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ABSTRACT

Fuel efficiency improvement and harmful emissions reduction are the main motivations for the development of gas turbine
combustors. Numerical CFD simulations of these devices are usually computationally expensive since they imply a multi-
scale problem. In this work, gaseous non-reactive U-RANS and LES simulations of a gaseous-fueled radial-swirled lean-
direct injection (LDI) combustor have been carried out through CONVERGE™ CFD code by solving the complete inlet
flow path through the swirl vanes and the combustor. The geometry considered is the gaseous configuration of the CORIA
LDI combustor, for which detailed measurements are available. The emphasis of the work is placed on the demonstration
of the CONVERGE™ applicability to the multi-scale Gas Turbine engines field and the determination of an optimal mesh
strategy through several grid control tools (i.e., local refinement, adaptive mesh refinement) allowing the exploitation of
its automatic mesh generation against traditional fixed mesh approaches. For this purpose, the Normalized Mean Square
Error (NMSE) has been adopted to quantify the accuracy of turbulent numerical statistics regarding the agreement with
the experimental database. Furthermore, the focus of the work is to study the behavior when coupling several LES sub-
grid scale models (i.e., Smagorinsky, Dynamic Smagorinsky and Dynamic Structure) with the adaptive mesh refinement
algorithm through the evaluation of its specific performances and predictive capabilities in resolving the spatial-temporal
scales and the intrinsically unsteady flow structures generated within the combustor. This investigation on the main non-
reacting swirling flow characteristics inside the combustor provides a suitable background for further studies on

combustion instability mechanisms.
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LIST OF NOTATION

dxx cell length in the three directions

feve  precession frecuency of the central vortex
k  turbulent kinetic energy

Ri  mean radius of the convergent inlet

Rext outer radius of injection

Sw  swirl number

ui’ turbulent fluctuation velocity

u; axial velocity component

Ug tangential velocity component

Upi Mean tangential velocity component in the inlet plane of the combustion chamber

y* non-dimensional distance to the wall

IQ« index of quality of a LES simulation based on the resolved turbulent energy

IQv index of quality of a LES simulation based on the viscosity
GREEK SYMBOLS

¢ swirl vane angle

én  numerical variable predicted by the CFD code

¢e  experimental variable measured in the test rig

At time step

tpvc  precession period of the central vortex

ot rotation time scale associated with the Vortex Breakdown Bubble
ABBREVIATIONS

AMR  Adaptive Mesh Refinement

CFL  Courant-Friedrichs—Lewy number

CPU  Central Processing Unit

CRZ  Corner Recirculation Zone
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CTRZ Central Toroidal Recirculation Zone

DNS  Direct Numerical Simulation

FE Fixed Embedding

LDI Lean Direct Injection

LDV  Laser-Doppler Velocimetry

LES Large Eddy Simulation

LIF Laser Induced Fluorescence

LRR  Launder-Reece-Rodi

NMSE Normalized Mean Square Error

NOx  Nitrogen oxides

PDA  Phase Doppler Anemometry

PVC  Precessing Vortex Core

PISO  Pressure Implicit with Splitting of Operators
RNG  Renormalization Group

RMS  Root Mean Square

RQL  Rich Burn — Quick Mix — Lean Burn

RSM  Reynolds Stress Models

SGS  Sub-Grid Scales

SWJ  Swirled Jet

U-RANS Unsteady Reynolds-Averaged Navier Stokes

VBB  Vortex Breakdown Bubble

1. INTRODUCTION

The main challenge of the gas turbine aero-engines industry in the 21st century is to increase the efficiency of the cycle
by keeping the levels of polluting emissions below the strict limits established by the regulatory organizations.* To this
end, many high combustion efficiency and low emission combustor designs have been proposed. Among them, one
specific concept, Lean Direct Injection (LDI), has been of particular focus due to its potential for excellent performance
in terms of emissions at high-temperature and high-pressure conditions.? Nevertheless, many drawbacks still characterize

this design concept (i.e., flame stability and ignition performances), in particular, if compared to older RQL combustors.
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Thus, further investigation in this injection-combustion strategy is required.

In the LDI concept described in this manuscript, the air is swirled upstream of a venturi section, and the fuel is injected
radially into the airstream from the venturi throat section in order to produce a lean mixture.3# Hence, the swirling air-
flow is used both for atomizing the injected liquid jets, mixing the atomized sprays and generating a recirculating region
downstream, which acts as an aerodynamic flame holder. Thus, good atomization and quick and uniform fuel-air mixing
are achieved in a short period enabling low-temperature combustions with low NOXx levels. Air blast atomizers, pressure
atomizers, and hybrid atomizers are used depending on the flow pattern requirements.? Even though its main interest
resides on liquid-fueled systems, swirling devices are extensively used in premixed and non-premixed gaseous systems
as well.>8

In the recent past, a significant effort has been made on modeling and simulating the swirling flow in gas turbine
combustors regarding different injection strategies and swirler types.”14 Even though these flows are employed in most
engine designs, its chaotic nature hinders both experimental measurements and numerical computations, implying several
phenomena are still not understood.

On the one hand, experimental observation of spray breakup, mixing and combustion in swirling flows still present some
challenges concerning the dense regime. Although some imaging methods have been developed over the last few years,*>
1" there still exist uncertainties in getting an accurate prediction for both carrier and disperse phases close to the nozzle
exit. For this reason, most of the experimental techniques have been reduced to measurements in the diluted regime
employing contrasted techniques such as LDV, PDA or LIF. The turbulent flow field within the combustor has been
visualized for a long time using the Laser-Doppler Velocimetry (LDV) technique.'®® Nevertheless, the Phase Doppler
Anemometry (PDA) technique irruption has allowed improving the comprehension of spray dynamics and droplet
characteristics as it is used to characterize both gaseous and liquid phases statistics as mean and fluctuating velocity and
diameter.20-%5

On the other hand, a vast number of computational researches of swirling spray combustors have been carried out. Given
the high turbulence and unsteadiness associated with the swirling motion inside the combustor, the Unsteady Reynolds-
Averaged Navier Stokes (U-RANS) turbulence modeling approach precludes a complete analysis of the flow
characteristics.?6-22 U-RANS simulations model the turbulence and only resolve statistically steady flow structures, failing
in predicting turbulence fluctuation statistics accurately and, thus, resulting insufficient in to represent the complexity of
lean combustors. Recently, some direct numerical simulation (DNS) investigations of swirling spray combustion have

been performed* 2 in which all the scale structures of scalar and velocities fluctuations are solved. Nevertheless, these
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simulations are still limited to low Reynolds numbers since its expensive computational cost limits its application in
practical flows. Therefore, Large Eddy Simulations (LES) has emerged as a realistic alternative and has been applied in
most numerical studies in order to investigate the generation and evolution of fully transient coherent structures in swirl-
stabilized combustors.3133-%7 |n LES, the governing equations are filtered to separate the large-scale turbulence, solved
by the discretized equation; and small-scale turbulence, modeled through the sub-grid scales models to represent the
effects of unresolved small-scale fluid motions.

The present work reports non-reactive U-RANS and LES simulations of a gaseous-fueled radial-swirled lean-direct
injection (LDI) combustor utilizing CONVERGE™ CFD code by solving the complete inlet flow path through the swirl
vanes and the combustor. In the last years, CONVERGE™ has been extensively used in the investigation of Internal
Combustion engines®“! due to both its automated mesh generation and the adaptive mesh refinement algorithm, which
allow to easily optimize the cell count to maximize accuracy and computational efficiency. Despite the wide application
of AMR to flows involving shocks or chemical reactions, there have been fewer investigations regarding the
implementation of AMR to turbulent flows. Nevertheless, some recent researches have been carried out to expand the use
of this code to the Gas Turbine field.*>** The emphasis of this work is placed on the demonstration of the CONVERGE™
applicability to the multi-scale Gas Turbine engines field and the determination of an optimal mesh strategy through
several grid control tools (i.e., local refinement, adaptive mesh refinement) allowing the exploitation of its benefits against
traditional fixed mesh approaches in this kind of multi-scale problem. In this way, the main objective of this paper is to
define a methodology to establish a meshing strategy that allows characterizing the gaseous flow field concerning gaseous
fuel injections in a lean direct injection burner through several grid control tools. Such a strategy would provide the user
with a more automated mesh generation to study this kind of problem with less computational resources than traditional
approaches, without compromising accuracy. For this purpose, the Normalized Mean Square Error (NMSE) has been
adopted to quantify the accuracy of turbulent numerical statistics regarding the agreement with the experimental database.
The geometry here considered is the gaseous injection configuration of the CORIA burner, for which detailed
measurements are available.*

In this way, the present investigation aims at facing two partial objectives. On the one hand, modeling the key features of
swirling flow through an automatic mesh algorithm in CONVERGE™. In this regard, an investigation on how the
adaptive mesh refinement technique allows employing moderate computing resources in predicting the complex swirling
flow features is performed. On the other hand, assessing the behavior when coupling a given LES sub-grid scale model

(i.e., Smagorinsky, Dynamic Smagorinsky, and Dynamic Structure) with the adaptive mesh refinement algorithm. To
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explore this, each SGS model performance (CPU hours required to simulate the same amount of physical time) and
predictive capability in capturing the vortex dynamics has been quantified considering both a coarse and a refined grid.
On this point, the Dynamic Smagorinsky model has demonstrated the potential to provide more accurate computed time-
averaged statistics when employing a sufficiently refined grid, while the Dynamic Structure model arises as the best
option when dealing with a coarser mesh.

The paper is organized as follows. Section 2 describes the model combustor, spatial discretization of the computational
domain, and imposed boundary conditions. In Section 3, the influence of available grid control tools is evaluated to finally
establish an optimal mesh strategy. Furthermore, the performance and accuracy of LES sub-grid scale models are here
reported together with a LES quality assessment. Section 4 discusses the simulation results and the predicted flow

topology features within the combustion chamber. Finally, the conclusions are summarized in Section 5.

2. TEST CASE DESCRIPTION AND NUMERICAL SETUP

2.1. Description of the test case

The computational investigation has been carried out based on the experimental gaseous configuration of the CORIA
burner,* whose 3D model is depicted in Figure 1(a). This burner configuration contains four major components: a
plenum to tranquilize the flow before entering the swirler, a radial-swirl injection system, a square cross-section
combustion chamber (100x100x260mm) and, finally, a convergent exhaust to prevent air recirculation. The combustor
employs a radial swirler, illustrated in Figure 1(b), composed of 18 channels inclined at 45° with an external diameter of
D = 20 mm. The swirler creates a swirling air flow in the combustion chamber, in which gaseous methane is injected
through a tube (d = 4 mm) acting as fuel injector located in the center of the swirler. The injector may be operated with
premixed or non-premixed methane (CH,4) and air inflows. In the premixed mode (see the left side of Figure 2), both
plenum and fuel injector are fed with a full mixture of methane and air. On the other hand, in the non-premixed mode
(see right side of Figure 2), pure methane is injected through the nozzle while the air enters the combustion chamber

across the plenum.
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Figure 1. Overview of the CORIA single burner computational domain: the air plenum, the swirl-injection system, the
combustion chamber, and the convergent exhaust (a). Zoom to the swirled injection system (b).

In this work, a premixed gaseous injection strategy has been simulated at ambient conditions (T = 298 K; p = 1atm). The
operating condition corresponds to a global equivalence ratio of 0.75, where the swirler and the central jet are fed with
5.612 g/s (composed of 73.79% N, 22.04% O, and 4.168% CH,4) and 0.236 g/s (same composition) respectively of a
fully mixed air-methane mixture.* Meanwhile, the inlet flow velocity of 28.8 m/s gives rise to a Reynolds number of

35,000 based on the mean diameter of the convergent inlet.

@20mm

Air + CHa Air + CHs Air+CHs Air | Air
Figure 2. Sketch of the swirl-injection system showing both premixed (left) and non-premixed (right) injection strategies.

In the non-premixed mode®, the operating condition corresponds to a global equivalence ratio of 0.75, where the swirler
is fed with 5.43 g/s of air (77% N2 and 23% O,) whereas a pure methane (100% CHa.) mass flow rate of 0.234 g/s is
imposed through the central jet, simulating the corresponding non-premixed experimental conditions®.

As stated previously, CONVERGE™ CFD software*” is employed to investigate the modeling strategies describing
turbulence dynamics, in which the dynamics of the swirling flow within the combustor, governed by the Navier-Stokes

Equations, are solved through the finite volume method. The computational domain includes the four components of the
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experimental test rig, as reported in Figure 1(a). The axial direction is referred to as the z-axis, corresponding to the main
flow direction, while the x-axis and y-axis denote the transverse directions.

2.2. Numerical Setup

This section presents a brief overview of the numerical algorithms, discretization schemes, and mesh manipulation
considered in the current work. The simulations reported in this paper are performed with the commercial code
CONVERGE™ in order to optimize the computational resources in this kind of multi-scale problem. CONVERGE™
code uses an innovative modified cut-cell Cartesian method that eliminates the need for the computational grid to be
morphed with the geometry of interest, while still precisely representing the exact boundary shape.*® This approach allows
for the use of simple orthogonal grids and completely automates the mesh generation process.

In the present solver, all computed values are collocated at the center of the computational cell, where the conservation
equations are solved using the finite volume method. A second-order-accurate spatial discretization scheme is used for
the governing conservation equations, while a second-order implicit formulation is set for time discretization. The Rhie-
Chow algorithm*® is employed to prevent spurious oscillations (e.g., checker-boarding). Meanwhile, the transport
equations are solved using the PISO algorithm. A variable time-stepping algorithm is used in the current study, where the
time-step is automatically calculated each computational cycle, ensuring that the maximum CFL-number does not exceed
0.8 anywhere in the computational domain at any instant.

An automatic domain decomposition technique is employed, allowing for efficient load balancing throughout the
calculation. CONVERGE™ includes several tools for controlling the grid size before and during a simulation:

e Base Size: side length of the hexahedral cells, from which the other grid control tools are defined.

e Fixed Embedding (FE): refines the grid at user-specified locations (areas) and times where a finer resolution is
critical to the accuracy of the solution (i.e., the flow behavior within the small passages of the swirler), whereas
allows the rest of the grid to remain coarse to minimize simulation time. An embedding scale (a positive integer)
must be specified for each fixed embedding area defined, including the refinements of the cells adjacent to walls.

e Adaptive Mesh Refinement (AMR): automatically changes the grid based on fluctuating and moving conditions.
Specifically, the AMR method adds embedding where the flow field is more under-resolved or where the sub-
grid field is the largest without unnecessarily slowing the simulation with a globally refined grid. To do so, the
AMR algorithm estimates the magnitude of the sub-grid field (¢"), computed as the difference between the actual
field (¢) and the resolved field (¢), to determine where to add embedding. The scale of the sub-grid can be
approximated by Eq. (1):
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Then, a cell is embedded if the absolute value of the sub-grid given by Eq. (1) is above a user-specified value
(called threshold value in the remainder of this article). Conversely, a cell is released (i.e., the embedding is
removed) if the absolute value of the sub-grid is below 1/5 of the user-specified value.*’
All these grid control techniques refine (or coarsen) the base mesh by cutting the cell dimensions in half (or doubling
them) for each level of refinement (i.e., a2 mm of base mesh size with three levels of fixed embedding would be converted
in 512 cells of 0.25 mm). In this work, the influence of the grid control tools has been evaluated through a parametric
study presented in Section 3.2. For illustrating purposes, Figure 3 shows the strategy followed in the mesh refinement

through the selected grid-tools described previously.
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Figure 3. Slice in the computational domain for a LES simulation in CONVERGE™ illustrating the strategy considered
in the mesh refinement: 3 levels of fixed embedding, 3 levels of AMR, and 2 layers with 2 levels of wall refinement.

Finally, U-RANS (i.e., the Standard, Realizable and RNG k-¢, and the LRR Reynolds Stress Model) and LES (i.e., the
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Smagorinsky, Dynamic Smagorinsky, and Dynamic Structure) modelling options for the treatment of turbulence have
been applied separately to characterize the unsteady non-reacting flow field. Additionally, standard law of the wall profile
is used to determine the tangential components of the stress tensor at the wall in U-RANS simulations, whereas the Werner
and Wengle wall model is considered in LES. In this respect, AMR of y* was used to maintain the proper level of mesh
near the wall ensuring y* values between 30 and 100 so that the wall models can work in a satisfactory way. The use of
wall models in this kind of device dominated by the large-scale motions can be justified through several LES considering
the same experimental test rig reported in the literature® in which a better agreement both in terms of pressure loss and
velocity field when considering wall-models instead of resolving the boundary layers is described. Notwithstanding the
Werner and Wengle wall model is suitable for dealing with cells located at both the viscous (y* < 5) and buffer (5 <y* <
30) sublayers, authors have preferred to avoid placing any cells in that conflictive region since approximation of wall
models at the buffer sublayer can result in errors around 10-20% that might compromise the accuracy of the overall results.
Meanwhile, the variable time step sizes resulting from the CFL restriction mentioned above are between 2-10s - 4-10°%s
for U-RANS and 1-10%s — 2.5-10°%s for LES, being the mean CFL number around 0.001. For typical simulations, mesh
scaling of twice the baseline mesh size was used to stabilize the flow field until 50 ms before automatically scaling down
to the base mesh size and starting the fixed embedding and AMR tools. The simulations were run for additional 100 ms
to stabilize the overall mass flow rate and velocity fields (i.e., the parameters considered for checking the convergence in
a statistical steady state) with the final mesh strategy. From here, temporal averages and higher-order moments started to
be calculated. The statistics were computed during approximately 25 times the rotation flow scale (50 ms). This time
scale is associated to some large coherent structures generated within the combustor and will be presented in Section 4.1.
The overall CPU cost of the CONVERGE™ premixed-study was about 320k CPU hours on a computer cluster (Intel E5-

2450 processors).

3. MESHING STRATEGY

3.1. Defining accuracy of a simulation: Normalized Mean Square Error (NMSE)

The results presented here contain the CONVERGE™ premixed cases for all turbulence approaches considered and
meshes proposed. The turbulent field of a given variable obtained from U-RANS and LES simulations can be decomposed

in the mean (time-averaged), and root mean square (fluctuation) values, evaluated respectively by Eq. (2) and Eg. (3):
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where Ty is the recording duration (50 ms in most of the simulations), Nr is the number of time steps, and Aty is the value
of the time step. It is important to remark that the RMS value calculated by Eq. (3) does not account for the sub-grid scale
contribution, which is expected to slightly modify the real value but with no substantial influence in the results presented
in this section.

The accuracy of a given simulation is measured through the evaluation of the Normalized Mean Square Error (hereafter
referred to as NMSE), defined by Eq. (4) and widely used in literature to quantify CFD performance considering

discrepancies between predicted and measured values:>%2

@y = b5)* 4

NMSE =
|én Pl

where ¢n is the numerical mean (time-averaged) or RMS value of a given flow variable calculated through CFD in a
given spatial location, whereas ¢e denotes the same flow variable value obtained experimentally in the same location. A
perfect model would have NMSE = 0. Even though the quality acceptance criteria for this metric strongly depends on
what the data underlying represents, reference studies® state NMSE < 4 as an acceptable quality criterion for a predictive
model. However, these are not definite guidelines, and it is essential to consider all performance measures in deciding on
model acceptance. In this study, the computed NMSE value has proven its suitability for comparing the performance
between different simulations.

The numerical mean (time-averaged) and RMS velocity components (i.e., axial, radial and tangential) have been
computed at locations where experimental data are available*: in the centreline and at radial stations located at a given

axial distance from the entrance of the combustion chamber, as shown in Figure 4.
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Figure 4. Overview of the measurement transverse cross-section where experimental data are available for comparison
with CFD simulations: the centreline, and the radial stations located at five different axial positions.

The strategy followed to evaluate the prediction quality of a given CFD simulation is to obtain three differentiated NMSE
values: one for the time-averaged axial velocity along the centerline (i.e., NMSE-Centerline), another for the mean of the
time-averaged components velocity in all the stations (i.e., NMSE-Mean-Stations) and a last one for the same but
considering the RMS values (i.e., NMSE-RMS-Stations). These three global values are obtained by averaging the discrete
values obtained at each discrete location where experimental data is available. Please note that U-RANS k-¢ simulations
are expected to obtain higher values of NMSE-RMS-Stations since the governing equations are ensemble-averaged before
being solved and the isotropic turbulence hypothesis is assumed, meaning few fluctuations are expected.
3.2. Methodology for meshing strategy
As already stated, one of the two main objectives of the investigation is to understand how different mesh layouts and
turbulence resolution can impact on the prediction of the flow field within the burner. The accuracy of the results in terms
of the NMSE-Centerline-Value (the most representative curve in this kind of burners) is reported and discussed for several
mesh strategies through the evaluation of the available grid control tools. Given the high number of possible combinations
between the potential meshing strategies and turbulence models, the simulations have been selected carefully to explore
the tendency when modifying the parameters studied:

e Onthe one hand, the influence of the grid control tools is analyzed (see Section 3.2.1). For this study:

o The Standard k-¢ U-RANS turbulence model is employed since fewer cell count and faster simulations
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are expected (this choice will be justified in Section 3.2.2):

= The base mesh size for the combustor was varied in all three dimensions, considering 2, 3, 4,
5, and 6 mm for each simulation.

»  The Fixed Embedding influence has been analyzed, by applying one layer and refinement level
over every surface in the geometry and considering 0 and 3 levels in the complete region of
the swirler and combustion chamber inlet.

= AMR sensitivity was studied employing 0, 3, and 4 levels for velocity gradients for a fixed
threshold set on 0.1.

o The dynamic Smagorinsky LES turbulence model is considered for evaluating the influence of the
AMR algorithm in a LES framework both in terms of the computational costs (CPU hours for
simulating 200 ms) and the agreement with experimental data.

e  Onthe other hand, U-RANS (i.e., Standard, Realizable and RNG k-¢, SST k- and LRR Reynolds Stress Model)
and LES (i.e., Smagorinsky, Dynamic Smagorinsky, and Dynamic Structure) modelling options for the treatment
of turbulence have been applied (see Section 3.2.2). The optimal mesh case setup extracted from the study
mentioned above is employed to evaluate the influence of the U-RANS and LES turbulence models. Furthermore,
for LES the base mesh size has been also reduced to 2 mm (i.e., smallest cells of 0.25 mm) and the wall
refinement has been increased to two layers and levels.

3.2.1. Assessment of the CONVERGE grid control tools

A set of 11 standard k- U-RANS simulations performed through CONVERGE to analyse the base size influence together
with the fixed embedding and AMR is summarized in Figure 5, for which the NMSE-Centerline value is represented.
The lines join simulations that keep all the parameters constant (i.e., a given zone of influence and levels of fixed
embedding, and a given threshold and levels of AMR) except for the base size. It is important to remark that the number
of cells reported in CONVERGE is a result of time-averaging the instantaneous cell count during the same temporal
window used to compute the turbulent statistics. As a consequence of the AMR action, the maximum and the minimum

number of cells of a given simulation usually oscillates between +5-8% about the mean value reported.
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Figure 5. Influence of the grid control tools on the NMSE-Centerline value. Each line represents the variation of the base
size for a given strategy of AMR and fixed embedding refinement.

From the examination of the grid tools impact in Figure 5, it may be stated that:

When no fixed embedding or AMR is considered, the tendency to reduce the base size from 4 mm (i.e., 70,000
cells) to 2 mm (i.e.,, 525,000 cells) is towards a better agreement with experimental data, as expected.
Nevertheless, the absence of any specific refinement causes a low resolution locally in the critical flow sections
(i.e., the swirler and combustion chamber inlet), and unacceptable results are obtained with NMSE-Centerline
values greater than 4.

Regarding the application of three levels of fixed embedding and AMR, the baseline size was varied from 6 mm
(i.e., 275,000 cells) to 2 mm (i.e., 4,500,000 cells). A clear improvement in the NMSE value compared with the
previous non-locally refined strategy is observed. As expected, the Normalized Mean Square Error at the
centerline presents better results as the base size is decreased up to 3 mm (i.e., the smallest cell size of 0.375mm).
Nevertheless, note that no apparent improvement is shown when reducing the base size to 2 mm, then discarding
the need to reduce the cell size as much in zones far from the injection region for U-RANS simulations.

Last, the influence of removing the fixed embedding and letting the AMR algorithm be the sole tool in charge
of mesh refinement is evaluated. For this task, the base size has been changed from 6 mm to 3 mm. The NMSE-
Centerline value reported decreases monotonously as the base size is decreased, as expected. However, the
improvement obtained is not compensated with the growth in the overall cell count, requiring three times more

cells to compute with the same agreement than with the standard mesh setup. This can be attributed to the fact
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that the use of fixed embedding in regions where the presence of critical flow is expected (i.e., the swirler and
the entrance of the combustor) acts as a trigger of the AMR in situations where otherwise would not be activated
due to a low flow resolution. From here, a significant conclusion can be drawn: a base size greater than 3 mm is
not fine enough to correctly model the turbulence scales through U-RANS, even if the smallest cells located in
the crucial flow regions are finer than those of the corresponding 3 mm case (i.e., 0.375mm). This fact, together
with the one extracted from the discussion above, results in an optimal mesh strategy for U-RANS cases
consisting in a base size of 3 mm with 3 levels of both the AMR and the fixed embedding (in the swirler and
entrance of the combustor region). Therefore, the Standard k-¢ U-RANS simulation performed considering this
optimal grid strategy is taken as reference for the following discussion about the turbulence model influence.
On the other hand, the NMSE-Centerline obtained in an additional OpenFOAM Standard k-¢ U-RANS simulation
considering a fixed unstructured 1.8-million cell mesh is also reported in Figure 5 for being representative of a numerical
study through traditional static grids. In this way, a similar mesh in terms of fixed refined cell sizes in those local regions
where a finer resolution is critical to the accuracy of the solution (swirler and conical shape near the injector zone) was
adopted. The results of this OpenFOAM simulation were post-processed in an identic way, obtaining good agreement
with experiments both quantitatively (through the NMSE-Centerline and NMSE-Mean-Stations values) and qualitatively
by direct visual comparison with the velocity field at the considered radial stations. When comparing the results of the
CONVERGE optimal mesh case defined above with the OpenFOAM reference case (see Table 1), it can be concluded
that the joint action of the AMR algorithm and the fixed embedding allows both an increase in accuracy and a reduction

in computational resources.

Computational cost Agreement with experiments
CFD Code Cells CPUh Memory NMSE-Centerline NMSE-Mean-
Stations
CONVERGE (optimal case) 1.2M 2300 23 GB 1.35 2.32
OpenFOAM (reference case) 18M 3700 12 GB 2.10 2.78

Table 1. Accuracy and computational requirements concerning the CONVERGE optimal mesh case and OpenFOAM
reference case simulations.

Thus, the use of an automatic grid refinement tool in the vicinity of the high gradient of velocity allows:
o  Asmaller cell size at the entrance of the combustor (i.e., 0.375 mm for the optimal mesh defined in CONVERGE,
as opposed to the 0.6 mm of OpenFOAM mesh), leading to a better performance of U-RANS models in modeling

the smallest high-turbulent scales and therefore enhancing the agreement with experimental work (i.e., a NMSE-
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Centerline of 1.35, against the 2.10 value obtained in OpenFOAM). Please note that, for a licit comparison in
terms of precision, achieving the same element sizes in the fixed OpenFOAM mesh than those generated
automatically by CONVERGE would imply more than 10 million cells.

e Keeping the overall cell count relatively low (i.e., a mean of 1,200,000 cells, versus the 1,800,000 cells in
OpenFOAM mesh), which together with the structured cartesian mesh means an optimization of both the solution
speed. Nevertheless, additional computational resources are required for runtime load balancing and re-meshing
in CONVERGE in terms of RAM memory, so the performance of the two solvers (and meshing strategy) needs
to be based both on RAM memory requirements and on the overall amount of CPU hours required to simulate
the same amount of physical time (i.e., 200ms, as reported in Section 2.2). In this way, the lower number of
elements in CONVERGE results in a reduction from 3.7k to 2.3k CPU hours (i.e., a reduction of nearly 40% in
the computational resources) for the considered Standard k-¢ U-RANS simulation, as showed in Table 1. In any
case, it must be noted that the simulation performed in through CONVERGE demanded higher memory
requirements because of its automatic mesh generation and adaptive mesh refinement algorithms.

Thus, a proper application of the grid control tools available in CONVERGE together with its automatic mesh generation
algorithm has been demonstrated to be an attractive option to face this type of multi-scale problem.

On the other hand, the influence of the AMR algorithm has also been evaluated in a LES framework both in terms of the
computational costs (CPU hours for simulating 200 ms) and the agreement with experimental data. In this respect, two
different CONVERGE cases involving dynamic Smagorinsky Large Eddy Simulation (see Table 2) have been considered
to directly evaluate the implications of considering the use of AMR through the three computed NMSE values (i.e.,
NMSE-Centerline, NMSE-Mean-Stations, and NMSE-RMS-Stations). Both cases present the same base mesh size (i.e.
2 mm) and the same 3 levels of fixed embedding in the swirler region. In the first case, 3 levels of AMR have been used.
In the second case, the lack of AMR is compensated with an additional fixed embedding refinement in the near-injection
zone, considering conical zones of influence and the progressive use of 3, 2 and 1 levels of refinement as the flow moves
away from the injector. Please note that both the size of the zone of influence and the levels of refinement of this extra
fixed embedding have been carefully selected trying to obtain a similar mesh number of cells than those regarding the

LES with AMR.

Computational cost Agreement with experiments

Stations

CASE (CONVERGE) Cells CPUh | Memory | NMSE-Centerline | NMSE-Mean-Stations NMSE-RMS-
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LES without AMR 16.7M | 27700 | 255GB 0.85 2.82 0.37

LES with AMR 171 M | 30600 | 290 GB 0.41 2.06 0.12

Table 2. Accuracy and computational requirements concerning the two dynamic Smagorinsky LES in CONVERGE to
evaluate the influence of the AMR algorithm.

A better agreement with experimental data is obtained in the LES case with AMR both in the mean and fluctuating terms
of the three velocity components through the three computed NMSE values. This can be then directly attributed to the 3
automatic refinement levels of AMR in the near injection region (see Figure 3) as opposed to the eventual 1 and 2 levels
of fixed embedding that are present in some local zones of this same region in the LES without AMR. Nevertheless, it
must be noted that the cost of this accuracy improvement is a moderate increasement on the computational requirements
both in CPU hours (10% higher) and in RAM memory (15% higher), as showed in Table 2. Therefore, the AMR algorithm
has proved to be able to distribute the cells in a proper way for this lean direct injection multi-scale problem in a LES
framework.

3.2.2. Turbulence Models Influence

Regarding the turbulence approach considered, both U-RANS (for the optimal mesh case setup) and LES turbulence
models influence are shown in Figure 6, Figure 7 and Table 1, respectively. In this case, the three values of NMSE
defined in Section 3.1 are depicted for a given turbulence model with a given mesh strategy (i.e., a given mean number
of cells). The first aspect worth mentioning is the difference in the mean overall cell count due to the specific behavior of
each model with the same 3 levels of AMR and 0.1 threshold value defined. The higher number of cells in RNG k-¢, k-w
SST and LRR RSM models was expected since RNG formulation involved a modified form of the e-equation which
attempts to account for the different scales of motion through changes to the production term,>* and RSM models required
higher-level turbulence closures considering the anisotropy of the Reynolds stresses. Meanwhile, the specific SST k-
formulation in the inner parts of the boundary layer and the extra non-physical turbulence levels provided in regions with
large normal strain also result in a moderate higher number of cells. Because of that, these formulations modify the

resolved and sub-grid field computed by the AMR algorithm leading to distinct sensibility responses to a given threshold.
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Figure 6. Influence of the U-RANS turbulence models on the NMSE-Centerline, NMSE-Mean-Stations and NMSE-RMS-
Stations values.

In the case of the U-RANS turbulence models (see Figure 6), the Standard, RNG and Realizable k-¢, the SST k-w and
the Lauder-Reece-Rodi (LRR) Reynolds Stress Model (RSM) are tested. On the one hand, the Realizable, and Standard
k-¢ models, show a similar response in terms of keeping a relatively low number of cells (i.e., 1,200,000 cells). The
Realizable variant was expected to present better results since it uses an improved formulation for the turbulent viscosity,
thereby giving enhanced predictions for the spreading rate of jets, and superior ability to capture the mean flow of complex
structures involving recirculation. Nevertheless, the Standard k-¢ offered a better precision in the NMSE-Centerline value.
Meanwhile, the application of the advanced SST k-w model offered practically the same agreement with experiments that
the Standard k-¢ but presenting a 50% higher number of cells. This identical performance reported in the accuracy levels
(i.e., NMSE-Centerline and NMSE-Mean-Stations) was expected since phenomena such as adverse pressure gradients and
separating flows (where better behaviour according to the claims in the literature is expected) do not play a crucial role
in the problem here studied and thus making worthless the improved near-wall performance of the k- model. On the
other hand, the RNG k-¢ and LRR RSM results are similar concerning both the total number of cells (i.e., 2,800,000 and
2,500,000 cells, respectively) and the great ability to predict the centreline velocity field. The RNG k-¢ and LRR RSM

models lead to slightly lower values of NMSE-Centerline (NMSE-Centerline < 1) than those obtained with Standard k-e,
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but with more than twice the number of cells. Moreover, the NMSE-Mean-Stations reported for these models is slightly
higher, so the preference in choosing the Standard k-& (with acceptable NMSE-Centerline values) past the RNG is
demonstrated. Additionally, the NMSE-RMS-Stations value (i.e., a parameter defined as a measurement of the ability of
a given simulation to predict the velocity fluctuations) reported for the LRR RSM (NMSE-RMS-Stations = 0.60) is much
better than the one obtained by k-¢ models (NMSE-RMS-Stations > 10), as expected. Note that, as previously discussed,
the two-equation turbulence models (k-¢ and k-w) are not capable to capture the fluctuations of the flow field accurately.
Therefore, if predicting the fluctuating components (instantaneous field) of a given transient simulation plays a major role
in the reliability of the results (e.g., characterization of the turbulent dispersion of liquid spray), the LRR-RSM will be
the most appropriate way to approach the turbulence when computational resources are limited, and LES treatment is

unaffordable.

Meanwhile, in LES framework, the turbulence resolution length scale or filter width A(X) is specified subjectively in a
flow-dependent manner. For that reason, characterizing the dependence of predictions on A (directly related to the grid
resolution dx, and hence to the ability of AMR algorithm to refine regions) must be part of the overall LES methodology.
The final objective here should be to obtain that the fraction of the turbulent kinetic energy in the resolved motions is
everywhere below a specified tolerance. To do so, the LES sub-grid scale models have been tested through six different
simulations (see Figure 7 and Table 3). The performance, the computational requirements and the predictive capability
accuracy of Smagorinsky, Dynamic Smagorinsky, and Dynamic Structure SGS LES cases have been evaluated
considering both the optimal mesh strategy (i.e., base size of 3 mm and smallest cells of 0.375 mm, hereinafter called
coarse grid) and a more refined grid where the base mesh size has been reduced to 2 mm (i.e., smallest cells of 0.25 mm)
and the wall refinement has been increased to two layers and levels. In general terms, an improvement in the NMSE-
Centerline reported by the three refined-grid LES is detected, enhancing the prediction of the velocity field performed by
U-RANS models. Furthermore, the NMSE-RMS-Stations value obtained indicates that the unsteadiness of the flow is

captured more reliably (i.e., NMSE-RMS-Stations < 0.2).
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Figure 7. Influence of the SGS LES turbulence models on the NMSE-Centerline, NMSE-Mean-Stations and NMSE-RMS-

Stations values.

On the one hand, the reduction in the base size carried out in the refined grid together with the higher sensitivity to a
certain AMR threshold (for the same reason explained before) leads to total numbers of cells around 16,000,000. It is
interesting to note how the ability when capturing smaller structures in LES acts as a trigger of the AMR. Furthermore, a
difference in the response regarding the mean number of cells generated is observed: those SGS models that use the
turbulent viscosity to model the sub-grid stress tensor (i.e., Smagorinsky and Dynamic Smagorinsky) tend to produce a
slightly higher number of cells than those using an additional equation to compute the sub-grid kinetic energy (i.e.,
Dynamic Structure) for the same mesh strategy. Nevertheless, the evaluation of the convergence velocity shows that the
Dynamic Structure one-equation model increases both the CPU cost and memory requirements for the presented
simulation slightly since provides an independent SGS velocity scale and therefore account for non-equilibrium effects
(see Table 3). It is interesting to note how this last consideration makes the one-equation Dynamic Structure model a
more suitable option when dealing with coarser meshes, resulting in better values of NMSE than those obtained with zero-

equation models.

COARSE GRID (Base Size = 3 mm) REFINED GRID (Base Size = 2 mm)
SGS Model Cells CPUh Memory Cells CPUh Memory
Dynamic Structure 42M 23400 200 GB 155 M 34200 300 GB
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Smagorinsky 45M 18000 160 GB 16.3 M 27800 250 GB

Dynamic Smagorinsky | 5.0 M 21600 180 GB 171 M 30600 290 GB

Table 3. Performance and computational requirements of the LES SGS models for the two meshing strategies considered.

On the other hand, in dynamic approaches, the coefficients of the SGS model are determined as part of the computation,
based on the energy content of the smallest resolved scales. These dynamic models are usually driven by concepts of
scale similarity: if the turbulent motion possesses scale similarity, then a model that considers this similarity should be
suitable at different scales (i.e., for different values of filter widths A). In fact, Jiménez and Moser concluded that the
physical basis for the good a posteriori performance of the Dynamic Smagorinsky sub-grid models in LES appears to be
only weakly related to their ability to correctly represent the sub-grid physics.% The on-the-fly coefficient calculation of
the dynamic models performed in this study (i.e., Dynamic Smagorinsky and Dynamic Structure) confirms the scale
similarity of the flow within the burner since they report a more stable accuracy than the Smagorinsky model for different
values of A when moving from coarse to refined grids (see Figure 7). Furthermore, it has been demonstrated that the
fixed value of the Smagorinsky constant must be decreased in situations with high shear regions (shown in Section 4.1),%
leading to more inaccurate predictions of the Smagorinsky model, especially when these regions are under-resolved
(which seems to occur in the coarse mesh cases of this study).

From previous analysis and values reported in Figure 7 and Table 3 it can be concluded that: (1) the Dynamic
Smagorinsky SGS model provides the best prediction ability on the computed time-averaged statistics when employing
an sufficiently refined grid (when dealing with turbulence resolution length scale of 0.25 mm), and (2) the Dynamic
structure model arises as the best option when dealing with a coarser mesh (turbulence resolution length scale of 0.375
mm). Therefore, the Dynamic Smagorinsky simulation considering the refined grid is taken for the LES quality
assessment performed in Section 3.3 and the transient analysis carried out in Section 4.1 since it presents the best quality
metrics for the three parameters computed.

3.3. LES quality assessment

The turbulence resolution in scale-resolved large eddy simulations (LES) depends on both the grid resolution and the
modelling of the small scales. An important issue regarding LES is to know if the computational grid directly resolves a
sufficient part of the turbulent flow energy. For such purpose, two criterions based on different approaches have been
calculated for the Dynamic Smagorinsky LES (only the refined grid is considered for clarity) presented in Section 3.2.2:

e The criterion proposed by Pope®” based on the turbulence resolution is currently one of the most accepted
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methods to quantify the quality of a LES in predicting the velocity field. This index of quality (1Qx) expresses
the contribution of the resolved part of the turbulent kinetic energy, that is, the ratio between resolved and total

(modelled + resolved) turbulent kinetic energy. In this work, the resolved part is deduced from the filtered
turbulent fluctuations, computed as ks = 1/2 (U2 gus + U5 s + U2 s ), Whereas the modelled part (sub-

grid scale turbulent kinetic energy) is evaluated through Eq. (5):%8

kmoa = 7 1,72 Vsas v
Where 4. is the filter width (i.e., the characteristic length of the grid cell: cube root of the cell volume), Cy, is a
model constant whose value has been taken as 0.091, and vsgs is the sub-grid scale viscosity. In this context, a
good quality LES is defined when at least 80% of the turbulent kinetic energy is resolved (IQx> 0.8). Figure
8(a) shows the 1Q criterion on the transversal x-cut exhibiting that the Pope requirement is globally satisfied
inside the combustion chamber (particularly near the injection system where the turbulence is predominant)
except near walls where the shears stress arises from modelled processes yielding unresolved boundary layers
(not critical since the physical phenomena in these burners does not involve high adverse pressure gradients and
separating flow in near-wall regions). The small sub-grid scale contribution to the computed RMS values stated
in Section 3.1 is here confirmed. Please note that a 0 value is also obtained when evaluating the 1Qx index within
in areas where turbulence is not of critical interest such as the plenum and fuel line since no fluctuations are
expected.

A complementary index of quality based on the viscosity (1Q,) has been proposed®® to describe LES resolution.
This criterion evaluates the contribution relative to the laminar v, the sub-grid vsgs, and the numerical vioum
viscosities according to Eq. (6):

1 (6)

(ngs+V+Vnum)n
v

10, =
1+a,

The two constants have been calibrated at &, = 0.05 and n = 0.53 through DNS results.®® Celik et al.>® suggested
that 1Q, value of 0.75 to 0.85 can be considered adequate for High-Reynolds-number flow. Results based on the
computed 1Q, value are shown in Figure 8(b) and reinforce the conclusion extracted from the Pope requirement,

presenting acceptable index criteria values that demonstrate the consistency and the quality of the simulation.
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Figure 8. Assessment of the LES quality through two different criteria: Index based on the turbulent resolution 1Qx (a);
Index based on the viscosity 1Q, (b).

Therefore, LES quality and reliability of non-reactive flow has been assessed based on measures of the turbulent
resolution and viscosity. Such criteria confirm the validity of the AMR threshold defined for calculating the sub-grid field
from the LES filtering and allows to certify the compatibility when combining LES with AMR implementation. Since
controlling processes occur in the resolved large scales in this burner and considering both criteria are satisfied for the
kind of grid, the low computational cost methodology here presented supports the adopted numerical setup for further
liquid fuelled and reactive LES studies.

4. NUMERICAL RESULTS: VALIDATION AND DISCUSSION

4.1. Flow Visualization

An analysis of the time-evolving features in the combustor and a close examination of the flow near the vicinity of the
injection system is carried out in the present section. From the discussion of Section 3.3.2, results presented in this section
are focused on the Dynamic Smagorinsky LES case since it has exhibited the highest accuracy through the 3 NMSE values
computed.

The degree of mixing depends mainly on the intensity of the swirl, defined by the swirl number Sw, which can be expressed
according to Eq. (7):%*

1 fORe’" pu ugridr (7

R
Rexe  [7* puzrdr

Sy =

When Sy exceeds a critical value in the swirler outlet region (typically 0.6 in such flows®?), the phenomenon known as
Vortex Breakdown Bubble (VBB) occurs, leading to the formation of a Central Toroidal Recirculation Zone. In the
present work, the swirl number evaluated in the injection plane of the combustion chamber is 0.76, implying that the
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formation of a VBB is expected. Figure 9(a) shows the axial mean velocity field and streamlines pattern in a central x-
cut plane allowing to illustrate the characteristic flow structures that are typically observed in a gas turbine combustor.53
These include the Vortex Breakdown Bubble (VBB), which induces a Central Toroidal Recirculation Zone (CTRZ) with
reverse flow, Corner Recirculation Zones (CRZ), and strong Shear Layers located at the interfaces between the Swirled
Jet (SWJ) and both CTRZ and CRZ. All these unsteady, asymmetric and 3D flow features are influenced by the swirl

strength and play an essential role in spray dispersion in axial and radial directions.
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Figure 9. Mean (time-averaged) axial velocity field in a central x-cut plane and streamlines patterns showing the
characteristic flow pattern within the CORIA LDI Combustor (a), and VVortex Breakdown Bubble identified using an iso-
surface of zero mean streamwise velocity (b) at 200 ms.

LES simulations allow to identify the vortex structure and reveal the unsteady flow phenomena. The VBB can be
described as the formation of a free stagnation point and a recirculation zone with a surrounding 3D spiral flow in the
core. The axial location of the stagnation point (the first axial point with zero axial velocity) results from the equilibrium
between the central jet and the reverse flow. Figure 9(b) shows the VVortex Breakdown Bubble identified through an iso-
surface of zero mean streamwise velocity (iso-surface closed to the walls and upstream the combustion chamber has been
blanked for the sake of clarity), and the streamlines, colored by the mean streamwise velocity, to demonstrate the spiral
pattern of the flow. This swirling motion also creates an adverse pressure gradient in the axial direction that leads to the
formation of the CTRZ. At high swirl numbers, a strong coupling is developed between axial and tangential velocity
components and the axial adverse pressure gradient.5® As the SWJ expands further downstream the combustion chamber,
the momentum conservation implies decay of the tangential velocity, hence a decay of the radial pressure gradient, and

thus a widening of the CTRZ forming its characteristic bottle-neck shape. In confined environments like the present
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combustor geometry, the SWJ also induces reverse flow regions on its outer part, known as Corner Recirculation Zones

(CR2).
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Figure 10. Contours of instantaneous (a) and time-averaged (b) axial velocity, and time-averaged tangential velocity (c)
at 200 ms in the CORIA LDI Combustor.

Figure 10(a) shows the contour of the instantaneous axial velocity field at 200 ms, and Figure 10(b) depicts the time-
averaged axial velocity field. Even though the recirculation zones shown in Figure 10(b) may appear to be confined
regions with well-defined boundaries (zero-axial velocity regions are highlighted in black) the instantaneous flow field is
much more dynamic and complex. Therefore, the time-averaged axial velocity field hides the highly general unsteadiness
of the flow, turbulent mixing, and interactions that take place in this region. The boundary of the CTRZ is barely visible
in the instantaneous field, which shows smaller and isolated recirculation zones with a high degree of unsteadiness.
Furthermore, the contours show that the LES grid can resolve many small scale turbulent structures, as derived from

Section 3.3. The high antisymmetric tangential velocity component observed in Figure 10(c) confirms the strong swirl
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number, calculated by Eq. (7), of the injection system at the injection plane reaching values as high as those obtained for
the axial component, thus leading to the formation of the CTRZ. The generation of this CTRZ is crucial to provide enough
residence time, and sufficiently high temperature and turbulent mixing to complete fuel combustion since it acts as an
aerodynamic blockage and allows stabilizing the flame.

When the central vortex core starts precessing around the combustor axis of symmetry at a given frequency (fevc), it
produces hydrodynamic instabilities. The frequency of precession is a function of the combustor design and the swirl
intensity at the inlet. This unstable mode, typically related to the VBB, can be defined as the Precessing Vortex Core
(PVC), and it is usually located along the outer boundary of the CTRZ. Further downstream of the injection position,
turbulence breaks this large vortical structure into small scale ones, no coherent PVC being detected. The structure of the
PVC generated within the combustor is well captured by LES and visualized in Figure 11 through an iso-surface of the
unsteady pressure field. The PVC presents an asymmetric shape around the central axis and tends to align with it near the

inlet, but when it reaches the stagnation point, it forms a spiral pattern further downstream in the axial direction.

z \‘ /

Figure 11. Instantaneous visualization of the Precessing Vortex Core identified through a pressure iso-surface of the
instantaneous pressure p = 101.1 kPa at 200 ms.

Meanwhile, a rotation time scale associated with the PVC can be defined to identify some unsteady flow structures, as
shown in Eg. (8):

2Ry ®

Trot =
Ug,i

where R;is the mean radius of the convergent inlet and ue is the mean tangential velocity component in the inlet plane of

the combustion chamber (see Section 2.1 for geometric details). For the combustor here investigated, the rotation time
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scale evaluated though Eg. (8) at the combustion chamber inlet is around 2 ms.

To end with the transient analysis, Figure 12 shows a snapshot of the vorticity magnitude field in a central x-cut plane
captured by LES. Vorticity is related to the flow circulation and presents a large magnitude, especially in the outer shear
layer. Well-organized large vortical structures, arising from the shear layers downstream of the dump plane (z = 0 plane),
are observed to be convected downstream, and then become disordered and dissipated into small-scale eddies due to the
strong CTRZ. Hence, the high turbulence-intensity region developed at the combustion chamber inlet as a precursor of

liquid atomization and enhanced mixing is confirmed again.

Vorticity Magnitude [1/s]

0 5000 10000 15000 20000 25000
Figure 12. Snapshot of the vorticity magnitude field in a central x-cut plane at 200 ms in the Dynamic Smagorinsky LES.

4.2. Mean features

The statistically averaged flow field (obtained by Eq. (2) and Eq. (3)) allows comparing numerical and experimental time-
averaged velocity profiles. Figures 13, 14 and 15 show the radial distributions (x = 0 corresponds to the centerline of the
chamber) of the mean velocity components, and its root-mean-square (representing the turbulent velocity or fluctuations),
at five axial locations (z = 5, 10, 20, 30 and 40 mm) within the CORIA burner. The results here presented correspond to
the best numerical setups obtained from the methodology shown in Section 3: the 3M elements LRR Reynolds Stress
Model U-RANS and 17M elements Dynamic Smagorinsky LES in CONVERGE are plotted together with both
experimental data* and a 24M elements Dynamic Smagorinsky LES through AVBP found in the literature.® AVBP is a
massively parallel finite-volume code for compressible reacting flows on unstructured fixed grids.5* AVBP results are
here taken as a reference to illustrate the predictive capabilities of the actual CFD codes employed by the scientific

community to resolve the problem considered, especially taking into account that the experimental uncertainty of the

Payri, R., Novella, R., Carreres, M., Belmar-Gil, M, “Modeling gaseous non-reactive flow in a lean direct injection gas turbine
combustor through an advanced mesh control strategy”, Proceedings of the Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering 234(11):1788-1810, 2020 (author version).

doi: 10.1177/0954410020919619



609

610

611

612

613

614

615

616

617

618

619

620

velocity measurements has not been reported.

In a first look, the global flow topology and the amplitude of the mean and RMS velocity profiles are well reproduced.
The mean velocity profiles (left side of Figures 13, 14 and 15) obtained in CONVERGE™ show that the computed
velocity field is, qualitatively, in good agreement with experiments and AVBP simulations throughout the five stations.
Both the U-RANS and the LES seem to accurately capture the jet opening angle, denoted by the peaks of the mean
velocity components around x = 10 mm. Meanwhile, the turbulent velocity, given by the root mean square value (i.e., the
RMS depicted on the right side of the Figures 13, 14 and 15), is slightly over-predicted in all the simulations for axial
and radial components. This could partly be attributed to the fact that the PIV resolution used for measurements is 1mm,*4
which is larger than the LES filter size in the near-injection zone, resulting in smaller measured RMS values due to
averaging effect within the probe. Results show stronger turbulent velocities close to the chamber inlet, but an abrupt
decay as the flow moves downstream. The different fluctuations profiles among three components up to 20 mm indicate

the presence of an anisotropic Reynolds stress distribution produced by the strong swirling flow.
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Figure 13. Mean and RMS Axial Velocity profiles obtained in U-RANS and LES simulations with CONVERGE™ at
five axial locations.

The highest axial velocity is located in the SWJ, at the point where it reaches the combustion chamber. The jet opening
is first limited due to the presence of the PVC resulting in a narrow CTRZ while further downstream (where the large
structure has disappeared) the SWJ is fully opened. The mean axial velocity peak observed at the location z =5 mm in
Figure 13 flattens out as the flow reaches stations far away from the combustion chamber inlet due to the expansion of
the recirculation zone in the central region. Moreover, the computed axial velocity at the station z = 5 mm denotes a

slightly stronger penetration of the central jet at x = 0, which appreciable modifies the velocity profile since a strong
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gradient is found near the stagnation point. Results also show the negative axial velocities in the central and corner regions,
confirming the existence of recirculation zones. It is also interesting to note that the time-averaged position of the CTRZ

moves upstream towards the wall between the central jet and the SWJ.
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Figure 14. Mean and RMS Radial Velocity profiles obtained in U-RANS and LES simulations with CONVERGE™ at
five axial locations.

The computed results of Figure 14 exhibit the positive mean radial velocities in the main flow passage generated as a
consequence of the incoming flow from the swirler spread outward from the central axis under the effect of the centrifugal

force. Furthermore, the quick decrease of the high velocity of the central jet injection (visible on the axial velocity
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component of Figure 13), characterized by an abrupt decrease near the stagnation point implies a rapid increase of the
radial component the conservation of the mass flow rate. Nevertheless, the mean radial velocity presents a lower
magnitude than the axial and tangential components, and therefore, a quicker expansion downstream of the combustion

chamber inlet.
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Figure 15. Mean and RMS Tangential Velocity profiles obtained in U-RANS and LES simulations with CONVERGE™
at five axial locations.

Regarding the mean azimuthal velocity profiles shown in Figure 15, the flow motion in the central region of the first

axial stations is similar to a solid-body rotation and a free vortex structure, as observed in the PVC in Section 4.1.
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Meanwhile, further downstream, the peak of mean tangential velocity moves outward, and a solid vortex profile is
established. Besides, it is observed that the magnitude of the mean tangential velocities (which primarily represents the
swirl of the flow) is much higher than the corresponding to the mean radial velocities, even in stations further downstream
from the combustion chamber inlet, as expected in these high swirling flows combustors. Furthermore, the distributions
of the RMS velocity components illustrate the flapping motion of the central jet and SWJ indicating that a high turbulence-
intensity region is developed at the combustion chamber inlet, where large velocity fluctuations are produced because of

the PVC existence and the strong turbulent mixing in the shear layers between the incoming-recirculation flows.
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Figure 16. Mean Axial Velocity Profile along with the central axis of the burner. The NMSE-Centerline value reported
is shown for each simulation.

Finally, the mean axial velocity profile along the central axis of the burner is shown in Figure 16 for the same two
simulations exposed previously. Please note that the experimental values here presented are those used to compute the
NMSE-Centerline reported in Section 3.1. The greater ability of the Dynamic Smagorinsky LES to capture the axial
velocity along the centerline shown in Section 3.2.2 through the NMSE-Centerline can be appreciated here. The increase
in the turbulent scales solved from U-RANS to LES can significantly improve the central jet penetration prediction, but
the position of the stagnation point (i.e., the axial location with zero axial velocity) is still not fully recovered, exhibiting
an offset of about 1 mm with experiments, as the one reported with the AVBP but in the opposite direction. Generally,

the mean axial velocity is lightly over-predicted in the two cases along the first 10 mm but fully recovered downstream.

In the view of the results, the defined methodology allows simulating the swirling flow of a gaseous-fueled radial-swirled

lean-direct injection (LDI) combustor with the same accuracy and predictive capabilities reported in the literature at a
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lower computational cost. Additionally, after this study on the grid control tools, this methodology shapes a more
automated modelling procedure than the standard employed by the scientific community. For these reasons, the presented

methodology could be extrapolated to perform industrial simulations for design studies of realistic Gas Turbine engines.

5. CONCLUSIONS

An academic gas turbine combustor with premixed gaseous injection has been modeled through U-RANS and LES
simulations employing the commercial CFD code CONVERGE, which provides advanced mesh handling features,
including AMR algorithms. The main setup characteristics of the code have been described, focusing on the determination
of an optimal mesh strategy through adaptive mesh refinement, and the exploitation of its benefits against traditional fixed
mesh approaches in this kind of multi-scale problem. The applicability of CONVERGE, together with AMR algorithm,
has been demonstrated to be an interesting option to face this type of multi-scale problem. A methodology has been
presented to evaluate the influence on the accuracy of the grid control tools through a parametric study. The main findings
of the present work are summarized as follows:

e The Normalized Mean Square Error has been adopted and systematically applied as a validation metric to
quantify the existing discrepancies between the CFD numerical results and the available experimental data,
proving to be a promising indicator to the quality of different meshing strategies.

e From a complete grid-tool parametric study carried out for U-RANS cases, a well-defined mesh strategy has
been established to work out this multi-scale problem. The automatic cartesian meshing algorithm together with
the joint action of both fixed embedding and Adaptive Mesh Refinement used in the present investigation, has
allowed capturing the critical regions of high-velocity gradients enabling a larger base mesh size in areas where
it was not required. This results in:

o An optimization of the use of the computational resources, since a fewer number of cells are needed to
obtain similar NMSE values to those of traditional fixed meshes utilized by the authors in OpenFOAM
and reported in the literature through AVBP.

o Better accuracy of the simulations carried out with the presented methodology in CONVERGE in terms
of the NMSE for a given mean cell count due to an optimal mesh layout according to the flow
characteristics.

e Meanwhile, in the LES framework:

o The AMR algorithm has proved to be able to distribute the cells in a proper way for this lean direct
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injection multi-scale problem A better agreement with experimental data is obtained in the LES case
with AMR both in the mean and fluctuating terms of the three velocity components through the three
computed NMSE values. Nevertheless, it must be noted that the cost of this accuracy improvement is a
moderate increasement on the computational requirements both in CPU hours and in the RAM memory
required.

o LES quality and reliability of non-reactive flow has been assessed based on measures of the turbulent
resolution and viscosity, reinforcing the selected turbulence resolution length scale. Such criteria
confirm the validity of the AMR threshold defined for calculating the sub-grid field from the LES
filtering and allows to certify the compatibility when combining LES with AMR implementation.

o The Dynamic Smagorinsky sub-grid scale model has provided the best prediction ability on both the
computed time-averaged statistics and the dynamic behaviour of the turbulent flow scales when
employing a sufficiently refined grid, while the non-viscous Dynamic Structure model arises as to the
best option when dealing with a coarser mesh.

o The interaction of those SGS models that use the turbulent viscosity to model the sub-grid stress tensor
(i.e., Smagorinsky and Dynamic Smagorinsky) with the AMR algorithm have demonstrated to produce
a higher number of cells than those using an additional equation to compute the sub-grid kinetic energy
(i.e., Dynamic Structure) for the same mesh strategy. The independent SGS velocity scale considered
by the Dynamic Structure model modify the resolved field, and thus alleviates the sub-grid field
computed by the AMR algorithm.

o Finally, the study demonstrates that CONVERGE numerical code can resolve the complex swirling flow features
and the recirculation flow regions with reasonable accuracy. Agreement with experimental data was obtained
both in U-RANS and LES in terms of predicted location and size of the CTRZ and CRZ as well as time-averaged
and RMS values for velocity components. Nevertheless, LES outcomes confirm its potential to provide more
accurate representations of the inherently unsteady large structures formed within the combustor, such as the
vortex breakdown bubble (VBB) and the Precessing Vortex Core (PVC).

The outcome from the present research work is expected to be of interest for defining a suitable meshing strategy for
modelers in the field of multi-scale gas turbine combustors. It should be noted that, although the meshing strategy here
defined has been applied for solving non-reactive cases, this methodology can be considered as a suitable ground and can

be extrapolated to more specific simulations involving multiphase and reactive flows.
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