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Abstract: Numerical simulation of multiple components in turbomachinery applications is very
CPU-demanding but remains necessary in the majority of cases to capture the proper coupling and
a reliable flow prediction. During a design phase, the cost of simulation is, however, an important
criterion which often defines the numerical methods to be used. In this context, the use of realistic
boundary conditions capable of accurately reproducing the coupling between components is of
great interest. With this in mind, this paper presents a method able to generate more realistic
boundary conditions for isolated turbine large-eddy simulation (LES) while exploiting an available
integrated combustion chamber/turbine LES. The unsteady boundary conditions to be used at
the inflow of the isolated turbine LES are built from the modal decomposition of the database
recorded at the interface between the two components of the integrated LES simulation. Given
the reference LES database, the reconstructed field boundary conditions can then be compared
to standard boundary conditions in the case of isolated turbine configuration flow predictions to
illustrate the impact. The results demonstrate the capacity of this type of conditions to reproduce
the coupling between the combustion chamber and the turbine when standard conditions cannot.
The aerothermal predictions of the blade are, in particular, very satisfactory, which constitutes an
important criterion for the adoption of such a method during a design phase.

Keywords: turbomachine; large-eddy simulation; unsteady flows; combustion chamber/turbine
coupling; realistic boundary conditions

1. Introduction

The coupling effect on the flow of different components of a turbomachine is a subject
of primary importance for engine manufacturers. The behavior and the performance of
an isolated component is indeed often largely altered when installed in a complete con-
figuration, degrading the performance and/or the lifespan of the engine in certain cases.
Numerically, it is possible to study these phenomena by performing integrated simulations
of several components of a turbomachine. These unsteady simulations, although very
complex to implement, are often required to correctly capture the spatial and temporal
interactions that appear at interfaces. This is usually carried out using large-eddy simula-
tion (LES) to capture the unsteadiness of the phenomena. In addition, because of stability
constraints, the number of blades in the different stages of a turbomachine most often do
not share any common divider, which means that, numerically, the complete configuration
cannot be divided into smaller sectors using periodicity conditions. Thus, to be able to
accurately simulate the multicomponent coupling without reducing the number of blades
or without additional simplifying assumptions, the best option is to perform a 360° simula-
tion of the complete turbomachine. Despite the constant progress in computing capabilities,
very few examples of complete engine simulations are available in the literature (even
fewer using LES) and in any case, these simulations remain very expensive [1-4]. As a re-
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sult, and for engine manufacturers, this solution is not feasible today during the design
phases, and other options must be considered. One of the keys to the robust and efficient
use of simulation in industry therefore rests on the ability to reproduce, as accurately as
possible, the effect of an upstream component on the isolated simulation of the component
of interest. This observation accentuates the importance of boundary conditions (upstream
and downstream boundary conditions) of any given simulation of given components.

This topic is particularly relevant in the study of the coupling between a combustion
chamber and a turbine. In that case, numerical simulation is a great tool to develop and
design new geometries while still meeting the demanding constraints of wall temperature
requirements, operating points, and off-design capabilities. In such applications, where
the goal is to simulate an isolated turbine, the main challenge lies in the accurate prediction
of the inlet flow by taking into account the high levels of turbulence, the residual swirl, and
the temperature nonuniformities generated by the chamber. A previous study carried out
by Duchaine et al. [5] has shown that standard synthetic turbulence injection methods are
not sufficient to recover the complex behavior of such flow.

The objective here is to understand the use of realistic boundary conditions applied to
an isolated turbine by taking into account the flow unsteadiness at the interface between
the components (the present methodology can however be applied to other components).
The ability to reproduce the complex dynamics of turbulent flows by a small number of
the most energetic modes is, therefore, crucial to analyze and model complex physics
at a relatively low memory cost. Proper orthogonal decomposition (POD) is commonly
used to extract spatial orthogonal modes from a series of snapshots of the flow at different
physical times. In its standard form, the POD [6,7] is computed in the time domain, but it
can also be reformulated in the frequency domain. In this case, the method is called spectral
proper orthogonal decomposition [8]. As a consequence of this shift, the modes obtained
vary both spatially and temporally and are orthogonal with a spatiotemporal dot product.
Note also that the choice of the dot product is crucial for boundary condition reconstruction,
as many variables are needed for the flow solver. In the following, this dot product will
be chosen to correctly study the spatiotemporal consistency of the database as detailed
below. By extracting the most energetic frequencies at the inlet, it is then possible to create
unsteady inlet boundary conditions with realistic velocity and temperature fluctuations.
The objective is to understand which phenomenon occurring in the flow exiting combustion
chamber is of importance for the simulation of the turbine stage. Knowing these aspects
will help to design adapted inlet conditions based on numerical database of a combustor
for different operating conditions of a turbine stage. Such a study also allows us to better
understand the sensitivity of turbine flows to inlet conditions for fundamental analysis but
also for design purposes of both combustors and turbine blades. A similar reconstruction
method has, for example, been used by Ghate [9] to reproduce the wake of a cylinder
placed in a flow.

Despite the ability to analyze the spatiotemporal coherence of an initial database,
the use of SPOD raises questions that must be considered. First, the choice of the scalar
product will impact the spectrum obtained by the SPOD method. In a configuration whose
aim is to study the combined effect of the migration of a hot spot and of a swirling flow
on the aerothermal properties of the turbine, the scalar product chosen should take into
account the velocity and the temperature at the interface. Second, to reduce the overall
cost of storing the recorded database, partial reconstructions are created, which raises
the question of the impact of the omitted information on the inlet boundary condition
obtained. Finally, the use of SPOD is significantly more complex to set up compared to
standard inlet boundary conditions usually used in industry and which exploit constant
time-averaged values or 2D maps. The contributions of this method must therefore be
substantial to justify its use and appear as a credible candidate in different configurations
compared to standard boundary conditions.

This paper is organized into three main parts. The first part introduces the integrated
FACTOR configuration, composed of the combustion chamber and the HP vanes, which
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will be used to apply the SPOD method. In particular, the plane at the interface between
the chamber and the turbine is recorded at regular intervals to generate an unsteady
database from the LES. Then, through two modal decompositions, the information related
to the coupling between the two components is extracted and analyzed. Then, in a second
part, the SPOD is used to generate realistic conditions for the isolated turbine configuration
via partial reconstructions of the numerical database. To finish, the new type of unsteady
boundary conditions are compared in a third part to more traditional boundary conditions,
and the integrated chamber/turbine simulation is carried out to demonstrate its ability
to accurately reproduce multicomponent coupling, although isolated turbine simulations
are conducted.

2. Combustion Chamber/Turbine Integrated Simulation

The configuration that will be the subject of the study comes from the European
FACTOR project. In summary, the FACTOR project was dedicated to the analysis of inter-
actions between lean-burn combustion chambers and high-pressure turbines. This project
generated experimental data around two test rigs: a tri-sector combustion chamber studied
at UNIFI [10] and a complete annular chamber equipped with its HP turbine stage installed
at DLR Goettingen [11]. The objective of the present study is to understand the interactions
and the coupling between the combustion chamber and the turbine, by means of advanced
diagnostics such as SPOD. To do so, the configuration studied is limited to the plenum,
the combustion chamber, and the fixed stage of the turbine (Figure 1).

The interaction of the combustion chamber with a turbine located downstream is
a very important subject for engine manufacturers. Thus, several studies have already
been made on various configurations, in particular in order to understand the effects of
a hot spot migration in the turbine [12-14]. For the FACTOR configuration, many LES
of the isolated or integrated chamber with the downstream turbine are already available
in the literature [15-21]. Downstream of the injector, the flow presents a central recircula-
tion zone in the combustion chamber and the separation of this recirculation zone gives rise
to the appearance of a precessing vortex core (PVC). This flow structure is characteristic
of this type of injection system, which aims at stabilizing the flame in the near field of
the injector. In the chosen configuration, nozzle guide vanes (NGVs) are positioned so that
the hot spot coming from the injector impacts the leading edge of blade #2. Furthermore,
due to the rotational motion induced by the fuel injection system, the combustion chamber
outlet exhibits a high level of turbulence (with a turbulence intensity of 20%) and a residual
swirling motion, as well as flow and temperature nonuniformities [21,22]. The multiper-
forations which protect the combustor walls from the high temperatures of the chamber
also play an important role in the flow dynamics [23,24]. All of these characteristics partly
explain why it is difficult to perform simulations of isolated high-pressure turbines with
realistic boundary conditions.

2.1. Description of the Configuration

In the following, a first configuration including both the combustion chamber and
the first row of turbine blades (also known as nozzle guide vanes, NGV) is considered
(Figure 1). In a previous study, it was shown that this type of simulation was able to
accurately reproduce the effects of temperature nonuniformities generated by the cham-
ber [22]. Thanks to the periodicity property of the initial configuration, only a sector of 18°
is simulated with an alignment between the injector and the leading edge of the second
stator blade.

This simulation, as well as all the simulations which will follow in this paper, are
carried out with the code AVBP [25]. The Lax—Wendroff scheme is used and provides
a second-order precision in space and time [26]. The subgrid-scale viscosity yscs is modeled
by the wall-adapting local eddy viscosity model [27]. The walls of the combustion chamber
and turbine are multiperforated to ensure their cooling and to reproduce the characteristics
of a real engine. The distribution of the flow rates and the associated temperatures are
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summarized in Table 1. To accurately reproduce the perforation pattern in the simulation,
the cooling holes on the chamber walls and the blade surface are modeled by a heteroge-
neous injection model [28]. Indeed, this model provides results very similar to a simulation
with meshed holes for a much lower computational cost [29].

\ DN Plane 40

NGV #1  Plane 41

55mm duct

Swirler

Plenum inlet

Interface between the \
chamber and the NGVs \

Figure 1. Fully integrated FACTOR configuration. Film holes are highlighted on the lower and upper walls of the chamber
and on the blade surfaces.

Table 1. Mass flows and temperatures of the different inlets for the 360° configuration. Values for
the 18° sector are in parentheses.

Mass Flow [kg/s] Static Temperature [K]
Swirler plenum 3.09 (0.1545) 513
Shroud combustor coolant 0.95 (0.0475) 300
Hub combustor coolant 0.67 (0.0335) 300
NGV #1 coolant 0.18 (0.009) 300
NGV #2 coolant 0.18 (0.009) 300

The meshes are, respectively, composed of 29.6 M cells for the plenum/combustion
chamber region and 12.4 M cells for the two stator blades. Refinement regions ensure
a maximum y " of 120 for the blades, 80 for the chamber walls, and 100 for the turbine
(the maximum is at the trailing edge). All walls are considered adiabatic and, according
to the y™ values, the near-wall region is modeled by a logarithmic wall law [30]. Note
that being given the objective of carrying out several isolated simulations with differ-
ent inlet boundary conditions, the mesh is deliberately not very refined to keep a low
computational cost.

In terms of inflow specification for the present reference computation, in accordance
with the available experimental data, the inlet of the plenum and the injections by multi-
perforations are defined as mass flow inlets, while for the outlet condition, the pressure
is imposed. Inlet and outlet boundaries are imposed using Navier—Stokes characteristic
boundary conditions (NSCBC) necessary for compressible LES [31-33].

To generate the numerical database from the integrated simulation, the conservative
quantities (o, pu, pv, pw, and pE) are recorded at the interface between the chamber and
the two NGVs. The position of the saved plane corresponds to the green plane shown
in Figure 1. The snapshots are recorded every At = 5.0 x 107° s (equivalent to 100 iterations
of the simulation with a CFL of 0.7) for a duration of 0.1 s, which corresponds to a set of
20,000 snapshots. The duration of 0.1 s is also used to average the quantities in the following
comparisons. The plane at the interface consists of 59,353 nodes. In total, the database
therefore contains about 5.8 billion floating point numbers, for a disk size of about 150 GB.
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The numerical database is therefore made up of a set of instantaneous representations
of the flow between the combustion chamber and the turbine. An overview of these instan-
taneous fields obtained is given in Figure 2 for the static temperature and the axial velocity.
This overview highlights a complex dynamic with strong unsteadiness. Hot temperatures
are visible in the middle of the passage due to the swirler flow, and cold temperatures are
located close to the hub and shroud because of the effusion cooling.

500
460
420
380
340
300

(@) (b) (c)

Figure 2. Visualization of the static temperature [K] at different instants from the database. (a) Instant
tg. (b) Instant tg + 20At. (c) Instant ¢y + 40At.

To validate the simulation time used for the time average, the convergence of the RMS
values is first studied. Figure 3 presents the evolution of the spatial average of the RMS fluc-
tuations of static temperature and axial velocity as a function of the averaging time (the sim-
ulation is initialized from the instantaneous field of a converged solution). This shows that
the simulation time ¢4, is sufficient to ensure the convergence of the average quantities
and of the fluctuations.
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Figure 3. Spatial averages of the RMS values for the axial velocity and static temperature at the turbine
inlet as a function of the averaging time. The black dashed lines correspond to the final value for an
averaging time of 0.1 s.

However, some local effects could be masked by the spatial average. To provide
information on the local convergence of fluctuations, Figure 4 presents an envelope of
the evolution of the RMS value of each node of the interface normalized by their respective
final RMS value as a function of the averaging time (for axial speed and static temperature).
In this case, the final RMS value corresponds to the value obtained after tgy, = 0.1 s.
The two figures confirm that the convergence time tg, chosen enables reaching local
RMS magnitudes converged at £5% of their respective final value. Nevertheless, close
to the value tgp,, variations around 3% to 4% for the two quantities are still present.
This can be used to quantify an uncertainty on these quantities, which is particularly
important to take into account when making comparisons between several cases, as will be
done subsequently.
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Figure 4. Convergence envelope of the local RMS values for the axial velocity and static temperature
at the turbine inlet as a function of the averaging time. The dashed lines define the +5% limits.
(a) Axial velocity. (b) Static temperature.

2.2. Modal Decompositions of the Database

In this section, two modal decomposition methods are compared to analyze the nu-
merical database recorded at the chamber/turbine interface of the two-component LES.
The objective is to better understand the global dynamics of the flow and, in particular,
to study the effect of the PVC on the properties of the flow at the interface. Additional
information of the flow topology for this configuration are widely available in the literature
(see, for example, [22,34]), but it is well known that this configuration features a PVC
frequency around 500 Hz. It is expected that the modal decompositions will be able to
exhibit such dynamics. Two modal decompositions are compared in the following. spec-
tral proper orthogonal decomposition (SPOD) is first considered as it is able to provide
orthogonal modes in a spatiotemporal domain, which is particularly suited for this con-
figuration, showing a strong time dependency linked to the PVC. The second method is
the standard proper orthogonal decomposition (POD), which produces modes orthogonal
in a space-only domain.

2.2.1. Modal Decomposition 1: Spectral Proper Orthogonal Decomposition (SPOD)

To begin with, the use of SPOD is considered. Unlike POD, SPOD provides modes
that are both spatially and temporally coherent (and not just spatially for POD). A more
detailed analysis of the characteristics of the SPOD is given in [8]. Thanks to this property of
spatiotemporal coherence, the SPOD modes are able to decouple the structures of the flow
with different time scales. This aspect is particularly interesting from an analysis point
of view for a configuration such as the one studied here. Indeed, the PVC frequency
that dominates the dynamics of the flow can be easily isolated in the spectral domain,
given its important contribution to the total energy of the flow. The spatial structure of
this dynamic is thus accessible without effort. This observation is also valid for other
frequencies, in particular, for the first harmonics of the PVC.

To perform a modal decomposition of the database using SPOD, the fluctuations of
each snapshot of the flow for the density, the three velocity components, and the static
temperature are stored in a vector q = [p/,#/,v/,w’, T']. The scalar product between
two snapshots is chosen to be equivalent to the total energy norm [35,36]. Following
the explanations given in [35], the eigenmode decomposition of the cross-spectral density
matrix is estimated using Welch’s method from an ensemble of snapshots. To do so,
the initial database containing a total of 20,000 snapshots is divided into blocks and each
block is composed of 3200 snapshots, which gives a set of seven blocks to use in the Welch
method. As explained in [35], the choice of the SPOD parameters (block size and number
of blocks) corresponds to a compromise between the spectral resolution and the number
of modes.
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The SPOD spectrum obtained with these parameters contains a total of seven modes
and is presented in Figure 5. The eigenvalues are normalized by the sum of the total energy
on all the frequencies and modes. The blue line corresponds to the power spectral density
which is reconstructed by summing the energies of each mode for all the frequencies of
the spectrum. Mode 1 clearly evidences the frequency of the PVC at 500 Hz, as well as its
first harmonic at 1000 Hz.

Mode 3

10724 1071

104

Aj

PVC fred

quency
10-6 at 500 Hz

First harmonic

PVC frequency

10-8 10-44 at500 Hz )
\ First harmonic
10-10 105 . / ,
10?2 103 104 10° 10?2 103 104
Frequency [Hz] Frequency [Hz]
(@) (b)

Figure 5. SPOD eigenvalues as a function of the frequency and normalized by the total energy over
all frequencies. (a) Complete spectrum. (b) Zoom on the region of interest.

At a given frequency, the presence of a significant shift in terms of energy between
the first mode and the following modes shows that the modal decomposition is low order,
that is to say that the physical phenomenon of this frequency is very well described by
the first mode, and the latter dominates the dynamics of the flow. This is mainly the case
for the frequency at 500 Hz and for its first harmonic at 1000 Hz. To demonstrate this
property of the flow, Figure 6 plots the eigenvalues at 500 Hz and 1000 Hz as a function
of the seven modes, normalized by the total energy at each frequency. It corresponds to
the evolution of A; along the two dashed red lines of Figure 5 at frequencies 500 Hz and
1000 Hz. It is clear that at 500 Hz, mode 1 is significantly more energetic than the others
since it captures about 80% of the total energy at this frequency. Likewise, this effect is also
present at 1000 Hz, where the dominant mode 1 captures more than 30% of the energy.

081 ® °
0.301

0.7 1

0.6 4 0.254

AIZA
o
iy
NIZA
o
N
o

0.154
0.2 °

0.14 0.104 o

0.01 o ° o °

(@) (b)
Figure 6. SPOD eigenvalues at two given frequencies. (a) 500 Hz. (b) 1000 Hz.

Moreover, in the SPOD spectrum, the presence of a peak at 500 Hz for the first mode
dominating the overall energy level shows that the flow at the chamber/turbine interface
is mainly driven by the PVC, which generates high activity at this frequency. On the
contrary, when the difference between the eigenvalues of the modes is not significant (here
for most frequencies, with the exception of the frequency of the PVC and its harmonics),
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it means that a single mode is not capable of describing the flow physics. This is, for
example, the case for high frequencies, associated with flow turbulence. To describe
the physics of the flow at these frequencies, we must instead consider the SPOD modes as
a basis of eigenvectors of comparable importance. This behavior can be easily understood,
turbulence being a rather random phenomenon, it cannot be described by a unique mode
for the corresponding frequencies.

To learn more about the flow topology using the SPOD decomposition, the spatial
representation of the first mode for different frequencies is analyzed. The spatial modes of
temperature are shown in Figure 7. At 500 Hz, the first mode clearly shows one lobe at
the inner wall and two lobes at the outer wall, in phase opposition. These modes result
from the excitation of the flow injected through the multiperforations by the PVC frequency.
At 1000 Hz, the same phenomenon is observed, with a doubling of the number of lobes
(two external and four internal lobes). For these two frequencies, as explained previously,
the first mode is largely dominant in terms of energy compared to the following modes.
The dynamics of the flow at these two frequencies is therefore mainly driven by the spatial
shape of mode 1. For frequencies between 1500 Hz and 8000 Hz, a progressive decrease
in the structure size is observed. This can be explained simply by the fact that smaller
structures in the flow are governed by smaller time scales (and thus higher frequencies).
To continue the analysis, the spatial representation of the same frequencies for the axial
velocity is given in Figure 8. This time, the flow activity at 500 Hz and 1000 Hz is not
restricted to the near-wall region; it extends over the entire height of the channel. This
behavior is again related to the PVC. Unlike the temperature, which is rather homogeneous
in the channel center, as the injection temperature of the hot flow is constant, the velocity
varies at the outlet of the injector due to the swirling motion introduced by the PVC.
Therefore, the spatial structures of the modes at these frequencies also extend to the center
of the channel. For frequencies between 1500 Hz and 8000 Hz, the observations are similar
to those made for temperature. The structures are very homogeneous and the size of
the structures decreases as the mode frequency increases.

O OO wedg =iy waman
(a) (b)

(©) (d) (e)

Figure 7. First mode for temperature. (a) 500 Hz. (b) 1000 Hz. (c) 1500 Hz. (d) 5000 Hz. (e) 8000 Hz.

L i

v‘, .,

-
(a)

%

\J

‘1

3
- e
~ o X
A T g ,
:”t . '.';'_’; N

(b) (c) (d) (e)

Figure 8. First mode for axial velocity. (a) 500 Hz. (b) 1000 Hz. (c) 1500 Hz. (d) 5000 Hz. (e) 8000 Hz.

The use of SPOD to analyze the database of snapshots at the chamber /turbine inter-
face clearly demonstrated its capability to identify the main flow dynamics in terms of
frequencies. What follows is the same analysis using proper orthogonal decomposition
in order to underline the benefits of SPOD for the considered configuration.
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2.2.2. Modal Decomposition 2: Proper Orthogonal Decomposition (POD)

POD was introduced by Lumley [6,37] for the analysis of turbulent flows. In practice,
POD enables the reduction of an initial database of high dimension to another of lower
dimension. The purpose of the method is to determine a base of orthogonal spatial modes,
which facilitates the identification of coherent structures in the flow with the objective
of producing a reduced model of the initial database. A detailed comparison between
the different methods of modal decompositions is made in [8]. In short, POD provides
a base of coherent eigenmodes in space only. The method is therefore not capable of high-
lighting the temporal correlations which may exist within the database. However, temporal
coherence is a very present phenomenon in most flows containing large coherent structures.

In practice, the eigenmodes of POD are composed of coherent structures coming
from different frequencies. This results in a wide-frequency spectrum for the temporal
coefficients, as demonstrated later. This combination of frequencies for the eigenmodes
means that each eigenmode mixes flow physical phenomena of different time scales. As a
consequence, it is more difficult to extract and analyze the contribution of different coherent
flow structures.

To illustrate the previous remarks, a POD decomposition is performed on the ini-
tial numerical database with q = [¢/, v/, v/, w’, T'] (for reasons of memory capacity, only
10,000 snapshots are used instead of the 20,000 available in the full numerical database).
The analysis of the 10,000 eigenvalues of the modal decomposition shows that the decrease
in terms of energy is very slow (Figure 9). About 2200 modes are needed to capture 90% of
the total energy and over 4600 modes to recover 99% of the total energy. This highlights
the fact that POD has difficulty producing a reduced model of the original database.
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Figure 9. Relative contribution of the POD eigenvalues in the overall turbulent kinetic energy. (a) All
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eigenvalues. (b) Zoom on the first 500 eigenvalues.

Another interesting illustration is given in Figure 10. It represents the power spectral
density of each POD temporal coefficient with contour normalized by the maximum value
of its power spectral density (PSD). For a given mode j, this means that for a given frequency
along the x-axis, the darker the color, the closer its level is to the PSD maximum of the POD
temporal coefficient of mode j. For example, the red dashed line associated with mode 1
shows that its temporal coefficient mainly contained the frequency associated with the PVC
at 500 Hz. This is also the case for mode 2. On the contrary, for the rest of the modes,
the large number of frequencies are close to the maximum of the power spectral density.
The second plot shows the PSD of mode 100 located along the green dashed line. It is clear
that no frequency dominates over the others. This representation highlights the preceding
remark: the temporal coefficients of the eigenmodes obtained by POD contain a wide
range of frequencies and the associated modes thus represent a behavior of the flow which
combine several time scales, which was not the case for the SPOD.
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Figure 10. Contour of power spectral density of the POD temporal coefficients normalized by their respective maximum
value of the power spectral density.

3. Generation of an Unsteady Inlet Boundary Condition for an Isolated
Turbine Simulation

The two previous modal decompositions enabled learning more about the dynamics
of the flow at the interface between the combustion chamber and the turbine. SPOD is also
shown to be particularly effective in identifying dominant structures in flow physics by
highlighting the dynamics associated with PVC. The objective of this section is hence the use
of SPOD to build various unsteady boundary conditions, accounting for the coupling of
the turbine with the chamber, while compressing the size of the initial database. The idea is
to construct and compare different types of inflow signals for an isolated turbine simulation
to understand the impact of the required degree of information needed for such LES.
The configuration used is shown in Figure 11. It simply corresponds to the integrated
simulation domain reduced to the turbine.

NGV #1

NGV #2
Plane 40
Turbine stage inlet

Outlet

Plane 41

Figure 11. Isolated turbine configuration. Film holes are highlighted on the blade surfaces.

As explained in the previous section, it is possible to perform partial reconstructions
of the initial database based on SPOD. The choice of the reconstruction cannot, however,
be totally arbitrary, and different characteristics are targeted in the following cases. To do
so, five partial reconstructions are performed with different levels of total energy,

¢  Case F99 corresponds to a reconstruction containing 99% of the total energy, with all
seven identified modes and the first 185 frequencies which extend to 11,500 Hz.
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®  Case F90 corresponds to a reconstruction containing 90% of the total energy, with, again,
the seven modes and the first 79 frequencies which extend to 5000 Hz.
¢ Case F65 corresponds to a reconstruction containing 65% of the total energy, with the
seven modes and the first 26 frequencies which extend to 1500 Hz.
e Case F20 corresponds to a reconstruction containing 20% of the total energy, with only
the first mode and the frequencies around 500 Hz, as well as the first harmonic at

1000 Hz.

e Case F10 corresponds to a reconstruction containing 10% of the total energy, with only
the first mode and the dominant frequency at 500 Hz (Figure 12).

The position of the thresholds in the SPOD spectrum is presented for each case

in Figure 12.
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Figure 12. SPOD spectra of the partial reconstructions. (a) F99. (b) F90. (c) F65. (d) F20. (e) F10.

The exact characteristics of the different SPOD reconstructions are presented in Table 2.
The last column of the table contains additional information: the cost of storing the cor-
responding information. The main idea of the partial reconstruction of the database is to
provide a boundary condition signal which best replicates the coupling between the cham-
ber and the turbine while using a smaller database than the set of initial snapshots. This
storage cost is expressed relative to the size of the initial database.
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Table 2. Details of each reconstruction and the storage cost relative to the initial database.

Storage Cost of the Reconstruction

Case Number of Frequencies Number of Modes Total Energy of the Reconstruction Relative to the Initial Database
F99 185 7 98.99% 6.5%

F90 79 7 90.03% 2.8%

F65 26 7 64.58% 0.9%

F20 10 1 18.35% 0.05%

F10 1 1 9.37% 0.005%

The five cases of Table 2 take advantage of SPOD to generate the unsteady boundary

condition. These are furthermore compared to four other cases which use traditional methods:

Case S0: the inlet boundary condition is imposed by specifying 0D quantities in space
and time, i.e., by imposing the three components of momentum pu , pv, and pw and
the static temperature (spatially and temporally averaged values of the
integrated simulation).

Case TO0: the quantities imposed at the inlet are the same as for case S0, with the addi-
tion of velocity fluctuations generated randomly to create turbulent activity in space
and time. Turbulence is injected here using the synthetic approach proposed by
Guezennec et al. [38] from a Passot-Pouquet spectrum [39]. The velocity fluctua-
tion value used comes from the integrated simulation and the most energetic length
scale is specified at A, = h/4, with h the height of the channel. This quantity corre-
sponds to the characteristic size of the most energetic structures of the Passot-Pouquet
spectrum [39] (not to be confused with the integral scale A which is expressed as
Af = Ae/V2n).

Case S2: the inlet boundary condition is imposed from time-averaged 2D maps
at the interface of the integrated simulation for pu, pv, pw, and T. The boundary
condition condition is therefore constant in time, but variable in space.

Case T2: this case is identical to S2 with the addition of a 2D map of velocity fluctua-
tions. The turbulent 2D field coincides with the turbulent kinetic energy at the interface
of the integrated simulation, i.e., time-averaged fluctuating field. Unlike the TO case,
the value of the velocity fluctuations used to generate the synthetic turbulence is
hence not constant in space. Note that the turbulence injection method does not inject
fluctuations on temperature.

All available cases are summarized in Figure 13.

Integrated
simulation

SO

F99, F90, F65, F20, F10 -
(pu), (pv), (pW), (T)

TO

+ (TKE)

102 10° 104 10°
Frequency [Hz]

TKE

Figure 13. Summary of compared cases. The operator ® corresponds to the temporal average and
the operator () to the spatial average.

Analysis of the Reconstructed Fields

To give a better idea of the characteristics of the signals imposed for cases F99, F90, F65,

F20, and F10, Figure 14 plots the evolution of the spatial average of the static temperature at
the inlet plane obtained by reconstructions behind the five cases compared to the reference
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case (the initial database) for a period of 0.005 s. The frequency cutoff of the SPOD
spectrum is, here, clearly visible in each case. It is also clear that case F99 very well
reproduces the rapid changes in temperature seen in the reference. For case F90, the global
trend is respected, but the rapid variations (which are therefore at high frequencies) are
smoothed out. This behavior is even more marked for F65. For cases F20 and F10, whose
reconstruction contains only a limited number of frequencies, the evolution is as expected
even more simplified. Finally, for case F10, only the oscillation at the 500 Hz frequency
is present.

The previous figures have given an overview of the type of signal imposed by the un-
steady boundary conditions of cases F99 to F10. The following aims at giving a more
quantitative analysis in the spectral domain. To do so, Figure 15 presents the power spec-
tral densities (PSD) of the axial velocity for the cases F99 to F10 for a probe located at
the center of the inlet plane (at mid-height of the vein and at an angle of 8°). Analysis
of the PSD coming directly from the reconstructed database (before the application of
the boundary condition) clearly shows the introduced cut-off frequencies for the different
cases, as described in Figure 12. It is accordingly observed that beyond the respective
cut-off frequencies of each case, the energy levels are zero.

By performing a PSD of the signal from the isolated simulations on a probe located
at plane 40 (located just after the inlet plane), the observations are different (Figure 16).
For cases F99 and F90, the cutoff frequency is no longer visible. This is explained by the fact
that the cutoff frequency for these two cases is located at the end of the inertial zone and
in the dissipative region of the energy cascade, respectively. Therefore, in both cases,
the beginning of the energy cascade is present in the specified inlet fields and only a small
part of the turbulence has to be regenerated. This specific process is well captured here,
and the spectrum is rapidly and correctly regenerated. For case F65, which has a cutoff
frequency at the beginning of the inertial zone, this is no longer the case. There is an energy
transfer between the large and small scales but the energy level of the small scales no longer
matches the reference. Finally, for cases F20 and F10, whose reconstruction is composed of
a band-pass filter around 500 Hz and 1000 Hz, or only of the frequency 500 Hz, respectively,
the spectrum at plane 40 is very different from the reference. Their respective spectra
mainly highlight the multiple harmonics of the retained frequencies, and turbulence is not
yet properly recovered.
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Figure 14. Evolution of the spatial average of static temperature at the inlet plane (green plane of
Figure 11). (a) F99, F90. (b) F65, F20, F10.



Energies 2021, 14, 8206

14 of 23

10t 10t

—— Reference —— Reference
- S, F65
1071 101 e F20
! F10
1073 1 1073 {777 i
. i
\\ /’ :
\ i
@ 1054 @ 1054 Vo
a a \ A
U
¥
1077 4 1077
1072 4 1072 4
I
|
10711 4 , . ! | 10711 4 , ; |
10t 102 103 104 10° 10t 102 10°
Frequency [Hz] Frequency [Hz]

(@) (b)

Figure 15. Power spectral densities of the axial velocity signal of a probe located at the center of
the inlet plane (green plane of Figure 11). (a) F99, F90. (b) F65, F20, F10.
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Figure 16. Power spectral densities of the axial velocity signal obtained from the isolated simulations
of a probe located at the center of plane 40 (red plane of Figure 11). (a) F99, F90. (b) F65, F20, F10.

Finally, and in order to illustrate the impact of the injected signals on the full LES
predicted flow field, the static temperature distribution for all the nodes of plane 40 and
for the 20,000 snapshots of the database is given in Figure 17. For the reference, as well
as for cases F99 and F90, a peak is observed at 300 K which corresponds to the injection
temperature of the cold flow by the multiperforations. At the chamber/turbine interface,
these extreme temperature values are still visible. The second peak is located at a value
around 513 K (injection temperature of the hot flow of the plenum). For F65, the peak
at 300 K is hardly visible, and even disappears completely for cases F20 and F10. This is
simply due to the fact that the fluctuations imposed at the inlet are no longer sufficiently
large to consider and capture this extremum. As the reconstruction becomes more and
more incomplete, the width of the temperature distribution is reduced and the extreme
values are no longer reached by the boundary condition [40].
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Figure 17. Distribution of static temperature at plane 40. (a) F99, F90. (b) F65, F20, F10.

4. Effects of the Boundary Condition of the Isolated Simulation Predictions

The first step to evaluate the different inlet boundary conditions and their impact on
the flow predicted by the isolated simulations is to compare their 0D quantities. The ana-
lyzed quantities are presented in Table 3. The second column contains the reduced mass

flow rate Q, = Q4/RT?/(P}L?), where L is the radius at mid-vein height. The third
and fourth columns compare the total pressure and temperature ratios between the plane
40 and the domain exit. The exact position of the planes is given in Figure 11. Note that
the quantities are spatially and temporally averaged in each plane. This comparison is
done to verify that the choice of the inlet boundary condition does not affect the simulated
operating point. A change in the operating point could indeed distort the comparison
of the different cases. From the compared quantities, it is clear that each operating point
remains very close to the reference integrated simulation. The relative difference of reduced
mass flow rate compared to the reference remains below 0.2% for all cases. For the total
pressure and temperature ratios, the SPOD cases are almost identical to the reference.
For the standard boundary conditions, some differences are observed. In particular, the to-
tal temperature ratio is slightly lower for the cases S0, T0, and S2. This difference can be
explained by the difference in flow properties. In particular, for the cases SO and S2, which
use stationary inlet boundary conditions, the turbulent activity is less pronounced than for
the reference. This lower turbulent activity may reduce the overall losses in the domain
and, thus, the total temperature ratio [41].

_ QVRTY

Table 3. Comparison of the reduced mass flow rate Q, = PIT
t
is the perfect gas constant, and L is the radius at mid-vein height) and the ratios of total pressure

(where Q is the mass flow rate, R

and temperature between plane 40 and the outlet. The reference corresponds to the integrated
combustor/turbine simulation.

Qr Péth /P?ut T%O /T?ut
Ref. 0.0868 1.122 1.034
F99 0.0868 1.122 1.034
F90 0.0868 1.122 1.034
F65 0.0868 1.122 1.034
F20 0.0868 1.121 1.034
F10 0.0868 1.120 1.034
S0 0.0871 1.112 1.022
TO 0.0867 1.119 1.024
S2 0.0867 1.119 1.028

T2 0.0865 1.120 1.032
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4.1. Turbulent Fluctuations

To better quantify the differences introduced by the choice of the different inlet signals
regarding the turbulent activity of the various simulations, the turbulent kinetic energy
(TKE), the RMS fluctuations of the three components of velocity, and total temperature,
as well as the turbulent intensity spatially averaged in planes 40 (before the vane) and 41
(after the vane), are compared for each case (Tables 4 and 5).

Table 4. Spatial average of TKE, velocity RMS, total temperature RMS, and turbulent intensity at plane
40. The color of the values are determined by their relative difference compared to the reference:

for relative differences lower than 5%, between 5% and 20%, and red for relative differences
greater than 20%. The reference corresponds to the integrated combustor/turbine simulation.

(TKE) (Trms ) (Trms ) (@rms ) <E> ( Tt rms )
s mesT [mesT [mesT] (%) K]
Ref. 323.04 12.91 15.38 14.97 29.66 33.01
F99
F90
Fé65
F20 100.04 6.75 9.09 7.6 16.55 20.72
F10 38.19 34 5.69 4.03 10.05 12.11
SO 2.77 0.96 1.33 1.02 2.54 2.22
TO 3.04
S2 2.31 0.96 1.08 1.0 2.4 2.1
T2 11.11

Table 5. Spatial average of TKE, velocity RMS, total temperature RMS, and turbulent intensity at plane
41. The color of the values are determined by their relative difference compared to the reference:

for relative differences lower than 5%, between 5% and 20%, and red for relative differences
greater than 20%. The reference corresponds to the integrated combustor/turbine simulation.

< TKE) < Urms ) < Orms > < Wyms ) <E> ( Tt,rms >
[mz . s_z} [m-s™1] [m-s™1] [m-s™1] [%] K]
Ref. 629.74 18.8 19.96 18.43 5.92 22.81
F99
F90
F65
F20 487.03
F10 342.86 11.53 15.36 11.09 412 18.2
SO 194.93 6.73 9.97 5.53 2.62 4.95
TO 10.16
S2 193.87 7.1 10.42 6.32 2.79 6.34
T2 14.53

Given that plane 40 is located directly downstream of the entry plane, the proper-
ties obtained for this plane are almost exclusively induced by the prescribed inlet field
(Table 4). For cases F99 and F90, for which a large part of the energy of the fluctuations
is preserved by their reconstructions (respectively 99% and 90%), the values obtained are
very comparable to the reference values. When the reconstruction contains a smaller part
of the energy distribution, the fluctuating fields gradually decrease (case F65, F20, and F10).
Not surprisingly, cases SO and S2, without synthetic turbulence injection, have fluctuation
levels close to zero.

Finally, for cases TO and T2, one notes that the values of TKE at plane 40 are very
close to the reference, as this value was used to define the parameters of the synthetic
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turbulence injection. However, since the method uses homogeneous and isotropic turbu-
lence, the fluctuations of the three velocity components are, by construction, comparable.
Nevertheless, and unlike the reference which has a certain anisotropy of fluctuations with
(Orms )/ (trms ) =~ 1.16 and (Wrms ) / { Urms ) = 1.17, this feature is absent here. Moreover,
and because the injection method is not able to inject temperature fluctuations on top of
velocity fluctuations, the RMS of the total temperature remains very low.

To delve further in the comparison between the flow turbulent properties of the differ-
ent cases, the data of each node located on plane 40 are plotted in a turbulence triangle [42].
This representation is shown in Figure 18 for cases F99, F65, T0, and T2. To facilitate
the understanding of such analysis, three triangles are plotted for each case. The first one
contains every node of plane 40 (noted full). The second one contains only the nodes located
in the center of the vein (between 25% and 75% of the total channel height). The third one
contains the nodes in the upper and lower near-wall regions (lower than 1% and greater
than 99% of the total channel height, respectively). When comparing F99 and F65, it is clear
that despite the difference in RMS values observed in Table 4, the turbulent properties are
similar, particularly in the channel center where the turbulence is not isotropic. Close to
the walls, the nodes are mainly located in the two-component region of the triangle, as
the turbulent fluctuation normal to the wall is much lower compared to the two remaining
components. On the contrary, for T0O and T2, the turbulence in the channel center is mainly
isotropic, which is again linked to the properties of the injection method.
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Figure 18. Turbulence triangle at plane 40. (a) F99. (b) F65. (c) TO. (d) T2.

Downstream of the vane, i.e., at plane 41, for the SPOD cases, observations are similar
(Table 5). The cases using a large part of the energy in the reconstructions have values
very close to the reference. Likewise, the cases without turbulence injection have very low
fluctuation values. Note that for the cases T0 and T2, although the levels of TKE in plane
40 are identical to the reference, levels at plane 41 are significantly lower than the reference.
As for plane 40, the turbulence triangles of F99, F65, T0, and T2 are shown in Figure 19.
For F99 and F65, from the values given in Table 5, one could think that the turbulence had
become isotropic after the vane. However, the turbulence triangles for the nodes located
in the channel center show that it is not the case. The nodes remain far from the lower
corner of the triangle which corresponds to isotropic turbulence. For cases T0 and T2,
the turbulence properties are close, despite the lower level of turbulence intensity.
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Figure 19. Turbulence triangle at plane 41. (a) F99. (b) F65. (c) TO. (d) T2.

4.2. Adiabatic Wall Temperature

In the development of a turbine stage, the aerodynamic properties of the flow field is
relevant, but thermics plays also a preponderant role for the thermal integrity of the vane.
This is why it is important to focus on the adiabatic wall temperature and the effect of
the inflow specification on this quantity. For our specific problem, since the hot spot directly
impacts blade #2, it is the most thermally exposed to the high temperatures of the chamber.
This justifies why the following analysis focuses only on blade #2.

With the objective of analyzing the blade thermics, the mean adiabatic temperature
contours at the blade wall #2 for the compared cases are presented in Figure 20. Except for
the S2 case, the contours of the other cases are very close. A high-temperature region is
visible at the leading edge of the blade, indicative of the interaction between the hot spot
with the blade. The effectiveness of the cooling film is also highlighted. The temperature
level is much lower downstream of the holes than upstream. The contours also show a flow
deviation related to the swirl. For the S2 case, the temperature at the leading edge is greatly
overestimated due to the lack of turbulent mixing introduced by the boundary condition.
Thus, the hot spot generated by the chamber is not dissipated between the entry plane
and the leading edge. No significant difference is to be reported for the cases F90 and F65
compared to the reference integrated simulation.

To complete the previous analysis made on 2D contours, Figure 21 presents the evo-
lution of the average adiabatic wall temperature (temporal average and averaged along
the radial direction) along the curvilinear abscissa of the blade as obtained from the various
simulations. Added to the figures are the minimum and maximum values reached at each
coordinate of the curvilinear abscissa. For case F90, the agreement with the reference is
excellent for the average, the minimum, and the maximum values. The maximum adia-
batic temperature variation, with a maximum around 450 K at the leading edge, confirms
the direct interaction of the blade with the hot spot, despite cooling. For case F65, the com-
parison with the reference is also very satisfactory. Only the maximum temperature is
slightly underestimated (by about 5 K over the entire length of the curvilinear abscissa).
For case S2, without turbulence injection, the results are clearly not satisfactory. The aver-
age temperature profile does not match the reference and the maximum temperature is
greatly overestimated. Finally, case T2 produces rather interesting results. The average
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and minimum profiles agree well with the reference. However, the maximum temperature
profile yields poorer results. The maximum temperature is sometimes underestimated by
more than 15 K along the curvilinear abscissa, which can be critical for the life duration

estimation of a turbine.

Suction side

Figure 20. Average adiabatic wall temperature of blade #2 (K). (a) Ref. (b) F90. (c) F65. (d) S2. (e) T2.
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Figure 21. Evolution of the average adiabatic wall temperature (temporal average and averaged
along the radial direction) along the curvilinear abscissa of blade #2 with the envelope of minimum
and maximum values. The zero of the curvilinear abscissa corresponds to the blade leading edge.
Negative values correspond to pressure side and positive values to the suction side (a) F90. (b) F65.
(c) S2. (d) T2.

5. Conclusions

The objective of the study was to highlight the capacity of generating realistic inflow
conditions that are unsteady, turbulent, and capable of replicating the multicomponent
coupling in the case of an isolated turbine LES. The results show that a numerical database
consisting of snapshots of the flow recorded at the interface between the combustion
chamber and the turbine of an integrated simulation can be used to construct realistic
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inflow conditions, taking into account the velocity and temperature fluctuations naturally
present in the coupled simulation. The recorded numerical database is first analyzed
by means of two modal decomposition methods to evaluate such approaches and their
impact on the reconstruction process. The SPOD method proves to be very interesting
in that respect as it allows analysis of the global dynamics of the flow and highlighting of
the predominant structures of the flow in space and frequency, contrarily to POD. Following
this modal decomposition carried out in the frequency domain, it is possible to generate
several partial reconstructions of the initial numerical database. These reconstructions
are then used at the inlet plane of the isolated turbine LES domain to build realistic and
unsteady inflow conditions.

Thanks to the spectral representation of SPOD, it is shown that if the reconstruction
conserves a sufficient part of the total turbulent energy (at least 65%), the reconstructed
condition yields LES predictions that are very comparable to the integrated reference
simulation, unlike conditions relying on synthetic turbulence injection methods. The SPOD
reconstruction is, furthermore, able to inject fluctuations for both velocity and tempera-
ture. This specificity is observed to be of paramount importance to recover the correct
temperatures and levels of temperature fluctuations on the surface of the blades.

This represents an undeniable advantage compared to synthetic turbulence injection
methods which are generally failing on this precise point. The study also shows that
standard boundary conditions relying on 0D quantities or 2D maps, with or without
synthetic turbulence injection, do not allow capture of the coupling between the combustion
chamber and the turbine. This is especially true on this configuration, for which the PVC
plays a strong role in the overall flow structure in the chamber and, as a result, at the
chamber/turbine interface. In some cases, and with these simplified approaches, when
the boundary condition parameters are precisely defined, it is possible to obtain velocity
fluctuation levels in agreement with the reference simulation at the inflow. However, due
to the turbulence injection method used, the temperature fluctuations are always too low
for these standard boundary conditions.

To conclude, only one configuration was used here, where the injector is aligned with
the leading edge of blade #2. One idea would be to use the same numerical database and
the same partial reconstructions to perform isolated simulations with a different alignment
of the blades with respect to the injector. The modification of the alignment would enable
evaluation of whether the numerical database and the realistic boundary conditions are
able to accurately reproduce the chamber/turbine coupling, despite the configuration
modification. This perspective is part of a design office logic during the development of
turbine geometries. Indeed, during this phase of development, many iterations are made
on the geometry and the dimensions of the blades. The proposed method could thus allow
us to carry one integrated simulation or an isolated simulation of the chamber to generate
a numerical database from the simulation and then generate partial reconstructions, taking
into account the dominant properties of the flow. From these available realistic boundary
conditions, the different geometries could be analyzed in the case of an isolated domain
while taking into account the effect of the chamber at the entry plane for a reduced cost.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

FACTOR  Full Aero-thermal Combustor-Turbine Interaction Research

LES Large-Eddy Simulation

NGV Nozzle Guide Vanes

POD Proper Orthogonal Decomposition
PSD Power Spectral Density

PVC Precessing Vortex Core

RMS Root Mean Square

SPOD Spectral Proper Orthogonal Decomposition
TKE Turbulent Kinetic Energy

Iy Turbulence intensity

L Turbine mid radius

Prot Total pressure

Q Mass flow rate

Qr Reduced mass flow rate

R Perfect gas constant

T Static temperature

Tiot Total temperature

u,v,w Three components of velocity

A Eigenvalue

0 Density

Time-averaged quantity
Temporal fluctuations of a quantity
) Spatially-averaged quantity
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