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Abstract

The reacting flow in a double swirl gas turbine model combustor is studied by DES (Detached Eddy
Simulation) and URANS (Unsteady Reynolds-Averaged Navier—Stokes) methods. The computational
domain matches the complex laboratory configuration of a 35 kW burner, developed by the German
Aerospace Center (DLR), fed with methane and characterized by a 0.65 overall equivalence ratio. The
three dimensional calculations are conducted using an unstructured grid and the commercial finite-
volume solver ANSYS—FLUENT. In order to evaluate their quality, the modeling results were compared
with the previous experimental data. It was found that the SST-DES model reproduces better physics and
shows good quantitative comparisons with the experiments. The results show that simulations using the
Shear Stress Transport (SST) k-o turbulence model over-predict the temperature compared to those
using the SST-DES model and experimental data. Moreover, the SST-DES model provides much
detailed information about the instantaneous flow patterns than the SST k- turbulence model.
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1. Introduction

Swirling flows are widely used in various industrial applications. Especially, the swirl is being
extensively used in gas turbine combustors where it plays a predominant role in flame stabilization
process. Swirling reacting flows within such complex configurations are characterized by very
complicated flow patterns, due to the multiple phenomena implicated and including; vortex breakdown
,central and corner recirculation zones, precessing vortex core (PVC),...etc. The correct numerical
simulation of these flows is, therefore, difficult and presents one to the most important and challenging
tasks in modern Computational Fluid Dynamics (CFD) especially for the complex geometry of gas
turbine combustors.

The methodologies to model turbulence in CFD range from Reynolds Averaged Navier Stokes (RANS)
methods, in which the entire spectrum of turbulent motions is described by a statistical model, to Large
Eddy Simulation (LES), in which only the largest local scales are resolved while the smallest are
modelled. Conceptually between these extremes lies the technique of hybrid RANS/LES.

The most important advantage of RANS models is their moderate computational cost and their
applicability for industrial complex configurations. In fact, numerous recent works concerned on high
swirling turbulent confined combustors [1-4], indicated good agreements between the measured data and
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calculated ones using the RANS turbulence models proving that the mean flow phenomena in swirling
flows can be predicted accurately using RANS models. Although successful results have been obtained
by RANS method, the LES is expected to be more accurate and reliable than RANS for the flows in
which large-scale unsteadiness is significant [5]. In the past few years, the LES approach has been
applied to the simulation of a wide range of premixed and non-premixed [6-9] swirling reacting flows in
both industrial and laboratory combustors but this method still unfavourable in terms of its high demand
on computational effort.

Recently, the hybrid RANS/LES have appeared as a technique that represents a good compromise
between the expensive LES and less accurate RANS procedures for high-Reynolds number industrial
flows and are increasingly becoming the models of choice for such applications. Compared to the LES
approach the hybrid RANS/LES approaches save order of magnitudes of computing cost, since the
boundary layers are RANS regions [10].

The Detached-Eddy Simulation (DES) is a hybrid technique first proposed by Spalart et al. [11] based on
the Spalart—Allmaras turbulence model, for the prediction of turbulent flows at high Reynolds numbers.
The original intent of the DES method was to be run in RANS mode for attached boundary layers and to
switch to the LES mode in large separated (detached) flow regions. Later this technique was generalized
by Strelets for applications with different underlying RANS models [12]. The DES technique was aimed
primarily at external flows [13]. However, the DES turbulence model is increasingly being used as an
engineering tool to predict the characteristics of a variety of complex industrial flows, namely: the
injection and mixing in a scramjet combustor [14], safety related studies (jet of methane gas released into
a ventilated small room) [15], the mixing characteristics of the gas—solid two-phase jet flow [16], channel
flow [17], internal cooling duct [18], isothermal swirling flow [19, 20]....etc.

Nevertheless, to the best of the authors’ knowledge, none have reported the swirling reacting flow within
a complex gas turbine model combustor (GTMC) using the DES method. In particular, Widenhorn et al
[20] conducted numerical simulations of the isothermal swirling flow within the same GTMC as that
studied in this paper applying the Shear Stress Transport (SST) k-® model, DES method, and Scale
Adaptive Simulation (SAS) model and better results were obtained using the two hybrid RANS/LES
approaches. The reacting flow was also studied [21, 22] using the SAS model [23] in combination with
the Eddy Dissipation /Finite Rate combustion model applying a one-step global reaction mechanism for
methane combustion and good agreement was found between numerical results and experimental data.
For the numerical simulations the commercial CFD package ANSYS CFX 11.0 was used. The authors
showed that the DES method gives good results for the cold flow; nevertheless results for the reacting
flow were not presented.

We propose, in this paper to explore the feasibility of using the DES method in solving three-
dimensional reacting swirling flow within a GTMC. The studied geometry corresponds to that
investigated numerically by Widenhorn et al [21, 22] and experimentally in numerous works [24-30].
Numerical investigations of the flow are conducted using the URANS SST k-0 and the SST-DES
turbulence models in combination with the Eddy Dissipation combustion model applying a two-step
global reaction mechanism for methane combustion. The obtained numerical results are presented and
compared with experimental data.

2. Geometry description

The studied GTMC represents a modified version of a practical gas turbine combustor. It was designed
by the German Aerospace Center (DLR) at a laboratory-scale. Despite numerous experimental studies
[24-30] focused on the DLR lab-scale GTMC, the only studies that have deal numerically with this
combustor were that of Widenhorn et al. [20] and Widenhorn et al. [21-22].

As described in detail by Weigand et al. [29], the combustor is formed by three main components,
namely: a plenum, an injection system, and a combustion chamber (Figure 1).

The dry air coming from the plenum, having an inner diameter of 79 mm and a height of 65 mm, passes
through two radial swirlers of the injection system. The swirlers consist of 8 channels for the central
swirler and 12 channels for the annular swirler (Figure 2). Then, the air penetrates to the combustion
chamber from two concentric nozzles. The gas fuel is supplied to the chamber through 72 small channels
(0.5 mm x 0.5 mm) forming a ring between the two air nozzles.

The combustion chamber has a square cross section of 85 mm x 85 mm and a height of 110 mm. The
exit of the combustion chamber consists of an exhaust tube which has a diameter of 40 mm and a height
of 50 mm.
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Figure 1. Computational domain of the DLR double swirl GTMC with boundary and measurement
locations.

Figure 2. Injection system details: (a) The injection system, (b) The central Swirler (CS), (c) The Annular
Swirler (AS), (d) Methane Channels (MC).
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3. Numerical modeling

3.1 Governing equations

In these simulations, we adopted the following assumptions:

-The problem is three-dimensional and unsteady.

-An incompressible multispecies flow is considered.

-Heat capacity of each species is defined as a piecewise-polynomial function of temperature [31].
-The multispecies flow mixture is assumed to be ideal and the thermo-physical properties are calculated
using the kinetic theory.

-Radiation heat transfer is neglected.

The instantaneous local balance equations are as follows:

e Mass:

0 dpu;
_p+_]

at 6xj

=0 (1)

e Momentum (i=1, 2, 3):

dpu; , Opuju; _op n 0t;j

at dx; ax; | 0xj +F )

where 7;; is the viscous tensor given by:
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TU =H (axJ T axi) 3 ‘u6l} dxy (3)
e Species (N species withk =1, ..., N):
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where []]’-( is the molecular diffusive flux of the species k defined as:

Yy

J¥ = —pD =X )

dx j
e Total enthalpy:
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where p is the density of the fluid and u; (i =1, 2 and 3) are the Cartesian velocity components. Fj is the
gravitational body force. Y}, is the mass fraction of the species k and Dy, is the diffusion coefficient for
species k in the mixture. I, h;, and h denote respectively the unit tensor, the total non-chemical enthalpy,
and the sensible enthalpy. §;; is the Kronecker symbol. A is the thermal conductivity and C, is the
constant pressure specific heat capacity. The source term S, is the rate of heat release in the combustion.
R « 1s the rate of production or consumption of the species k, determined by considering the contribution
R k,r of each reaction:

R = M M1 Ry, (7

where M), is the molecular weight of species k.
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3.2 Turbulence models

3.2.1 The SST k- model

The two-equation SST k—w turbulence model was developed by Menter [32]. This model behaves like
the k—» model [33] in near-wall regions and the well-known k—€ model in free flows. It also includes a
modification to the definition of the turbulent viscosity, which accounts for the effect of the transport of
the principal turbulent shear stress. It is noticed that the SST k—® model includes low-Reynolds number
correction in the model constants. This has the advantage that it is applicable throughout the boundary
layer, if near wall meshing is sufficiently fine, and empirical wall functions are not required [33].

The transport equations for the turbulent kinetic energy & and the specific dissipation rate w are given by
equations (8) and (9).

0 d —\ _ 0 Ut dk _
d 0 —\
- (pw) + E(pwuj) =

0 0 dk 0
—((u+5—;)—“>+i—ka—pﬁw2+(1—F1)p B ©)

6xj axj WOy 2 6xj 6xj

The dissipation of turbulent kinetic energy Y}, is given by:
Yy = pBrkw (10)

The turbulent viscosity p; is computed as follows:

———1 5 (11)

where 0, and o, are the turbulent Prandtl numbers for k and ®, respectively. S is the strain rate
magnitude. The term P, represents the production of turbulence kinetic energy. F1 and F2 are the
blending functions of the SST k—® model.

The definition of the blending functions, the production term, the coefficients (™ and a™), and the
constants (0, » and a, ) of the SST k- turbulence model can be found in [34].

3.2.2 The SST-DES model

The DES is defined as a three-dimensional, unsteady numerical solution using a single turbulence model,
which functions as a subgrid-scale model in regions where the grid density is fine enough for LES and as
a RANS model in regions where it is not [10].

In this work, the DES approach using a modification of the shear stress transport SST k-o turbulence
model for closure is employed. The SST k- model is used to cover the boundary layer and switches to
the LES mode in regions where the turbulent length L, ssr predicted by this RANS model is larger than
the local grid spacing A defined by A =max (A X, Ay, A z).

The length scale in the SST k- turbulence model is defined as:

vk
Lsst = Bw (12)

In the SST-DES model implementation, the length scale in the SST k- turbulence model is replaced by
the DES length scale defined as:

L¢pes = min(Lt,SST ) Lt,LES) (13)

where:
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Lt 1gs = CpgsA (14)

Cpgs is a calibration constant used in the DES model and has the value of 0.61 [34].

This modification links the turbulent length scale to the local grid spacing A.

The term which governs the dissipation of turbulent kinetic energy in the SST k- RANS model is also
modified according to the following expression in the DES implementation:

Y = pB kwFpgs (15)

The factor Fpgg 1s defined as:

FDES = max (Lt’ﬂ, 1) (16)

LtLES

The DES modification is meant to switch the turbulent length scale from a RANS length scale (oc k"*/w)
to a LES length scale (o< A) when the grid is fine enough. When Fpgg is larger than 1, the dissipation term
Y, increases which in turn decreases the turbulent kinetic energy k and consequently decreases the
turbulent viscosity. The modeled dissipation is then reduced and a large part of the turbulence is resolved
instead of being modeled.

When L gsr > Lt s , the model switches to a Smagorinsky type sub-grid scale model. The transition
between RANS and LES is seamless in that there is a single equation with no explicit declaration of
RANS versus LES zones. The formulation using a single model only leads to a discontinuity in the
gradient of the length scale that enters the destruction term of the turbulence model. This discontinuity
would be easily removed by rounding the min function that determines the length scale. The change in
the length scale leads to a model that becomes region-dependent in nature [35].

3.3 Combustion model

Magnussen and Hjertager [36] proposed a turbulence-chemistry interaction model called the Eddy-
Dissipation Model (EDM) and assumed that the rate of combustion can be determined by the rate of
intermixing on a molecular scale of fuel and oxygen eddies. In this model combustion proceeds
whenever turbulence is present and an ignition source is not required to initiate combustion. This is
usually acceptable for non-premixed flames [34]. In highly turbulent flows corresponding to many
engineering applications, the effect of chemical kinetics can be neglected. Many examples of successful
using of the EDM to model turbulent combustion in industrial systems can be found in [37-40].

The reaction rates Rk,r in equation (7) are determined as the smaller (limiting value) of the two
expressions below [35]:

. & .
Rk,r = 191:',,7*1\4k‘4.0;rnlnR (19}/2 MR) (17)
Riey = 9} M ABp <222 (18)
! kz/ 1'9]',TMR

where Yp is the mass fraction of any product species P and Yy is the mass fraction of a particular reactant
R. Uy, is the stoichiometric coefficient for the reactant k in the reaction r and 19]-','7, is the stoichiometric
coefficient for the product j in the reaction r.

The empirical constants 4 and B have respectively the values of 4 and 0.5 [34].

The chemical scheme for methane-air combustion considered in this work takes into account six species
(CH4, 02, CO2, CO, H20, and N2) and two reactions:

CH,+3/20,—>CO+2H20 (19)

CO+1/20,<—>CO, (20)
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The first reaction is irreversible whereas the second one is reversible and leads to an equilibrium between
CO and CO, in the burnt gases.

3.4 Boundary conditions

The boundary conditions are illustrated in Figure 1 and summarized in Table 1.

It is noticed that the geometry of interest has a rotationally periodic repeating nature by 180°. In order to
reduce the computational time, the simulative domain adopted in this study was the 1/2 of the whole
chamber and a periodic boundary condition was used for the side sections of the computational domain.

Table 1. The boundary conditions and flux distributions.

Boundary Boundary condition Flux (kg/s) Pressure (MPa) Temperature (K)
Combustion air inlet Mass flow 0.01825 0.1 295

Methane gas inlets Mass flow 0.0096 E® 0.1 295

Chamber outlet Out flow 0.01894  -—-

Plenum walls Adiabatic walls -
Combustion chamber walls Wall ~ —+ 1050 [21]

3.5 Grid and numerical investigations

The results presented in this paper are taken from an unstructured tetrahedral mesh of approximately
3200 000 cells, with a dimensionless wall distance of the wall-nearest grid point y+ values less than 1 in
the combustion chamber . Finer grids of 3 600 000, 4 200 000, and 5 400 000 cells as well as larger grid
of 1 800 000 and 2 800 000 were also tested, but mesh dependency effects were found to be small for
grids counting more than 3 200 000 cells (Figure 3). The details of the used grid are illustrated in Figure
4. Considering that main core of the flow in the combustion chamber is highly turbulent a very fine grid-
spacing was chosen in that zone. Larger grid spacing was chosen in the plenum zone. The minimum and
maximum sizes of the cells in the combustion chamber in the used grid are on the order of 4 =0.016 mm
and 4 = 0.2 mm respectively. Those cells sizes are comparable to the Kolmogorov length scale and to
integral length scale, approximately evaluated in the experiments [41] as nk = 0.048 mm for the
Kolmogorov scale and between 1y = 1 mm and 6 mm for the integral length scale.

The time step At = 10" s was chosen to be complying with the CFL (Courant—Friedrichs—Lewy) stability-
condition [42]. In fact, the CFL number, representing the time step chosen, was less then unity in the
entire flow domain: CFL,,, < 0.85.

60 —
U=f(x=0,y,z=0.01m)
- 1800 000 cells
2 800 000 cells
3200 000 cells
3600 000 cells
= 4200 000 cells
5400 000 cells

-0 T T T T T T T ]
-0.04 -0.02 0 0.02 0.04
y (m)

Figure 3. The average axial velocity at z=0.01 m for the tested grids.
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(a) (b) (c)

Figure 4. (a) Grid of the computational domain, (b) Central cross section (x = 0) and (c) Enlarged view.

The computations were carried out using 12 processors on the HP Z800 workstation. The problem is split
into 12 sub-domains which are distributed into the 12 processors used. The inter-processor
communication is performed with standard MPI message passing library.

The unsteady simulations were performed using the commercial CFD code ANSYS-FLUENT, which is
based on finite volume discretization of the conservative governing equations. For the time discretization
an implicit second order time differencing scheme is used. For the spatial discretization a bounded
central difference scheme is used for the momentum equation, a second order upwind scheme for
turbulence equations and a first order upwind scheme for the energy and species equations. The
algorithm SIMPLE is used for the coupling of pressure and velocity.

Based on our simulations, the SST-DES model requires 15 % on average more time per iteration
compared to the SST k- model. Furthermore, 20% more memory is needed.

4. Results and discussion

4.1 Average profiles

Numerical results obtained from the unsteady simulations using the SST-DES and the SST k-o
turbulence models were time averaged and profiles of statistical quantities were extracted on the three
radial lines (z = 0.01 m, z= 0.05 m and z = 0.09 m) shown in Figure 1. The averaging time is 0.42 s
corresponding to 14 combustor residence times. In the following, we compare these profiles with
previous experimental data. We note that the experimental investigation of the studied configuration has
been performed by the German Aerospace Center (DLR), providing complete experimental data sets
useful for verification and improvement of mathematical models. Those experimental research data sets
were provided to the authors by the DLR under request. Most of those experimental data were published
in the experimental reference paper of Weigand et al [29].

The average axial and radial velocities are plotted in Figure 5 and Figure 6 respectively while the average
tangential velocity is shown in Figure 7. Although in some of the profiles deviations can be observed, the
simulation results using the two methods show a very good overall agreement with the velocity
measurements. The time-averaged structure of the flow field is well reproduced by both applied methods.
Especially, the proper capturing of the average velocity profiles with respect to their local maxima and
minima indicates the correctly predicted rate of spreading of the swirling jets and the form, size and
intensity of the flow reversal zone.

Moreover, Figure 8 shows the contours of the SST-DES and the SST k-w models results of the negative
average axial velocity marking the extension of the inner and outer recirculation zones. In fact, the outer
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recirculation is due to the air stream radial expansion and the wall confinement. The inner recirculation
zone results from the vortex breakdown generated by the Swirl. This large torroidal central recirculation
zone plays a main role in the flame stabilization process by acting as a store for heat and chemically
active species. Figure 8 puts on view that the inner recirculation zone extends up to z = 75 mm (axial
direction) and reaches even into the central air nozzle for the two models which agree very well with
experimental observations [29]. However, it can be clearly noticed that the SST-DES model gives a
larger inner recirculation zone in comparison with the SST k-w turbulence model.

Time averaged streamlines and axial velocity contours in the center plane of the combustor (the vertical
section x = 0 m) calculated using the SST-DES and the SST k- models are given in Figure 9. The flow
field is typical for confined swirl flames and consists of a cone-shaped stream of fresh gas entering the
chamber from the injection system, an inner recirculation zone and an outer recirculation zone. Strong
velocity gradients occur in the inner shear layer (ISL) between the inflow and the inner recirculation
zone, and in the outer shear layer (OSL) between inflow and the outer recirculation zone. High axial
velocities are found near the nozzle exit and near the exhaust duct contraction at the top. Figure 9 reveals
also that central recirculation zone is highly axisymmetric, which is typical for the bubble type vortex
breakdown. In fact, the axisymmetric mode of vortex breakdown or bubble breakdown [43] is
characterized by a stagnation point on the swirl axis, followed by an abrupt expansion of the jet to form
the envelope of a bubble of recirculating fluid. Figure 9a shows that the inner recirculation zone is
formed by a pair of large axisymmetric counter rotating vortex structures. It shows also that each outer
recirculation zone is formed by two small counter rotating structures. Similar results are obtained using
the SST k- model for time averaged axial velocity field (Figure 9b).

60 — 40 —

z=0.01 m z=0.05m
| ¢ & OExp ® ¢ eExp
..... SST k-w 1 SST k-w
40 - SST DES SST DES
20 —
20 i
E N E 0 —
=] =]
0 o 4
-
=20 —
20 - »
\. i
-40 T I L] I L] I L] I '40 T I T I L] I L] I L] I
-0.04 -0.02 0 0.02 0.04 -0.04 -0.03 -0.02 -0.01 0 0.01
y (m) y (m)
] z=0.09m
¢ & OExp
SST k-w
209 SST DES

=20 —

-0.04 -0.03

-0.02

y (m)

Figure 5. The average axial velocity at the three radial lines: z=0.01 m, z=0.05 m and z = 0.09 m.
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Figure 6. The average radial velocity at the three radial lines: z=0.01 m, z=0.05 m and z=0.09 m.
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Figure 7. The average tangential velocity at the three radial lines: z= 0.01 m, z=0.05 m and z = 0.09 m.
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Figure 8. Contours of negative average axial velocity: (a) SST-DES and (b) SST k-o models.
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Figure 9. Time averaged streamlines and axial velocity contours in the center plane of the combustor
calculated using the (a) SST-DES and (b) SST k-« models.

Figure 10 compares time averaged temperature profiles obtained numerically, using the SST-DES and
SST k- models, at the three radial lines: z= 0.01 m, z = 0.05 m and z= 0.09 m shown in Figure 1 with
the experimental data. The general features of the measured temperature profiles are reasonably well
predicted near the central axis for the three positions. At z= 0.01 m the simulations using both SST-DES
and SST k-o models correctly reproduce the temperature at the inner recirculation zone (-0.01 m <y <
0.01 m) with an error not exceeding 6% at the central axis. However, the temperature is overestimated
especially at the outer recirculation zone. This discrepancy can be due to the combustion model used as
well as the fact that radiation effects were not taken into account.
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Figure 10. The average temperature at the three radial lines: z=0.01 m, z=0.05 m and z = 0.09 m.

At z=0.05 m and z = 0.09 m the radial profiles of temperature are better predicted and the agreement
between experimental data and the numerical results of the SST-DES model are more satisfactory. In
fact, numerical predictions of the SST-DES model match the experimental measurement quite well with
errors less than 7 % at the inner recirculation zone (-0.01 m <y <0.01 m) and less than 16% at the outer
recirculation zone. However, the SST k- model greatly overestimates the temperature at those locations
with an error reaching 20 % at the inner recirculation zone and 37% at the outer recirculation zone.

This discrepancy between the numerical results of the two models can be explained by the fact the
quality of the predictions using the Eddy Dissipation combustion model is highly dependent on the
performance of the turbulence model used due to the dependence of the fuel dissipation rate on the
turbulence time scale. For this reason, the SST-DES model outperforms the SST k- model, which
cannot handle the details of unsteady flow and turbulence—combustion interactions since it suppresses
unsteady turbulent fluctuations by time averaging.

Figure 11 gives the contours of time averaged temperature calculated using the SST-DES (Figure 11a)
and the SST k-o (Figure 11b) models in the central vertical plane (x = 0 m) of the combustor. As
expected the predicted temperature using the SST k- model are larger than the results of the SST-DES
model especially in the inner recirculation zone. The predicted profile of temperature using the SST-DES
model shows that highest temperatures are located close to the nozzle exit near the methane injections. It
can be seen that the temperature in the corner recirculation zone is higher compared to the inner
recirculation zone. The high temperatures in this zone indicate the presence of a large fraction of already
burned gases. The temperature in the inner recirculation zone reaches a value of 1800 K. The inner
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recirculation zone constitutes a well-mixed region that serves to transport heat to the fresh combustible
jets of air and methane. It is noticed that hot gases reach even the inside the central air nozzle, allowing
the preheating of the incoming air.
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Figure 11. Contours of the average temperature in a central cross section of the combustion chamber: a)
SST-DES and b) SST k- models.

Figures 12 and 13 compare time averaged CH, and H,O mass fractions profiles obtained numerically,
using the SST-DES and SST k- turbulence models, at the radial line: z = 0.01 m with the experimental
data.

Figure 12 shows that the general trend of CH4 mass fraction average profile is well captured by the two
used models, however the peak value is overestimated by about 40 % and shifted compared to the
experimental data.

Concerning the H,O mass fraction shown in Figure 13, the general features of the measured profile is
very well predicted near the central axis with an error not exceeding 11%. The simulations using both
SST-DES and SST k- models correctly reproduce H,O mass fraction at the inner recirculation zone
(-0.01 m <y £0.01 m). However, this latter is overestimated especially in the outer recirculation zone.
This discrepancy can be due to the combustion model used as well as the reduced chemical scheme used.

0.2 —
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Figure 12. The average CH, mass fraction at the radial line: z=0.01 m.
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Figure 13. The average H,O mass fraction at the radial line: z=0.01 m.

4.2 Unsteady flow fields

We first propose to show, in which regions the flow is resolved by RANS and LES methods in the
simulations using the SST-DES turbulence model.

Figure 14 presents the contours of relative length scale defined by:

Lip = Lt,SST — L 1es (21)

All of the zones inside the domain in which L;r > 0 belong to the LES region. However, all of the
zones inside the domain in which L;p < 0 belong to the RANS region. As shown in Figure 14 the SST
k- model is used in the boundary layers and a subgrid model in the core regions.
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Figure 14. Contours of relative length scale (SST-DES model).
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Figures 15, 16, and 17 show comparisons of measured and computed Root Mean Square (RMS)
fluctuations of axial, radial, and tangential velocities respectively. The predictions of RMS velocity
fluctuations have been obtained using the SST-DES model. It can be noticed that the SST-DES
computations predict well the profile shapes. However, it can be seen that the SST-DES results under
predict the centerline region values at z = 0.01 m for the three velocities. The agreement between the
calculations and measurements for the RMS fluctuations of the radial velocity is better at the two other
axial locations (z = 0.05 m and z = 0.09 m).

Figure 18 and Figure 19 show the instantaneous negative axial velocity and temperature fields in the
vertical section (x = 0 mm) of the combustion chamber, calculated using the SST-DES model, at t = 0.92
s,t=0.93s,t=0.94 s, and t = 0.95 s. It can be seen that the instantaneous flow fields contain distinctive
features that are not present in the average flow fields discussed in section 3.1 (Figure 9 and Figure 11).
As expected the flow is highly unsteady. The size, the shape as well as the position of the inner and outer
recirculation zones are instationnary. It can be clearly noticed that the sizes of the inner and outer
recirculation zones have a strong influence on the shape and the position of the flame. In fact, the inner
recirculation zone is more extended in the radial direction at t = 0.93s and results to a flame closer to the
chamber walls. In the other hand, the inner recirculation zone is less extended in the radial direction at t =
0.92s, hence, it can be seen that the flame recedes from the chamber walls. Figure 18 and Figure 19 also
put in evidence that the size of the corner recirculation zone influences the shape and the position of the
flame. In fact, it can be noticed that when the corner recirculation zone is less extended and weaker the
flame recedes from the chamber walls (t = 0.95 s) and vice versa (t = 0.93 s and t = 0.94 s). It is noted
that further unsteady recirculation zones are observed inside the plenum.
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Figure 15. Root Mean Square (RMS) fluctuations of the axial velocity obtained using the SST-DES

model.
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Figure 17. Root Mean Square (RMS) fluctuations of the tangential velocity obtained using the SST-DES model.
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Figure 18. Contours of the instantaneous negative axial velocity in a central cross section of the

combustion chamber, calculated using the SST-DES model, att=0.92s,t=0.93s,t=094sand t=
0.95s.
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Figure 19. Contours of the instantaneous temperature in a central cross section of the combustion
chamber, calculated using the SST-DES model, at t=0.92s,t=0.93s,t=0.94 sand t=0.95 s.

To further explore the dynamics of the flow, we examine the instantaneous streamlines in the vertical
central section (x = 0 m) illustrated in Figure 20.

The instantaneous streamline plots obtained using the SST-DES turbulence model (Figure 20a) show
clearly the existence of many vortex structures in the outer and inner recirculation zones and especially
close to the inner and outer shear layers. These phenomena are not visible in the time-averaged SST-DES
(Figure 9) and in the instantaneous streamlines plots predicted using the SST k- model (Figure 20b).
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It can be seen that the flow is very complicated and include energetic vortex structures of different sizes.
In fact, in addition to the two large scale vortices located in the center of the chamber, there are
numerous small-scale vortices found on the inner and outer shear layer of the incoming flow as well as in
the vicinity of the combustor axis. The resolution of such flow phenomena might be decisive for the
quality of a simulation of the turbulent combustion processes. For this reason, better predictions of the
thermal field are obtained in this study using the SST-DES model compared to the SST k- model
(section 3.1).

Figure 20. The instantaneous streamlines in a central cross section of the combustion chamber: (a) SST-
DES and (b) SST k- models.

5. Conclusion

The ability of the hybrid RANS/LES Detached Eddy Simulation turbulence model to correctly predict
the reacting flow within a swirl stabilized GTMC have been worked out. The three dimensional
calculations of a swirled gas turbine model combustor using DES and URANS methods and the
commercial solver ANSYS-FLUENT were presented. The computational domain matches identically the
complex laboratory configuration of a 35 kW burner, developed by the German Aerospace Center
(DLR), fed with methane and characterized by a 0.65 overall equivalence ratio. On the whole, a
satisfactory agreement between the numerical results and the available experimental data of the time
averaged flow was found using the two methods. However, the SST k- turbulence model over predicts
the temperature compared to SST-DES model results and experimental data. Moreover, the SST-DES
model provides much detailed information about instantaneous flow patterns than the SST k-0
turbulence model results.

In fact, numerical results of the time averaged flow fields of both SST-DES and SST k-o turbulence
models showed a large central recirculation zone and a corner recirculation zone which represents a
typical result of confined swirl flames. However, the SST-DES model results revealed from the obtained
instantaneous flow fields that the size, the shape as well as the position of the central and corner
recirculation zones are unsteady. Average streamlines plots showed that the inner recirculation zone is
formed by two counter rotating vortex pair, while instantaneous streamlines plots showed clearly the
existence of numerous small unsteady vortex structures in that zone.
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