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Abstract – This study presents numerical simulation of turbulent spray combustion within the planar sector for 

a 1000-hp class turbo-shaft engine reverse flow combustor. Simulation domain with three swirler cups 

corresponds to a sector of a full annular combustor and the grid also includes the annulus flow. A coupled 

Euler-Lagrange method models the two-phase reacting flow wherein chemistry and turbulence interaction is 

accounted for by the Eddy Dissipation Concept Model. Random Walk model is used to model the interaction 

between continuous and disperse phases. Combustion is modeled with a single step global reaction and its rate 

is limited by the Eddy Dissipation Concept Model. Results indicate the presence of hot spots at the exit plane at 

locations just across the injectors. The simulation suggests that some dilution jets over penetrate the cross flow 

with trajectories close to the liner across. This indicates the necessity for design iteration. 
 
 
1. Introduction 

Turbulent spray combustion is used in many practical devices and aero-engines are one of 
them. This is a fairly complex flow situation wherein a two-phase reacting flow consisting of 
combustion gasses and fuel droplets interacts with turbulence, which modifies both fluid and 
droplet transport. 

The case investigated in this study is a planar sector with three radial swirler assemblies 
operating at reduced atmospheric conditions for take-off regime. The fuel is injected into the 
swirler assembly via the pressure-swirl atomizer, where droplet heat-up/evaporation takes 
place at the same time [1]. 

The swirler mixes the fuel and air, forming a heterogeneous mixture of fuel droplets and 
combustible fresh gasses, which is then transported into the combustion chamber where it is 
continuously self-ignited by the combustion products residing in the recirculation bubble [2]. 

 
Figure 1: Schematic representation of the swirler assembly. 
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The main intention behind these simulations is to gain approximate insight into the 
averaged temperature field which in turn is used in preliminary design studies for cooling 
implementation. Since the fuel is fed with a spray, the flame is considered to be a diffusion 
flame and temperatures are expected to be close to equilibrium temperature at some point in 
the flow as a result of mixing. 

 
2. Mathematical Model 

An Eulerian-Lagrangian approach was used to model the two phases of liquid fuel droplets 
and the combustion gasses. Numerical simulations are performed using the ANSYS Fluent 
CFD package on a parallel computing cluster. 
 
2.1. Eulerian Phase Modeling 

The turbulence model employed is the realizable 𝑘 − 𝜖 model along with scalable wall 
functions. Combustion is modeled using Eddy Dissipation Model brought up by Magnussen 
which uses the assumption that reactions takes place in fine structures with characteristic 
dimensions of the order of Kolmogorov length scale [3]. 
 
Mass, momentum, species and energy conservation equations are provided in Eq. 1 through 
Eq. 4. 
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Total enthalpy E and species entalpies hi are computed according to Eq. 5 and Eq. 6 
respectively. 
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Realizable k-e model is used to model turbulence. Eq.7 and Eq. 8 are transport equations for 
turbulent kinetic energy and its dissipation respectively. 
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where, 
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Finally turbulent viscosity is calculated by Eq. 12.  
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Ideal gas equation of state (Eq. 13) is used to close the model equations. Note that the flow 
inside the combustion chamber is assumed to be incompressible since Mach numbers are less 
than 0.3 within the combustor. 
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2.2. Lagrangian Phase Modeling 

The atomizer studied is a pressure swirl atomizer which is utilized as a pre-filming air-blast 
atomizer with the swirler assembly. The thin liquid film formed is neglected and to 
approximate the film behavior, the droplets normal momentum is reduced accordingly with a 
coefficient of restitution if it hits the wall. 
 
The primary atomization including film formation and break-up is modeled with the LISA 
model by Schmidt et al. [4]. For computer memory considerations, secondary breakup is not 
included in the current study. Parcels represent droplet clusters, and each parcel represents 
1000 physical droplets. 
 

 
Figure 2: Numerical parcel concept for droplet groups 
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Forces acting on droplet parcels are considered as per Eq. 15 and Lagrangian parcel 
trajectories are computed via Eq. 14.  
 

𝑑𝑢!!
𝑑𝑡 = 𝐹! 𝑢! + 𝑢!! − 𝑢!!  

(14) 

 

𝐹! =
18𝜇
𝜌!𝑑!!

𝐶!𝑅𝑒
24  

(15) 

 

𝑅𝑒 =
𝜌𝑑! 𝑢! − 𝑢

𝜇  
(16) 

 

𝐶! = 𝛼! +
𝛼!
𝑅𝑒 +

𝛼!
𝑅𝑒 (17) 

 
Turbulence droplet interaction needs to be taken into account as well. TL is a characteristic 
time scale for this interaction. 
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𝜁 appearing in the above equation is a random number with normal distribution. Under the 
assumption of isotropic turbulence Eq. 19 can be as follows. 
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Due to evaporation of droplets there is mass transfer between two phases. Amount of mass 
transfer is calculated by Eq. 24. 
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𝑁! = 𝑘! 𝐶!,! − 𝐶!,!  (24) 
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An appropriate Sherwood number correlation is presented in Eq. 27. 
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Parcel mass is updated with Eq. 28. 
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Parcel diameter is updated according to Eq. 29. 
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Heat transfer between the droplet phase and gaseous flow is considered as per Eq. 30. 
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Filming and the break-up of the film surface is represented by the LISA (linearized sheet 
atomization) model. Mathematical representation of this model for the present simulation is 
written in Equations 31 through 36. 
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𝑢 = 𝑈 cos𝜃 (36) 



Turbulence, Heat and Mass Transfer 8 

 
Lastly, there is also momentum exchange between two phases; Eq. 37 describes the amount of 
force acting on the droplet phase. 
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2.3 Reaction Mechanism 
 
For the sake of simplicity and computational cost a one-step global mechanism is used to 
describe chemistry of the reacting flow (Eq. 38). Arrhenius reaction parameters are shown in 
Table 1. 
 

𝐶!"𝐻!" + 17.75𝑂! ⟹ 12𝐶𝑂! + 11.5𝐻!𝑂 (38) 
 

 
Table 1: Arrhenius parameters. 

Parameter Value Units 
Pre-exponential Constant 2.587e+09 𝑚!.! 𝑠  𝑘𝑚𝑜𝑙!.!  

Activation Energy 1.256e+08 𝐽 𝑘𝑚𝑜𝑙   
Temperature Exponent 0 𝐾   

 
Parameters related to eddy dissipation concept model are handled in Equations 39 through 41. 
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2.4 Numerical grid for simulations 
 
The numerical grid consists of ~106 polyhedral elements total for the flame tube and annulus. 
Figure 3 presents a couple of close up views of the numerical grid. 
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Figure 3: Finite volume grid used in the simulations. 
 
3. Results and Discussion 

Boundary conditions for the simulations are presented in Table 2. Note that these figures 
correspond to on-design-point operating condition of the turboshaft engine. 
 

Table 2 Boundary conditions for numerical simulation. 

Inlet 

Mass Flow Rate 0.094 kg/s 

Pressure Differential 0 Pa 

Turbuelence Intensity 10 % 

Hydraulic Diameter 18.1 mm 

Total Temperature 575 K 

N2 Mass Fraction 0.767 

O2 Mass Fraction 0.233 

Outlet 

Pressure Differantial 0 Pa 

Turbulence Intensity 10 % 

Hydraulic Diameter 44 mm 

Total Temperature 1370 K 

Species Mass Fraction Gradients 0 

Injector (for a single injector) 

Mass Flow Rate 0.7 g/s 

Temperature 300 K 

Internal Pressure 1101325 Pa 

Spray Start Angle 0 degree 

Spray Start Angle 360 degrees 

Spray Half Cone Angle 12 

Liquid Leaf Constant 0.5 

Atomizer Dispersion Angle 12 degrees 

 

 
 

Figure 4: Liner jet trajectories (blue: between the sectors, green: across the injector, purple: beside the 
injector), inner liner (left) outer liner (right) 
 
Figure 4 presents liner jet trajectories for several cross sections indicated by color-coding. 
Some of the jets are clearly seen to over penetrate the cross flow reaching up to liner across. 
Figure 5 demonstrates dynamics of the droplet phase. Figure 6 shows normalized temperature 
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contours. Normalization is performed with respect to the adiabatic flame temperature. When 
one considers Figures 5 and 6 simultaneously it is seen that at locations close to the liner 
walls droplet evaporation and subsequent combustion continues suggesting the possibility 
over heated liner walls. It might be necessary to resign the combustor features to alter these 
dynamics. 
 

4. Conclusion 

A coupled Euler-Lagrange approach is chosen to simulate the reacting flow field within the 
reverse flow combustor of a 1000-hp class turboshaft engine. Eddy Dissipation Concept 
provides meaningful results for the present case. Results indicate that liner walls are subjected 
to flame (as clearly indicated by Figure 6); therefore a design improvement is necessary 
should this behavior be consistent with experimental observations. For prospective research 
experiments are being planned for comparison and validation before changing the geometry 
of the liner. 
 
 

  
Figure 5: Dynamics of the disperse phase, droplet sizes and trajectories (left) evaporation rate (right) 
 

 
Figure 6: Combustor outlet normalized temperature distribution at the center plane 
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