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Abstract

Understanding the nature of the unsteady flow at the combustor exit is required to accurately simulate

time dependent phenomena in the turbine entry, such as indirect noise generation. Using Large Eddy

Simulations of the combustion process in a realistic geometry, we analyse the flow at its exit. Two realistic,

near-ground certification operating conditions are considered. Different mechanisms for large-scale flow

and thermal structure generation are described, which are ejected into the turbine. Modal decomposition

methods are used to extract the spatial and temporal scales at the turbine entry. We find that, depending

on the operating condition, the entropy waves convect as elongated streaks in the core of the combustor

annulus or the proximity of the walls. The dominant unsteady character of the fluctuations exhibits

different spectral properties, i.e. low-frequency in the core and high-frequency towards walls. At the

combustor exit, the vortical field is dominated by the swirl in the air inlet, which is found to have little

influence on the entropy perturbations. Further, the importance of considering the interaction of multiple

fuel injectors and combustion zones in an annular combustor is investigated. It is shown that pulsating

circumferential vorticity modes can occur in multi-sector annular combustors but these, however, do not

affect the entropy wave distribution.

I. Introduction

Lean combustion is favoured due to its low NOx emission potential[1]. The advantage of this combustion

mode comes with challenges, such as increased unsteadiness, intensified core noise[2–4], and sensitivity to
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thermo-acoustic instabilities[1]. Hence, its application to practical systems demands development to reduce

these drawbacks.

In practical applications, the reactant of lean flames is partially premixed to prevent potential flame

flashback. Therefore, fuel/air mixtures with spatiotemporal inhomogeneities arrive at the lean flame front

causing unsteady heat release rate and burning rate speed alterations. This leads to amplified pressure,

turbulence, and temperature fluctuations, which propagate through the combustion chamber as acoustic,

vortical, and entropy waves. Acoustic waves arising from turbulent mixing and volumetric expansion at the

flame are referred to as direct noise. Entropy and vorticity waves can cause indirect acoustic noise when

accelerated or strained during propagation through turbine stages[5, 6]. Only recently, De Domenico et al.[7]

shed some light on the relative importance of these individual noise sources by separating the contributions of

direct and indirect noise in an experimental setup. Poinsot[8] highlighted that additional complexities arise in

practical combustors. For example, the sophisticated geometry, operating conditions and harsh environment

in these combustors differ significantly from laboratory burners. All these factors contribute to the particular

transmission properties in gas turbines, where direct noise can be damped while indirect noise is generated

during propagation. Therefore, all aspects of core noise need to be considered for acoustic noise predictions

of realistic gas turbines.

Different strategies have been employed to estimate the indirect noise generation as disturbances propagate

through the turbine ranging from analytical modelling[5] to three-dimensional compressible flow simulations[6,

9]. Analytical approaches focused initially on the one-dimensional transmission properties of compact

nozzles[5, 10] and were extended to non-compact nozzles[11] with two-dimensional domains[12] including

shock waves[13]. Being computationally efficient, the propagation of vorticity, pressure, and entropy waves

through the turbine stages is commonly realised using actuator disk theory allowing the consideration of the

entire turbine in the low-frequency range. Realistic wave amplitudes extracted from detailed combustion

simulations have been utilised as inlet boundary conditions for low-order models[14]. Mishra and Bodony[15]

demonstrated that the actuator disk model is reasonably accurate for cut-on (propagating) waves, while

performing inadequately for cut-off (non-propagating disturbance) waves. They showed further that the shape

and location of the entropy waves influence the amplitude of acoustic noise generated, which is currently

not taken into account by low-order models. Therefore, three-dimensional compressible flow simulations

have been used to investigate the impact of non-uniform temperature distributions on the propagation in

turbine blade rows. Mu et al. [9] reported a significant turbine noise amplification with a non-uniform mean

temperature pattern mimicking individual burners. Transient entropy waves being entrained into turbines

are elongated by the acceleration forming streaks. Holewa et al.[16] performed frequency domain simulations

(based on the harmonic balance method), where such steady hot temperature streaks imposed at the inlet
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interact with the blade rows. The temperature inhomogeneity was found to decrease the acoustic noise

compared to the homogeneous reference case. Gaetani and Persico [17] showed experimentally that steady

hot streaks are significantly attenuated over the nozzle guide vanes, while the vorticity field is highly altered.

The contradictory reported results, where entropy waves lead to an overall acoustic noise attenuation[16]

or additional noise source[7, 15, 18], are inconclusive having considered only partially the nature of incoming

entropy waves and the broadband noise at low frequencies. All investigations employed idealised entropy

wave shapes, i.e. spots[15, 17] or plane waves[9]. Further, investigation treated vorticity and entropy

waves separately. However, their interaction might be of importance, because the vortical structures might

redistribute the hot structures[6]. Thus, realistic entropy wave shapes need to be fed into three-dimensional

turbine transmission simulations to clarify the effect of indirect noise. Therefore, we characterise the entropy

and vorticity waves that could enter the turbine by analysing Large Eddy Simulation (LES) results of reactive

flows inside a gas turbine combustor, which was identified by Morgans and Duran [1] to be one of the main

challenges to predict entropy noise generation. Our simulations considered a single and double sector of an

annular, industrial combustor operating at near-ground conditions. The processes generating large-scale flow

structures are analysed using modal decomposition of flows, temperature, and entropy in the combustor and

at its exit.

II. Numerical Simulations of the Combustor

A. Case setup

This work is based on an annular Rolls-Royce developmental lean-burn combustor and the double sector

analysed in this study is sketched in Fig. 1. The preheated swirled inlet airflow in each individual sector

is split into a central pilot stream and a surrounding, main stream. Kerosene is sprayed through injectors

in both air streams. The central swirled flow produces a strong recirculation region in the centre of the

combustor where hot gases are entrapped and an annular recirculation region which together provide the

stabilisation mechanism for a lifted flame. The flame is designed to be sufficiently far away from the injectors

to avoid damage, and these arrangements pose challenges for the numerical modelling described in the next

subsection. Effusion cooling arrangements are used for the combustor walls along with six film cooling slots

as illustrated in Fig. 1. The gases in the combustor chamber are accelerated by the thermal expansion and

the converging geometry downstream before entering the nozzle guide vanes feeding the turbine. In our work,

we consider both a single sector and a double sector with two adjacent fuel injectors.

Especially in proximity to the ground, i.e. at approach and take-off conditions, the noise emitted by an

aircraft may annoy the population living near the airport and is therefore subject to regulations. Among
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Fig. 1 Sketch of the double-sector combustor geometry with imposed boundary conditions.

various noise sources, engine core noise contributes noticeably [19]. Measures to attenuate this noise are

investigated as part of the overall engine performance optimisation. Two scenarios representative of the

above two conditions are considered in this study, and these conditions differ from each other in the fuel

split between the pilot and main injectors and in the operating pressure. The first condition, namely the

Intermediate Pressure Condition (IPC), operates the pilot in rich and the main in lean combustion modes,

and the fuel split between pilot and main is 70 : 30. For the second condition, namely the High-Pressure

Condition (HPC), the operating pressure is approximately double of the intermediate pressure condition, and

both the pilot and main are run in lean combustion mode with a fuel split of 20 : 80, respectively.

B. Numerical Methodology

1. Combustion closure

A flamelet model, known as FlaRe (Flamelet Revised), used in many past works (see for example [20]), is

used to model the turbulent combustion. Flamelet models assume that the smallest turbulence eddies do

not penetrate (or do not have sufficient energy to affect) the inner structure of the flame, which remains

unperturbed. Under this condition turbulence and thermochemistry can be treated separately, yielding

substantial gain in terms of computational cost. In partially premixed flames, the fuel-air mixing is tracked

using the Bilger mixture fraction ξ, whose Favre-filtered transport equation is (in Einstein notation)

∂ρξ̃

∂t
+

∂ρũiξ̃

∂xi
=

∂

∂xi

(
µ̃

Sc

∂ξ̃

∂xi

)
−

∂

∂xi

(
ρũiξ − ρũiξ̃

)
+ Ṡe (1)

In the equation above t is the time, ρ is the filtered density, ũi is the Favre-filtered velocity component in the

direction i, µ is the dynamic viscosity and Sc = 0.7 is the Schmidt number, which is taken to be the same

for all scalars (unity Lewis number). The last two terms in Eq. 1 are respectively turbulent transport and
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a source term due to the evaporation of the fuel spray. The turbulent transport term is modelled using a

gradient hypothesis, i.e. ρũiξ − ρũiξ̃ = −(µt/Sct)∇ξ̃, where µt is the sub-grid scale (SGS) eddy viscosity and

ScT = 0.7 the turbulent Schmidt number, which is taken to be the same for all scalars. The variable used to

track the reaction progress is defined as c = YCO2
/WCO2

+ YCO/WCO, where Yk and Wk are mass fraction

and molecular mass of species k, and its Favre-filtered transport equation is

∂ρc̃

∂t
+

∂ρũic̃

∂xi
=

∂

∂xi

(
µ̃

Sc

∂c̃

∂xi

)
−

∂

∂xi
(ρũic− ρũic̃) + ω̇ (2)

where the SGS transport term is also modelled with a gradient hypothesis. The filtered reaction rate, ω̇, is

modelled as:

ω̇ = ρ

∫ 1

0

∫ 1

0

ω̇(ζ, η)

ρ
P (ζ, η; c̃, ξ̃, σ2

c , σ
2

ξ ) dζ dη (3)

where ω̇ is the flamelet reaction rate from a one dimensional unstrained planar laminar premixed flame of a

given mixture fraction η. The symbols ζ and η are the sample space variables for c and ξ. The presumed

joint probability density function, P , is modelled using the product of two Beta-functions as described by

Ruan et al. [21] and Chen et al. [22]. The Beta-functions need the progress variable and mixture fraction

SGS variances, σ2
c and σ2

ξ and these values are obtained using their respective modelled transport equations.

The equation for σ2

ξ is

ρ
Dσ2

ξ

Dt
=

∂

∂xi

[(
ρD +

µt

Sct

)∂σ2

ξ

∂xi

]
− 2 ρ ε̃ξ + 2 ρ

νt
Sct

(
∂ξ̃

∂xi

∂ξ̃

∂xi

)
+ Ṡe,σζ

. (4)

The SGS scalar dissipation rate, the third term in Eq. 4, is modelled using a linear relaxation model [23],

ε̃ξ = 2νT /(ScT∆
2)σ2

ξ . The equation for σ2
c is

ρ
Dσ2

c

Dt
=

∂

∂xi

[(
ρD +

µt

Sct

)∂σ2
c

∂xi

]
− 2ρ ε̃c + 2 ρ

νt
Sct

(
∂c̃

∂xi

∂c̃

∂xi

)
+ 2

(
c ω̇ − c̃ ω̇

)
. (5)

where the reaction term is modelled in a manner similar to Eq. 3. The SGS scalar dissipation rate in this

equation cannot be modelled using a simple relaxation model as discussed by Langella & Swaminathan [24].

Thus, the model of Dunstan et al. [25] with dynamic computation of the combustion parameter [26] is used

for this study, and additional details on this closure can be found in these references.

2. Spray modelling

The kerosene sprayed at the injectors is modelled using a two-way coupled Eulerian-Lagrangian approach

with secondary Schmehl breakup [27], and a Rosin-Rammler distribution for the droplet diameter. The
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droplets are injected at a constant velocity and with a random injection angle sampled using a Gaussian

distribution with 10◦ standard deviation and mean direction aligned with the injector axis. A rapid mixing

formulation is used to model the droplet evaporation, where the liquid kerosene is assumed to have very large

thermal conductivity, and its evaporation temperature is set to 650 K.

3. Computational details

Reacting, incompressible (density-varying) Navier-Stokes equations are solved using PRECISE-UNS [28],

which employs the finite volume approach to discretise the transport equations for mass, momentum and

energy, along with the four equations specific for the combustion model, presented in section II.B.1. Using

Einstein’s index convention, the equations for mass and momentum are:

∂ρ

∂t
+

∂ρũi

∂xi
= 0; and (6)

∂ρũi

∂t
+

∂ρũiũj

∂xj
= −

∂p

xi
+

∂

∂xj

(
µ̃
∂ũi

∂xj

)
−

∂τ rij
∂xj

(7)

where p is the modified filtered pressure, which is the sum of filtered pressure and 2k/3, with k as the

SGS kinetic energy [29]. The SIMPLEC algorithm [30] is used for the pressure-velocity coupling. The last

term in the momentum equation represents the anisotropic part of the SGS stress tensor, and is modelled

using constant Smagorinsky model as τ rij = −2µtS̃ij , where the eddy viscosity is µt = ρ(Cs∆)2|S̃| with

Cs = 0.17. |S̃| is the magnitude of the resolved strain tensor. The filtered kinematic viscosity is obtained

using Sutherland’s law, µ̃ = As

√
T̃ /(1 + Ts/T̃ ), with As = 1.67× 10−6 being a dimensional constant and

Ts = 170.7 K.

A transport equation for the Favre-filtered enthalpy h̃ (sum of sensible and formation enthalpies) is used

as energy equation to account for sub-adiabaticity and mixing between different streams, and this equation is

∂ρh̃

∂t
+

∂ρũih̃

∂xi
=

∂

∂xi

(
µ̃

Sc

∂x̃i

∂xi

)
−

∂

∂xi

(
ρũih− ρũih̃

)
(8)

where the latter term is modelled using a gradient hypothesis as for the other scalars described in section II.B.1,

and the pressure variation term has been excluded because of the low-Mach hypothesis. The Favre-filtered

temperature is taken from the flamelet table and corrected using the enthalpy from the simulation as

T̃ = T̃f +(h̃− h̃f )/C̃p, where T̃f is the temperature from the flamelet and h̃f and C̃p are respectively flamelet

enthalpy and the specific heat capacity at constant pressure at temperature Tf . These are computed a priori

in a manner similar to Eq. (3), and are stored in a lookup table. The density is computed from the operating
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pressure and local temperature using the state equation for perfect gases and it is assumed to be constant for

the liquid kerosene.

The transport equations are discretised using second-order central schemes for the spacial gradients. A

second-order scheme is also used for time derivatives, and a relaxation factor of 0.7 is used for all transported

variables except for pressure whose relaxation factor is 0.4. The time step for all simulations is ∆t = 0.5µs.

This guarantees maximal CFL numbers of 0.4 overall in the combustor except for regions close to walls and

injectors, where the CFL criterion is allowed to be higher to make the computational cost affordable. A

maximum of 10 sub-steps is used for each time step to reach convergence in the SIMPLEC loop. Also, the

velocity gradients across the flame are limited using a Van Albada limiter.

The flamelet quantities are computed using the Dagaut mechanism [31] and Chem1d, which solves the

one-dimensional freely propagating flames on adaptive grid using finite difference technique for a number

of mixture fraction values within the flammability limits. The flamelet quantities are then integrated as

described earlier and stored in a 4-D look-up table. Equispaced 100, 200 and 50 points over the ranges of the

controlling variables c̃, ξ̃ and σ2
c are used while generating the look-up table. For σ2

ξ , 15 points are spaced

exponentially (with an exponential factor of 2.5) in the look-up table to cluster more points close to zero,

because the SGS mixture fraction variance in the flame region is caused only by evaporation (resulting in

small values for the case under study).

The numerical mesh is hexa-dominant with a hexa core and tetrahedra in the wall region. This choice

was observed in preliminary tests to reduce the mesh size for a fixed accuracy using PRECISE-UNS, and

results in about 13 million and 26 million elements respectively for the single and double sector cases. An

additional mesh of 9 million elements, differing mainly in the region of the flame, was used for preliminary

calculations and mesh sensitivity for the single sector case. In particular, a detailed analysis was conducted

to assess the mesh quality using the Pope’s criterion [29], which states that the ratio Q = k/(k +K) between

SGS and total (SGS plus resolved) turbulent kinetic energy has to be smaller than 20% in a well resolved

LES. The analysis was conducted on both preliminary and final mesh sizes, and for both the intermediate

and high power conditions discussed in this work. The SGS kinetic energy, k, was estimated locally using the

Lilly’s model [32], k = µ2
t/(CLρ∆)2, with CL = 0.1. Typical contours of mean Q on the fine mesh are shown

for the intermediate pressure condition in Fig. 2. It is shown that Pope’s criterion is satisfied everywhere

in the domain except for the region near the walls. This is expected as the boundary layer is not resolved.

This does not affect the specific results in this work, because the substantial proportion of the turbulence is

generated by shear layers in the combustor. As the Smagorinsky model is used for µt, k does not go to zero

in the laminar regions upstream and near the wall. It is worth noting that the 20% criterion introduced by

Pope [29] is for non-reacting flows, and thus its evaluation in regions affected by heat release (which would
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locally increase the instantaneous value of k) has to be mindful. In addition to the analysis above, first and

second order statistics relevant for the analysis to be conducted in section III and obtained using the 9 million

and 13 million cell meshes (both related to the single sector geometry), were also compared to each other

and no significant difference could be observed, suggesting that this grid size is satisfactory for the analysis

conducted in this work.

In
je

ct
or

0

20

40

60

80

100

Q
cr

it
er

io
n

(%
)

Fig. 2 Pope’s criterion is shown in mid-plane view for the intermediate pressure condition.

Boundary conditions are assigned as follows: mass flow rates are assigned at the inlets (air stream, film

and effusion cooling), while all other scalars are assigned to have zero normal gradients. Enthalpies at the

inlets are assigned to be consistent with the temperature and rate of mixing of the incoming stream. Progress

variable, mixture fraction and their SGS variances are assigned to be zero at all inlets. At the outlet, all

transported quantities are assigned a zero-gradient condition except for pressure which has a fixed value. At

the adiabatic walls, the velocity is zero, and all scalars have a zero-gradient condition. No special treatment

is used at the walls for the velocity field due to the high velocities of the studied configuration (order of 250

m/s in the reactants), as this would require a significant increase of mesh size. This is acceptable near the

injector walls as discussed above, where most of the turbulence is produced by the shear layers and the swirl.

Close to the combustor walls temperature hot spots are present in the high-pressure condition as will be

shown later, and thus their position could be slightly affected by the assumptions at the wall. However, these

high-temperature spots occur far enough from the wall so that several numerical cells are still present in

between, and thus the above assumptions do not affect the analysis in the present work.

A single sector simulation for about 60 ms of physical time (for the 13 M grid) took about 21 days, using

512 cores on the Darwin cluster in Cambridge. About 20 ms are needed for the initial transient in the LES,

and additional 40 ms simulation time are used for data sampling to resolve fluctuations down to a frequency

of 25 Hz for the spectral analysis discussed in the next section. The double sector simulations took about 23

days using the same number of cores for about 50 ms (40 ms sampling and 10 ms transient), but using the

newer and more efficient CSD3 cluster in Cambridge.
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4. Modal decomposition analysis and post-processing

Interpreting instantaneous manifestations of the flow may not be statistically significant. Hence, coherent

large-scale flow structures are extracted through proper orthogonal mode decomposition using 793 (IPC) and

804 (HPC) running-averaged realisations of the entropy, s̃, and velocity field, ũ, sampled at 20 kHz in the

entire computational domain. ∗ The use of running-averaged data (averaged in between sample intervals)

instead of flow-field instances filters high-frequencies, which would be spuriously aliased into the frequency

range of interest.

A short description of the proper orthogonal decomposition method is provided, while a detailed introduc-

tion has been provided by Chatterjee [33]. The sampled data, s̃ = s̃(t1), s̃(t2), . . . , s̃(tj), is decomposed into a

series of spatial, φj(x), and temporal functions, aj(t) to optimally represent, in least square sense, the system

behaviour. This is achieved by using the auto-covariance of the decomposed quantity, i.e. entropy or velocity,

to formulate the least square optimisation problem

min
φj



s̃(x, t)−



a0(t)φ0(x)︸ ︷︷ ︸

mean

+

J∑

j=1

aj(t)φj(x)

︸ ︷︷ ︸
perturbations







2

(9)

which can be recasted as eigenvalue problem[34],

Rϕj = λjϕj where R =

J∑

j=1

s̃j s̃j . (10)

where ϕj is the spatial eigenfunction and λj is the associated eigenvalue. The eigenvector are the temporal

modes, aj and the spatial modes, φj , are reconstructed from the eigenvalues. Hence, the spatial modes

are orthogonal. This allows separate analyses of the characteristic scales, since the stochastic evolution is

decomposed into temporal aj(t) and spatial φj(x) components. The zeroth-order mode represents the mean

and the higher-order modes describe the perturbations on top of the mean.

III. Results - Flow characterisation

The fuel split governs the heat release rate and temperature distribution in the gas turbine combustor,

which can change significantly with the operating condition. At the intermediate pressure condition, the

predominant heat release occurs at the central pilot flame as illustrated in Fig. 3 a), whereas the heat release

∗The entropy is calculated by the relation, s̃ = c̃p/γ · ln
(

γ−1

γ
c̃pρ1−γ T̃

)
, where c̃p is the specific heat capacity, γ is the heat

capacity ratio and T̃ is the local temperature.
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Fig. 3 To the left, the locations of entropy wave generation in terms of temperature pertur-
bation modes. Black and red coloured structures correspond to high and low temperature
spots. The time-averaged flame is illustrated in yellow. To the right, the streamlines illustrate
the time-averaged flow pattern, where the root-mean-square of the temperatures is plotted in
the mid-plane.

is redistributed towards the annular main flame for the high-pressure operating condition shown in Fig. 3 b).

Entropy waves are generated primarily by the lean flame, hot combustion gas mixing with the cooling flow,

and the interaction of the main with pilot flame. Figure 3 b) shows that the entropy waves with the highest

amplitudes are produced in the proximity of the effusion and film cooled combustion chamber walls for the

high-pressure operating condition. These entropy waves convect as streaks along the vicinity of the walls

towards the turbine. Less fuel arrives at the main flame at the intermediate pressure condition and therefore,

the flame remains shorter. Therefore, it merges with the pilot flame and does not reach the combustor walls.

With the interaction of main and pilot flame, the largest coherent entropy structures are generated for this

operating condition. The streamlines in Fig. 3 b) and d) reveal large recirculation zones in the centre of the

combustor (for both operating conditions). Consequently, entropy propagation along the centreline is avoided

and hence the temperature fluctuations are low downstream of the pilot flame (as shown in Fig. 3 b) and d) ).

The large coherent entropy structures are recirculated at the intermediate pressure operating condition and

convect thereafter to the mid-height of the converging duct.

A. Averaged Flow Characteristics at the Combustor Exit

These generation mechanisms of the coherent entropy wave propagation cause distinct fluctuation patterns

at the combustor exit as shown in Fig. 4. In time-average, a high-temperature circumferential band manifests
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Fig. 4 Characterisation of the time-averaged flow in terms of entropy, s = cp/γ ln(p/ρ
γ), and

its root-mean-square statistics at the combustor exit for the two operating conditions.

at the high-pressure operating condition, whereas a hot, slightly off-centred spot can be observed at the

intermediate pressure operating conditions. The combustor surfaces are protected by effusion and film cooling

and hence, low temperatures are observed towards the walls for both operating conditions. This steep

radial temperature gradient in the proximity of the walls causes high-temperature variations with the mixing

and alternating convection of hot combustion and cold cooling gasses. Figure 4 reveals that substantial

temperature fluctuations establish in the mid-height at the intermediate pressure condition, while significantly

lower fluctuations are present in the core flow for the high-pressure operating condition.

Although the temperature field at the combustor exit varies within the investigated operating conditions,

Fig. 5 reveals that the time-averaged flow field is qualitatively similar. Nonetheless, the Mach-number

fluctuations are reduced at the intermediate pressure condition. The in-plane Mach number components of

the time-averaged flow field reveal a large-scale circulation originating from the swirled inlet flow. In contrast

to the peak temperatures, the vortex core is slightly shifted to the right side. The importance of this swirl

is supported by the shape of the velocity fluctuations (characterised by the in-plane root-mean-square in

Fig. 5). This centred vortical structure disappears at times during the intermediate pressure condition, while

being present continuously for the high-pressure operating condition. This explains the reduced in-plane
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Fig. 5 Characterisation of the time-averaged flow in terms of Mach number components,
Mx,r,θ, and its root-mean-square statistics at the combustor exit for the two operating condi-
tions.

velocity fluctuations observed at the intermediate pressure condition. A radial gradient of the axial velocity

component at the combustor exit is caused by the steeper slope of the geometrical convergence at the inner

wall.

B. Wave Perturbations at the Combustor Exit

To analyse the temporal behaviour of the perturbations in the combustor exit plane, the spectra of

the radially and circumferentially integrated quantities are calculated and shown in Fig. 6. These reveal a

broadband character for the fluctuations of the streamwise vorticity and entropy waves at the combustor

exit, where only insignificant deviations between single and double sector simulations can be observed. In

accordance with the spatial fluctuation amplitudes illustrated in Fig. 5, the amplitudes of the entropy spectra

differ between operating conditions, while only minor variations can be observed for the vorticity spectra.

The impact of the combustion vortex on the entropy redistribution is analysed via the correlation coefficient,

Ru,s,coeff , which is defined as the cross-correlation between entropy and vorticity waves normalised by the

autocorrelations at zero time lag; Ru,s,coeff (t) = Ru,s(t)/
√
Ru,u(0)Rs,s(0). For the computation, the

quantities on the exit planes of the combustor sectors are integrated (radially and circumferentially) and
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Fig. 7 The cross-correlation between the vorticity and entropy are shown for the individual
sectors of the double-sector simulation.

evaluated individually. Figure 7 a) reveals the correlation between vorticity and entropy perturbations for

the intermediate pressure operating condition. The correlation is expected because the entropy perturbations

convect for this operating condition near the mid-passage where the combustion vortex affects the flow. For

the high-pressure operating condition, the entropy perturbations convect close to the cooling flow near the

walls, where the large flow structures have less impact. Therefore, the correlation between vorticity and

entropy perturbations is shown to be less significant for the high-pressure operating condition in Fig. 7 b).

The correlation coefficients, Ru1,u2,coeff and Rs1,s2,coeff , based on the integrated quantities between the

individual combustor sector exit areas provides an estimate for the interaction between fuel injectors. A

dominant out-of-phase relation between the streamwise velocity fluctuations in the individual sectors of the

double-sector simulation can be observed even of crude averaging over the combustor exit plane, as shown in
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Fig. 8 The cross-correlations of the quantities in between sectors of the double-sector simu-
lation are shown.

Fig. 8. This phase relationship can be identified in the shapes represented by the 1st and 3rd vortical proper

orthogonal modes for the double sector shown in Fig. 9. For the leading proper orthogonal mode, the axial

velocity shows opposite signs in the individual sectors. Modulating this spatial shape by the oscillations of

the temporal mode, this represents a pulsation in anti phase for the two sectors. The amplitudes of the first

and third mode represent a 0.35% and 0.19% energy perturbation of the mean flow, respectively. Only the

second and higher modes show similar shapes at the combustor exit as observed simulating a single sector,

which reveal a horizontally meandering motion of a vortex. These largest coherent cells stretch out over the

entire annular gap height.

Figure 10 illustrates that entropy waves exhibit different spatial patterns at the two operating conditions

modelled. At the intermediate pressure condition, the coherent entropy streaks expand to the combustor

walls, while being even wider in the circumferential direction. At the high-pressure condition, entropy waves

with high amplitudes can be primarily observed in the shear-layer between the hot combustion gasses and the

cooling flows. Their circumferential length is observed to stretch up to the half of a combustor sector. However,

minimal entropy wave amplitudes are notable at mid-radius, and the shapes of the entropy structures are

similar for the single and double sector simulations at both operating conditions.

C. Modelling Aspects

To analyse the validity of representing entropy waves as planar waves, the sampled sequence is integrated

over the radius, r, and expanded into circumferential modes,

sm,j =

∞∑

m=−∞

1

r2O − r2I

∫ rO

rI

s̃(r, θ, j∆t)rdreimθα (11)
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Fig. 9 The normalised vorticity modes are compared for the investigated operating conditions
at the combustor exit. The streamlines illustrate the in-plane velocity components and the
colourscale represents the axial velocity component normalised by the maximal absolute value.

where j is the sequence index of the sample, θ is the circumferential coordinate, m is the circumferential

mode number, and α is the number of blade passages around the annulus. The indices, I and O, denote

the inner and outer radius of the annulus. The spectral description is calculated by the discrete Fourier
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transforms of the entropy signal,

ŝm(fk) =

J−1∑

n=0

sm,je
−2πikj/J where fk = k∆f . (12)

where J the total sample number, ∆f = 1/∆t is the frequency resolution. Figure 11 shows that planar waves,

i.e. m = 0, are not dominating the entropy fluctuation content, which is rather spread with equal intensity
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over several circumferential mode numbers.
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Fig. 11 The entropy wave amplitudes at the combustor exit are shown as funcition of fre-
quency, f and circumferential mode number, m.

The proper orthogonal mode decomposition showed additionally that the shape of the unsteadiness in the

heat release rate cannot be realistically described by pulsating the time-averaged flow at the combustor exit.

As demonstrated, the location of the highest entropy fluctuations does not coincide with the highest mean

temperatures. Hence, realistic entropy and vorticity wave interface conditions demand a higher-order model

for indirect noise estimations, e.g. a representation via the leading proper orthogonal modes. To estimate the

number of proper orthogonal modes required to represent a fraction of the fluctuation content contained in

the proper orthogonal analysis, the eigenvalues ratio of the truncated series to the sum of all eigenvalues can

be analysed. Figure 12 shows the decay of the unresolved fluctuations as function of the number of modes

utilised in the flow field reconstruction. It can be observed that a substantial number of proper orthogonal

modes is required to represent sufficiently the fluctuation energy content. Further, the decay rate is lower for

the entropy fluctuation representation at the high-pressure condition, which can be related to the smaller

spatial size of the energetic perturbations.

Reconstructing the flow field by a truncated series of proper orthogonal modes filters low energetic

fluctuations and therefore, not all details of the fluctuations are recovered. Comparing the root-mean-square

variations contained in a reconstructed time series to the ones resolved in the large eddy simulation reveals the

locations where disturbances are not well represented. The leading twenty vortical proper orthogonal modes

represent the most characteristic large-scale vortical perturbations of the flow field (as proven in Fig. 13).

Only the small-scale fluctuations in the shear layer between the exhaust gases and the cooling flow close to

the outer circumference are less well captured by the modal reconstruction. This can be attributed to the

high-frequency nature of these fluctuations, which the leading modes of the proper orthogonal decomposition

do not contain (as shown in Fig. 14). For both operating conditions, the recovered vorticity spectrum with a
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few vortical modes matches the low-frequency range (below 1 kHz) contained in the full simulations.

Using twenty proper orthogonal modes to describe the entropy perturbations at the combustor exit leads

to errors below 20% in the bulk flow for the intermediate pressure condition. Figure 13 illustrates that

highest errors are committed in the outer boundary layer, where the perturbation amplitudes are small.

Further, the low-frequent perturbation amplitudes are captured, as shown in Fig. 14, even with a few proper

orthogonal modes. For the high-pressure condition, the errors to represent root-mean-square statistics of the

perturbations with twenty proper orthogonal modes are high (> 20%), where the perturbation amplitudes

are low. Figure 4 showed that this occurs at mid-passage in the combustor exit plane for this operating

condition. Therefore, the spectral amplitudes of the low-frequent perturbations are lower as compared with

the intermediate pressure condition and Fig. 14 shows that these are under-resolved when using only a few

proper orthogonal modes.
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Fig. 13 The relative error between the root-mean-square fluctuations recovered (using twenty
POD modes) and the resolved fluctuations with the LES is shown.
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shown when reconstructed with proper orthogonal modes.

IV. Conclusions

We simulated the combustion process of a realistic, annular combustor in a single and double sector and

analysed the coherent flow properties at its exit for near-ground operating conditions. Swirl, centred on the

injectors, persists from the combustor inlets to the exit and dominates the outflow character independently of

the operating condition. The air/fuel ratio determines the flame length and hence, the location of high heat

release fluctuations. For a long flame, the entropy waves arise in the proximity of walls due to the mixing

process of hot combustion gasses and cooling flow and convect along the walls towards the turbine. Hence,

the cooling flow was found to be an essential factor governing the entropy wave amplitudes at the combustor

exit at the high-pressure operating condition. At the intermediate pressure condition, entropy perturbations

are generated primarily at the lean, main flame and its interaction with the pilot. A shorter main flame

induces coherent entropy perturbations foremost at the inner shear layer separating the main from the pilot

flame. These entropy waves propagate with the bulk flow in the annular channel.

The simulation of the double sector revealed a dominant out-of-phase oscillation of the axial vorticity

between the sectors at combustor exit. Therefore, the simulation of multiple sectors is essential to capture

the vorticity fluctuation statistics at the combustor exit.

At the combustor exit, the entropy and vorticity waves exhibit broadband and non-linear character. Thus,
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this analysis of the turbine inlet conditions suggests that entropy waves cannot be realistically modelled as

planar waves or pulsation of the time-averaged temperature field. Rather, their size, location, and temporal

evolution need to be considered. A significant number of proper orthogonal modes needs to be considered

to capture over 90% of the velocity fluctuations. However, fewer (10 to 20) proper orthogonal modes are

required to represent the low-frequency content satisfactory, while high-frequency fluctuations near the walls

remain under-resolved.
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