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Turbomachinery flows exhibit strong unsteadiness, characterized by periodic wake-related 
disturbances superimposed on background turbulence. The turbulence generation mecha
nisms in these flows involve multiple interacting scales, making accurate modeling chal
lenging. Developing robust transition models capable of capturing the multi-modal 
nature of these processes is crucial for accurately predicting the overall performance of 
turbomachinery components. In our previous work (GT2024-128738), we employed a tur
bulent event recognition technique that was used on high-fidelity data of a compressor 
cascade under steady inflow conditions to classify individual flow features as “laminar” 
and “turbulent” depending on their role in transition. This allowed us to characterize fea
tures such as streaks and Kelvin–Helmholtz roll-ups in a manner that is consistent and 
data-driven. In this work, we consider other high-fidelity scale-resolving datasets of com
pressor blades (NACA65) under unsteady inflow conditions. This work aims at testing 
whether laminar and turbulent classification is appropriate for this class of problems. 
For that purpose, a multi-scale analysis of the turbulence generation mechanisms is 
adopted. This is achieved by clustering flow scales using an unsupervised data-driven 
method. Following that, turbulence production for different scale clusters is examined. 
Data reported in the article show that a low-dimensional multi-scale representation of tur
bulence generation mechanisms can be achieved for compressor flows. The approach dis
cussed here has potential to extend the concept of two-scale laminar-turbulent kinetic 
energy models, especially with regards to incorporating the impact of incoming wakes 
into the Reynolds-averaged Navier–Stokes framework. [DOI: 10.1115/1.4070237]
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1 Introduction
Simulating turbomachinery flows presents significant challenges 

due to the multi-scale nature of velocity and pressure fluctuations. 
These latter can have a considerable impact on the aerodynamic 
performance of turbine and compressor blade profiles, see e.g., 
Tucker [1]. Unsteadiness arises through turbulence production 
mechanisms that manifest in both the boundary layer (BL) and 
the freestream [2]. The freestream unsteadiness provides an exter
nal forcing that contributes to the instability process within the 
boundary layer, providing the link between the passage and the 
near-wall regions.

Depending on the inflow conditions, boundary layer may transi
tion in an attached or separated manner, affecting the overall per
formances of aerodynamic components, see Mayle [3]. In steady 
flows, small-scale freestream turbulence acts as continuous pertur
bation of the laminar boundary layer via the receptivity process, see 
e.g., Zaki [4] and Verdoya et al. [5]. For high Reynolds numbers 
and turbulence intensity levels, boundary layer remains attached 
to the blade surface. Then, the boundary-layer transitions to turbu
lence through a bypass-like transition process, which is dominated 
by the growth and breakdown of elongated streaky structures, see 
Jovanovic [6]. Streaks generate turbulent spots through secondary 
instabilities, leading to boundary-layer transition, see Zaki [4]. In 
contrast, at low Reynolds numbers and turbulence intensity 
levels such as those found in low-pressure turbines, boundary 
layer tends to remain laminar and may separate. If the flow subse
quently reattaches to the wall, a laminar separation bubble is 
formed as a result, see e.g., Volino [7] and Tani [8]. The transition 
mechanism in such flows is typically driven by the Kelvin–Helm
holtz (K–H) instability, leading to the shear layer roll-up and the 
generation of spanwise aligned vortices. Their breakdown 
finally causes the shear-layer transition and reattachment, see 
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Hosseinverdi and Fasel [9]. Several literary works have focused on 
developing empirical correlations for predicting transition in cases 
of freestream turbulence and separation-induced transition under 
steady flow conditions, e.g., Refs. [10–13].

In real turbomachinery flows, stochastic, small-scale back
ground turbulence, and periodic large-scale fluctuations are 
present [14]. As a result, the freestream energy spectrum is strongly 
affected by migrating wakes when compared to a steady flow 
case [15]. The breakdown of the coherent large-scale fluctuations 
in the blade passage causes energy transfer toward smaller scales 
and higher frequencies in the turbulent spectrum [16]. In additions 
to this, the wake itself carries different turbulent scales in its core 
(as evidence by high turbulent kinetic energy levels within the 
wake) and at the interface with the surrounding freestream 
region, see e.g., Wissink and Rodi [17]. The impact of wake-related 
unsteadiness on the boundary-layer transition process can be sig
nificant, depending on the reduced frequency, the blade loading, 
and the wake turbulent kinetic energy levels, see e.g., Hodson 
et al. [18] and Wissink et al. [19]. When a laminar separation 
bubble forms on the blade surface, the incoming wakes can 
cause the periodic reattachment of the boundary layer [20], with 
key features of bypass and separation-induced transition occurring 
at different times. The unsteady flow regime therefore introduces 
additional spectral content into the turbulence field [17], resulting 
in interactions across a wider range of scales. The number of rele
vant scales or scale clusters to be modeled for the accurate predic
tion of unsteady flows therefore increases compared to a steady 
flow environment. Past works based on detailed experiments and 
high-fidelity simulations have shown how migrating wakes, 
boundary-layer structures, and von-Karman vortices for instance 
contribute differently to the overall generation of turbulence [21].

In the framework of Reynolds-averaged Navier–Stokes simula
tions, a two-scale representation of fluctuations in transitional 
boundary layers is embodied by the laminar kinetic energy 
(LKE) concept introduced by Walters et al. [22,23]. Large-scale 
coherent fluctuations forming in the laminar part of the boundary 
layer contribute to the production of what is called the laminar 
kinetic energy field. Examples are pre-transitional streaky struc
tures in the bypass transition scenario. As the instability and break
down of laminar structures take place, the laminar kinetic energy is 
transferred to the turbulent field promoting transition. In terms of 
modeling, an additional transport equation for LKE is required 
embedding an energy transfer term, which couples the laminar 
and turbulent kinetic energy equations.

The LKE concept originated from the observation that different 
flow scales have a different role in turbulence generation and tran
sition processes [24]. While in a steady boundary-layer flow, a 
two-scale approach can provide an accurate representation of tran
sition under a variety of flow scenarios [25,26], a multi-scale rep
resentation of the turbulence may represent a step forward in 
bridging the gap between high-fidelity methods and low-fidelity 
models, see e.g., Baj and Buxton [27]. In the classic LKE 
method, the freestream region is all classified as turbulent, regard
less of the freestream turbulence spectrum. However, in unsteady 
turbomachinery flows, at least four spatio-temporal regions may 
be identified, namely the laminar and turbulent parts of the bound
ary layer, the periodic migrating wake, and the calm region forming 
in between of the successive wakes.

In this study, a turbulent event detection method is applied to 
highly resolved large eddy simulation (LES) data to investigate 
the presence of multiple scales or scale clusters in the unsteady 
flow-field of a compressor cascade. The analysis leverages variable 

spatial and temporal windowing of the data to identify such clus
ters. This work extends the authors’ previous study [28], which 
focused on the steady flow data for the same compressor geometry 
as one analyzed here.

2 Computational Setup
2.1 Compressor Geometry. The test case used in this study is 

an NACA65 compressor cascade, extensively investigated in pre
vious works by Zaki et al. [29], Leggett et al. [30], and Przytarski 
and Wheeler [31]. The present compressor cascade is largely in 
accordance with the experiments performed by Hilgenfeld and 
Pfitzner [32], but lower Reynolds and Mach numbers are consid
ered in this work. The linear cascade was denoted V103 in the 
experiments [32]. The current Reynolds number is ReCax = 140 k, 
Mach number is 0.065, and the unsteady inflow conditions are 
obtained with a wake-recycling procedure to produce a multi-stage 
like flow-field [15]. Details of the test case are shown in Table 1. 
The flow coefficient, and thus blade speed, is set by the stage reac
tion (Λ = 50%) and the inlet and exit flow angles. The axial gap 
was set to 0.4Cax. Under these conditions, the suction-side (SS) 
boundary layer undergoes separation in between of the successive 
wakes, as shown in the work of Przytarski and Wheeler [15].

2.2 Solver Details. Simulations in this work were performed 
using the high-order compressible Navier–Stokes solver 3DNS 
[33]. A fourth-order DRP finite difference central scheme 
coupled with eighth-order standard filter was used for spatial dis
cretization. Explicit time stepping was implemented with four- 
stage fractional step Runge–Kutta. Characteristic inlet and 
outlet boundary conditions were used to minimize the effect of 
reflecting pressure waves. The wake-recycling procedure, which 
is described in detail by Przytarski and Wheeler [15], recycles 
the flow from a single-passage simulation to mimic the multi- 
stage flow-field with a stage reaction equal to 0.5. The inflow tur
bulence was generated by sampling the velocity profile at a des
ignated sampling plane and recycling it by superimposing a 
disturbance field onto the inflow boundary conditions at the 
inlet. To accurately represent the upstream rotor orientation, the 
tangential velocity component of the inlet disturbances was 
adjusted by changing its sign. Additionally, the phase of the dis
turbance field was varied linearly with time, effectively replicat
ing the speed of the rotor blades.

The computational domain was discretized using a multi-block 
structured mesh, as shown in Fig. 1. The mesh has approximately 
130M elements, with 1143k nodes in the blade-to-blade plane, and 
112 nodes in the spanwise direction. The spanwise width of the 
domain is 10% of the axial chord and periodic boundary conditions 
are set in the spanwise direction. To verify the adequacy of the 
chosen spanwise extent, the spanwise auto-correlation function 

Table 1 Test case 

Re Ma ϕ Fred αin Frotor

140 k 0.065 1 1.71 42 273.3 Hz
Fig. 1 Mesh used for this study showing every eighth grid line
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of fluctuating velocities was computed, not shown here for brevity. 
The autocorrelation was seen to approach zero before the end of the 
domain. The wall-normal viscous wall unit (Δn+) was set consis
tently lower than 1 over the entire blade surface. In the SS turbulent 
boundary layer, a maximum value of Δn+ = 0.6 is obtained. The 
maximum tangential and spanwise viscous wall units are 
Δt+ = 4.8 and Δz+ = 6 in the SS turbulent boundary layer. These 
values are representative of wall-resolved LES.For the present 
investigation about 600 snapshots of the unsteady flow-field were 
collected over six rotor periods. Time-averaged statistics were 
computed over 20 rotor periods. The transient time covered 
about 15 through flows corresponding to 25 rotor periods. 
Further details on the methodology and the case setup can be 
found in the work of Przytarski and Wheeler [15].

3 Data Analysis
3.1 Scale-Cluster Identification. Simulation data in this 

work are used to investigate the existence of scale clusters in the 
unsteady flow of the NACA65 compressor cascade. To do that, a 
variant of a turbulent event detection method adopted in the 
authors’ previous work [28] is used. The current method is 
described as follows: 

(1) The sum of the absolute values of fluctuating velocity 
is computed for all spatial positions, namely 
D = |u′| + |v′| + |w′|, where u′, v′, and w′ are the streamwise, 
wall-normal, and spanwise fluctuations, respectively

(2) Then, windowing of D is performed to evaluate this function 
within a small volume embedding the local fluctuations in a 
given range of scales. In the authors’ previous work [28], a 
3D spatial box was moved across the whole domain to esti
mate the local value of mean energy of fluctuations with 
maximum scale corresponding to the adopted box dimen
sion. The 3D box dimension was chosen to match the char
acteristic scale of the turbulent boundary layer. In the current 
work, a spatio-temporal windowing is used such that it uses 
a subsample of data that covers a defined sub-domain and a 
certain number of snapshots. As a result, the windowing 
function is sensitive to both spatial and temporal scales of 
fluctuations in the unsteady flow environment

(3) Once the spatio-temporal window is defined, the root mean 
square (RMS) of D within the chosen window is computed 
and assigned to its central position (considering both spatial 
and temporal center points). The D RMS value is referred to 
as DRMS for the remainder of the article. The procedure is 
repeated for every position as the window is moved across 
the whole data set. Sensitivity to the window dimension 
was also evaluated and is presented in the following 
section. Note that the local DRMS value depends on both 
the energy and scale of fluctuations

(4) A k-means algorithm [34] is used to identify clusters of 
DRMS values being representative of different turbulence 
scales and flow features. Details on the k-means procedure 
are given in Sec. 3.2.

3.2 k-Means Procedure. The k-means clustering method is a 
widely used unsupervised learning algorithm designed to partition 
a dataset into k distinct clusters based on feature similarity, such as 
the DRMS values at different spatial positions and time instants. The 
algorithm begins by initializing k cluster centroids, which are typ
ically chosen randomly or using an optimized seeding method, see 
e.g., Arthur and Vassilvitskii [35]. In this work, the first centroid is 
selected considering a random 10% subsample of the DRMS values. 
The remaining centroids are selected by maximizing the pro
bability of having the largest distance from the already chosen 
one [35]. This prevents initial centroids from being too close to 
each other and guarantees faster convergence and better clustering 
results compared to random initialization. Each data point is then 

assigned to the cluster whose centroid is the closest in terms of 
Euclidean distance. Once all samples are assigned to their respec
tive class, the centroids are recalculated as the mean of the points 
within each cluster. This process iterates until convergence, 
which occurs when centroid positions no longer change or a prede
fined number of iterations is reached.

In this study, k-means is applied to the DRMS values to identify 
clusters of velocity fluctuations in the unsteady compressor field. 
As it will be shown in Sec. 4, the probability density function 
(PDF) of DRMS was seen to exhibit multiple peaks or modes 
depending on the chosen window size, which indicates the pres
ence of underlying subpopulations or structural patterns in the 
data. By setting k appropriately, the k-means algorithm isolates 
these regions of high density of data. The clustering process 
allows for a data-driven segmentation that does not rely on prior 
assumptions about the shape or number of underlying components. 
The appropriate number of clusters k was indeed determined using 
the elbow method by plotting the within-cluster sum of squares as a 
function of k [36]. Once the classes are defined, each spatial posi
tion and time instant is assigned a label so that the corresponding 
velocity fluctuations contribute to the turbulent kinetic energy of 
the respective class.

3.3 Scale-Cluster Turbulent Kinetic Energy and Its 
Turbulence Production. For a detailed characterization of the 
role of scale clusters in the generation of turbulence, their contribu
tion to the turbulent kinetic energy field (k) and its production (Pk) 
were compared to the overall ones. These latter are defined as 
follows [31]:

k =
􏽘 u′2ii

2N
(1) 

Pk = −u′iu
′
j
∂Ui

∂xj
(2) 

where subscripts i, j = 1, 2, 3 correspond to u′, v′, w′, respectively. 
Upper- and lower-case letters in Eqs. (1) and (2) indicate time- 
mean and fluctuating velocity components, respectively. The 
overbar is used to indicate time-averaging of instantaneous Rey
nolds stresses. The comparison of Pk with the contributions 
from the scale clusters highlighted by the k-means procedure dis
cussed above allowed showing the relevance of scale/energy clus
ters in the overall turbulence production. The turbulent kinetic 
energy associated to the pth class is computed as follows:

kp =
􏽘 u′2ii,p

2Np
(3) 

where N p is the number of events belonging to the pth class. The 
corresponding time-averaged production term for a particular 
cluster p is defined as

Pk,p = −u′i,pu′j,p
∂Ui

∂xj
(4) 

The time- and spanwise-averaged values were considered to 
enhance statistical convergence and facilitate comparison with 
the overall turbulent kinetic energy and production terms.

3.4 Energy Transfer Rate Between Scale Clusters. In the 
two-equation LKE formulation [23], the link between laminar 
and turbulent kinetic energy is provided by the transfer term R
that appears in both kL and kT equations but with opposite sign. 
The energy transfer rate (TR) between the pth and qth class is com
puted as follows:

TRq−p = −u′i,pu′j,p
∂u′i,q
∂xj

(5) 
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4 Results
4.1 Description of Time-Mean and Instantaneous 

Flow-Field. Figure 2 shows the pressure and skin friction coeffi
cients for the current test case. A small separated flow region devel
ops from x/Cx = 0.5 on the blade suction side, as highlighted by 
the slightly negative Cf values and the change in the slope of the 
SS Cp distribution. As shown in the authors’ work [15], boundary- 
layer separation is dynamically suppressed by the incoming wakes, 
leading to different boundary-layer states at different wake phases. 
Based on the Cf distribution, transition in the SS boundary layer is 
expected to begin at x/Cax = 0.63 and to complete at x/Cax = 0.77. 
As it will be demonstrated later in the article, different values of the 
DRMS functions were observed in the pre-transitional, transitional, 
and fully turbulent part of the boundary layer, suggesting that the 
energy transfer among at least three different scale classes might 
be used to describe the transition process.

Figure 3 shows the instantaneous flow-field in the blade passage. 
The iso-surfaces of spanwise velocity highlight turbulent events 
associated with the migrating wake and the boundary-layer struc
tures. Near the blade surface, the wall-parallel contour plot of the 
streamwise velocity component reveals the occurrence of streaky 
structures and Kelvin–Helmholtz rolls. Such flow structures are 
typical of the bypass and of the separation-induced transition pro
cesses. Competing transition mechanisms therefore occur in the SS 
boundary layer. Streaks are formed as a consequence of the wake 
and freestream turbulence penetrating the boundary layer [4]. 
When streaks propagate downstream, they perturb the separation 
bubble and cause the periodic suppression of the recirculating 
flow region. Accordingly, the region of negative Cf values 
shown in Fig. 2 is obtained as combination of different flow 
states characterized by both an attached and a separated boundary 
layer. In the next section, the current clustering method will be 
demonstrated to isolate the contribution of different flow features, 
as highlighted in Fig. 3, to the overall turbulent kinetic energy field.

4.2 Windowing Function Sensitivity. To evaluate the ability 
to capture different energy or scale clusters based on the selected 
spatial and temporal windowing, the function DRMS was computed 
for a range of spatial extents of the 3D subdomain and different 

subsets of snapshots, as previously described. The number of snap
shots used in the computation of DRMS covered a temporal window 
ranging from 0.15 to 2Tw, where Tw corresponds to the wake 
period. Similarly, the spatial window ranged approximately from 
20% to 90% of the turbulent boundary-layer thickness evaluated 
at the SS trailing edge. These values corresponded to approxi
mately 1.5% and 7% of the axial blade chord, respectively. 
Extreme cases were also considered for the sensitivity of DRMS
function, e.g., a case with a single spatial position or a unique 
time instant, i.e., single snapshot. These cases represent scenarios 
where only temporal or spatial windowing is applied, respectively.

Figure 4 shows probability density function distributions of the 
DRMS values for some of the tested spatial and temporal windows. 
The distributions obtained from the smallest and the largest 
window sizes are omitted since for these cases a skewed Gaussian 
distribution was obtained thus preventing the possibility of identi
fying scale/energy clusters within the flow. Reducing the spatial/ 
temporal window to a single point/snapshot or including the 
entire database also prevented identifying and localizing fluctuat
ing events in space and time. Among the tested window sizes, a 
combination of a spatial window of 0.07Cax and a temporal 
window of 0.3Tw (top row, second-column plot in Fig. 4) 
showed the largest number of peaks in the DRMS distribution. It 
was determined that such spatio-temporal window will allow for 
the detection of the largest number of scale clusters embedded in 
the flow.

4.3 DRMS Distribution and Scale Clusters. Figure 5 shows 
the probability density function of DRMS values for all spatial 
positions and time instants obtained for the spatial and temporal 
window sizes of 0.07Cax and 0.3Tw. Three peaks resembling three 
Gaussian distributions can be observed with a right “fat” tail cor
responding to the highest values of DRMS. Accordingly, four clus
ters of DRMS values can be identified, which correspond to four 
classes extracted by the k-means algorithm. It should be men
tioned that the class distributions, as shown in Fig. 5, are deter
mined by the k-means algorithm independently of the DRMS
PDF. Therefore, the agreement between the class distributions 
and the PDF peaks/bumps serves as further evidence of the capa
bility of the present method to isolate clusters with a high density 

Fig. 2 Pressure (Cp) and skin friction (Cf) coefficient 
distributions

Fig. 3 Instantaneous flow-field in the compressor blade 
passage. Iso-surface of w′ = ±1.2 and wall-parallel contour 
plot of u′ are shown.
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of data. As shown in the following section, the classes identified 
through the present procedure correspond to different fluctuation 
scales. Therefore, they will be referred to from here on as: very 
small scale (VSS, Class 1), intermediate small scale (ISS, Class 
2), intermediate large scale (ILS, Class 3) and very large scale 
(VLS, Class 4). Data corresponding to different scale clusters 
were grouped to compute partial kinetic energies and their corre
sponding turbulence production terms.

4.4 Scale-Cluster Distributions in the Unsteady Flow. 
Before computing the kinetic energy ascribed to each class, the 
spatial distribution of scale clusters is investigated. Figure 6
shows the spatial distributions of the four classes highlighted in 
Fig. 5. Data are shown for t/Tw = 0, 0.25, 0.5, and 0.75, 
showing the temporal variation of class distributions within the 
wake period. Classes named ISS, ILS, and VLS appear to describe 
scale/energy variation in the migrating wake and the boundary 
layer, while VSS class appears to correspond to the remainder of 
the flow-field. Several observations can be made about these 
class distributions. The VSS class contains freestream fluctuations 
as well as pre-transitional fluctuations in the fore part of the SS and 
pressure-side (PS) boundary layer. This class corresponds to the 
highest peak of DRMS distribution and is characterized by the 
lowest DRMS values, see Fig. 5. The VLS class captures the wake 
core as well as the largest scales in the near-wall region originating 
due to boundary-layer separation and its subsequent instability, i.e., 
the Kelvin–Helmholtz roll fluctuations. The ISS and ILS classes 
indicate fluctuations that transfer energy from the wake to the pre- 
transitional part of the boundary layer as it can be observed in the 
sequence of snapshots in Fig. 6 starting from t/Tw = 0.5. It should 
be noted that these latter classes persist in both the SS and PS 
boundary layer after the wake passage. The occurrence of the 
VLS class in the suction-side boundary layer seems to be triggered 
only by the local interaction between wake-related fluctuations and 
the separated boundary layer. In addition, the VLS class was never 

observed on the pressure side. This indicates that different scales of 
fluctuations characterize SS and PS boundary layer and participate 
in their respective transition process. This stands in contrast with a 
classic two-equation LKE model. The current data-driven approach 

Fig. 4 Probability density function distributions of DRMS for a range of spatial and temporal window sizes

Fig. 5 Probability density function distribution of DRMS for 
spatial and temporal window sizes equal to 0.07Cax and 0.3Tw

Fig. 6 Instantaneous distributions of scale clusters as deter
mined by the k-means clustering method
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may help better capture the turbulence behavior in different regions 
of blade cascades.

4.5 Relative Integral Values of Scale-Cluster Energy and 
Turbulence Production. To quantify the contribution of each 
scale-cluster to the total turbulent kinetic energy and the amount 
of turbulence production each scale-cluster is responsible for, 
their respective values were computed and integrated over the 
entire domain. Table 2 reports the relative values of kVSS, kISS, 
kILS, and kVLS and their corresponding relative turbulence produc
tion contributions. Most of the turbulent kinetic energy is retained 
by the ILS class, which contains the velocity fluctuations in the tur
bulent boundary layer, as well as those within the wake (but not 
strictly at the wake core). Von-Karman vortices forming at the 
trailing edge are also accounted by this class, as shown in Fig. 6. 
Large coherent fluctuations in the wake core and those linked to 
the Kelvin–Helmholtz instability, which are represented by the 
VLS class, cover approximately a quarter of the total turbulent 
kinetic energy. A similar amount of energy (approximately a 
quarter) is captured by the ISS class, which represents the fluctua
tions related to the wake decay and its interaction with the SS and 
PS boundary layers. Class named VSS on the other hand captures 
only 12% of the energy despite the relatively large area which it 
covers within the domain.

The analysis of the class-related turbulence production may 
provide evidence of the role that each class plays in the process 
of turbulence generation. This quantity depends on the combina
tion of local level of fluctuations and shear. As expected, VSS 
class shows the lowest contribution to the overall turbulence pro
duction as it represents freestream fluctuations that occur in 
between of the successive wakes, as well as the small perturbations 
affecting the laminar boundary layer. Note that in a classic 
two-scale LKE approach, freestream fluctuations (i.e., VSS class) 
would be all considered as turbulent and embedded within the 
same class with ISS and ILS ones.

The largest quota of turbulence production is covered by the ILS 
and VLS classes, which are responsible for approximately 66% of 
total turbulence production. According to Fig. 6, ILS class captures 
turbulent fluctuations in the boundary layer as well as due to wake 
disruption and decay. On the other hand, VLS class captures the 
turbulence generation due to the largest scales in the wake core 
and in the region where the Kelvin–Helmholtz instability occurs.

4.6 Spatial Distribution of Scale-Cluster Turbulence 
Production Terms. Since the turbulence production strongly 
depends on the local strain, it follows that the contribution of 
each scale cluster to turbulence generation can vary significantly 
from one spatial location to another. Figure 7 shows the 
spanwise-averaged distributions of Pk,VSS, Pk,ISS, Pk,ILS, and 
Pk,VLS (from top to bottom). The figure shows that most of turbu
lence production occurs, in a statistical sense, near the blade 
surface. Even if wakes are known to contribute instantaneously 
to the generation of turbulence [15], the averaging procedure 
smears the wake contribution across the domain as it occurs at dif
ferent spatial positions for different time instants. It can be seen 
from the figure that all four classes show the negative values of tur
bulence production near the blade leading edge, albeit of different 
magnitudes. As shown by Przytarski and Wheeler [15], the 

negative production values observed downstream of the leading 
edge are due to the incoming wake. However, outside the leading 
edge, different distributions of turbulence productions are observed 
for each class, especially when comparing suction-side and 
pressure-side boundary layers.

Turbulence production for VSS and ISS classes shows the 
largest values in the fore part of the blade boundary layer, both 
on the suction and on the pressure sides. In addition, ISS shows 
high values of turbulence production (both positive and negative) 
on the pressure side toward the aft part of the blade. Interestingly, 
these two clusters relate to very different turbulence scales. The 
VSS class consists of primarily small-scale fluctuations representa
tive of background turbulence, while ISS indicates scales which 
primarily occur at the wake interface. These classes therefore rep
resent two distinct transition paths, one bypass and the other 
wake-induced. This suggests that the current data-driven procedure 
is able to isolate wake effects from those linked to the freestream.

Table 2 Scale-cluster contributions to partial kinetic energy 
and corresponding turbulence production as a fraction of the 
overall values

kVSS kISS kILS kVLS
0.12 0.27 0.36 0.25

Pk,VSS Pk,ISS Pk,ILS Pk,VLS
0.10 0.24 0.33 0.33

Fig. 7 Spatial distributions of Pk contributions of data-derived 
scale clusters. From top to bottom: VSS, ISS, ILS, and VLS 
classes.
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As far as ILS class is concerned, its production represents the 
contribution to the overall turbulence generation due to intermedi
ate scale structures, that occur in the outer layer of the boundary 
layer as well as downstream of the blade trailing edge. On the 
suction-side boundary layer, they seem to originate from the 
breakup of the Kelvin–Helmholtz rolls. On the PS, the ILS class 
contributes to most of turbulence generation in the front and mid 
sections of the blade. A bulk of production is seen to occur in 
the range 0.1 < x/Cax < 0.4, where wake–BL interaction was 
seen to occur (see e.g., Fig. 3).

Finally, the VLS class successfully captures the bulk of turbu
lence production due to the Kelvin–Helmholtz rolls forming as a 
consequence of boundary-layer separation. The region of the 
largest VLS production values was verified to coincide and 
develop from the average maximum displacement of the separation 
bubble. Since there is no separation bubble forming on the pressure 
side, VLS production is negligible in this region.

To summarize, the results presented in Fig. 7 show that the 
present method based on spatio-temporal windowing allows for 
isolating wake-related fluctuations and is able to distinguish 
between larger and smaller scale fluctuations driving the transition 
and breakdown to turbulence processes.

4.7 Budget of Scale-Cluster Turbulent Kinetic Energy and 
Turbulence Production in Suction-Side and Pressure-Side 
BoundaryLayers. Figure 8 shows the 1D budget of the partial 
kinetic energies and their corresponding turbulence production. 
Data shown in Fig. 8 are obtained by integrating scale-cluster 
kinetic energy and their respective turbulence production across 
the boundary-layer thickness both on the suction and the pressure 
side. These data are then scaled using the inlet freestream velocity 
as scaling quantity. This figure shows the evolution of all scale 
clusters in the shear region and therefore allows for discussing 
their role in transition and breakdown to turbulence processes.

4.7.1 Turbulent Kinetic Energy Within the Suction-Side 
Boundary Layer. The left plot in Fig. 8(a) shows the turbulence 

kinetic energy budget in the suction-side boundary layer. The 
figure shows that the total turbulent kinetic energy peak occurs at 
about x/Cax = 0.65 which is where the transition is expected to 
occur based on the Cf distributions shown in Fig. 2. This peak 
also coincides with the peak of kVLS which is linked to the occur
rence of the Kelvin–Helmholtz rolls. It is clear from the figure that 
kVLS is responsible for the majority of the energy within this peak. 
Downstream of that peak, kVLS is seen to reduce, while kILS
increases from about x/Cax = 0.6. This indicates the transfer of 
energy from the large coherent rolls forming at the bubble 
maximum displacement to the smaller scale fluctuations occurring 
in the reattachment and fully turbulent regions. The overall turbu
lent kinetic energy remains high in the turbulent boundary layer 
due to the kILS contribution. Regarding the fore part of the 
suction side, where there is a laminar boundary layer, kVSS and 
kISS are the dominant contributors to the local level of turbulent 
kinetic energy. The kVSS and kISS distributions reduce to zero for 
the same positions at which the increment of kILS and kVLS is 
observed. This indicates that these classes are responsible for the 
kinetic energy related to laminar instabilities.

4.7.2 Production of Turbulence Within the Suction-Side 
Boundary Layer. The right plot of Fig. 8(a) depicts the stream
wise distribution of the contributions of each class to the 
overall turbulence generation in the suction-side boundary 
layer. The largest contributions in the pre-transitional part of 
the boundary layer are due to VSS and ISS classes. At these posi
tions, the overall production term is primarily due to the sum of 
Pk,VSS and Pk,ISS. Further downstream, Pk,ILS and Pk,VLS increase. 
Similarly to the turbulent kinetic energy distributions, the 
maximum peak of turbulence production is primarily due to the 
turbulence production term associated with the occurrence of 
separation, i.e., the VLS class. It can be also seen that the contri
bution of class ILS to turbulence production is reduced when 
compared to its contribution to the turbulence kinetic energy 
budget. This is consistent with the reduction of turbulence gener
ation associated to smaller scale fluctuations in the turbulent 

Fig. 8 Distributions of non-dimensional scale-cluster contributions to turbulent kinetic energy (k/U2
in) and its production 

(PkCax/U3
in) within SS and PS boundary layers: (a) budgets of (left) turbulent kinetic energy and (right) its production 

within the SS boundary layer and (b) budgets of (left) turbulent kinetic energy and (right) its production within the PS bound
ary layer
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boundary layer compared to the levels typically observed near the 
bubble maximum height position [37].

4.7.3 Turbulent Kinetic Energy Within the Pressure-Side 
Boundary Layer. The left plot of Fig. 8(b) shows the distribution 
of turbulent kinetic energy in the pressure-side boundary layer. 
Note that the reduction of turbulent kinetic energy compared to 
the SS is mostly related to the disappearance of the kVLS peak, 
which is associated with the onset of K–H vortices. This again 
demonstrates the capability of the present procedure to isolate 
the contributions of different dynamics to the turbulent kinetic 
energy field, which may occur at different spatial positions on 
the blade surface.

In the PS boundary layer, ISS and ILS classes are the main con
tributors to the turbulent kinetic energy field due to the formation of 
smaller scale fluctuations. The peak of the total turbulent kinetic 
energy is observed for x/Cax equal to about 0.35. At the same posi
tion, the largest value of kILS is observed. Contrarily, the kISS dis
tribution exhibits a local reduction in intensity at the position of 
the total kinetic energy peak. This behavior can be explained by 
examining the data shown in Figs. 3 and 6, where local instabilities 
can be observed in the PS boundary layer around 0.35x/Cax, 
which extend for a limited portion of the blade. Particularly, the 
kILS peak takes place where the wake–BL interaction on the PS 
was seen to occur. Further downstream, kISS increases again 
while kILS values reduce. The present method therefore allows 
for detecting localized instabilities at different streamwise loca
tions in the boundary layer. Finally, small values of kVSS are 
observed in fore part of the pressure side boundary layer, namely 
for x/Cax < 0.2, due to the effects of impinging wakes, see e.g., 
Fig. 6.

4.7.4 Production of Turbulence Within the Pressure-Side 
Boundary Layer. As for the turbulence production terms in the 
pressure-side boundary layer (Fig. 8(b), right plot), one should 
note that the maximum peak of the overall turbulent kinetic 
energy production occurs at different streamwise locations com
pared to the distributions of all classes. Its location is determined 
mostly by the sum of the Pk,ISS and Pk,ILS contributions. Addition
ally, the production peak for the ISS class, i.e., for wake-related 
fluctuations impinging the boundary layer (see Fig. 6), does not 
occur at the same position for which its maximum energy value 
is observed. The peak in Pk,ISS occurs further upstream due to the 
wake and boundary-layer distortion downstream of the leading 
edge. This indicates that kISS fluctuations observed in the rear 
part of the pressure-side boundary layer are mostly generated at 
upstream locations and then they are convected downstream. 
Even though the present multi-scale representation still keeps the 

simplicity arising from a reduced number of scale classes, different 
instability mechanisms occurring in both suction- and pressure- 
side boundary layers can be highlighted that would be lost in a 
two-scale laminar-turbulent model.

4.8 Inter- and Intra-Cluster Turbulent Kinetic Energy 
Transfer Rate. Just as turbulence production signifies the 
amount of energy exchanged between the mean field and a turbu
lent scale-cluster, the energy transfer rate signifies the amount of 
energy exchanged between two different scale clusters. The mech
anism of energy exchange is analogical to turbulence production 
and is expressed as a product of Reynolds stress tensor of 
scale-cluster 1 and a strain field of a scale-cluster 2. A positive 
value of such a transfer rate signifies that the energy flows from 
the scale-cluster 2 to the scale-cluster 1, i.e., scale-cluster 2 acts 
as an energy source and scale-cluster 1 acts as an energy sink in 
this exchange.

Having separated instantaneous fluctuations into distinct classes, 
we average them to create time-mean fields associated with each 
scale-cluster and compute Reynolds stresses and strains that 
result from them. This allows us to evaluate how scale-cluster 
classes interact with each other in the average sense. Given that 
each scale-cluster class comprises of many individual fluctuations, 
each class can also interact with itself. As a result there are 16
potential interactions between the previously identified four scale 
clusters. Twelve of these interactions correspond to the transfer 
of energy between different cluster classes, with each pair of 
classes allowing for two energy transfer pathways. We can demon
strate it using Eq. (5) by considering scale clusters VLS and ILS for 
which these transfer rates are as follows:

TRVLS−ILS = −u′i,ILSu′j,ILS

∂u′i,VLS

∂xj
(6a) 

TRILS−VLS = −u′i,VLSu′j,VLS

∂u′i,ILS

∂xj
(6b) 

where the first interaction corresponds to the VLS class acting as an 
energy source and ILS acting as an energy sink with the positive 
value of it corresponding to the forward energy cascade (energy 
flowing from a very large scale to intermediate large scale); the 
second interaction reverses class roles with ILS acting as an 
energy source with the positive value corresponding to the 
energy back-scatter. For simplicity, we can assume the forward 
energy cascade as a default direction of the energy flow and sum 
both contributions to evaluate a net energy transfer rate from the 
scale VLS to ILS as such

RVLS−ILS = TRVLS−ILS − TRILS−VLS (7) 

The remaining four of these interactions (out of potential 16) 
represent self-energy transfers where the same scale-cluster is 
used for both the Reynolds stress tensor term and the strain term. 
The energy transfer interactions between different scale clusters 
will be referred to as inter-cluster transfer rates while the energy 
transfer interactions within the same scale-cluster will be called 
intra-scale transfer rates.

4.8.1 Net Energy Transfer Rate. In Fig. 9, we compute and 
integrate these energy transfer rates across the computational 
domain to obtain a net energy transfer rate between each pair of 
scales. The resulting matrix reveals that for the majority of the 
scale clusters (ILS, ISS, and VSS) the dominant energy transfer 
rate direction is aligned with the forward energy cascade, i.e., the 
energy flows from the large scales to small scales. The exception 
from it is VLS scale-cluster for which we report negative transfer 
rate corresponding to energy back-scatter. We previously showed 
that VLS scale-cluster corresponds to the wake core and the largest 
scales in the near wall region originating due to boundary-layer 
separation. The net negative transfer rate suggests that smaller 

Fig. 9 Net integrated energy transfer rate between the four 
scale clusters
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scales reinforce and strengthen large-scale fluctuations. Similar effect 
was previously reported by Przytarski et al. [38] using a data-driven 
decomposition technique based on the proper orthogonal decomposi
tion. These authors also showed that the back-scattering effect gets 
stronger as the flow-field becomes more unsteady pointing to a poten
tial feedback mechanism, i.e., high unsteadiness leads to even higher 
unsteadiness by energizing large-scale fluctuations.

Next we will investigate inter- and intra-cluster transfer rates 
within the boundary layers in order to reveal how they govern 
the turbulent dynamics.

4.8.2 Energy Transfer Rate Within the Suction-Side Boundary 
Layer. Figure 10(a) shows the net inter- and intra-cluster energy 
transfer rates integrated across the suction-side boundary layer. It 
is clear from the plot that the VLS scale-cluster plays a significant 
role in the boundary-layer behavior as it features strong negative 
peaks where the transition process takes place (Cax ≈ 0.6). Both 
inter- and intra-scale peaks relate to the energy getting transferred 
into larger scale structures—a back-scattering event. This is inter
esting from the physical standpoint as it suggests that larger 
Kelvin–Helmholtz rolls draw energy from the smaller scales occur
ring in that region. This phenomenon is supported to a varying 
degree by ISS, ILS, and VLS scale-cluster classes. The plots also 
show that in a fully developed turbulent boundary-layer region 
there is energy transfer from ILS class to ISS and VLS classes. 
This is likely related to how the periodic wake modulates the 
boundary layer and helps to redistribute the energy within it 
depending on the phase of the wake. This can be observed in Fig. 6.

4.8.3 Energy Transfer Rate Within the Pressure-Side 
Boundary Layer. Similarly, Fig. 10(b) shows the net inter- and 
intra-cluster energy transfer rates integrated across the pressure-side 
boundary layer. Here we can see significant negative energy transfer 
rates occurring from the leading edge to the transition location 
(Cax ≈ 0.3). In contrast to the suction side, the pressure-side 
boundary-layer transitions predominantly through a bypass transition 
mechanism. As such, these back-scattering events are likely related 
to the emergence and growth of instabilities. As a result, energy is 
transferred from the VSS all the way to the ILS that finally destabi
lize and break down to turbulence. Once the turbulent boundary- 

layer forms, the sign of the energy transfer rate then switches from 
negative to positive. This forward energy cascade is facilitated by 
the ILS and ISS scale clusters that channel the energy into smaller 
scales where it likely dissipates as manifested by the thinning of 
the pressure-side boundary layer toward the trailing edge.

5 Conclusion
This work investigated the possibility of extending the rationale of 

a two-scale classic LKE model to a multi-scale one. The initial goal 
was to highlight scale/energy clusters in the turbulent fields adopting 
a classic k-means algorithm. A turbulent events detection function 
was introduced that is sensitive to both the spatial and the temporal 
scale of fluctuations. By means of spanning different windows sizes 
in space and time, we highlighted the existence of four scale classes 
in the currently investigated compressor flow-field. These classes 
were associated with the background turbulence (class 1, VSS), pre- 
transitional fluctuations arising from wake-boundary-layer interac
tion (class 2, ISS), fine turbulence disturbances (class 3, ILS), and 
large-scale fluctuations occurring in the wake core and due to the 
Kelvin–Helmholtz rolls forming in case of separation (class 4, 
VLS). The link between the present classes and the physical phe
nomena occurring in the compressor cascade has been shown by 
means of their spatial distributions in the blade channel.

The analysis of the turbulent kinetic energy and turbulence pro
duction budgets within the boundary layers has shown the possibil
ity of detecting localized instability processes in turbomachinery 
flows. Further to that, the evaluation of energy transfer rates 
between the identified scales shed the light on the dynamics 
present in the flow, thus, allowing for a more detailed characteriza
tion of the phenomena driving the transition and breakdown to tur
bulence. Future research will aim to understand how the 
scale-cluster turbulence production terms and transfer rates 
between these clusters can be modeled.
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Nomenclature
k = turbulent kinetic energy

Cf = skin friction coefficient
Cp = pressure coefficient

DRMS = detection function of turbulent events
Pk = production of turbulent kinetic energy

Δn+ = normal viscous wall unit
Δt+ = tangential viscous wall unit
Δz+ = spanwise viscous wall unit
BCs = boundary conditions
BL = boundary layer

DRP = dispersion relation preserving
FTT = flow through time
LES = large eddy simulation
LKE = laminar kinetic energy
PDF = probability density function

PS = pressure side
RMS = root mean square

SS = suction side
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