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Abstract
This work presents Large Eddy Simulation (LES) of a laboratory scale RQL combustion chamber. Simulations were 
carried out using an in-house LES-code for reactive, two-phase, adiabatic flow implemented in OpenFOAM. The two-
phase turbulent reactive flow is modeled following a coupled Euler-Lagrange approach in combination with a 
presumed Joint Probability Density Function (JPDF) combustion model and tabulated chemistry. The reaction 
progress of laminar premixed flames is tabulated using a kerosene-surrogate chemical reaction mechanism. Calculated 
and measured velocity fields of the gaseous and liquid phase are compared to each other for reacting and non-reacting 
conditions. The results show excellent agreement between the two-dimensional flow fields derived from PIV and LES 
for the non-reactive case. The results of the reactive case show very good agreement for the velocity field. 

Introduction
RQL (Rich Burn / Quick Quench / Lean Burn) 

combustor configurations are common in modern aero 
engines due to their low NOx emissions and good flame 
stability [1]. The NOx formation in the fuel-rich primary 
zone is reduced due to the deficient availability of 
oxygen. Rapid admixing of secondary air with primary 
zone effluent is minimizing combustion zones with 
stoichiometric conditions and, ensuring oxidation of soot 
formed in the primary zone resulting in a minimum of 
soot emissions.

Figure 1: Single Sector Laboratory Scale Rich-Quench-
Lean Combustion Chamber

In this context, experiments were carried out on an 
atmospheric, single sector combustion test rig, which is 
designed to be close to an aero-engine rich-quench-lean 
(RQL) combustor. The schematic cross-section sketch of 
the test rig is shown in Figure 1. The test rig features 
realistic pressure drop and inlet temperatures as well as 
overall dimensions. The combustion chamber has optical 
access through quartz glass windows from all sides and 
only the area of the secondary air injection is accessible 
via two sides. The secondary air injection consists of five 
holes per side in two rows in a staggered configuration. 
There is no window purging or external cooling in order 
to mitigate effects of cold walls.

The fuel nozzle consists of a pilot fuel atomizer, 
injecting kerosene fuel (Jet A-1) directly into the 
combustion chamber, and six main fuel atomizers, which 
inject the fuel directly after the main air swirler, allowing 
for some evaporation and mixing of the fuel before 
entering the combustion chamber. Main and pilot air 
have counter rotating swirl with swirl numbers of 0.7 and 
1.34 respectively.

The combustion air is preheated to 600 K using 
electrical heaters and the pressure drop over the nozzle 
and secondary air injection is set to 3 %. The air fuel 
equivalence ratio in the primary zone is set to  = 1.43.

Figure 1 also shows a typical flow field of the 
combustor measured via Particle Image Velocimetry 
(PIV) [2].  The swirling flow creates a strong inner and 
outer recirculation zone and an unsymmetrical flow field 
due to the staggered mixing hole configuration. The 
injection of pilot fuel directly into the combustor creates 
a spray that is strongly visible in the PIV recordings.

In this study, the two-dimensional reactive and non-
reactive flow fields derived from PIV are compared to 
numerical simulations. For the reactive flow field two 
simulations are carried out to determine the influence of 
the pilot fuel injection on the reactive flow field. The 



injection of fuel into the combustor is modeled in two 
different ways. The fuel introduced by the main fuel 
atomizers is modeled as gas injection into the continuous 
phase, while injection of fuel by the pilot atomizer is 
modeled as a dispersed droplet phase. The simulations 
are carried out with and without pilot injection.
Numerical Setup

The Software OpenFOAM version 5.0 [3] and a 
solver developed by the authors is used for Large Eddy 
Simulation (LES) of the non-reactive and reactive flow 
field inside the RQL-combustor. The Wall-Adapting 
Local Eddy-viscosity (WALE) model is employed for 
unresolved sub-grid scales [4] applying a turbulent 
Schmidt or Prandtl number of 0.85 if required. The filter 
width is calculated based on the cube root cell volume 
according to Deardorff [5]. On wall boundaries a wall 
function [6] accounting for the unresolved wall boundary 
layer is applied. Low-dissipation, second-order accurate 
central differencing / upwind blending scheme is applied 
for momentum- [7] (blending factor 0.2) and bounded 
second-order normalized variable diagram scheme for 
scalar discretization [8]. The Crank-Nicolson method is
implicit, second-order accurate for time discretization
[9].
Favre filtered transport equations are solved for density 
momentum, absolute enthalpy, mixture fraction [10] and 
unscaled reaction progress variable in accordance with
Galleazzo et al. [11]. The progress variable is defined as 
the sum of complete combustion product mass fractions 
of water and carbon dioxide. The subgrid-scale variances 
are directly calculated via an algebraic approach [12,13]. 

Figure 2: Cross section of numerical grid 

Figure 2 shows a cross section of the numerical grid. The 
grid consists of 6.6 million cell at 3 refinement levels. 
The characteristic length of the unrefined cells is 2.5 mm, 
second level cells are 0.625 mm and the finest cells are 
0.322 mm.

The source term of the reaction progress variable 
transport equation, thermodynamic data and species mole 
fractions are read from a lookup table. The lookup table 
is generated in a pre-processing procedure prior to the 
LES, by the calculation of one-dimensional premixed 
laminar stationary adiabatic flames for 33 different 
mixture fractions covering the range from lean to fuel-
rich initial conditions. The method bases on the same 
principles as the Flamelet Generated Manifolds (FGM) 
method [14]. The initial temperature for the manifold 
generation equals the air inlet temperature of 600 K used 

in the experiment. The laminar flamelets are calculated 
using a detailed chemical reaction mechanism for a 
kerosene surrogate consisting of 80 % n-decane (DEC) 
and 20 % 1,2,4-trimethyl-benzene (TMB) by weight
[15]. The mechanism consists of 119 species and 522 
reactions and has been validated against experimental 
data [16]. For each mixture fraction the solution is stored 
for 201 discrete points in normalized progress variable 
space. To account for the interaction between chemistry 
and turbulence a beta-pdf is used to calculate the joint 
probability parametrized by mean and variance values of 
a distribution. From a numerical multidimensional 
integration procedure [17], a table is derived which stores 
mean values of the various variables in the four 
dimensions of mean- mixture fraction and progress 
variable as well as their normalized variances. Eleven 
discrete values are used, in a linear distribution for the 
variance of the progress variable and in a logarithmic 
distribution for the variance of the mixture fraction.
During LES, these four control variables are calculated 
and corresponding tabulated values are determined via
multi-dimensional interpolation [18].

The source term in the transport equation for the 
mixture fraction is closed from Lagrangian Particle 
tracking for parcels of a dispersed kerosene phase. The 
Lagrangian dispersed phase is coupled with the Eulerian 
gas phase, besides the mass source term for the mixture 
fraction [19], via source terms in the momentum and total 
enthalpy transport equation [20][21]. The liquid phase is 
modeled as an ideal solution of DEC and TMB by a 
NRSDS [22] function assuring consistency with the 
surrogate formulation in the gas phase. As the lookup 
table is created only from adiabatic calculations, the 
decrease in enthalpy from the two-way coupling of the 
Eulerian with the Lagrangian phase is neglected.

During the Lagrangian parcel transport sub models
are used to describe the thermo-physical phenomena 
within the parcels. Secondary breakup is modeled 
according to [23], where two breakup mechanisms are 
distinguished by characteristic Weber-number [24]. 
Evaporation and boiling are modeled [25] incorporating 
also the effect of flash evaporation. Turbulent drag is 
modeled depending on the local Reynolds-number [26]. 
Heat and mass transfer is modeled based on Sherwood 
number correlations [27] and a correction factor for 
Stefan flow [28].

The parcels are introduced at the position of the Pilot 
fuel atomizer. Inlet temperature and mass flow equal to
the values for the operating conditions in the experiment. 
Injection pressure and spray angle are provided by the 
manufacturer of the atomizer. The parcels represent 
ensembles of droplets with corresponding droplet sizes in 
a Rosin-Rammler distribution. The Rosin-Rammler 
distribution bases on the Rosin-Rammler diameter and a 
shape parameter [29]. The shape parameter was chosen 
to be 3.5 corresponding to the arithmetic average value 
for the type of atomizer according to Levebre et al. [29]. 
The Rosin-Rammler diameter is derived from an 
empirical correlation for the characteristic Sauter mean 
diameter specific for the specific type of atomizer used in 



the experiment[30]. The magnitude of the inlet velocity 
is calculated from an empirical correlation based on 
pressure drop and atomizer geometry [29].
Velocity Field

The results from LES of the non-reactive flow field 
are averaged values of approx. 400.000 time steps 
covering 0.1 s of simulated time. Averaging was started 
after a minimum simulation time of ten turnover times, 
defined as the ratio of the domain volume divided by the 
overall volume flow at the outlet boundary. The averaged 
simulation time corresponds to approx. 2.4 turnover 
times.

Figure 3: Contour plots of mean velocity magnitude in 
m/s for the non-reactive flow field from LES (left) and to 
PIV (right)

Figure 3 shows contour plots of the mean magnitude of 
the velocity from LES (left) and PIV (right) and 
corresponding streamlines. Both axes are the spatial 
coordinates (x; y) normalized with the nozzle radius 
(R0).  From streamlines minor discrepancies in the shape 
of the inner recirculation zone can be identified. 
Concerning the contour plots, the air velocity magnitude 
of the main air flow at x/R0 > 0 is overestimated by the 
numerical simulation.
Detailed analysis of the flow field near the nozzle is 
shown by line plots of axial and radial velocity at three 
different heights above burner (HAB) in Figure 4. Minor 
discrepancies are observed for the radial velocity.
Noticeable deviation between LES and PIV for axial 
velocity exists for the recirculation zone at HAB = 5 mm, 
characterized by lower velocity at x/R0 = 0 in LES. 
Concerning radial velocity

Figure 4: Line plots of axial (left) and radial (right) 
velocity in m/s over normalized radius at different 
heights above burner (HAB) in the non-reactive flow 
field

The averaging methodology for the reactive flow field 
simulation without pilot fuel injection is similar to the 
non-reactive case. For approx. 2.2 turnover times, 0.09 s 
of simulated times, the average of 330.000 time steps are 
calculated.

Figure 5: Contour plots of mean velocity magnitude in 
m/s for the reactive flow field without pilot injection from 
LES (left) and PIV (right)



Figure 6: Line plots of axial (left) and radial (right) 
velocity in m/s over normalized radius at different heights 
above burner (HAB) in the reactive flow field, LES 
without pilot injection

Figure 5 shows contour plots of mean velocity 
magnitude and corresponding streamlines for the reactive 
flow field without pilot injection in LES. In contrast to 
Figure 3, the overpredicted velocity magnitude of the 
main inlets is significant in general. Furthermore, the 
penetration depth of the left secondary air injection jet is 
higher. Close to the nozzle, in the center area, the velocity 
magnitude is underpredicted by LES.

Line plots in Figure 6 confirm the general 
observations from Figure 4. Axial and radial velocity are 
overpredicted by LES. Similar to Figure 3, the 
recirculation zone very close to the nozzle only exists in 
LES. The results from two-phase LES with pilot injection 
do not differ significantly from LES without pilot 
injection as shown in the Appendix (Figure 8; Figure 9).

Concerning the two-phase flow, the instantaneous 
parcel distribution in two different areas, each with a 
dimension of 2 mm in HAB, and their velocity is shown 
in Figure 7. The variation of the parcel distribution with 
increasing HAB indicates an appropriate description of 
the spray angle.

Figure 7: Instantaneous parcels (black cross) and mean 
velocity (light blue dashed line) from LES and mean 
velocity from PIV (red dashed-dotted line)

The spatial and velocity distribution of the injected 
parcels does not vary significantly from PIV. There is a 
clear indication that the methodology for the 
determination of the parcel injection resulted in a 
reasonable correct evolution of droplet transport in the 
primary zone.
Conclusions

Calculated and measured velocity fields of the 
gaseous and liquid phase are compared to each other for 
different reacting and non-reacting conditions. The 
results show excellent agreement between the two-
dimensional flow fields derived from PIV and LES for 
the non-reactive case. The results of the reactive case 
show very good agreement for the flow field. No 
significant influence of the pilot injection on the flow 
field is observed. Reasonable results for droplet spatial 
distribution and velocity in very good agreement with 
PIV are reproduced.

Strong evidence exists, indicating the applicability of 
the combustion model as well as the underlying 
methodology for the simulation setup of coupled Euler-
Lagrange two-phase LES in the field of staged, stratified 
and highly turbulent combustion of kerosene with air.
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Appendix

Figure 8: Contour plots of mean velocity magnitude in 
m/s for the reactive flow field with pilot injection from 
LES (left) and PIV (right)



Figure 9: Line plots of axial (left) and radial (right) 
velocity in m/s over normalized radius at different 
heights above burner (HAB) in the reactive flow field, 
LES with pilot injection
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