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Abstract

In this study, a procedure based on Phase-locked Proper Orthogonal Decomposition (PPOD)
was applied to Large Eddy Simulations (LESs) of two low-pressure turbine blades operating
with unsteady inflow. This decomposition allows the inspection of the effect of blade
loading on loss generation mechanisms, focusing especially on their variation throughout
the incoming wake period. After sorting snapshots based on their phase within the wake
cycle using temporal POD coefficients associated with wake migration, POD was reapplied
to each sub-ensemble of snapshots at a given phase, providing an optimal representation of
the dynamics at fixed wake locations. This highlighted the effects of the migration, bowing,
tilting, and reorientation of the incoming wake filaments, as well as the breakup of streaky
structures in the blade boundary layer and the formation of Von Karman vortices at the
blade trailing edge. PPOD offered us the opportunity to observe how all these processes
are modulated and change throughout the wake period. The comparison between the two
analyzed blades showed that overall loss generation follows similar temporal patterns
during the wake-passing cycle, increasing with the propagation of the upstream wake and
reaching its maximum value when the wake is in the peak suction position. According to
the specific blade loading distribution, the production of TKE was observed in different
regions of the computational domain. The described procedure may contribute to the
development of advanced design processes based on physically informed strategies.

Keywords: turbomachinery; wake-boundary-layer interaction; losses; optimization

1. Introduction

The efficiency and performance of aircraft engines are pivotal in determining overall
flight capabilities and fuel consumption. Among the numerous components that contribute
to engine efficiency, turbine blades play a critical role by converting the internal energy of
high-velocity gas into mechanical work. The pursuit of enhanced turbine efficiency has
driven the development and refinement of methodologies for assessing the losses incurred
by turbine blades during operation.

Based on Denton’s work [1], many subsequent studies have highlighted how losses
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associated with the flow around turbine blades are influenced by various geometric and
operational parameters, including profile curvature, pitch-to-chord ratio, Reynolds number,
and Mach number [2]. In particular, the unsteadiness of the flow, due to the fluid dynamic
interaction between stator and rotor blades, plays a fundamental role in the generation of
losses, as reported in [3-7].

Nowadays, the upstream wake effect on boundary-layer development is widely recog-
nized as a large- and small-scale turbulent interaction that forces boundary-layer transition,
as reported by Shulte and Hodson [8], Wu et al. [9], and Lengani et al. [10]. However,
complete understanding of this and other mechanisms leading to loss production is far
from achieved, and the fine inspection and quantification of the various contributions to
the overall loss remain difficult tasks. In recent years, detailed high-fidelity simulations,
such as Large Eddy Simulations (LESs) and Direct Numerical Simulations (DNSs), have
become common practice for the study of unsteady flows in turbomachinery. As noted by
Sandberg and Michelassi [11], experimental tests often face the limitation of examining,
albeit in detail, phenomena occurring in a restricted region of the fluid domain. In contrast,
numerical simulations enable the extraction of localized information throughout the entire
computational domain and provide deep insight into the complex flow dynamics responsi-
ble for loss production.

The availability of vast CFD databases has driven research towards the development
of innovative data analysis techniques, capable of extracting key information about the
flow characteristics. In this context, the dimensionality reduction in the dataset achieved
through modal decomposition techniques represents a tool of great potential. Among
these techniques, Proper Orthogonal Decomposition (POD), introduced by Lumley in
1967 [12], is now established as a mature tool for identifying various dynamics driving
complex turbulent flows and related loss production mechanisms [13-16]. As reported by
Russo et al. [17], Dellacasagrande et al. [18], and Lengani et al. [19], POD can be used to
reformulate the total pressure transport equation in the Reynolds average sense to highlight
the contribution to loss generation of each mode (i.e., dynamical feature), pinpointing the
distinct sources of losses. While this procedure allows the identification of their spatial
location within the computational domain, it does not provide any additional information
on their temporal occurrence within the wake-passing period.

In this study, LES data of two high-loaded LPT cascades operating under unsteady
inflow conditions were analyzed using an advanced post-processing procedure based on
a Phase-locked POD (PPOD) technique. The PPOD method involves sorting the snap-
shots based on their temporal occurrence relative to a reference phase of the wake passage
cycle. To this end, the classical formulation of POD was applied to the original dataset,
and the first two temporal eigenvectors were exploited to assign every snapshot to the
corresponding relative phase, similarly to what is described by Oudheusden et al. and
Perrin et al. [20,21]. POD was then reapplied to the sorted snapshots, performing a modal
decomposition of the flow around the blade at a fixed phase.

The procedure allowed the inspection of the effect of blade loading on loss gener-
ation mechanisms associated with upstream wake and boundary-layer interaction and
the variation in the related events throughout the incoming wake period. Following the
assumptions described in detail in this work, the production of turbulent kinetic energy,
which can be reformulated as the sum of products between POD modes, was selected as
a loss metric. This quantity was integrated, for every single phase, over different regions
of the computational domain. This allowed for a clear identification of the temporal and
spatial contribution in terms of entropy production due to a specific coherent flow structure.
A comparison of the results obtained for the two different blade profiles enabled a fine
interpretation of the effects of the loading distribution on loss generation.
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This paper is an extended version of [22] and is organized as follows: In Section 2, the
numerical method, the geometrical configuration, and the flow parameters are described;
in Section 3, the basic equations are presented; in Section 4, the PPOD-based procedure
for the time, space, and dynamical splitting of loss sources is described in detail. Section 5
is divided into two parts: in Section 5.1, the overall performances of the two profiles are
described and compared as deduced from LES results, and in Section 5.2, results from
PPOD are described in order to clearly identify the dynamics acting in the different regions
of the two LP turbine passages for the most significant phases of the wake-passing cycle.

2. Large Eddy Simulation

The dataset used in this study was derived from Large Eddy Simulations conducted
using the commercial FV software STAR-CCM+, employing a segregated flow model
with bounded central differentiation. A second-order implicit backward differentiation
scheme was applied for the time derivative, and the WALE model [23] was chosen for the
subgrid-scale modeling, combined with the STAR-CCM+ Synthetic Eddy Model (SEM) [24]
to generate turbulence at the domain inlet. Given the low Mach number of the selected
conditions, the simulations were performed assuming an incompressible flow regime. To
assess the profile’s performance in an environment that closely replicates real low-pressure
turbines, a stage-like setup was developed. As depicted in Figure 1, the computational
domain comprises a 2D repeating stage with a degree of reaction of 0.5, where profiles
are identical between adjacent rows. Each of them operates under similar conditions
within their respective frames. Specifically, the original rotor profile is duplicated and
mirrored to create the vane profile. This design allows for the study of significant unsteady

phenomena in LPTs, such as wake-blade interaction, enabling a comprehensive evaluation
of the profile’s performance.

Figure 1. Schematic of stage-like simulation environment for unsteady inflow conditions.

The mesh used for the simulations was a 2D-extruded polyhedral grid, extending
approximately for 25% of the axial chord in the span-wise direction and consisting of
around 25 million cells. The mesh was refined to ensure y™ < 1and x* = z* ~ 20 across
the profile surfaces. In the free-stream region, the computational grid was designed with a
target cell size approximately ten times the local Kolmogorov length scale, as estimated
from previous RANS computations. The adequacy of the grid resolution in the free stream
was later reassessed based on numerical results, using Pope’s criterion M [25]—which
represents the ratio of modeled TKE (subgrid-scale contribution) to total TKE (the sum
of subgrid and resolved components). As shown in Figure 2, alongside the normalized
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turbulent kinetic energy (k/kuax), the distribution of M indicates that with the adopted
grid, the modeled turbulent kinetic energy remains below 20% throughout the entire
computational domain, even in regions of highest turbulence intensity. A preliminary
URANS calculation was conducted to optimize the mesh size, and its mean flow solution
was used as the initial condition for the LES. The time step was chosen to maintain a CFL
number close to 1 in the area of interest, resulting in 500 samples per blade-passing period.
After the LES initialization, four flow-through times (FI'Ts) were simulated to fully develop
the turbulent flow field before the start of data collection, allowing time-averaged results to
be quickly and independently processed. It is important to note that the current numerical
setup (mesh size, time step, etc.) was selected based on a prior sensitivity analysis on
similar test cases [18].

Instantaneous data were collected over a total of eight blade-passing periods, but only
one every tenth time step was written to disk, resulting in a total of 400 snapshots for each
blade. Time-averaged quantities were monitored to verify the statistical convergence of the
mean solution and were post-processed to obtain blade performance metrics, which were
then compared with those obtained through PPOD analysis.

Table 1 provides the parameters of the current simulations for the two tested profiles,
including the Reynolds number (based on axial chord length), flow coefficient ¢, Strouhal
number, and the non-dimensional axial gap (AG) between rotor and vane rows.

Mean of M k/K, .«
0 01 0.2 <0 05 >1

Figure 2. Distribution of Pope’s criterion M and normalized turbulent kinetic energy across the vane
computational domain.

Table 1. LES calculation conditions.

Proﬁle “1” “r
Recx 1.1 x 10° 1.1 x 10°
) 1.11 1.11
St 1.08 0.73
AG 0.65 0.65

The overall accuracy of LES calculations is verified through the comparison between
the loss coefficients directly computed from LES data and the loss coefficients evaluated
through an experimental investigation campaign on the two different profiles, as reported
in Table 2. Experimental testing was performed in a blow-down wind tunnel installed at
the Aerodynamics and Turbomachinery Laboratory of the University of Genova. For both
geometries, a seven-blade large-scale planar cascade was adopted to assess profile losses
through the acquisition of upstream and downstream total pressure signals using a Kiel
probe. The experimental setup of the test section is analogous to that reported in [26],
ensuring an accuracy in evaluating the total pressure loss coefficient of +2%.



Int. ]. Turbomach. Propuls. Power 2025, 10, 25 50f21

Table 2. Normalized experimental and numerical loss coefficients.

Profile “1” “2r
Exp. loss coeff. 1.00 0.79
LES loss coeff. 0.95 0.75
LES-to-exp. ratio 0.95 0.95

3. Fundamental Equations

Datasets obtained from LES calculations were post-processed following a local loss
evaluation approach. The technique is usually exploited in high-fidelity numerical sim-
ulations, where local evaluation is made possible by having access to the instantaneous
spatial distribution of both the pressure and velocity fields. When integrated over the
computational domain, opportunely selected quantities can also provide a global loss as-
sessment. Thanks to the availability of data, the overall loss magnitude can be obtained by
a volume integration of the stagnation pressure’s substantial derivative. The time-average
operator can be applied prior to or after spatial integration, due to their linearity. Thus, the
non-dimensional loss metric can be computed as

Dpt
p Dt oY

V * Pdin

= Loss coefficient (1)

where V is the volume of the domain, V is the volumetric flow rate through it, and pgin
is a reference dynamic pressure. Indeed, by means of Reynolds’ transport theorem, the
spatial integration of the time-averaged substantial derivative can be rewritten as the total
pressure flux at the boundaries of the volume V. This operation is equivalent to what is
performed empirically, where losses are typically evaluated through a coefficient of total
pressure (temporally or mass-averaged), assuming certain hypotheses are met.

Through further inspection and expansion of the integrand in Equation (1) for an
incompressible flow, we obtain

Dpr _9p Dl -\ D1 77\, 2 uik , dujp’
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where the terms identified by the curly bracket represent what is actually measured during
experimental tests, thus serving as a precise tool for evaluating losses if the remaining
diffusive terms are negligible [27].

The material derivative of the time-mean total pressure Dp;/Dt can be explicitly
expressed as the sum of the transport equation for a pseudo-stagnation pressure of the
fluid (including only the mean dynamic pressure) and the TKE transport equation:
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By substituting the sum of Equations (3) and (4) into Equation (2) and considering an
adiabatic flow with no exchange of work, the following result is obtained:

Dp: ol ou’ ou'’
Tﬁt = *fijafx;*ﬂafx;afx; (5)

Therefore, our goal is to compute the sum of the mean flow viscous dissipation and the
viscous dissipation due to turbulence. The latter, in the case of turbulence in equilibrium
and negligible or null diffusion terms in Equation (4), is equal to the production of turbulent
kinetic energy Py.

Hence, the evaluation of the time-averaged substantial derivative of the total pressure
(5) can be obtained through the following equation:

Dpe _ __ 0w [ 0%
Dt Tij ax/ < puiuj ax] (6)

As detailed in a previous work of the authors [17], the equality between the production
and dissipation of TKE holds true if the turbulent kinetic energy flux across the domain
is overall negligible. Using TKE production as a metric for loss estimation allows us to
exploit the properties of POD to rank flow structures based on their contribution to TKE.
Conversely, when POD is applied to TKE dissipation, the contribution to entropy produc-
tion is distributed across a large number of high-order modes, making the identification of
dominant structures less straightforward.

4. Data Processing

As previously mentioned, Proper Orthogonal Decomposition (POD) can be exploited
to split the contribution of individual flow dynamics to the turbulent kinetic energy produc-
tion term. This allows for a statistical representation of the turbulence-related loss sources
and their spatial locations but does not provide information on the temporal sequence of
turbulent events. The presented PPOD method allows for the splitting and identification
of the distinct sources of losses for each phase of the wake-passing cycle, providing new
perspective for the optimization of the efficiency of modern LPT blades.

The starting point of this procedure is applying the snapshots POD method, as pro-
posed by Sirovich [28], to the fluctuating velocity components. The POD generates two
complete orthogonal bases, namely the POD modes (¢) and the related eigenvectors (x¥),
which retain the mode dynamics. The POD modes are ranked based on the turbulent kinetic
energy associated with each of them. For the analyzed cases, the first two modes obtained
from the application of POD to both datasets are representative of the wake evolution in the
inter-blade channel. For instance, Figure 3 presents a three-dimensional view of the isosur-
faces of the first POD mode, normalized with a reference velocity U,.f, for both the profiles.
The maximum value of both of the first POD modes is around 10% of the reference velocity,
as observed in [29]. The correlation between leading modes and wake dynamics can also
be observed in the corresponding temporal eigenvectors: when plotted against a temporal
coordinate, they exhibit a periodic behavior at the wake-passing frequency. Therefore,
the first two eigenvectors of each dataset can be used to sort the snapshots based on their
relative position within the wake cycle. Further details are provided by Lengani et al. [29],
who applied a similar procedure to PIV data. In this work, the CFD-based results allowed
the exploitation of the 77/2 phase shift between the first two eigenvectors, enabling a robust
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temporal assignment based on corresponding angular phases. In particular, the angular
phase 6; of a snapshot at time ¢; can be obtained as

0; = arctan(iléiji) ?)

Angular bins with a 36° extension were defined to group snapshots based on the
associated angular phase value. The spread of angular phase bins for each wake passage
period was arranged to assign an equal number of snapshots for each phase. In particular,
for each one of them, around 40 corresponding snapshots were combined to form a single-
phase subset. Since the complete dataset for a single-blade profile consists of 400 snapshots,
10 wake cycle sectors were derived. A simplified diagram of the sorting procedure is
provided in Figure 4.

(a) Profile “1” (b) Profile “2”

Figure 3. Isosurfaces of POD mode 1 for the two profiles. They are representative of the evolution of
the incoming wake from LE to TE. The blade edges are highlighted by the yellow lines.

The procedure concludes with the application of POD to each phase-locked ensemble
of data (accounting for around 40 snapshots each). The resulting number of snapshots
per period ensured that the PPOD procedure met the convergence criteria presented
in [30]. Specifically, the PPOD modes obtained were compared with those from a case
where the number of snapshots per phase was halved. The cross-correlation between
the most significant modes of the two configurations was always greater than 0.87. The
bi-orthogonality of the POD modes and eigenvectors allows the expression of Reynolds
stresses as the product of the modes of the different fluctuating velocity components:

W' (x,y,2,t) Zx ¢ (x,y,2) ®)
from which
u%#=;¢ﬂ%%@#WJﬁ) )

o,
Pe= =Y ¢i(xy,2)¢f(x,y,2) 5~
k ]

(10)
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From Equation (9), it is evident that for i = j, we obtain the trace of the tensor u?u},
which is twice the total turbulent kinetic energy corresponding to the selected modes.
Equation (10) shows how each spatial POD mode ¢*(x, y,z) contributes to the turbulent

kinetic energy production in the domain of interest.

Figure 4. Simplified diagram representative of the snapshot-sorting procedure, based on the 7r/2
phase shift between the first two POD eigenvectors.

The considerable size of the dataset at hand required the parallelization of operations
for computing Proper Orthogonal Decomposition on HPCs. The procedure is similar to the
one described by Biassoni et al. [31], with appropriate adjustments to work with a series of
independent, small-sized datasets.

A more in-depth examination of the contribution of various flow features to overall
profile losses was pursued by evaluating the volume integral of Equation (6) within sub-
regions, namely, the core flow, the boundary layer (BL), and the mixing region downstream
of the vane trailing edge, as depicted in Figure 5. This approach joins the methodology
employed by Russo et al. [17], Dellacasagrande et al. [18], Lengani et al. [19], and
Leggett et al. [32]. The analysis of the PPOD-based loss distribution in the boundary layer,
the mixing region, and the core flow further elucidated the contribution of each coherent
flow structure to the overall total pressure losses for the different phases [33].
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[ Passage Region
B Acc. Suction S. B.L.
"~ Dec. Suction S. B.L.
I Pressure S. B.L.

| Wake Region

Figure 5. Sub-regions for integration of viscous and turbulent losses.

5. Results and Discussion

5.1. Overall Performance Analysis

Figure 6 illustrates the time-averaged pressure coefficient (Cp) normalized with the
peak suction value of profile “1”, as a function of the dimensionless axial coordinate, for
the two analyzed cascades. The pressure coefficient is defined as follows:

c, =1L (11)
pr1— P2
where subscript “t” denotes that the variable is calculated at the stagnation point, while

subscripts “1” and “2” indicate the upstream and downstream sections of the computational
domain, respectively.

T T T T T
Profile "1" (AL)
Profile "2" (HL)

=
~

p
o =
[ere) —_ NS}
1

___ Peak Suction "1"

Normalized C
o o
ESN (@)}

x/C
X

Figure 6. Distribution of normalized C, for the two blade profiles.
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As can be observed in Figure 6, profile “1” is a strongly aft-loaded profile, with the
peak suction position located at 83% of the axial chord. On the other hand, profile “2”,
albeit still aft-loaded, exhibits a peak suction location that is shifted closer to the leading
edge, occurring at 74% of the axial chord. Moreover, profile “2” has a higher loading. Based
on these considerations, profiles “1” and “2” will be referred to as the Aft-Loaded (AL) and
High-Loaded (HL) profile, respectively. The upstream shift of the point of the maximum
flow velocity for the HL profile allows for a more gradual deceleration in the rear portion of
the suction side: despite a higher overall diffusion, a 10% reduction in local diffusion rate
with respect to the AL profile is observed, with the blue curve having a greater maximum
negative slope than the red curve near the trailing edge. Furthermore, the higher loading
of the HL profile allows for greater flow acceleration in the front part of the suction side.

The global loss coefficient, defined as the normalized inlet—outlet difference in area-
averaged total pressure, was computed from LES data to validate the results obtained
from the approach introduced in Section 3. The isoentropic downstream velocity-based
dynamic pressure was selected as the normalization factor. Despite having a higher blade
loading, the HL profile is more efficient than the AL profile, with the latter exhibiting a loss
coefficient that is approximately 15% greater.

A POD-based post-processing procedure, analogous to the one presented in [17],
was adopted to identify the main viscous and turbulent phenomena that differentiate the
performance of the two profiles. Figures 7 and 8 show the cumulative distributions of
the loss coefficients, normalized with the global loss coefficient of the AL profile in both
cases. These curves were obtained by integrating the right-hand-side terms of Equation (6).
These terms were decomposed in the POD framework, as outlined in Section 4, and then
integrated over the different flow regions of the computational domain depicted in Figure 5.
In these plots, the mean flow viscous dissipation is reported as the baseline loss level cutting
the ordinate axis, since it cannot be POD-decomposed (i.e., it is related only to mean flow
properties), while the contribution of each mode to the remaining Py term was cumulatively
summed. As expected, both the profiles feature viscous losses mainly concentrated in the
blade boundary layer.

Specifically, for the AL profile (Figure 7), the extended accelerated front section of the
profile results in significant viscous losses in the accelerating suction-side boundary layer
(red curve). In this region, as well as in the pressure-side boundary layer (violet curve),
turbulent structures identified by POD modes do not produce additional losses, as the
boundary layers in these portions of the blade remain in a laminar state. This is reflected
in the curves showing minimal dependence on mode order (curves are horizontal). In
contrast, turbulence-induced losses are more pronounced in the rear part of the suction
side where flow diffusion and BL transition occur. In fact, in this area, the contribution to
losses increases with the mode number (yellow curve). Additionally, considerable losses
are observed in the wake region (cyan curve) downstream of the trailing edge. This is due
to the intense vortex shedding and related breakup process in the wake, which stems from
the strong deceleration of the flow in the rear suction side, where the local diffusion rate
reaches very high values. Finally, turbulent production in the core flow region significantly
contributes to the total losses (green curve). Both the incoming wake-related modes (i.e.,
the first modes) and finer-scale structures (i.e., higher-order modes) induce losses within
the passage. This effect is likely due to the moderate acceleration imposed by the blade
loading in the early part of the vane passage. As shown by Simoni et al. [34], insufficient
flow acceleration in the initial portion of the blade does not inhibit turbulent production
caused by wake bowing and tilting processes. This ultimately leads to an increase in total
pressure losses.
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Figure 7. POD mode cumulative contribution to stagnation pressure losses for the AL profile.
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Figure 8. POD mode cumulative contribution to stagnation pressure losses for the HL profile.

Referring now to the HL profile (Figure 8), the cumulative curves of total dissipation
show a significant improvement in overall performance with respect to the AL profile. The
overall loss (blue curve for the entire set of modes) is approximately 85% of the AL profile
value. The most significant contribution to loss production comes from the decelerating
suction-side region (yellow curve). Losses due to wake migration into the passage region
(green curve) are also reduced, thanks to the increased acceleration imposed on the flow by
the blade loading. Similarly, viscous dissipation in the accelerating part of the suction-side
boundary layer (red curve) is lower with respect to the AL profile.

All of this information enhances our understanding of the mechanisms leading to loss
generation. Deeper insight can be obtained by examining the phase of the wake-passing
cycle during which losses are produced.

5.2. Loss Distribution Within Wake-Passing Cycle

As described in Section 4, the application of the PPOD procedure results in a modal
decomposition of the flow dynamics for a given position of the wake within the inter-blade
channel. For instance, Figure 9 shows the contour plots of the HL profile’s first PPOD mode
for the stream-parallel velocity component u4,444¢4, normalized with U, for two different
phases capturing the migration of the upstream wake along the blade suction side. Mode
streamlines are overlaid on the plots for the portion of the channel above the suction side.
As can be observed, the first mode of each phase provides a filtered (or phase-averaged)
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view of the flow field for each relative position of the wake (wake centerline is schematically
represented by a red dashed line).

/U |

¢u rotated ref

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Phase: 2

/U,

d)u rotated

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Phase: 7 ‘

Figure 9. Contour plots of HL profile’s PPOD mode 1 of the stream-parallel velocity component for
phases 2 and 7, normalized with a reference velocity and overlaid with mode streamlines.

The figure illustrates the temporal evolution of the main large-scale coherent structures
generated by the relative motion of the wake within the inter-blade passage from phase 2
to phase 7. Streamlines highlight the formation of the so-called “negative-jet” structure,
emphasized by the strongly negative streamwise velocity zone (dark gray flood in the
contour plots). The momentum transfer associated with the wake velocity defect generates
a jet, which, around the wake centerline, is directed toward the blade suction side. This jet
splits into two branches, forming two distinct large-scale counter-rotating vortices at the
leading and trailing edges of the wake, as known from previous research results. In the
figure, these structures are referred to as the “Q1” and “Q2” vortices. The negative jet is
known to play a key role in the mechanism of wake-induced boundary-layer transition. As
the wake convects over the boundary-layer separation point, the wall-normal component
of the negative jet distorts the shear layer, which is inherently unstable. This interaction
triggers an inviscid Kelvin—-Helmholtz roll-up, where the resulting vortex moves at half
the free-stream velocity. The wake, traveling at the free-stream speed, advances ahead



Int. J. Turbomach. Propuls. Power 2025, 10, 25 13 of 21

of the roll-up and further disturbs the separated shear layer downstream, leading to the
formation of additional roll-up vortices that quickly break down into turbulence.

To identify the phases of the wake passage cycle during which these wake-related
events induce the largest losses, we analyze the contribution to losses limited to the pro-
duction of TKE (Py) by defining a loss coefficient wp,. This coefficient was calculated
by integrating, at a fixed phase, the term pP; from Equation (6) across the five different
sub-regions of the computational domain. Figures 10 and 11 show the bar plots of wp, nor-
malized by the overall loss coefficient obtained for the AL profile, such that the cumulative
sum of the bar plots across all phases represents the percentage loss, excluding the viscous

term contribution.
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Figure 10. Bar charts of normalized loss coefficient (computed from Py-only contribution) for each of
the 10 wake passing phases for the AL profile.

T T T T T T

0.1

I S. side b.l. acc.
[ IS, side b.l. dec.
0.08 | HIMP. side b.l. 1

[ Passage region
o [ Wake region

3
~ 0.06
3
N
=
g 0.04
Z

0.02

1 2 3 4 5 6 7 8 9 10
Phase number

Figure 11. Bar charts of normalized loss coefficient (computed from Py-only contribution) for each of
the 10 wake passing phases for the HL profile.

For both blades, the phase characterized by the minimum turbulence-related loss is
phase 2, which corresponds to the wake located close to the leading edge of the blade
(see Figure 9). Here, turbulent production is primarily concentrated in the passage region
(green area in Figure 10 for phase 2). As the wake centerline moves towards the trailing
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edge of the profile, losses increase and become dominated by events in the decelerating
region of the blade suction side and within the profile’s wake, with the passage region
no longer being the area characterized by the maximum turbulent production. Maximum
loss for both profiles is observed at phase 7, even though the spatial flow regions where
these occur differ significantly between the two profiles. For the AL profile, the largest
contribution to the total loss is attributed to the wake region (cyan sector), while for the HL
profile, higher losses are observed in the decelerated boundary layer (yellow sector).

These observations are reflected in the plots of normalized wp, as a function of the
PPOD mode index at a fixed phase. Figure 12a,b show this trend for the phase characterized
by the lowest turbulent production (phase 2) for the AL and HL profiles, respectively. As
can be observed, in both cases, the most significant contribution to turbulent kinetic energy
production is primarily associated with the low-order modes (i.e., for mode indices smaller
than 10), which predominantly act in the passage region (green curve), with a minor
additional contribution in the decelerating part of the boundary layer (yellow curve). As
previously observed in Figure 9, at this phase, the upstream wake is located near the leading
edge of the cascade; thus, the momentum impingement effects on the rear suction side are
limited. The boundary layer is stabilized by the acceleration of the flow imposed by the
blade loading, which keeps its laminar characteristics as the wake passes. This results in
the boundary-layer losses being predominantly of a viscous nature, as shown in Section 5.1,
while turbulence-related events are observed essentially outside of the boundary layer,
within the bulk flow region.

-3 Phase 2 -3 Phase 2
15X10 . . —r . . 15><10 . ————r
Total Total
S. side b.l. acc. S. side b.l. acc.
S. side b.l. dec. S. side b.l. dec.
P.side b.l. P.side b.l.
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= =
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e 5r - S 5F b
” \/\_\ Z
0 = T 0
100 10! 10° 10'
Mode number Mode number
(a) AL profile (b) HL profile

Figure 12. Plots of normalized wp, as a function of phase 2 mode index for (a) the Aft-Loaded
and (b) the High-Loaded cascades. Blue curves represent the total mode contribution from the five
sub-regions.

As noted earlier in this section, a new scenario emerges when the wake shifts towards
the trailing edge, and the differences are clearly observed in the normalized wp, plots
reported in Figure 13a,b. The analysis of PPOD mode 1 for the phase with the highest
turbulent production (phase 7) allows us to pinpoint the position of the wake centerline,
which, for both profiles, is located at the peak suction position. In this case, maximum
turbulence production occurs on the rear suction side for both cascades, where the low-
order modes associated with the upstream wake continue to dominate the loss generation
mechanisms. During this phase, for the AL profile, significant losses are also generated
within the wake region, and interestingly, higher-order modes contribute substantially to
the generation process (see the cyan curve for mode indices greater than 9). The specific
distribution of the blade loading characterizing the AL profile causes the point of maximum
flow velocity around the blade to be located very close to the trailing edge, in contrast to
what occurs with the HL profile.
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Figure 13. Plots of normalized wp, as a function of phase 7 mode index for (a) the Aft-Loaded
and (b) the High-Loaded cascades. Blue curves represent the total mode contribution from the five
sub-regions.

To better understand the different mechanisms involved in loss generation for both
cascades, the contour plots in Figures 14a and 15a show the P, levels for PPOD mode 1
observed at phase 7, in a meridional section (located at midspan) of the rear part of the
computational domain. This quantity represents a normalization of the production of TKE

defined as P
b=k (12)
05U2 it/ V

The contour is overlaid with streamlines computed from the low-order reconstruction
associated with each mode and centered around the peak suction position.

In addition to the previously identified Q1 and Q2 vortices, the figures highlight two
other counter-rotating vortical structures, generated upstream and downstream of the wake
centerline within the boundary layer. These are labeled the “Q3” and “Q4” vortices, and
their formation is linked to the negative jet of the incoming wake. The modal representation
of the flow obtained from the PPOD procedure enables the direct identification of the
phase of the maximum loss as the one characterized by the greatest amplification of these
large-scale vortical structures.

For what concerns the AL profile (Figure 14a), the proximity of the strongly amplified
Q4 vortex to the trailing edge of the blade allows for the development of this structure
further downstream in the wake region, as it is not spatially constrained by the presence
of a solid wall. Observing the curve trends in Figure 13a, a significant loss peak is noted
in correspondence with mode 9 in the wake region (cyan curve). This mode captures the
dynamics highlighted in Figure 14b by means of streamlines superimposed on the mode
contour. It shows a clearly defined Von Karman vortex street, likely originating from the
interaction between the Q4 vortex and the region of low momentum behind the trailing
edge of the profile, which emerges as the main source of loss not directly related to the
large-scale structures characterizing the upstream wake.

In the case of the HL profile, however, the upstream shift in the peak suction position
causes the maximum spatial extent of the Q4 vortex to be limited, above by the Q1 vortex
and below by the blade wall. Figure 15a shows that, under these conditions, the evolution
of this vortex is largely confined within the boundary-layer region. The highest loss peaks
are indeed associated with the decelerating portion of the boundary layer (yellow curve
in Figure 13b). The most significant contribution to losses among the PPOD modes not
related to the upstream wake is recorded in mode 5, whose two-dimensional representation
is depicted in Figure 15b. Mode 5 at phase 7 for the HL profile captures characteristic
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structures originating from the rear suction side. They are medium-scale roll-up vortices
with axes aligned with the span-wise direction, which can be typically observed in the
case of bypass-like transition mechanisms. The large-scale vortex structures observed for
the AL profile within the wake region are not tracked by any of the HL profile’s modes at
maximum loss phase.

Q2 Phase: 7
Mode: 1

Wake centerline

Q3

e
S~

e
\b‘\\
st

Peak suction

@)

B @ Phase: 7
s L

=
——
=
—

(b)

Figure 14. Contour plots of AL profile’s mode 1 (panel (a) on the left) and 9 (panel (b) on the right) of
the dimensionless TKE production at phase 7, overlaid with the corresponding mode streamlines.
The extent of the integration sub-regions is marked by dashed lines adopting the color scheme in
Figure 5.

Thus, the detailed analysis enabled by PPOD clearly allows the identification of
maximum losses in the suction-side BL region or within the wake downstream of the
trailing edge when the upstream rotor wake is located at exactly the peak suction position.
Depending on the blade loading, the structures captured by the higher-order PPOD modes
interact with the boundary layer or the incoming wake, representing distinct contributions
to the overall losses.
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Figure 15. Contour plots of HL profile’s mode 1 (panel (a) on the left) and 5 (panel (b) on the right) of
the dimensionless TKE production at phase 7, overlaid with the corresponding mode streamlines.
The extent of the integration sub-regions is marked by dashed lines adopting the color scheme in
Figure 5.

6. Conclusions

The application of Phase-locked Proper Orthogonal Decomposition (PPOD) to Large
Eddy Simulations allows for a deep understanding of the loss generation mechanisms
of low-pressure turbine blades operating with unsteady inflow conditions. The method
enables for a detailed temporal and spatial analysis of the key drivers of profile losses, such
as the upstream wake migration, boundary-layer events, and vortex shedding phenomena.

The results emphasize the substantial impact of unsteady inflows and upstream wake
interaction with boundary layers on the overall performance and efficiency of LPT blades.
By separating and analyzing individual loss contributors in a phase-locked manner, we
highlight the differences in performance between the AL and HL profiles.

Losses observed in the passage region during phase 2 are primarily linked to the
turbulence carried by the incoming wake, as the wake interaction with the boundary layer
is marginal. Total loss in this phase is higher for the AL profile, with respect to the HL
profile, and this is attributed to the mild acceleration imposed on the flow on the front part
of the AL profile’s suction side.
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When the wake approaches the peak suction position, losses within the suction-side
boundary layer and wake region are notably affected. For the AL profile, flow dynamics
associated with the evolution of the Q4 vortex result in significant turbulent production in
the wake region, due to the formation of a Von Karman vortex street downstream of the
trailing edge.

Conversely, for the HL profile, the Q4 vortex is constrained by the Q1 vortex and the
blade wall, limiting its spatial extent and confining most of the vortex evolution within
the boundary layer. As a result, the primary losses are associated with the decelerating
boundary layer rather than the wake region.

Overall, the observed differences in loss characteristics between the two profiles are
largely due to variations in wake-related vortex dynamics and boundary-layer behavior,
influenced by the respective loading distributions and wake location at critical phases.

From an engineering perspective, the observed correlations between blade loading
and the origin of large-scale vortex structures represent potential avenues for the opti-
mization of turbine blade design processes, focusing on minimizing loss-inducing events.
Ultimately, this could lead to better predictive models for blade performance under varying
operating conditions.
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Roman symbols

Time [s]
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Chord [m]

Volume [m?]

Turbulent kinetic energy [J kg ']
Velocity [m s~

Velocity component [m s~ ]
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