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ABSTRACT

This study employs spectral proper orthogonal decomposition (SPOD) on direct numerical simulation data from a low-pressure turbine
(LPT) operating under high freestream turbulence levels. The impacts of upstream wakes on the transition process are assessed by consider-
ing both cases with and without wakes, modeled by a moving cylinder placed upstream of the LPT blade. In the absence of upstream wakes,
the SPOD eigenvalues decreases almost monotonically as frequency increases. At high frequencies, the spectra reveal a broadband interval
with minimal elevation, corresponding to the K�arm�an vortex streets formed downstream of the blade’s trailing edge. The SPOD modes in
this inflow condition show fully attached boundary layers across the entire blade, suggesting that the boundary layers may be transitional.
When subjected to upstream wakes, however, the SPOD spectra display several intense peaks linked to the wake passage frequencies. The
associated SPOD modes reveal turbulent spots and lambda vortices on the rear suction side of the blade, typical indicators of turbulent
boundary layers. Between the fundamental passage frequency and its harmonics, a series of tones emerge, representing the Doppler-shifted
wakes. Triadic interactions between modes involving upstream wakes and their translation induce a cascade of these intermediate compo-
nents, as verified by the bispectrum map. The SPOD modes capture interactions of structures carried by upstream wakes and the freestream
flow with the blade boundary layers, manifested as low- and high-velocity streaks whose breakdown promotes the transition. High-frequency
modes describe coherent structures break down into the vortex streets at the trailing edge.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0264219

I. INTRODUCTION

Laminar-to-turbulent transition in fluid flows is a fundamental
phenomenon with broad implications in engineering applications.
In low-pressure turbines (LPT) of aeroengines, it is of particular
importance because it directly affects lift and drag, impacting overall
turbine performance.1 Despite its significance, understanding the
transition process and accurately predicting its onset in real turbines
remain challenging, as the flow field around a turbine cascade forms
a highly complex, three-dimensional, unsteady system governed
by numerous interdependent factors. Transition is heavily influenced
by deterministic periodic wakes shed from upstream blades, free-
stream turbulence (FST) intensities, a wide range of scales from high
Reynolds numbers Re, operating Mach numbers Ma, pressure

gradients, blade curvature and edge bluntness, as well as flow separa-
tion, as summarized in the review papers by Hodson and Howell1

and, more recently, by Sandberg and Michelassi.2 Many existing
studies have thus focused on isolating individual parameters to iden-
tify and quantify their specific impacts on transition, with the aim of
simplifying analysis.

Different FST intensities can lead to completely distinct transition
scenarios. On the rear suction side of a high-lift LPT blade, strong
adverse pressure gradients can cause the formation of a separation
bubble or lead to boundary layer separation. Under low FST intensi-
ties, shear layers typically fail to reattach before reaching the trailing
edge. Detached shear layers then roll up and evolve into large-scale
vortices via the Kelvin–Helmholtz instability, with fragmentation of
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these coherent structures initiating transition within the separated
shear layers.1,3–8

Under high FST intensities, flow separation is typically sup-
pressed, or, in the case of separation, reattachment of previously
separated shear layers may even occur. Upstream turbulence in the
low-frequency range penetrates the blade boundary layer via shear
sheltering mechanisms as discussed by Jacobs and Durbin,9 resulting
in the formation of low- and high-velocity streaks beyond the velocity
peak of the blade’s suction side, also known as Klebanoff modes.10–12

These streaky structures have been studied extensively in simple geom-
etries.13–18 Through lift-up mechanisms, the elongated, streamwise-
oriented structures develop into turbulent spots near the rear part
of the blade, driven by sinuous and/or varicose instabilities, and
ultimately transition into fully turbulent flow.8,19–24 This scenario
represents a bypass transition, where the flow bypasses pre-transitional
stages typical of the classical transition process involving the
Tollmien–Schlichting waves.

Geometric illustrations of periodic incoming wakes are thor-
oughly discussed using both experimental and numerical data.5,25–28

These studies describe how wakes bow and stretch in the inter-blade
region due to curvature and velocity fluctuations, migrate toward
the boundary layers as they convect downstream, and ultimately flush
away past the trailing edge. Periodic wakes introduce low-frequency
components tied to their passage, yet also contribute to high-frequency
stochastic turbulence. Additionally, upstream wakes may generate
alternating elongated streaks along the pressure side of the blade, inter-
acting with Klebanoff modes induced by FST penetrating into the
blade boundary layers.29

With advances in computing power, large-eddy simulations
(LES) have become practical for designing high-lift LPT blades.
Researchers have even been able to conduct multi-stage turbine sim-
ulations, albeit with simplified geometries.30 LES offers high-fidelity
computations at a reasonable cost by resolving a broader range of
scales than Reynolds-averaged Navier–Stokes methods, which
assumes unsteadiness on the mean field, often leading to inaccurate
predictions in turbomachinery applications.31 However, LES still
leaves sub-grid scales unresolved, which are essential for accurately
assessing the turbulent kinetic energy (TKE) budget (particularly in
terms of dissipation and transfer rates between scales in the rear part
of the blade). Direct numerical simulations (DNS), although more
computationally demanding, can capture these small-scale dynamics,
providing deeper insights into the complex behavior of turbulent
flow in such systems.

Proper orthogonal decomposition (POD)32 has proven to be an
effective tool for analyzing the flow dynamics of LPTs by reducing the
high degrees of freedom characterizing flow data. POD generates a
series of orthogonal modes by solving an energy-maximization prob-
lem under a chosen norm, ranking modes by their energy content.
Low-order modes reveal the dominant coherent flow structures that
capture the essential flow physics of a system, and a clear separation
between low- and high-order modes suggests low-rank behavior in the
flow. For example, Lengani and Simoni8 used POD to investigate dom-
inant coherent structures linked to transition within the blade bound-
ary layer at different FST intensities. The effects of upstream wakes
and their interaction with the blade boundary layer were also effec-
tively characterized using POD.27,29 Lengani et al.29 found that
upstream wakes enhance the growth of streamwise-oriented streaks at

high FST intensities. In later work, the same authors also analyzed the
impacts of reduced frequency on transition.33

It is well-established that POD is an effective method for under-
standing the flow dynamics of a LPT cascade. However, mode shapes
resulting from POD are optimal solely in space, averaging over
frequency-domain information. An LPT system with significant spec-
tral features—such as low-frequency periodic upstream wakes and
structures generated by FST penetrating within blade boundary layers
via shear sheltering—could benefit from the recent development of
spectral POD (SPOD). SPOD, as the name suggests, extends the classi-
cal space-only POD by allowing for spatiotemporal localization of flow
structures. While POD has been widely applied to studying flow evolu-
tion in LPT cascades, SPOD has been less explored in this context.
One notable example is the work of Fiore et al.,34 who applied SPOD
to LES data of an LPT subject to upstream wakes at two different Re.
In this study, LES solved full compressible Navier–Stokes equations,
but the authors employed a component-wise SPOD approach.
Additionally, Biassoni et al.35 focused on the implementation of a
high-performance SPOD algorithm, enabling more efficient analysis of
the transport equations in high-fidelity turbomachinery simulations.

This work aims to study flow dynamics of a LPT cascade operat-
ing under elevated FST levels by applying SPOD onto existing DNS
databases. To explore the effect of upstream wakes, both databases
with36 or without37 wakes are utilized. Upstream wakes are commonly
modeled using a moving cylinder in many experimental and computa-
tional work. While previous DNS implementations typically include
upstream wakes by specifying time-dependent inflow conditions at the
boundary,3,25,26,38,39 De Vincentiis et al.36 incorporated an upstream
cylinder directly into the simulations through communications of two
overlapping grids corresponding to the cylinder and the blade.

The remainder of the present paper is organized as follows.
Section II presents the flow configuration of the LPT cascade under
consideration. Section III introduces the DNS database and outlines its
post-processing through SPOD. The mean and instantaneous flow
fields are visualized in Sec. IV, followed by the SPOD for the steady
inflow condition (in the absence of upstream wakes) in Sec. V. In
Sec. VI, the results of SPOD for the unsteady inflow condition with
upstream wakes are presented. Finally, Sec. VII concludes the paper
with a summary and some remarks.

II. FLOW CONFIGURATION

Figure 1 shows a schematic representation of the LPT blade stud-
ied in the present work. Following the experimental work of Lengani
et al.,29 we examine the same LPT blade subject to periodically incom-
ing wakes, which are modeled by a moving cylinder. Throughout this
paper, the system is normalized by the axial chord length cx¼ 0.095m
and the inlet velocity uin¼ 5.92m/s, serving as the reference length
scale and the reference velocity scale, respectively. The trailing edge
thickness of the blade t ¼ 0:02c is relatively sharp. The inlet angle of
attack a is measured as 40� relative to the axial axis. The moving cylin-
der with a diameter D ¼ 0:0316cx is placed at a distance dc ¼ 0:347cx
upstream of the LPT blade’s leading edge. The blade pitch g is set as
0:685cx , which also defines the spacing between consecutive cylinders,
resulting in the cylinder passage period of Tcp ¼ 0:756. To save com-
putational resources, the cylinders are located closer together in the
numerical simulations than in the experimental setup, where it was
one and a half times the blade pitch. The translation velocity of the
cylinder is given as uc ¼ ð0;�1:145; 0Þ. The Reynolds number is
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computed using the axial cord length and the inlet velocity as
Re ¼ uincx=� ¼ 40 000, where � is the kinematic viscosity of the air at
20 �C. This value is equivalent to the experimental Reynolds number
of 70 000, which was based on the chord length c and the isentropic
velocity at the cascade outlet and chosen to represent small to medium
sized aeroengines under cruise conditions.

To investigate the effects of the upstream wakes, we also consider
a steady inflow condition described by a stand-alone LPT blade with
identical geometric characteristics. DNS data for this case were
obtained from Ðurovi�c et al.37 and compared with the companion
experiment conducted by Lengani and Simoni.8

In both inflow cases, the FST levels were high with the turbulence
intensity of Tu ¼ 5:2%.

III. METHODOLOGY
A. Direct numerical simulations

In this work we utilize the DNS data of the LPT cascade under
high FST levels for spectral analysis. The evolution of the fluid flow
around the LPT cascade was simulated by solving the incompressible
Navier–Stokes equations, given that the local Mach number in the
domain remains less than 0.1

@u
@t

þ u � ru ¼ �rpþ 1
Re

r2u; (1)

r � u ¼ 0: (2)

The DNS was performed using the open-source code
Nek5000.40 This code solves the weak form of the governing equa-
tions using the spectral element method, which provides geometric
flexibility while achieving the high accuracy characteristic of spectral

methods. The numerical domain was discretized using hexahedral ele-
ments, following the PN �PN�2 formulation.41 In each element, the
velocity is represented using high-order Lagrange interpolants on the
Np þ 1 Gauss–Lobatto–Legendre quadrature points, while the pres-
sure is discretized on the Np � 1 Gauss–Legendre quadrature points.
For the DNS data used in this study, a polynomial order of Np ¼ 9
was adopted. The equations were advanced in time using a third-order
extrapolation scheme (EXT3) for the nonlinear terms and a third-
order backward differentiation scheme (BDF3) for the viscous terms.

To include the upstream wakes, the Nek-Nek framework within
the Nek5000 was modified in order to be able to perform simulations
in two different frames of reference interacting with each other. One
simulation was conducted in the reference frame of the moving cylin-
der ðXcÞ, represented by the dashed line in Fig. 1, and the other in the
reference frame of the stationary LPT blade ðXbÞ, denoted by the solid
line in the same figure. The two simulations communicated at the out-
let of the cylinder domain and the inlet of the blade domain to account
for the translation of the cylinder.

At the inlet of the cylinder domain, a Dirichlet boundary condi-
tion was applied. Along with the inlet velocity uin ¼ ðcos a; sin a; 0Þ,
divergence-free FST was imposed as a superposition of Fourier modes
with random phase shifts using a method similar to that proposed by
Schlatter42

uT ¼
X

kx ;ky ;kz

AðkÞûnðkx; ky; kzÞeiðkxxþkyyþkzz�xtÞ; (3)

where ðkx; ky; kzÞ are the three components of the wavenumber vector
k, AðkÞ is the scaled amplitude of the freestream mode, k is the magni-
tude of the wavenumber vector, ûn is the normalized Fourier ampli-
tude, and i ¼ ffiffiffiffiffiffi�1

p
is the imaginary unit. In addition, the angular

frequency of disturbance x can be modeled based on Taylor’s frozen
turbulence hypothesis. To achieve homogeneous isotropic turbulence,
the wavenumber space was divided into 80 concentric spherical shells,
and 40 points were randomly selected on each shell. Points on the
same shell share the same wavenumber amplitude, with the location of
each point representing the three components of a different wavenum-
ber vector. The amplitude of the freestream modes on each shell was
then scaled to match the von K�arm�an spectrum

EðkÞ ¼ Tu2u2inKI
1:606ðkKIÞ4

1:350þ ðkKIÞ2
� �17=6 ; (4)

where E is the kinetic energy, KI is the nominal integral length scale,
and k is the magnitude of the wavenumber vector. Once the nominal
integral length scale and the targeted turbulence intensity were pre-
scribed, the energy was equally distributed over the selected 40 modes
on each shell.18 In our DNS, the turbulence intensity Tu of 5.2% was
chosen to reproduce the high FST case in the companion experiment
with the nominal integral length scale set to KI ¼ 0:105cx . A no-slip
boundary condition was applied on the solid boundaries of the cylin-
der and on the LPT blade. Periodic boundary conditions were imposed
along the lateral boundaries (highlighted by the magenta lines in
Fig. 1) and in the spanwise direction. Finally, a stress-free boundary
condition was used at the outlet of the blade domain.

For both domains, the spanwise width was Lz ¼ g=2, and the
lateral extent corresponded to one blade pitch g. In the streamwise
direction, the numerical domain extended from x ¼ �1:05 to 1.6,

FIG. 1. A schematic representation of the LPT blade subject to the upstream wakes
modelled by a row of moving cylinders. Dashed lines indicate the computational
domain for the cylinder Xc, while solid lines represent that for the turbine blade Xb.
Reproduced from De Vincentiis et al., J. Turbomach. 145, 051011 (2023); licensed
under a Creative Commons Attribution (CC BY) License.
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with the leading edge positioned exactly at x ¼ 0. The cylinder domain
comprises 113 610 spectral elements, while the turbine domain is
meshed using 134340 elements. The mesh design can be characterized
in terms of viscous units, where the viscous length is given by l� ¼
�=us and the friction velocity is us ¼

ffiffiffiffiffiffiffiffiffiffi
sw=q

p
with sw being the wall

shear stress and q being the fluid density. Scaled by the viscous units,
the grid spacing around the turbine blade was Dnþ < 17 in the
streamwise direction and Dgþ < 0:4 in the wall-normal direction. In
the cylinder domain, the streamwise spacing was Dnþ < 6:0, and the
wall-normal spacing was Dgþ < 0:6. For both domains, the spanwise
spacing was maintained at Dzþ < 7.

The steady simulations were conducted similarly in the absence
of a moving cylinder. The domain extended from x=c ¼ �0:5 to 1.3
in the streamwise direction, with the spanwise width of Lz=c ¼ g.
Only the flow past one blade was computed in the lateral direction, uti-
lizing periodic conditions. At the domain inlet, the same FST genera-
tion technique was applied. The generated FST followed a power-law
decay downstream, with a decay rate comparable to that of isotropic
grid turbulence. The variance of the averaged fluctuation intensities
across the three velocity components remained below 5% over the
streamwise extent upstream of the LPT blade A similar meshing strat-
egy to that used in the unsteady simulation was implemented to ensure
that the criteria for properly resolving the turbulent flow were met, as
suggested by Schlatter et al.43 The streamwise spacing ranged from
Dnþ ¼ 0:3 to 4.2, while the wall-normal spacing on the blade surface
was Dgþ ¼ 0:7, increasing progressively toward the boundaries. The
spanwise spacing was uniform as Dzþ ¼ 6, resulting in the final mesh
consisting of 310 366 elements. For a direct comparison between the
two simulations with different inflow conditions and to analyze the
effects of the upstream wakes, sampled snapshots of the steady inflow
case were interpolated onto the unsteady mesh using the gfldr subrou-
tine already implemented in Nek5000.

More details about the unsteady simulations, including the
treatment of the overlapping grids, can be found in De Vincentiis
et al.36 Readers interested in the steady simulations and a compre-
hensive introduction to the FST generation are directed to Ðurovi�c
et al.37

B. Spectral proper orthogonal decomposition (SPOD)

SPOD44 extends the classic proper orthogonal decomposition to
extract orthogonal modes in the sense of a spatiotemporal inner prod-
uct. At a given frequency, SPOD modes are ranked according to their
energy contribution within the volume of interest, which depends on
the choice of norm defined via a weight matrix. Since the flow dynam-
ics of the LPT cascade are governed by the incompressible Navier–
Stokes equations, an integral energy (TKE) norm is employed in this
work. The contribution of the spanwise velocity component w is mini-
mal compared to that of the axial u and transverse v components.34 To
reduce computational resources required, only the fluctuations of the
axial and transverse velocities are incorporated in the state vector used
for SPOD.

At a given frequency fk, SPOD addresses an eigen-decomposition
problem defined by

QH
fk
WQfkHfk ¼ HfkKfk ; (5)

where Qfk is the data matrix containing the spatial distributions
of the Fourier coefficients at fk obtained through the temporal Fourier
transform of several segments of the flow snapshots, andW represents
the weight matrix, which accounts for the choice of inner product and
the quadrature weights. In addition, the superscript H indicates the
complex conjugate transpose.

In practice, the flow snapshots are divided into several overlap-
ping segments using Welch’s method.45 The eigen-decomposition of
the cross-spectral density matrix C ¼ QH

fk
WQfk results in the matrix

Hfk , which consists of the resulting eigenvectors as its columns, and
the diagonal matrix Kfk , which stores the modal energy. The SPOD
modesUfk are then computed as follows:

Ufk ¼ QfkHfkK
�1=2
fk

: (6)

It is worth noting that we solve a variant of the standard SPOD by
utilizing the method of snapshots.46 Given that the number of realiza-
tions Nt is significantly smaller than the degree of freedom in space
Nx , the eigen-decomposition can be performed more efficiently in
this way.

The data matrix Q is pre-saved in the storage before performing
the eigen-decomposition to manage computational resources effi-
ciently. For the unsteady inflow case with the periodic wakes from the
upstream cylinder, Nt ¼ 1291 flow snapshots are divided into seven
segments, each containing Nfft ¼ 480 snapshots with 75% overlap. In
this way, each data segment corresponds to six cylinder passages,
which is sufficient to capture physics underpinning the LPT cascade
system. After applying the discrete Fourier transform, the resulting fre-
quency resolution of the flow segment is reduced to DSt ¼ 0:22, where
the Strouhal number St is defined based on the inlet velocity uin and
the axial cord length cx as St ¼ fcx=uin. To match this resolution, the
flow segment for the steady inflow case consists of Nfft ¼ 430 snap-
shots. With the same 75% overlap between segments, a total of 981
flow snapshots result in six SPOD modes at a given frequency. In both
cases, each flow segment is windowed using a Hamming function to
minimize spectral leakage.

Note that, as described in the above, the actual SPOD is per-
formed in the Cartesian coordinates. To obtain the modes aligned in
the streamwise direction, the resulting SPOD modes are rotated by the
appropriate time-mean angle to recover the streamwise ur and the
wall-normal vr components.

IV. MEAN AND INSTANTANEOUS FLOW FIELDS

Figure 2 presents the time-averaged flow field around the LPT
blade for both cases: (a) without and (b) with incoming wakes. The
normalized streamwise velocity field is derived from the axial and
wall-normal velocity components, with contours extracted at the mid-
span of the LPT blade (z=xc ¼ 0). Magnified views of the blade bound-
ary layers near the trailing edge are provided in the upper-right corner
of each sub-figure. The inflow has an angle of approximately a¼ 40�

at the domain inlet follows the blade curvature as it convects down-
stream. The flows are exposed to the strong adverse pressure gradient
behind the velocity peak on the blade suction side. Owing to the high
FST experienced in both cases, boundary layer separation is sup-
pressed, unlike in LPT blade flows subjected to low FST intensities.
Subject to periodic upstream wakes, the unsteady inflow case shows
higher velocity gradients near the wall and thicker boundary layers,
attributed to wake-boundary layer interactions (see also Figs. 6 and 10

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 044114 (2025); doi: 10.1063/5.0264219 37, 044114-4

VC Author(s) 2025

 16 April 2025 13:26:18

pubs.aip.org/aip/phf


of De Vincentiis et al.36 for the mean and root mean square velocity
profiles). This implies an earlier onset of a turbulent boundary layer
state along the blade suction side. The velocity peak in this case is
located at x=cx ¼ 0:683, slightly downstream compared to the case
without incoming wakes.

The instantaneous flow fields at z=xc ¼ 0 for both cases are
depicted in Fig. 3. The contours represent streamwise velocity fluctua-
tions, normalized by the inlet velocity. Under steady inflow conditions,
the flow field exhibits multi-scale structures randomly distributed
throughout the domain. Within the boundary layer, elongated low-
speed streamwise structures induced by high-intensity FST are
observed. Their breakdown into fine-scale stochastic structures leads
to the transition to turbulence before the flow exits the trailing edge. In
contrast, Fig. 3(b) describes the flow field around the LPT blade under
the influence of incoming wakes. The wakes impinge the blade leading
edge and advect downstream toward the blade trailing edge, generating
positive and negative velocity perturbation regions around the blade.
These alternating velocity perturbation regions are also imprinted on
the boundary layer. Along with the migration of periodic wakes, the
high FST induces elongated streamwise streaks within the boundary
layers. The breakdown of these streaky structures occurs earlier than in
the case of steady inflow condition, promoting an anticipated transi-
tion to turbulence.29

Further details on the mean and instantaneous characteristics of
the flows, including pressure coefficients, skin friction coefficients, and

root mean square values, can be found in Ðurovi�c et al.37 and De
Vincentiis et al.36

V. SPOD FOR THE STEADY INFLOW CONDITION
(WITHOUT INCOMING WAKES)

In this section, SPOD is applied to the flow data obtained under
the steady inflow condition, with the region near the domain outlet
omitted to reduce computational demands. The resulting SPOD
energy spectra, shown in Fig. 4, are plotted against the Strounal num-
ber defined as St ¼ fcx=uin. The SPOD eigenvalues display a nearly
monotonic decrease with increasing frequency, signifying the absence
of highly energetic tonal phenomena, as the turbine blade is primarily
influenced by isotropic FST. The close proximity of the leading SPOD
eigenvalue to the second one further supports the lack of a dominant
physical phenomenon in this case.

Figure 5 identifies the leading SPOD modes visualized via isosur-
faces colored by the real part of the streamwise velocity component,
selected at (a) St ¼ 1:323 and (b) St ¼ 3:308, respectively. While the
computed SPOD mode also includes the wall-normal velocity compo-
nents as explained in Sec. IIIB, we have chosen to focus exclusively on
the streamwise velocity component throughout this paper for brevity,
as both components generally provide similar insights. To recover the
inter-blade region, the SPOD modes computed within a single blade
pitch domain are replicated under the periodic boundary condition in
the lateral direction. Without the influence of cylinder wakes, the flow

FIG. 2. The time-averaged flow field
around the LPT blade for: (a) steady
inflow condition without incoming wakes
and (b) unsteady inflow condition with
incoming wakes. Contours are visualized
using the normalized streamwise velocity.
Enlarged boxes in the upper right corner
of each sub-FIG magnify the boundary
layers near the blade trailing edge.

FIG. 3. Instantaneous streamwise velocity
perturbations around the LPT blade: (a)
steady inflow condition without incoming
wakes and (b) unsteady inflow condition
with incoming wakes.
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structures stretch along the blade curvature as they are convected
downstream, leaving the trailing edge without further generating
coherent structures. Due to the high intensity FST, a multitude of
structures with various scales is distributed around the LPT blade,
especially near the blade leading edge.

Figure 6 highlights mode shapes near the blade boundary layers,
showcasing elongated low- and high-velocity streamwise streaks gener-
ated by the penetration of the elevated freestream turbulence. At
St ¼ 1:323, spanwise-modulated negative velocity perturbation struc-
tures appear downstream of the velocity peak position on the blade
suction side, which evolve into streamwise streaks as they convect fur-
ther downstream. These structures exhibit smaller scales at higher fre-
quency (St ¼ 3:308). The blade boundary layers remain attached,
potentially transitioning to turbulence through the breakdown of the
streaks. Indeed, these modes (appearing in the low- to mid-frequency

ranges) characterize the interaction between the freestream turbulence
and the boundary layers on both sides of the blade. Figure 7 illustrates
large-wavelength streamwise-aligned structures on the rear pressure
side of the blade, formed by this interaction.

To better understand the SPOD energy spectra in the absence of
any energetic spectral peaks, we opt to repeat SPOD on different sec-
tions of the turbine blade domain, splitting the original volume of
interest into 20 sub-regions. As shown in Fig. 8, the turbine blade
domain is partitioned to allocate a similar number of grid points to
each zone for fair computational resource distribution, while preserv-
ing specific geometric features within each zone to capture the domi-
nant physical mechanisms unique to different regions of the LPT
domain.

Under isotropic FST, the SPOD spectra generally exhibit similar
profiles across zones, with the notable exception of zone 20 near the
trailing edge. While high-frequency components carry progressively
less energy in other sub-zones as seen in the full domain analysis, the
energy spectra reveal a broadband range of St ¼ ½5; 15� in zone 20 as
described in Fig. 9.

Inspired by this, we examine the SPOD mode shapes within this
frequency, for instance, at St ¼ 10:60. As given in Fig. 10, at this fre-
quency, the von K�arm�an vortex rolls are observed, while flow struc-
tures upstream of the blade leading edge appears to be weak.

VI. SPOD FOR THE UNSTEADY INFLOW CONDITION
(WITH THE INCOMING WAKES)
A. In the cylinder domain

To identify spectral characteristics associated with the cylinder
wakes, SPOD is employed onto the flow field extracted in the refer-
ence frame of the upstream cylinder. Focusing on the wakes induced
by the cylinder movement, the domain of interest is restricted to the
downstream region of the moving cylinder. Figure 11 visualizes the
resulting SPOD energy spectra as a function of the Strounal number
St. Several distinct peaks appear in the spectra, corresponding to the
translation of the cylinder and the vortices shed behind it. Given the
cylinder passage period of Tcp ¼ g=uc ¼ 0:7557, a spectral peak is
observed at St ¼ ð1=TcpÞcx=uin ¼ 1:323. On the other hand, as

FIG. 5. The leading SPOD modes com-
puted for the steady inflow case. Mode
shapes are visualized via isosurfaces col-
ored by the real part of the streamwise
velocity components: (a) St ¼ 1:323 and
(b) St ¼ 3:308.

FIG. 4. SPOD energy spectra obtained from flow fluctuations for the steady inflow
case, including both axial and transverse velocity fluctuations. No tonal peaks are
observed within the relevant frequency range.
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illustrated by the leading mode shape in Fig. 12, the most prominent
peak at St ¼ 12:57 is linked to the cylinder wakes. Using the
Strounal number defined by the cylinder diameter dc and the relative

velocity urel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðuin cos aÞ2 þ ðuin sin aþ ucÞ2

q
, this value translates

to Stc ¼ fdc=urel ¼ Stðdc=cxÞðuin=urelÞ ¼ 0:2041, closely aligning
with the typical vortex shedding frequency for a circular cylinder.47

The leading mode shape reveals alternating high- and low-velocity
vortical structures, elongated vertically relative to the shedding
direction, resembling those computed in previous studies.48,49 This
mode carries significantly more energy than both higher-order
modes at the same frequency and modes at other frequencies,
highlighting the dominant impact of the cylinder wakes. By taking
the spatial FFT of the wakes along their propagation direction, the
primary wavenumber is identified at kcw ¼ 45:60, leading to the
phase speed of up;cw ¼ x=kcw ¼ 2pStcw=kcw ¼ 1:732. Additionally,
the spectra also display the second and third harmonics of the
dominant peak.

B. In the turbine blade domain

In this section, SPOD is applied to flow snapshots obtained exclu-
sively from the turbine blade domain. Although the upstream cylinder
is excluded from the volume of interest, its impact is already incorpo-
rated in the numerical simulations through communications between
the two overlapping meshes, as explained in Sec. III. Consequently,
SPOD in this domain captures flow structures associated with the
blade boundary layer, passage, and wakes downstream of the blade’s
trailing edge, impacted by the incoming wakes and FST. To reduce the
computational cost of applying SPOD to the full three-dimensional

FIG. 6. The leading SPOD modes
highlighted in the blade boundary layer
region for the steady inflow case. Mode
shapes are visualized via isosurfaces col-
ored by the real part of the streamwise
velocity components: (a) St ¼ 1:323 and
(b) St ¼ 3:308.

FIG. 7. Streamwise-oriented streaky structures on the blade pressure side,
observed in the leading SPOD mode shapes at St¼ 1.323 for the steady inflow
case. Flow structures are visualized via isosurfaces colored by the real part of the
streamwise velocity component.

FIG. 8. The turbine blade domain is divided into 20 sub-zones, distributing a similar
number of grid points to each zone. The zones are distinguished by randomly
assigned colors to clearly differentiate adjacent zones. Zones 1–8 correspond to the
blade boundary layer region.
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data with two velocity components, the portion of the domain near the
outlet is excluded. To manage memory more efficiently, the Fourier-
transformed data are pre-saved, segmented into multiple frequency
blocks, and then accessed one frequency at a time to perform POD at
each specific frequency.

1. Tonal component associated with the cylinder
passage

Figure 13 shows the SPOD energy spectra derived within the tur-
bine blade domain. Similar to the results obtained in the cylinder
domain (see Fig. 11), a strong peak is registered at the cylinder passage
frequency St ¼ 1:323. The leading mode at this frequency captures

about 18.43% of the total energy in the system globally, accounting for
93.66% of the energy at this frequency alone. While the cylinder wakes
mode at Stcw ¼ 12:57 dominated the flow dynamics in the previous
sub-section, here the cylinder passage moodellens the highest energy,
as this mode is underpinned by periodic forcing due to the migration
of the energetic wakes into the current reference frame. In contrast,
in the cylinder’s reference frame, the effects of the periodicity were

FIG. 9. SPOD energy spectra from flow fluctuations in zone 20 for the steady inflow
case. While no tonal peaks are present, spectra around St¼ [5, 15] exhzibit broad-
band characteristics.

FIG. 10. The leading SPOD modes extracted at St¼ 10.60 for the steady inflow
case, visualized via isosurfaces colored by the real part of the streamwise velocity
component.

FIG. 11. SPOD energy spectra obtained from flow fluctuations downstream of the
moving cylinder, concerning both the axial and the transverse velocity components.
Distinct peaks correspond to the cylinder passage frequency at St¼ 1.323, the
wakes shedding frequency at St¼ 12.57, and its harmonics.

FIG. 12. The leading SPOD mode is visualized using isosurfaces of the real part of
the axial velocity component at St ¼ 12:57. The LPT blade is included to illustrate
the relative position of the cylinder wake structures with respect to the blade. The
computational domain used for SPOD analysis is highlighted by the gray-shaded
region in the box at the upper right corner. The red solid line within the shaded area
denotes the inlet of the turbine domain.
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reflected through the stagnation of the cylinder wakes on the blade
leading edge, resulting in a smaller energy contribution of this fre-
quency mode. The spectra also display the second through fifth har-
monics of the fundamental cylinder passage frequency. Beyond the
third harmonic, the contribution of these harmonics to the TKE
diminishes, while several intermediate peaks, indicated by red dashed
lines, emerge.

Figure 14(a) visualizes the leading SPOD mode at St ¼ 1:323
via isosurfaces of the real part of the streamwise velocity compo-
nent. Large-scale vortical structures align with the direction of the
cylinder wakes and migrate toward the blade suction side, ulti-
mately exiting at the trailing edge without further generating new
flow structures. These modes bear a close resemblance to those
identified from POD performed by Lengani et al.28 and exhibit the
bowing and stretching of the incoming wakes in the inter-blade
region.5,25,26,28,29 At this frequency, the wake structures extend
across the entire blade span. For higher harmonic modes, the mode
shape remains generally similar but appears at smaller scales, as
illustrated in Figs. 14(b) and 14(c).

2. Intermediate tones

In the intervals between successive harmonics of the cylinder
passage frequency, additional strong peaks emerge at St ¼ 3:308;
4:631; 5:954, and 7.278, as indicated by red dashed lines in
Fig. 13. These peaks are evenly spaced with an interval of DSt ¼ 1:323,
exactly matching the cylinder passage frequency. Interestingly, these
intermediate peaks were not observed in the companion experi-
ment29 or in similar numerical studies,34 and their origin remains
uncertain. To assess whether they could be numerical errors, we
tested the convergence of the SPOD modes computed by varying
the number of snapshots per SPOD block, Nfft . Regardless of the
of the choice of Nfft , the intermediate peaks persisted in the spectra

FIG. 13. SPOD energy spectra obtained from the flow fluctuations in the turbine
blade domain, concerning both the axial and the transverse velocity fluctuations.
Black dashed lines mark the fundamental cylinder passage frequency and its har-
monics, while red dashed lines indicate intermediate peaks appearing between the
cylinder passage components. A slight bump in the high-frequency range is shaded
in gray.

FIG. 14. The leading SPOD modes associated with the cylinder passage at
(a) St¼ 1.323, (b) St¼ 2.646, and (c) St¼ 3.969. Mode shapes are visual-
ized via isosurfaces colored by the real part of the streamwise velocity
component.
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(see Fig. 15), suggesting that convergence issues are not responsible
for their appearance.

To investigate the physical origins of each intermediate peak
more precisely, we again repeat SPOD on different sections of the tur-
bine blade domain. It is expected that the impact of vortices embedded
within the upstream cylinder wakes is most prominent near the lead-
ing edge and within the inter-blade region, while the migration of the
low momentum area characterizing the incoming wakes affects the
entire flow field; wakes and FST potentially influence the blade bound-
ary layers, and wakes are also shed downstream of the trailing edge.
Therefore, examining the occurrence of these peaks in specific zones
can unveiling their origins.

Figure 16 demonstrates that only the regions around the leading
edge exhibit pronounced peaks at these intermediate frequencies, indi-
cating a connection between these components and the incoming cyl-
inder wakes. Notably, their amplitudes are now comparable to that of
the cylinder passage peak at St ¼ 1:323, reaching the same order of
magnitude.

Examples of the leading SPOD modes selected at some of the
intermediate frequencies are presented in Fig. 17. In the streamwise
component, the modes display strong vortical structures inclined
nearly orthogonally to the direction of the cylinder wakes upstream of
the blade leading edge. These structures resemble the cylinder wakes,
approaching or just impinging the blade leading edge, as depicted in
the phase-averaged contours provided in Fig. 7 of De Vincentiis et al.36

Additionally, weak streaky structures emerge in the blade boundary
layer on the suction side, just past the leading edge.

Figure 18 provides a closer view of these mode shapes within the
blade boundary layers (showing zones 1–8 only). While the incoming
wakes have a significant impact at these frequencies, coherent structures
also develop on the rear suction side of the blade. Streamwise-oriented
low- and high-velocity structures, resembling Klebanoff modes, appear
in both velocity component modes. Near to the trailing edge, turbulent

spots lacking specific orientation and lambda vortices, typical indicators
of turbulent boundary layers, are occasionally observed (as highlighted
by black dashed circles in Fig. 18). Here, the shape factor H1;2, defined
as the ratio of displacement thickness d� to momentum thickness h,
has been found to drop toward 1.6, which is slightly higher than a value
typical of turbulent flows (not shown for brevity). Furthermore, similar
streaky structures also appear on the blade pressure side, as illustrated
in Fig. 19. Consequently, these intermediate frequency modes are
thought to capture the interaction of the upstream cylinder wakes and
FST with the blade boundary layers, forming streaks whose breakdown
promotes the transition to turbulence.

While the mode shapes closely resemble those of the cylinder
wakes, these peaks appear at frequencies that deviate significantly
from the cylinder wake shedding frequency of Stcw ¼ 12:57, identi-
fied by SPOD in the cylinder domain in the previous section. This
deviation complicates the interpretation of the physical significance
of these modes. However, analyzing the phase velocity of the
upstream cylinder wakes provides insights into their origin, reveal-
ing that these modes are indeed associated with the propagation of
the wakes, which become Doppler-shifted due to the passage of the
cylinder.

In Sec. VIA, it was found that the cylinder wakes propagate with
a phase speed of up;cw ¼ 1:732 in the cylinder’s reference frame, con-
sidering that they are aligned with the relative velocity urel . As depicted
in Fig. 20(a), the direction of the propagation angle b is estimated as

b ¼ tan �1 uin sin aþ uc
uin cos a

� �
¼ 66:81�; (7)

which closely matches the measured value from the corresponding
leading SPOD mode. On the other hand, when viewed in the turbine
frame (see Fig. 20), the LPT blade perceives these incoming wakes at a
modified angle b0 given by

b0 ¼ tan �1 up;cw sin b� uc
up;cw cos b

 !
¼ 33:24�; (8)

again assuming that the wakes align in the mean flow direction. The
modified phase speed is similarly computed as

u0p;cw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
up;cw sin b� uc
� �2 þ up;cw cos b

� �2q
¼ 0:8155: (9)

For a source (the cylinder) translating vertically at a speed of
us ¼ uc ¼ 1:145 and incident to a stationary observer (the blade) at
an angle of b0 ¼ 33:24�, the Doppler-shifted frequency can be calcu-
lated as

f ¼ u6 ur
u6 us

� �
f0 ¼

u0p;cw
u0p;cw þ uc sin b

0

 !
f0 ¼ 7:103; (10)

where u is the phase speed of the cylinder wakes u0p;cw computed above,
ur is the observer’s velocity, us represents the source velocity (the mov-
ing cylinder), and f0 corresponds to the cylinder wakes shedding fre-
quency. Here, f represents a dimensionless frequency, equivalent to
the Strouhal number St. Note that all velocities are estimated in the ref-
erence frame of turbine, assuming that the wakes propagate in the
direction of the mean flow. Furthermore, the case where the cylinder
wakes approach toward the turbine blade (i.e., a positive sign in the

FIG. 15. SPOD energy spectra obtained by applying SPOD to the region upstream
of the leading edge (zone 10). The convergence of the leading SPOD mode was
examined by varying the number of snapshots per SPOD block (Nfft ). To facilitate
this analysis, only the streamwise velocity perturbations were considered. Black
dashed lines indicate the fundamental cylinder passage frequency and its harmon-
ics, serving as a reference for the intermediate tones between them.
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denominator) is ignored, as it would result in a shifted frequency out-
side the relevant frequency for the present analysis.

Finally, triadic interactions between the modes associated
with the cylinder passage at St ¼ 1:323 and the Doppler-shifted cyl-
inder wakes at St ¼ 7:103 may further yield a cascade of energetic
modes distributed uniformly with DSt ¼ 1:323, appearing at St
¼ ½5:783; 4:460; 3:137�. Considering uncertainties that may arise
from limited frequency resolution and wavenumber resolution, with
the latter resulting from the restricted spatial extent in the cylinder
domain when estimating the phase speed of the cylinder wakes,
these values are considered quite close to the peaks registered at
St ¼ ½5:954; 4:631; 3:308� in the SPOD energy spectra shown in
Fig.13.

The bispectrum map further confirms strong triadic interactions
between the modes associated with these frequencies and St ¼ 1:323,
reinforcing the idea that the vortical structures orthogonal to the
main cylinder wake direction are directly tied to the Doppler-shifted
wakes by the cylinder’s translation. Theoretically, the bispectrum
detects triadic nonlinear interactions, a fundamental mechanism for

energy transfer process in fluid flows. In this study, we consider the
mode bispectrum, a variant of the classical bispectrum, computed
through bispectral mode decomposition (BMD).50 Unlike the classical
bispectrum, the mode bispectrum derived via BMD allows consider-
ation of causal relationships between frequency components involved
in triadic interactions. BMD maximizes the pointwise bispectral den-
sity of a fluctuating flow field q defined over the spatial domain X, as
expressed by

bðfk; flÞ ¼ E

	ð
X
q̂�
k � q̂�

l � q̂kþldx



¼ E½q̂H

k�lWq̂kþl�; (11)

where q̂ is the Fourier transform of q, ð�Þ� denote the scalar complex
conjugate, the operator � represents the Hadamard (element-wise)
product, and H indicates the complex transpose. The matrix W is
a diagonal matrix that incorporates spatial quadrature weights.
Additionally, f is a frequency with subscripts k and l serving as indices
for frequency doublets. Using Welch’s method, the Fourier transforms
of flow snapshots are assembled into data matrices Q̂k�l and Q̂kþl

defined as

FIG. 16. SPOD energy spectra obtained by applying SPOD to each sub-domain. Black dashed lines mark the fundamental cylinder passage frequency and its harmonics, while
red dashed lines indicate intermediate peaks appearing between the cylinder passage components. Note that the intermediate peaks emerge only in the spectra of the zones
located upstream of the leading edge (b, c, d).
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Q̂k�l ¼ q̂ 1½ �
k�l q̂ 2½ �

k�l … q̂ Nblk½ �
k�l

h i
(12)

and

Q̂kþl ¼ q̂ 1½ �
kþl q̂ 2½ �

kþl … q̂ Nblk½ �
kþl

h i
; (13)

where Nblk is the total number of snapshots blocks. Subsequently, the
auto-bispectral density matrix B is introduced as

B ¼ 1
Nblk

Q̂
H
k�lWQ̂kþl: (14)

Note that the matrix B is non-Hermitian. The complex mode bispec-
trum is then obtained by solving the following maximization problem:

k1ðfk; flÞ ¼ max
aH1 Ba1
aH1 a1

����
����; (15)

where a1 represents the optimal expansion coefficient. Further details
including the computation of bispectral modes (not shown here) can
be found in Schmidt.50

Figure 21 shows the magnitude of the mode bispectrum com-
puted using the LPT DNS data. Here, single-component (streamwise)
velocity data from the region upstream of the leading edge (zone 10 in
Fig. 8) is used to facilitate testing. While the original map spans wider
cross-frequency ranges, only a portion is shown for brevity, with black
circles highlighting the six strongest triadic interactions. The abscissa
and ordinate of the figure represent frequency doublets Stk; Stlf g asso-
ciated with each triadic interaction. The first quadrant accordingly
describes sum-interactions, while the fourth quadrant quantifies
difference-interactions. Distinct diagonal lines with a slope of �1 rep-
resent each constant frequency component generated by such triadic
interactions.

From Fig. 21, one can first observe intense difference-interactions
leading to flow structures related to the cylinder passage frequency
(e.g., Stk;�Stl;Stk�Stlf g¼ 5:954;�4:631;1:323f g and 4:631;�3:308;f
1:323g) along the black dashed diagonal line. Sum- and difference-
interactions between the modes corresponding to the Doppler-shifted
cylinder wake components (Stk¼½5:954;4:631; 3:308�) and the cylin-
der passage frequency (Stl¼1:323), which generate a cascade of new
Doppler-shifted cylinder wake modes (Stk6Stl), are also noticeable
along the two high-amplitude horizontal lines. Interactions between
the mode captured at St¼7:103 (the fundamental Doppler-shifted
cylinder wakes frequency) and the cylinder passage mode are also
detected, though they appear less pronounced than the cascade of the
above-mentioned triadic interactions. While a conclusive explanation
is not available, it may be zone-dependent.

Unlike in Fiore et al.,34 the shifted frequencies appear at much
lower values, separated from the broadband spectrum associated with
the trailing edge von K�arm�an vortex streets. In their study, the
upstream structures that were nearly orthogonal to the cylinder wake
direction were found within the broadband spectrum modes linked to
the blade trailing edge wakes, but they did not establish an explicit con-
nection between the cylinder wake shedding frequency and these
modes. The differences between our results and those of Fiore et al.34

may stem from variations in flow configuration and simulation resolu-
tion. In our case, the upstream cylinder is positioned much closer to
the blade, which may allow the Doppler-shifted cylinder wake modes
to carry relatively higher energy content.

FIG. 17. The leading SPOD mode extracted at three selected intermediate peak fre-
quencies. Mode shapes are visualized via isosurfaces colored by the real part of
the streamwise velocity components.
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3. High-frequency broadbanded part

The amplitudes of the SPOD eigenvalues continue to decrease at
high frequencies, with a slight bump observed between St ¼ ½14; 20�.
This broadband portion corresponds to the vortex shedding at the
blade trailing edge, similar to what is seen in the steady inflow case. By
applying SPOD on a zonal basis, this feature is detectable only in the
zones adjacent to the trailing edge (zones 7, 8, 15, 19, and 20 in Fig. 8).
Within this frequency range, the energy spectra exhibit slight eleva-
tions, but the modes remain significantly weaker than those associated
with the cylinder wakes.

Figure 22 visualizes some of the leading SPOD modes extracted
within this frequency range. The streamwise velocity component
reveals fine-scale flow structures in the blade upstream and some
trailing edge vortex rolls. Across the broadband frequency range, the

FIG. 18. The leading SPOD mode extracted at three selected intermediate peak fre-
quencies, zoomed in close to the blade boundary layer region: (a) St¼ 3.308, (b)
St¼ 4.631, and (c) St¼ 5.954. Mode shapes are visualized via isosurfaces colored
by the real part of the streamwise velocity component.

FIG. 19. The leading SPOD mode shape around the rear pressure side of the blade
at St¼ 3.308, visualized with isosurfaces colored by the real part of the streamwise
velocity component.

FIG. 20. Schematics illustrating the estimation of (a) the relative velocity as
observed in the cylinder domain and (b) the phase velocity of the upstream cylinder
wakes in the turbine reference frame. The figures are not drawn to scale.
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upstream structures related to the cylinder wakes are generally stronger
than the trailing edge shedding vortices. However, at higher frequen-
cies, the trailing edge rolls become more pronounced with stronger
amplitudes. The spanwise length scale of the vortices is less than the
blade half-span. Influenced by both elevated freestream turbulence and
incoming wakes, the vortex train is released exclusively downstream of
the blade, showing no evidence of laminar separation before exiting
the trailing edge, akin to a bypass-type transition.

For the trailing edge thickness of t ¼ 0:02g ¼ 0:0173cx and the
downstream velocity uext ¼ 1:594, the broadband frequency range is
converted as

Stt ¼ ft
uext

¼ fcx
uin

t
cx

uin
uext

¼ St
t
cx

uin
uext

� 0:152; 0:217½ �: (16)

This result is situated near the lower end of the range 0:2 < Stt < 0:4,
which typically represents cases where the blade boundary layers
are turbulent on both the suction and pressure sides, as reported in
the literature.51,52 This aligns well with the turbulent spots and
hairpin-like structures observed on the suction side in experi-
ments, as well as those documented in De Vincentiis et al.36 Note
that our blade has a relatively sharp edge, which may yield the
lower Stt value.

VII. CONCLUSIONS

In this work, SPOD is applied to DNS data of an LPT cascade
subjected to high FST intensities. To evaluate the impact of periodic
incoming wakes on boundary layer transition, DNS datasets for
both case—with and without wakes—are utilized. The upstream
wakes are modeled by a moving cylinder located upstream of the
blade leading edge, as implemented in the companion experiment
and numerous other studies. While periodic wakes are commonly
imposed as instantaneous inflow conditions in previous DNS stud-
ies, the dataset here incorporates a moving cylinder within the com-
putation, simultaneously interacting with the turbine domain
simulations through a sliding grid. High-intensity, isotropic FST is
achieved by specifying an integral length scale close to the experi-
mental value and scaling wavenumber components to follow the
von K�arm�an energy spectrum. SPOD is then applied to flow snap-
shots that construct the covariance matrix for both the streamwise
and wall-normal velocity components, excluding the spanwise com-
ponent, which carries significantly less energy than the former two.
The TKE across the turbine domain is chosen as the norm to opti-
mize the resulting SPOD modes, as the local Mach number within
the LPT system remains below 0.1.

In the absence of upstream wakes, the resulting SPOD spectra
display nearly monotonically decreasing eigenvalues with increasing
frequency. The spectra broaden slightly over a range of St ¼ ½5; 15�,

FIG. 22. The leading SPOD shapes visu-
alized by isosurfaces colored by the real
part of the streamwise velocity compo-
nent: (a) St¼ 16.54 and (b) St¼ 17.86.

FIG. 21. (Magnitude) mode bispectrum logðjk1jÞ for the incoming cylinder wakes.
The analysis is restricted to zone 10, the region located upstream of the blade lead-
ing edge. The mode bispectrum is computed with Nblk ¼ 480 using data from the
streamwise velocity component. Black circles highlight the six strongest triadic inter-
actions. The black dashed diagonal line represents the cylinder passage frequency
St ¼ 1:323.
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corresponding to the K�arm�an vortex streets formed downstream of
the trailing edge. SPOD modes are visualized with isosurfaces col-
ored by the real part of either the streamwise or the wall-normal
velocity components. Across the resolvable frequency range, the
mode shapes reveal fully attached boundary layers along the blade,
indicating that elevated FST levels effectively suppress boundary
layer separation. Low- and high-velocity streaky structures are
observed at low to mid frequencies, attributed to the influence of
the high FST intensities.

Under the influence of upstream wakes, the SPOD energy spectra
show several energetic modes. The most prominent tone at St ¼ 1:323
corresponds to the passage of the upstream cylinder and is associated
with the development of turbulent spots and lambda vortices on the
rear suction side of the blade, typical indicatives of turbulent boundary
layers. SPOD modes at these low frequencies illustrate large-scale vor-
tical structures that stretch and migrate toward the inter-blade region
and the blade boundary layer. In addition, a series of intermediate
tones appear between the fundamental passage frequency and its har-
monics, corresponding to Doppler-shifted wakes emphasized due to
the proximity between the cylinder and the blade. These modes are a
result of triadic interactions between the wakes and the cylinder’s
movement, as further confirmed by plotting the mode bispectrum
map computed using the open-source BMD code. The corresponding
modes shape into low- and high-velocity streaky structures in the
streamwise direction on the blade’s rear suction side. Breakdown of
the streaks leads to the transition in this case and is described as the
trailing edge vortex streets at high frequencies, similarly in the steady
inflow case. The corresponding mode shapes form low- and high-
velocity streaky structures oriented in the streamwise direction on the
rear suction side of the blade. In this case, the breakdown of these
streaks initiates transition, generating trailing edge vortex streets at
higher frequencies, similarly observed in the steady inflow scenario.

While POD turn out to be an effective tool to identify and quan-
tify dominant flow structures related to the transition process of the
LPT blades, comparison of the SPOD results for the inflow conditions
with or without upstream wakes clearly distinguish their spectral char-
acteristics. For both inflow conditions, the understanding of the full
domain SPODmodes is enhanced by applying SPOD to 20 sub-zones,
each designed to capture the unique physical mechanisms in different
regions of the LPT domain. High-frequency broadband part appears
in the zones close to the blade trailing edge only, while the low-
frequency spectral peaks, particularly the intermediate tones, are
apparent in the zones near the blade leading edge.

While POD has proven effective for identifying and quantifying
dominant flow structures linked to the transition process in LPT
blades, comparing SPOD results for inflow conditions with and with-
out upstream wakes highlights clear spectral differences between the
two. For both inflow cases, understanding of the full-domain SPOD
modes is enhanced by performing SPOD on 20 sub-zones, each
decomposed to capture unique physical mechanisms within different
regions of the LPT domain. High-frequency broadband components
appear only in the zones near the blade trailing edge, whereas low-
frequency intermediate spectral peaks are prominent in zones closer to
the blade leading edge. Tones related to the cylinder passage influence
all 20 zones.

The interpretation of the intermediate peaks emerging under
unsteady inflow conditions is further clarified by the bispectrum map.

In fact, BMD can capture spatially coherent structures linked to these
interactions, generating an interaction map that pinpoints areas where
each triadic event is most significant.50 While this approach may offer
valuable insights into energy transfer within the LPT system, it extends
beyond the scope of this work.
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