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Abstract

In the first part of the paper, Computational Fluid Dynamics analysis of the combusting flow within a high-swirl lean
premixed gas turbine combustor and over the 1% row nozzle guide vanes is presented. In this analysis, the focus of the
investigation is the fluid dynamics at the combustor/turbine interface and its impact on the turbine. The predictions show
the existence of a highly-rotating vortex core in the combustor, which is in strong interaction with the turbine nozzle
guide vanes. This has been observed to be in agreement with the temperature indicated by thermal paint observations.
The results suggest that swirling flow vortex core transition phenomena play a very important role in gas turbine
combustors with modern lean-premixed dry low emissions technology. As the predictability of vortex core transition
phenomena has not yet been investigated sufficiently, a fundamental validation study has been initiated, with the aim of
validating the predictive capability of currently-available modelling procedures for turbulent swirling flows near the
sub/supercritical vortex core transition. In the second part of the paper, results are presented which analyse such
transitional turbulent swirling flows in two different laboratory water test rigs. It has been observed that turbulent
swirling flows of interest are dominated by low-frequency transient motion of coherent structures, which cannot be
adequately simulated within the framework of steady-state RANS turbulence modelling approaches. It has been found
that useful results can be obtained only by modelling strategies which resolve the three-dimensional, transient motion of
coherent structures, and do not assume a scalar turbulent viscosity at all scales. These models include RSM based
URANS procedures as well as LES and DES approaches.
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1. Introduction

Turbine design processes have evolved over decades and are capable of yielding very good preliminary designs due to the large
amount of empirical input and experience that they embody. The empiricism which underpins the turbine design process is largely
based upon experience gained on conventional non-premixed combustor applications. Lean premixed combustors, however,
exhibit flows that can be substantially different from non-premixed ones, due to a significantly greater degree of swirl acquired by
the flow. High swirl is required because the flow reversal through vortex breakdown is the favoured method of flame stabilisation.
Additionally, a large proportion of the combustor air is swirled in order to ensure a lean premixed reaction zone. An example of
such a combustor is the dry low emissions (DLE) combustor of Siemens Industrial Turbines [1], which is considered in the present
paper.

A vortex breakdown along the swirl axis can be thought of as an abrupt transition between an upstream super-critical flow and a
downstream sub-critical flow [2]. The criticality of the swirling flow describes whether the axial flow velocity exceeds the relative
phase velocity of upstream-directed inertia waves (super-critical) or vice versa (sub-critical). The influence of the downstream
conditions can hence be transmitted upstream where the flow is sub-critical, but only affects the local flow at the exit where it is
super-critical. The criticality of the flow is dependent on, for example, the ratio of the swirl to axial velocity. The larger this ratio,
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the higher is the tendency for sub-critical flow to occur.

A post-vortex breakdown sub-critical flow can revert to super-critical as a result of an axial acceleration of the flow. In practical
gas turbine combustors the swirl is relatively high in order to ensure good fluid dynamic and combustion stability, such that in the
absence of combustion, the vortex core typically remains sub-critical downstream of the vortex breakdown. However, in the case
of combustion, volumetric expansion produces an increase in axial velocity due to mass continuity, whilst the tangential velocity
remains more or less unchanged. This can lead to a transition to super-critical flow, making the combustor flow field relatively
insensitive to downstream conditions. However, whether or not the flow reverts to super-critical, will clearly depend upon the
degree of initial swirl and the density ratio between the inlet flow and the hot combustion products, as well as radial variation of
velocities, pressure and density and turbulence, etc.. In dry low emissions gas turbine combustors, the flame temperatures are
rather low, which may weaken the mechanism of transition to super-critical flow via axial flow acceleration. If the flow remains
sub-critical, the strong acceleration in the turbine nozzle guide vanes downstream of the combustor could lead to high rotational
velocities of the vortex core that can impact the turbine aerodynamic and heat transfer performance. A quantitative predictive
method for addressing such flows is therefore of great importance to combustor design.

Although many analytical and numerical investigations have been conducted to address vortex breakdown and the criticality of
the vortex core [3-6] much of this work is based upon simplifying assumptions, such as axisymmetry in conjunction with a
Reynolds Averaged Navier-Stokes (RANS) based turbulence modelling. These studies have revealed much about the behaviour of
vortical flows but they fall short of delivering quantitative information that can be used in the design of combustors, since low-
frequency transient motion of coherent structures, which can play a very important role in swirling flows, cannot be represented
adequately by a RANS based turbulence modelling approach.

In the first part of the paper, it is demonstrated that very encouraging results can indeed be obtained for a high-swirl lean
premixed gas turbine combustor flow, which qualitatively agree with the measurements [7], applying an Unsteady RANS
(URANS) based turbulence modelling approach, utilizing a Reynolds Stress Model (RSM) as the statistical turbulence model.

If computational methods are to be used effectively in the design of swirl combustors, validation is required to understand the
impact of the numerical and modelling deficiencies. This is addressed in the second part of the study. Turbulent swirling flows are
investigated in water test rigs that resemble gas turbine combustor configurations, experimentally and computationally, using
RSM based URANS, Large Eddy Simulations (LES) and Detached Eddy Simulations (DES).

2. Modelling

The analysis has been based on the commercial general-purpose CFD software ANSYS-CFX [8]. It is already known [9] that
certain Reynolds stress components are significantly modified due to the action of flow curvature and pressure gradient within
swirling flows. Thus, eddy viscosity models, which do not address such phenomena, perform badly. Such phenomena can
however be accommodated within a Reynolds stress model (RSM) closure [10]. In our experience, transient coherent flow
structures can constitute an equally-important phenomenon for many types of turbulent swirling flows, and also need to be
adequately modelled. Thus, modelling procedures that simultaneously account for both of these phenomena are considered in the
present work. Since the transience is intimately related with three-dimensionality, a fully three-dimensional modelling is required.
For the turbulent flow, the following modelling approaches are currently being investigated:

URANS-RSM: Unsteady RANS analysis based on the RSM formulation of Speziale et al. [11], applying a quadratic
correlation for the isotropisation of production in the pressure-strain tensor. LES: Large Eddy Simulations [12], modelling the
subgrid dissipation by a subgrid scale eddy viscosity proposed by Smagorinsky [13]. For the model coefficient, a constant value of
0.1 is used (Cs=0.1). The Van Driest damping function [14] is used for computing the subgrid scale viscosity in the vicinity of
solid boundaries. DES: Detached Eddy Simulations [15,16], as a LES-RANS hybrid modelling approach. In the present
application, the model is based on the Shear Stress Transport (SST) model of Menter [17] as the background RANS model.

Near solid walls, the wall-functions approach is used [8] for modelling the near-wall turbulence. Although the underlying
assumptions are less justifiable in conjunction with the present modelling strategies, particularly with LES, it is assumed that no
substantial drawbacks would result, since the major characteristics of the presently investigated flow are of free-shear type rather
being wall-induced.

In combusting flow applications, mixing and reaction of the oxidant and fuel are simulated by the Eddy Dissipation Concept
(EDC) of Magnussen and Hjertager [18]. The oxidation of the natural gas fuel, which is assumed to be 100% methane with the
correct heat input, is represented by a two-step global reaction mechanism of Westbrook and Dryer [19].

In LES computations the convection terms are discretized by central differencing. In URANS-RSM computations, the high
resolution scheme is used for the momentum equations. In DES, the central differencing is used for momentum equations in LES
regions, whereas the high resolution scheme is used in RANS regions. For the turbulence quantities, the upwind scheme is used.

For the temporal discretization a second order backward Euler scheme is applied [8]. For LES and DES computations, the
time-step size is chosen to be of similar magnitude with the Kolmogorov time scale [20] and results in cell Courant numbers [21]
smaller than unity. For the URANS-RSM computations, larger time-step sizes are sometimes used, but these are still small enough
sufficiently resolve the eddy turnover time.

3. Results

3.1 Dry Low Emissions Combustor

For the analysis of the Dry Low Emissions Gas Turbine Combustor, the URANS-RSM methodology is has been applied. An
unstructured grid consisting of tetrahedral cells is used to discretize the computational domain. The solution domain is defined to
include the combustor and the nozzle guide vanes at the exit of the combustor.



Instantaneous velocity vector field in a longitudinal plane in the combustor front end is displayed in Fig. 1. The vectors are
coloured by the velocity magnitude. The displayed velocity vector field reveals the transient nature of the flow field, which
exhibits a complex internal recirculation zone (vortex breakdown), and a precessing vortex core.

Fig. 1 Instantaneous velocity vector field in a longitudinal plane near the combustor inlet.

Figure 2 shows the temperature distribution in a longitudinal plane, as well as an iso-surface of high vorticity. The latter, which
is normally known to be high in boundary layers and shear layers, can also be high in the central part of a Rankine-type vortex,
which exhibits a solid body rotation. Moving away from the centre of the vortex, the vorticity magnitude drops, given that the
outer potential vortex is irrotational. A highly-rotating vortex core is indicated along the axis of the combustor. In Fig. 2, one can
observe that the vortex core extends all the way through the combustor axis and intensively interacts with the nozzle guide vanes.
By this interaction, the cooling aerodynamics of the nozzle guide vanes may get substantially disturbed, and, given that the vortex
core is additionally very hot, the nozzle guide vanes may get excessively overheated. In such cases, it is observed that the
predictions are in an excellent qualitative agreement with the experimental observations [7].

Fig. 2 Temperature contours (yellow) in a longitudinal plane and iso-surface of high vorticity (red).

3.2 Water Test Rig |

A sketch of the water test rig of Escudier and Keller [22] is shown in Fig. 3. A tangential velocity component is imparted to the
inflowing water by an array of 32 guide vanes. The radially-inflowing swirling flow is channeled by an axial annular duct to the
main test section, which will be referred to hereafter as the “combustor”. The rig operates at Re=7000 (Reynolds number is based
on the diameter and the bulk axial velocity of the combustor). Measurements were performed by Laser Doppler Anemometry
(LDA). Different swirl levels were obtained by adjusting the swirler guide vanes angles. The variable exit contraction enables the
investigation of downstream conditions on the upstream flow, depending on whether the flow is sub- or super-critical.
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Fig. 3 Water test rig | [22].

Measurements were provided for two swirl levels, corresponding to guide vane angles (o)) 62° and 70°. The swirl number,
based on the potential theory, took the values 2.74 (0=62°) and 11.80 (a=70°). In addition to measurements with no exit
contraction, various exit area contractions were considered. In the present work, the case with a=62°, without exit contraction is
discussed. The solution domain is defined to start in the annular channel, slightly upstream of the combustor. Preliminary 3D
RANS computations were performed for a domain covering the guide vanes of the swirl generator and the axial inlet channel. In
the main computations, the block-structured grid with conformal block interfaces consisted of approximately 600,000 hexa cells.

Detail plots of the velocity field, for an instant in time, in a longitudinal section near the inlet, as predicted by URANS — RSM,
LES and DES are shown in Fig. 4. The smallest eddy structures seem to be captured by LES, whereas URANS — RSM resolves
the largest structures, as expected.

Fig. 4 Predicted instantaneous velocity vector field in a longitudinal plane, near inlet: () URANS-RSM, (b) LES, (c) DES.



For the time-averaged Internal Recirculation Zone (IRZ), a quantitative comparison with the experimental data is provided in
Table I, where the predicted radial (r) and axial (x) extensions of the IRZ (non-dimensionalized by combustor radius R) are
compared with the experimental values.

Table | shows that the same radial extension is predicted for the IRZ, by the URANS — RSM and DES models, which
underpredict the measurement by approx. 13%. For the axial extent of the IRZ, DES shows an even better agreement with the
experiments. LES overpredicts the radial extent of the IRZ approximately by 17%, while it cannot predict the closure of the IRZ.

Table 1. Radial and axial extensions of the IRZ.

Exp. U-RSM LES DES
r'R 0.48 0.42 0.56 0.42
x/R 2.88 3.49 unclosed 3.22

3.3 Water Test Rig 11
A sketch of the water flow model combustor can be seen in Fig. 5.
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Fig. 5 Water test rig I1: (2) test combustor, (b) swirl generator.

The swirl generator is based upon the tangential-inlet design of Escudier et al. [23], but now using 12 narrow slits distributed
uniformly around the axis. Measurements are carried out by LDA at three axial positions (Fig. 5). Different configurations are
measured. The Reynolds number based on the combustor bulk axial velocity and diameter is about 2300, for all cases. The swirl
level is characterized by the velocity ratio 3, denoting the ratio of the slit exit velocity to the bulk axial combustor inlet velocity.
The influence of exit diameter (Dg) is also investigated in the measurements. In the present work, the case with p=0.65 and
De=35mm will be discussed.

The solution domain is defined to include the combustor and the swirl generator. Preliminary 3D RANS computations were
performed for a domain covering the plenum and channels of the swirl generator to obtain the inlet conditions. For the main
computations, the block-structured grid consisted of approximately 1,000,000 hexahedral finite volumes.

Instantaneous iso-surface of zero axial velocity predicted by URANS-RSM is presented in Fig. 6. URANS-RSM predicts a
closed bubble in the combustor, and cannot capture any substantial flow transience for the investigated case, apart from time
variations of negligible magnitude (thus, the time-averaged iso-surface is practically the same as the one shown in Fig. 6) .

Instantaneous and time-averaged contours of zero axial velocity predicted LES are presented in Fig. 7. One can see that
transient, three-dimensional eddy structures are captured by the LES methodology (Fig. 7a). The time-averaged LES results (Fig.
7b) predict a recirculation bubble, which is closed on the downstream side, but extending upstream all the way through the swirl
generator.

Predicted and measured traversal profiles of the time-averaged axial velocity component (u) at the axial measuring stations
(Fig. 5a) at x=10mm, x=50mm and x=160mm are displayed in Fig. 8, which immediately reveal the complexity of the flow field
(u and the traverse coordinate (y) are non-dimensionalized by bulk axial inlet U, and combustor radius R, respectively).



The experimental results show recirculation regions as well as on the axis, and in the corner downstream of the sudden
expansion into the combustor, at the axial stations x=10mm and x=50mm. At x=160mm, it can be observed that both recirculation
zones have disappeared, and, on the axis, the reverse flow zone is replaced by a strong jet-like overshoot.

At x=10mm, the characteristics of the time-averaged flow are captured very well by the LES. The URANS-RSM methodology
can only roughly predict the qualitative behavior of the experimental results, showing large quantitative discrepancies to the latter.

At x=50mm, the LES comes again quite close to the experimental data and performs better than the URANS-RSM. However,
the URANS-RSM predictions for x=50mm show a better agreement with the experiments than they do for x=10mm.

At x=160mm, the quantitative agreement of the LES with the experimental data is not very well, as the LES underpredicts the
maximum axial velocity on the axis. Nevertheless, the LES still shows a qualitative agreement with the experiments, whereas
URANS-RSM cannot capture the flow features even qualitatively.

Predicted and measured traversal profiles of the time-averaged swirl velocity component (w) at the axial measuring stations
(Fig. 5b) at x=10mm, x=50mm and x=160mm are displayed in Fig. 9 (w and the traverse coordinate (y) are non-dimensionalized
by bulk axial inlet U; and combustor radius R, respectively).

The experimental data shows a forced-vortex-like region in the vicinity of the axis, changing over to a free-vortex-like
distribution at higher values of the radial coordinate. It is interesting to note that the vortex core first radially expands between the
stations x=10mm and x=50mm, and then contracts between x=50mm and x=160mm. This is accompanied by the corresponding
decreases and increases of the swirl velocity gradients and the peak swirl velocities near the axis.

For the time-averaged swirl velocity component, the LES predictions at the stations x=10mm and x=50mm agree quite well
with the experimental data, whereas URANS-RSM performs again rather poorly. At x=160mm none of the both predictions agrees
very well with the measurements. However, the LES predictions are still much more satisfactory than URANS-RSM ones.

(b)

Fig. 7 Iso-surfaces of zero axial velocity computed by LES: (a) instantaneous, (b) time-averaged.
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Fig. 8 Time-averaged radial profiles of axial velocity component (u) at (a) x=10mm, (b) x=50mm, (c) x=160mm.
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Fig. 9 Time-averaged radial profiles of swirl velocity component (w) at (a) x=10mm, (b) x=50mm, (c) x=160mm.



4. Conclusion

Turbulent swirling flows in gas turbine configurations have been investigated for a combusting flow in an industrial test rig
and isothermal flow in two different water test rigs. The URANS-RSM was applied to all of the cases. For the industrial test rig,
the URANS-RSM was observed to deliver a very good qualitative agreement with the experimental observations. For the first
water test rig, a good agreement of the URANS-RSM with the experiments was observed, again. However, the performance of the
URANS-RSM for the second water test rig was observed to be rather poor. This is expected to be caused by the quite low
Reynolds number of the rig, since the applied RSM formulation has been a high Reynolds number one. The LES was applied to
the both water test rigs. The agreement of the LES with the experiments was observed to be very good for the second test rig,
which is expected to be due due to a very good resolution of the turbulent length scales by the underlying grid at this low
Reynolds number. The performance of the LES for the first water test rig was poor, which is expected to be caused by an
insufficient resolution of the turbulent length scales by the existing grid, at the comparably higher Reynolds number of the rig.
The DES, which was applied to the first water test rig only, has shown the best agreement with the experiments for that rig.
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