
19th Annual Meeting of the Institute for Liquid Atomization and Spray Systems (Europe) 
Nottingham, 6-8 September 2004 

 
 

 
 

INTRODUCTION 
 
Dealing with spray combustion in particular internal combustion systems such as automotive engines, gas turbine 

combustors, an accurately controled preparation of air-fuel vapor mixing process is of great importance for efficient  
combustion and reduction of pollutants. In such devices the fuel is often supplied as a liquid with varying physical and 
chemical properties to form a combustible mixture of fuel vapor and air. This process is determined by the turbulent 
dispersion, the evaporation of fuel droplets and the related interaction phenomena within the turbulent carrier phase. In 
particular the effects of the so-called turbulence modulation, i.e. the modification of the continuous phase turbulence 
characteristics by droplets or by interface transport and the modification of interface transport by turbulence are 
confirmed by various experimental investigations [1-7]. From these studies, it is also well-known that the swirl intensity 
can strongly influence the turbulent mixing processes and therefore the spray combustion (see [8] and therein cited 
references). An accurate capture of the turbulence characteristics, in particular of the turbulent kinetic energy is therefore 
decisive for an accurate prediction of the spray combustion characteristics. Although in many recent works some 
numerical calculations have been performed in which the effects of the turbulence on droplet vaporization have been 
pointed out, they deal mostly with  mono-dispersed sprays using numerical codes in which the standard k-ε model was 
coupled to quasi-equilibrium evaporation models without a fully consideration of turbulence modulation processes[3, 9-
11]. Thereby no reliable prediction of the turbulence effect could be expected. This is also the case in LES, where only 
the standard dissipative expression for two-way coupling is really available in the existing formulation of subgrid scale 
turbulent kinetic equation (e.g. [12]).  

In this paper, interest is therefore focussed on the effects of these various phenomena on dilute sprays, and in 
particular on how the coupling effects of turbulence and swirl variations can influence droplet dispersion, evaporation 
and combustion. Numerical investigations based on RANS are carried out to highlight these in a single gas turbine 
combusor similar to that  investigated by Wittig et al. [2], where we vary swirl intensities in the simulation. First the 
effects of turbulence properties on droplet dispersion, vaporization and mixing of a non-reacting spray are numerically 
predicted and compared with available experimental data. In the second case of reacting spray, focus is on conjugate 
effects of the turbulence, turbulence modulation and swirl intensity on the spray combustion. 

 
GOVERNING EQUATIONS AND MODELLING 

 
Gas phase (non-reacting), Droplet description and Two-way Coupling 
 

    To account for the instantaneous flow properties encountered by the droplets, involving each droplet history starting 
from the injection into the flow, an Euler-Langrangian approach is adopted.  
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ABSTRACT 
Employing an Euler-Lagrangian method in conjunction with advanced models for turbulence, evaporation and 

modulation, a numerical study of the effects of two key parameters on the evolution of sprays in a single gas 
turbine combustor is reported in this work. The effects of internal parameters such as turbulence intensity on the 
turbulent droplet dispersion, vaporization and mixing for non-reacting case are pointed out and linked to the 
turbulent spray combustion. Secondly the effects of external parameters such as swirl intensity on turbulent spray 
combustion in combination with modulation effects are analysed. 1) Based on RANS, the results confirm that the 
EARSM model is appropriate to represent the flow field quantities in two-phase flows for a large range of swirl 
intensity. 2) Under reacting conditions, it is shown how the evaporation characteristics, mixing rate and 
combustion process are strongly influenced by swirl intensity. 3) In particular, the turbulence modulation modifies 
the evaporation rate, which in turn influences the mixing and the species concentration distribution. It is 
demonstrated that this effect can not be neglected for low swirl intensities (Sw.Nu.<1). 
 

 



 
The turbulent fluid phase is described following an Eulerian approach. The stationary, general form of the transport 

equation in RANS-modelling context emerges as an elliptic differential equation: 
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in which φ may represent the mean value of mass, energy,  turbulent kinetic energy,  turbulent dissipation rate, and 
chemical species mass fraction (O2, CO2, vapor fuel), respectively. Γ  represents an effective diffusion coefficient and Sφ 
the well-known turbulence source term in monophase flow cases. The latter has been already documented in the 
literature (e.g. [14, 15]).  

To better capture streamline curvature effects and swirled flows phenomena we apply besides the k-ε model for 
comparison the algebraic Reynolds stress models by Launder, Reece & Rodi [14] and by Gatski & Speziale [15] 
modified for two phase flow description by including source terms for phase exchange, ,pS φ , and phase transition 
processes, , ,p vS φ . For simplicity, the heat flux vector in the energy equation has been postulated by means of a gradient 
ansatz. The latter additional source terms in Eq. (1) characterize the direct interaction of mass, momentum, energy and 
turbulent quantities between the two phases and account for the two-way coupling between the fluid turbulence and the 
droplet heat transfer. Details about these terms can be found in [13]. With regard to the two-way coupling contribution 
in the turbulent kinetic energy equation only models accounting separately for the induced  turbulence attenuation or 
augmentation by the presence of particles are available, as reviewed by Crowe [9] who used the energy balance to 
attempt a first consistent description. To better account for the modification of the continuous phase turbulence 
characteristics by the dispersed phase or by interphase transport in internal combustion engines, and because all the 
phenomena involved are thermodynamical processes, we use in this work besides the standard expression for the two-
way coupling a model compatible with the second law of thermodynamics. The particle/droplet source term for the 
turbulent kinetic energy is given in this model [13] by: 

 
                                                

                                                                                               where        
                                 
 
 The second term in Eq. (2a) represents the usual dissipative standard contribution, while the first term accounts for 

the production of the turbulent kinetic energy. So, this thermodynamically consistent model captures well both the 
enhancement and the diminution of the turbulence of the gas phase due to the presence of both big and small droplets in 
polydispersed sprays. The parameter α' in Eq. (2b)  depends on the particle properties. The relevance of this model has 
already been pointed out in [19].  

To compute the properties of droplets moving in turbulent flow a Lagrangian approach is employed. The trajectories 
of individual particles are obtained from motion equations, where all external effects except drag, buoyancy and gravity 
forces are neglected [1, 6, 12, 13, 19]. For evaporating droplets, two additional equations which give the rate of change 
of droplet diameter and temperature with respect to time are also needed (e.g. [10, 11]). 

 
Evaporation, Combustion and Dispersion models 
 
To account for the 3D-evaporation of droplets, equilibrium [10] and non-equilibrium models [11] are considered.  

For the equilibrium model usually used,  the molar mass fraction is related to the saturation pressure through the 
Clausius-Clapeyron equation [1-4, 6, 10]. In the case of non-equilibrium evaporation model [11], the non-equilibriun 
molar mass fraction is additionally related to the blowing Peclet number. According to [11], corresponding 
modifications are then performed in the Lagrangian equation describing the transient temperature.  

 For the combusting spray case, chemical source terms in the equations for O2, CO2 and vapor fuel must be provided. 
Although many efforts have been done in the last decade  in combustion modeling, we chose for the complex swirled, 
reacting  two-phase flow the Eddy dissipation model [2, 16, 17]  to calculate the mean source terms. 

The radiation contribution in the energy equation is evaluated by solving differential equations for the radiant 
fluxes following the Four-Flux method [18] in which the black body emissive power is assumed. The equations system 
of gas-phase, Eq. (1), is closed by the equation of state which determines the distribution of density for ideal gas. 

To obtain the velocity fluctuations of gas occurred in the motion equation of droplets at droplet locations, a 
dispersion model following the Markov-Sequenz-ansatz (see in [13]) is used. This model is based on the calculation of 
Lagrangian and Eulerian correlations and exhibits a high ability in calculating the gas fluctuations. 

 
CONFIGURATION AND NUMERICAL PROCEDURE 

 
A single gas turbine combustor similar to that investigated in [2] is used. It consists of a single cylindrical combustor 

with diameter of 0.1 m and length of 0.4 m where a swirled air stream enters the chamber after flowing through two 
tubes and the liquid fuel (dodecane) is injected into the combustion chamber as shown in Fig. 1. According to 
experimental data, details of operating conditions of gas and droplet at the combustor inlet are summarized in Fig. 1. 
The computational domain is represented by 128 × 64 cells in axial and radial directions, respectively. Due to the 
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symmetry assumption, half the domain is presented in computed results. Non-reacting and reacting cases are 
investigated.  

Under steady state conditions, two-dimensional partial differential equations of all dependent variables of gas phase?? 
are solved using the finite volume based SPRINT code. The space discretization is based on a hybrid method and the 
velocity-pressure coupling is accomplished by a SIMPLE algorithm. The Lagrangian equations for droplets are 
discretized using first order scheme and solved explicitly. The source terms for the gas phase are computed in each cell 
with the contributions of all the relevant droplets [6].  

Numerically, the interaction between the continuous and the dispersed phases is taken into account by means of 
several couplings between two modules involved. Following a steady method, after several iterations of gas phase alone, 
the gas variables are kept frozen and all the droplets representing the entire spray are injected in the computational 
domain. The computed droplets source terms are inserted in the calculations of gas phase and kept frozen till the next 
coupling takes place in which the old particle sources are replaced by newly calculated sources. High levels of under-
relaxation technique were used in order to obtain successful convergence [1, 2, 6].  

The droplet injection is based on a stochastic approach by considering the droplet mass flux and the droplet size 
distributions obtained from experimental measurements at the inlet far off the nozzle exit [2]. 
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RESULTS DISCUSSIONS AND CONCLUSION 
 

     First Case: Non-reacting swirled Spray 
 

The computed cross-sectional profiles of gas axial velocity component along the chamber using different turbulence 
models are shown in Fig. 2 and compared with available experimental data. It turns out that in the vicinity of inlet port 
all turbulence models deliver good agreement with experimental data without any considerable deviation from each 
other. In contrast, the second section where the experimental data are still available reveals a high performance of 
EARSM [15] in capturing well the velocity field in a turbulent swirling flow. Based on this result, further investigations 
in this paper have been carried out by using this model.  
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In Fig. 3 the calculated radial distribution of the droplet mass flux is shown at different axial positions using 

equilibrium and non-equilibrium evaporation models. Generally, the concentration of droplets decreases while moving 
away from the nozzle due to the evaporation. A comparison between equilibrium and non-equilibrium evaporation 
models does not reveal a prediction difference as long as big particles are involved (x=5mm). As expected, with 
decreasing droplet diameter the non-equilibrium effects become predominant (x=20; 40mm) and lead to an enhancement 
of droplet evaporation rate in accordance to [6]. This is also confirmed in Fig.4 which shows the droplet concentration 
zones inside the chamber obtained by using equilibrium and non-equilibrium models in comparison with experimental 
visualization. 

Fig. 1: Cylindrical Combustion Chamber 

Fig. 2: Cross-sectional  profiles of gas axial velocity component along the chamber (non-reacting case) 
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A qualitatively better agreement with experiment is achieved by using a non-equilibrium model delivering the correct 

spray penetration length. In figure 5 the influence of the turbulent kinetic energy on the vaporization rate is shown along 
the axial direction. It appears that when the turbulence intensity increases, the efficiency of the mass transfer increases, 
approximately during the first half of the droplet lifetime. This influence decreases with decreasing droplet diameter. It 
also appears clearly that there exists a critical number below which the turbulence energy is able to increase the mass 

Fig. 3: Droplet mass flux along the chamber: Comparison between results with equilibrium and  non equilibrium 
evaporation models 

 

Fig. 4: Droplets concentration zones using non-equilibrium (left) and equilibrium (right) evaporation models 

Fig. 5: Influence of the turbulent kinetic intensity on the evaporation rate of droplets and the evaporation 
Damkhoeler number (Dav) along the spray core 



 
transfer. For higher value of this number an inverse behavior is even observed. Focusing on the pure turbulence effect, 
this result confirms the experimental and numerical findings in [5, 6]. From them, a so called vaporization Damkhoeler 
number, Dav = Tt / Tv , may be introduced. For Dav<1 the evaporation rate is increased with the increase of the 
turbulence intensity, while in the case Dav >1 an inversed phenomenon can even be observed. For the mean droplet size 
used in calculations, this behaviour is observed independently from evaporation models.  

The influence of the swirl intensity on the mixing process is depicted in Fig. 6 in which the variations of a spatial 
mixing deficiency parameter (SMD) are shown. This parameter describes the heterogenity of the distribution of the fuel 
vapor in the chamber. The curves show that an enhancement in swirl intensity leads to a rapid and efficient mixing 
process providing a homogeneous mixture very close to the  inlet port. This fact may be related to the presence of two 
(internal and corner) recirculation zones formed in the flow for high degrees of swirl (Sw.Nu.>0.6). As pointed out in 
[6], an increase in swirl number obviously enhances the size of the internal recirculation zones. 

                                                                                           
Second Case: Swirled Combusting Spray 
   
In this section, some results of  scalar distribution obtained under consideration of the conjugate effects of the swirl 

intensity, the turbulence and the combustion are presented. In Fig. 7 the effects of swirl intensity on combustion process 
are shown. An increase in swirl number enhances the temperature and the size of the hot zone in chamber. The hot zone 
appeared at the outlet area (Fig. 7a) is shifted inside the combustor which leads to a homogenization of the temperature 
distribution in the combustion chamber (Fig. 7b). This is due to the modification of the flow and mixing dynamics. 
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Figure 8 shows the influences of swirl intensity on the concentration of oxygen and carbon dioxide along the 

centerline at the radial position r =10 mm computed by using two different modulation models. It can be observed that 
the increase of the swirl intensity enhances the speed of chemical reaction in O2-consumption and CO2-creation in 
combustion chamber. It is also clear that for low swirl intensities (Sw.Nu.=0.6) the oxidator is not consumpted entirely 
and can even be observed at the outlet.  
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Fig.8: Effects of swirl intensity on concentration of O2 and CO2 along the combustion chamber using two different 
modulation models ( standard model and model by Sadiki & Ahmadi ) 
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Comparing the results of different modulation models, the model by Sadiki & Ahmadi [13] causes a considerable 

reduction in predicting the chemical reactions approximately in the middle of combustion chamber up to Sw.Nu.<1. It 
turns out that the modulation affects the concentration distribution only for low swirl numbers. In this case an accurate 
modulation modelling is required. Because of its reliable capability in accurately predicting the modulation effects as 
demonstrated in [19], the model by Sadiki & Ahmadi may be then recommendable. 

 
NOMENCLATURE 

    
 EARSM     Explicit Algebraic Reynold’s Stress Model  
 LRR          Launder, Reece and Rodi (implicit)    
                   Algebraic Model                                                              
 k                Turbulent kinetic energy [m2/s2] 
LES            Large Eddy Simulation 
 mp              Droplet evaporation rate [kg/s]                                                                                          
 RANS        Reynolds Averaging based Numerical  
                   Simulation   
 Sk,p             Particle source term for k-equation     

                                 Particle source term for 
                                momentum equations 

  Sw. Nu.        Swirl number 
  Tt                 Turbulent macro time scale                                                        
  Tv                 Time scale of the vaporization        
  ui ( u,v,w )    Gas velocity components [m/s] 
  u pi                Particle velocity components [m/s] 
  x,y,z             Position coordinates 
  ε                   Turbulent dissipation rate [m2/s3] 
ρ                   Gas-phase density [ kg/m3] 
 

  (   )               Average value   
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