperature) provides still acceptable results 

was proved by simulations of the so-called Timecop-AE 

combustor (Meier et al. 2012). The chemical reaction was 

described by the Arrhenius inputs for one step chemistry of 

methane. 

 

Radiation Modeling 
High temperatures in combustors lead to significant 

radiative heat transfer. To cover the contribution of the hot 

walls as well as the gaseous radiation to the thermal loads on 

the combustor, this phenomenon has to be taken into 

account. To predict radiation, two aspects has to be 

considered: the spatial and the spectral radiation. In 

OpenFOAM, the fvDOM (finite volume Discrete Ordinate 

Method) solves a simplified form (Eq. 7) of the  radiative 

transfer equation (Viskanta and Mengüç, 1987) for a finite 

number of discrete solid angles (16 rays in the present study) 

and returns the ωrad source term term into the enthalpy 

equation (Eq. 4). 
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with I the radiation intensity, si the xi-component of the 

direction vector, Ω the solid angle considered, T the 

temperature and σ the Stefan-Boltzmann constant. The 

absorption coefficient of gas, α, is calculated with the 

spectral model. In this study, the grey gas model is used and 

takes into account the absorption/emission of the two species 

CO2 and H2O (Barlow et al. 2001). Due to the significance of 

soot radiation, the contribution of soot to the gaseous 

radiation were added to the standard implementation. The 

absorption/emission coefficient is calculated as following. 
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with Xk the molar fraction of specie k, CO2 and H2O, pk 

the partial pressure, bi,k and bsoot constant of the model and 

fv,soot the soot volume fraction. 

 

Soot Modeling 
For the soot formation in the combustor, the two-

equation model of Magnussen/Tesner is implemented 

(Magnussen 1989). This semi-empirical soot model 

calculates in a first step the specific concentration of radical 

nuclei XN and in a second step the formation of soot YS 

formed by these nuclei, Eq. (9) and (10). The oxidation of 

soot particles ωS,o is modelled by scaling the reaction rate of 

the combustion model with the ratio of the soot and the fuel 

mass fraction. The limitation to a maximum soot level is 

implemented, by using the total amount of carbon provided 
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by the fuel (Kleiveland 2005). Yl represents this limiter in Eq. 

(11) and (12). Besides that, the impact of turbulence on the 

mean reaction rate according the Eddy Dissipation Concept 

limits the soot formation and is calculated via the coefficient 

γ* in Eq. (13). 
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ωN,f, ωS,f, ωN,o and ωS,o are formation and oxidation source 

term for the nuclei and the soot. n0, the spontaneous 

formation of radical nuclei of the fuel, is calculated using the 

Arrhenius approach. Yfuel is the fuel mass fraction, while fc is 

the carbon mass fraction of the fuel. The model constants a, 

b, f, g and g0 are defined by Magnussen. 

The validation of the soot formation was conducted with 

the FIRST data (Konle et al. 2017). In fig. 1, the contribution 

of soot radiation to the overall radiative energy emission is 

shown. As one can see, the soot radiation is about 50% of the 

radiative load. This number already shows for this academic 

test case operated with ethylene the importance of the right 

soot formation prediction. 

 

Fig.1: Time-averaged soot contribution to the 
absorption/emission coefficient for the FIRST 

combustor 

APPLICATION TO A COMMERCIAL COMBUSTOR 

The objective of the paper is the numerical analysis of 

the impact of dual fuel operation on a commercial engine 

design. Fur this purpose, a combustor design studied during 

re-design activities was chosen (Konle et al. 2018). In fig. 2, 

the numerical domain of this combustor is shown. The 

domain covers the diffusor casing, the combustor head 

including the swirler and injector, and the combustion 

chamber of the reverse flow combustor. 

 

Fig. 2: Cut plane of the computational domain of 
commercial combustor investigated in this study. 

 

RESULTS AND DISCUSSION 

In the following, firstly, the macroscopic field 

information of velocity, temperature, and reaction rate is 

discussed for the operation with CH4 and Jet-A, respectively. 

Afterwards, the soot particles radiation for these different 

operations will be compared.  

 

Fig. 3: Time-averaged numerical results for CH4 
operation: a) velocity magnitude, b) temperature field, 

c) reaction source term d) soot volume fraction. 
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Fluid Field Analysis 

Figure 3 (a-c) shows these three fields for the combustor 

operated with natural gas. Due to the conventional combustor 

design, the reaction zone is spread all over the axial length of 

the combustion chamber. The formation of soot particles (fig. 

3d) is concentrated in the areas of high fuel concentration 

(close to the combustor head) and in the region of final fuel 

oxidation driven by the dilution air injected through the 

combustor liner segments. All fields in fig. 3 are time 

averaged fields in the order of 20ms. While for the velocity 

and temperature fields this time frame is sufficient to judge 

the flame shape, the process of soot formation within this 

time may not be representative for a long-term operation of 

the combustor. Therefore, the radiative energy emitted by the 

soot particles will be analyzed purely in a back-to-back 

comparison. 

 

 

Fig. 4: Time-averaged numerical results for Jet-A 
operation: a) velocity magnitude, b) temperature field, 

c) reaction source term d) soot volume fraction. 

 

Figure 4 presents in the same way as fig. 3 the field 

information for Jet-A operation. Focused on the differences, 

one can see the impact of the difference in density on the 

velocity field (fig. 4a). While the gaseous fuel develops a 

cone of high velocity in the near field of the combustor head, 

the liquid fuel – from a mass perspective due to the lower 

heat value even larger than the CH4 flow – breaks up more 

rapidly and, thus, changes the fuel distribution in this area 

significantly. As consequence, the local temperature field 

(fig. 4b) caused by the changed reaction rate distribution (c) 

leads to significant changes in the local thermal load on the 

combustor liners. 

Additionally, the soot formation for Jet-A operation (fig. 

4d) is significantly increased. While the volumetric 

concentration of soot particles for the CH4 operation is in the 

order of ~1 ppm, the increased carbon content in the liquid 

fuel leads to concentrations 100 times larger. An increase of 

the soot particles concentration for the switch of gaseous fuel 

to liquid fuel is not surprising, however, this factor indicates 

that the impact of radiation caused by soot particles has to be 

analyzed. 

 

Soot Particles Radiation  

For the numerical study presented here, the soot model 

is only adjusted with the chemical information of C 

concentration in the fuel. For the case of CH4 operation, the 

low concentration of soot particles in the flame leads to a 

very low radiative energy emission. The contribution of soot 

radiation on the wall heat flux can be neglected. Calculating 

the soot formation for Jet-A operation, however, the soot 

concentration is significantly increased. As mentioned in 

previous section, the soot particles concentration inside the 

combustion chamber is around 100 times higher than in CH4 

operation. Analyzing the contribution of soot radiation on the 

total radiative heat release shows similar results as the FIRST 

combustor. Fig. 5 reveals also for the commercial combustor 

design operated with Jet-A a soot contribution of ~50 % to 

the overall radiative heat load. On high level, in comparison 

to the CH4 operation, the Jet-A operation increases the 

radiative heat load by 50% due to the massive presence of 

soot particles. From technical perspective it is of interest to 

determine if this higher radiative heat load leads also to a 

significant increase of wall heat fluxes and, thus, to higher 

combustor liner temperatures. To answer this question, not 

only the emission of energy via radiation, but also the 

absorption of energy by the soot particles were analyzed. 

Due to the strong absorption coefficient, the sooting particles 

absorb also roughly the half of the emitted energy in the 

combustor. Assuming a comparable temperature field for 

both, CH4 and Jet-A operation, by just summing up the 

different contributions in emission and absorption, it can be 

estimated that the emitted and absorbed energy of the sooting 

particles increases the radiative heat load on the combustor 

walls by approximately 25 % in comparison to the CH4 case. 
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Fig. 5: Time-averaged soot contribution to 
absorption/emission coefficient for the commercial 

combustor. 

 

Fig. 6 shows the comparison of analyzed wall heat 

fluxes on the first and second combustor liner segments for 

CH4 (a) and Jet-A (b) operation. As one can see, the impact 

of soot radiation is limited to the region of high soot 

concentration, mainly on the first segment and the combustor 

dome. Summarizing the wall heat fluxes onto these liners, 

the radiative wall heat flux for the CH4 case is in the order of 

2100W, while the corresponding heat flux for the Jet-A 

operation sums up to 5000W. 

 

 

Fig. 6: Wall heat flux on the first and second combustor 
liners for CH4 (a) and Jet-A (b) operation 

 

To compare the resulting wall temperatures for the 

combustion liners segments, conjugate heat transfer (CHT) 

simulations were carried out. Due to the high differences in 

time scales of solid and fluid response, the study here used 

the approach to de-couple the fluid domain and solid 

domains by freezing the inner flow field. The results are 

shown in fig. 7: While for CH4 operation (a) the combustor 

liners see moderate temperatures, the impact of the soot 

radiation for the Jet-A operation (b) leads to a temperature 

increase in the order of ~100K. The comparison presented 

here, however, is not separated into the impact of soot 

radiation and all other heat fluxes. The changes in the flame 

shape and the resulting temperature field (fig. 3 and fig. 4) 

lead also to changes in the solids temperatures and, thus, 

overlay the effect of radiative loads. Nevertheless, the 

additional load revealed in this study requires additional 

investigations. In areas of high thermal loads on the 

combustor liners, the potential effect of increased radiation 

caused by soot particles may have to be taken into account. 

 

Fig. 7: Material temperatures of the first and second 
combustor liners for CH4 (a) and Jet-A (b) operation 

 

CONCLUSIONS 

The paper presented results of combustor simulations 

with a multi-physics solver based on the open source CFD 

package OpenFOAM. The in-house solver was applied to a 

commercial engine combustor and was used to investigate 

the impact of dual fuel operation. Due to differences in the 

soot formation, an increased heat flux into the combustor 

walls for the operation with Jet-A could be quantified. CHT 

simulations confirmed the increase in wall temperatures.  

The presented study here is based only on a very simple 

soot model. The validity of the soot concentration for liquid 

fuels as Jet-A has still to be shown. Internal studies  are 

ongoing to close this gap. Additionally, it is also obvious that 

transient effects of the flame behavior overlay the radiation 

effect. A more precise prediction of combustor liner 

temperatures via conjugate heat transfer (CHT) simulations 

with a iterative approach and sufficient temporal averaging 

(Konle et al. 2018) will be carried out in the near future to 

further separate the different contributions. The current 

results of back-to-back comparisons confirm the necessity to 

evaluate the impact of soot radiation in more detail. 

 

NOMENCLATURE  
fv,soot Soot volume fraction - 

h Sensible enthalpy per unit mass [J.kg-1] 

I Radiation intensity [W.m-2] 

k Turbulent kinetic energy [m2.s-2] 

n0  Spontaneous formation of radical nuclei [mol.m-3.s-1] 

p  Pressure [Pa] 

Pr Laminar Prandtl number - 

Prt Turbulent Prandtl number - 

si  Direction vector - 

Sc Laminar Schmidt number - 

Sct  Turbulent Schmidt number - 

t Time [s] 

T Temperature [K] 

Tij Reynold stress tensor [N.m-2] 

ui Velocity [m.s-1] 

Xk Molar fraction of species k - 

XN Specific concentration of radical nuclei [mol.kg-1] 

Yk Mass fraction of species k - 

YS Soot mass fraction - 
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α Absorption coefficient for radiation - 

γ* Turbulence influence coefficient - 

ε Turbulent dissipation rate [m2.s-3] 

κ Reactive volume fraction - 

µ Molecular viscosity [kg.m-1.s-1] 

µt Turbulent viscosity [kg.m-1.s-1] 

ρ Density [kg.m-3] 

σ Stefan-Boltzmann constant [W.m-2.K-4] 

τc Chemical timescale [s] 

τij Viscous stress tensor [N.m-2] 

τmix Turbulent timescale [s] 

τT Taylor timescale [s] 

τη Kolmogorov timescale [s] 

ω Turbulent eddy frequency [s-1] 

ωk Mass reaction rate of specie k [kg.m-3.s-1] 

ωrad Enthalpy source term from radiation [W.m-3] 

ωT Heat release due to combustion [W.m-3] 

ωN,f Nuclei formation term [mol.m-3.s-1] 

ωN,o Nuclei oxidation term [mol.m-3.s-1] 

ωS,f Soot  formation term [kg.m-3.s-1] 

ωS,o Soot  oxidation term [kg.m-3.s-1] 

Ω Solid angle [sr] 

 

ā Reynolds averaging mean part for scalar a 

ã Favre averaging mean part for scalar a 
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