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ABSTRACT
The unsteady development of the flow field in a low
pressure turbine (LPT) passage is described into the paper
through time-resolved particle image velocimetry (TR-PIV)
snapshots for different isentropic exit flow Reynolds
numbers. The elevated frequency and spatial resolution allow
the inspection of the dynamics of the large scale structures
due to incoming wake migration, boundary layer and vortex
shedding related phenomena. The application of Proper
Orthogonal Decomposition (POD) to the large amount of
data allows providing a statistical representation of the flow
oscillations, splitting the effects induced by the different
dynamics. Particularly, a procedure taking care of the biorthogonality condition characterizing the POD modes, and
the related temporal coefficients, has been developed for a
clear recognition of the contribution due to the different POD
modes to the overall energy dissipation rate. Results into the
paper clearly show that losses due to wake migration,
boundary layer and shedding related phenomena can be
distinguished and separately quantified. It has been found
that losses due to wake migration are practically unaffected
by the Reynolds number variation. Conversely, higher shear
effects characterize the wake-boundary layer interaction at
the lowest Reynolds number condition, thus higher losses.
The possibility to separate the loss contribution due to the
different dynamics can provide an useful tool to establish or
verify optimization criteria, thus contributing to the
development of high efficiency new generation turbine
stages.
INTRODUCTION
The deep understanding of the internal flow field in
turbomachines is a complicated task due to the superposition
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of different sources of unsteadiness. Blade boundary layer
transition process (and eventual separation), von Karman
vortex formation and incoming wake related events represent
the common source driving flow oscillations, thus the
mechanisms responsible for loss generation [1-2].
Particularly, as a consequence of the rotor-stator interaction
process unsteady wakes enter into the flow field of the
downstream row, generating jet-like structures that impinge
on the blade suction side [3-4]. During migration and
interaction with the blade surfaces the wake induces the
formation of two large scale vortices provoking high flow
distortion, significantly affecting the near wall flow such as
the boundary layer transition [5-6] and the vortex shedding
behind the blade trailing edge. Indeed, the interaction
between the turbulence carried by wakes and the suction side
boundary layer is responsible for a bypass-like transition
process. In this case a dense population of streaky structures
has been observed in the footprint of the region perturbed by
wakes [6-8]. The periodic variation of the boundary layer at
the blade trailing edge also influences the von Karman vortex
formation and the consequent profile wake mixing process.
All these unsteady phenomena contribute to the overall
amount of losses, and can present different sensitivity to
variation of operating parameters characterizing the real
operation of a LPT stage (i.e. Reynolds number, reduced
frequency, incidence angle etc.).
In the present paper TR-PIV measurements describing
the flow field in a highly loaded LPT cascade have been
analyzed with the aim of identifying, splitting and
characterizing the different dynamics producing losses (and
turbulence production). To this end, POD has been applied to
the instantaneous velocity maps. As shown by Sarkar [9] the
most energetic POD modes well describe the spatial structure
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of the wake-boundary layer interaction process. Similarly,
the higher order POD modes have been recently found by the
authors to describe both the coherent structures propagation
inside the boundary layer [8], as well as the shedding
phenomenon behind the trailing edge [10]. In order to
account for the different contributions to the overall loss
production rate due to wake migration, boundary layer and
shedding related events, a new POD based procedure is
proposed in the present work. The mutual orthonormality of
POD modes and related temporal coefficients of the two
velocity components is considered to compute the
contribution of each phenomenon to both the normal and the
shear Reynolds stresses, thus their contribution to loss
generation once combined with the local flow distortion. The
effects of the flow Reynolds number are considered in the
present work.

investigated region
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Fig 1. Test section scheme and limits of the region
investigated with TR-PIV.
Blade suction side
scattered by the seeding particles (vaseline oil droplets with a
mean diameter of 1.5 µm) is recorded on a high sensitive
SpeedSense M340 digital camera with a cooled 2560 x 1600
pixels CMOS matrix. The magnification factor for the
present experiments was set to 0.285 in order to obtain a high
spatial resolution. The cross-correlation function has been
calculated over a 16x16 pixels interrogation area with a 50%
overlap. This corresponds to a distance between adjacent
vectors of 0.28 mm. Assuming that the accuracy of the subpixel interpolation is 0.1 pixel, the experimental uncertainty
for the instantaneous velocity has been estimated to be 3.0%
of the maximum measurable velocity.

EXPERIMENTAL FACILITY AND METHODOLOGY
Facility and instrumentation
The experiments has been performed in a blow-down
wind tunnel installed at the Aerodynamics and
Turbomachinery Laboratory of the University of Genova.
The test section is constituted of a 7 blade large scale planar
cascade (Fig. 1) representative of highly loaded LPT blade
profiles. Blades are characterized by a chord length of 120
mm and an aspect ratio AR = 2.5 to ensure two-dimensional
flow at midspan. Measurements have been carried out for
three Reynolds numbers (based on the blade chord and exit
flow velocity), namely Re = 70000, Re = 150000 and Re =
300000. The inlet free-stream turbulence was Tu = 4.2 %.
Upstream wakes have been simulated by means of a
tangential wheel of radial rods. The wheel rotates in a plane
parallel to the cascade leading edges plane. It is located at a
distance of 33% of the blade chord upstream of the blade
leading edges. The flow coefficient and the reduced
frequency were chosen to be representative of real engine
operative conditions (φ = 0.675 and f+ = 0.69). The bar
diameter (d = 3 mm) was chosen so that the wakes shed from
the bars produce the same losses as those generated by a
typical upstream LPT row. The total pressure loss coefficient
for the bars was evaluated to be 3.3%.
PIV measurements have been performed in order to
characterize the unsteady transition process of the suction
side boundary layer perturbed by upstream wakes, the
shedding phenomenon behind the trailing edge as well as the
migration of travelling wake across the potential flow region.
The PIV field of view covers the flow region 0.55 < s/smax <
1.2 and 0.0 < y/g < 0.46. A sketch of the measuring domain
with respect to the blade surface is provided in the zoomed
insert of Fig.1. Behind the blade trailing edge a small flow
portion into the wake region has been masked due to
reflection (the dashed grey region). A data-set of 3900
instantaneous velocity fields has been acquired at a sampling
rate of 400 Hz. The light source is a dual-cavity Nd:YLF
pulsed laser Litron LDY 300 (energy 2x30 mJ per pulse at
1000 Hz repetition rate, 527 nm wavelength). The optical
system forms a light sheet of 1 mm thickness. The light

POD fundamentals
The instantaneous flow fields describing the temporal
flow evolution in the physical space can be decomposed as a
summation of modes:
u 'i ( x, y, t ) 
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The eigenvalues λ, the eigenvectors χ and the POD
modes ϕ are extracted directly from the flow, through the
factorization of the cross-correlation matrix, as described in
[11]. The eigenvalues represent the energy contribution of
the mode to the total kinetic energy of velocity fluctuations.
The eigenvectors constitute an orthogonal basis and retain
the temporal information related to each mode. The POD
modes provide a spatial orthogonal basis that allows
identifying coherent structures in the flow. Since the POD
modes and eigenvectors are both orthogonal, the time-mean
Reynolds shear and normal stresses can be computed as:
u 'i u ' j 

 kik kj

(2)

k

The term λkϕikϕjk represents the contribution of the kth
POD mode to the overall Reynolds stresses. This property of
POD can be applied to split the contribution to the TKE
production term PTKE. For 2D flows in Cartesian notation:
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PTKE represents also the mean flow loss generation rate,
since it appears in both mean flow kinetic energy and TKE
transport equations but with reversed sign. Each term
appearing in Eq. 3 can be represented in indexed form as pij:
pij  u 'i u ' j
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The following equivalence can be also easily verified:
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Substituting Eq. 2 in Eq. 4, the contribution of each POD
mode to the production rate of each term pij can be computed
as:
k
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According to these equations, each POD mode can be
related to a quota of the loss generation rate. The ability of
POD in splitting the different dynamics affecting the flow
unsteady behaviour will allow separating boundary layer,
wake advection and vortex shedding (i.e. von Karman
vortices) related losses.
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RESULTS AND DISCUSSION
The time-mean streamwise velocity distributions for the
three Reynolds numbers are shown in Fig. 2, normalized by
the free-stream value at the domain inlet (Uref).
The velocity distribution in the blade passage are very
similar for the three conditions. Thus, viscous effects related
to the Reynolds number variation do not seem to induce
appreciable influence on the upstream wake migration
process. Conversely, the near wall flow exhibits a marked
sensitivity to the Reynolds number variation, as expected.
The boundary layer significantly increases its thickness
decreasing the Reynolds number, and the profile wake region
becomes wider and deeper.
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Fig. 2. Time-mean stream-wise velocity. Reynolds
70000, 150000, 300000.
Blade suction side

scale counter-clockwise rotating vortex with the eye in the
first part of the measuring domain can be observed (e.g.
“CCR” in Fig 3a on the left column). At “phase 2” the wake
centreline is about in the middle of the measuring domain
(“Wake C” over the figure), as can be deduced by the large
portion of velocity vectors directly pointing toward the wall.
At “phase 3” the trailing boundary of the wake is leaving the
domain, and a clockwise rotating vortex affects the rear part
of the blade suction side (“CR” in Fig 3a on bottom). Thus,
according to the literature [12-13] the wake produces a “jet”
pointing toward the suction side surface that opens in two
branches, forming two distinct large scale structures at the
leading and trailing boundaries of the wake with opposite
rotational direction.
The main target of the present paper is the distinction
(especially in terms of losses) of the effects due to wake
migration from the dynamics of the boundary layer and the
vortex shedding in the profile wake, and their sensitivity to
Reynolds number variation. The instantaneous images of Fig.
3 for the two Reynolds numbers show directly comparable
magnitude of velocity oscillations, since the maximum
perturbation velocity is slightly above the 10% of the
reference velocity for both cases. At the smaller Reynolds
number strong shear effects in the boundary layer region can
be observed for all the phases under analysis. Moreover,
large differences between the two sets of images (compare

Instantaneous flow field
In order to provide a direct view of the flow
unsteadiness characterizing the flow behaviour, Fig. 3
represents two sets (in the two columns) of the instantaneous
flow field for different phases in the wake period. Results for
the two extreme Reynolds numbers (70000 and 300000) are
shown in Fig. 3a and 3b, respectively. The time-mean
components of the velocity are removed from the vector
fields, and the colour plots of the streamwise perturbation
velocity (according to the Reynolds decomposition),
normalized by the reference velocity Uref, are also shown.
The three phases describe the propagation of the
incoming wake within the measuring domain and its
interaction with the near wall flow. At “Phase 1” the leading
boundary of the wake just enters the domain, since a large
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Fig. 3. Instantaneous perturbation velocity vectors and contour of stream-wise velocity for different phases
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contour plot, normalizing it by the reference velocity Uref.
This normalization is made with the purpose of
dimensionally comparing the three different cases.
Considering the results at Re = 70000 (top of the figure),
the first POD mode shows in the potential flow region,
moving from the wall, firstly high (positive) and then low
(negative) values of ϕu. The vectorial representation
superimposed to the plot shows that the ϕu distribution is due
to a large counter-clockwise rotating vortex. The second
mode depicts vectors pointing towards the wall with half of a
counter-clockwise rotating vortex in the aft portion of the
measurement domain, and a clockwise vortex in the first
half. Clearly, these two first POD modes statistically describe
the wake migration process previously observed referring to
Fig. 3.
The first and second POD modes are inverted for the
other cases (Re = 150000 and 300000), but basically retain
the same information. The first POD mode of the Re = 70000
case and the second for the other two conditions can be
associated to the leading boundary of the passing wake (since
they clearly show a large scale counter-clockwise rotating
vortex). The second POD mode of the Re = 70000 case and

left and right column of Fig. 3a) can be observed. On the
contrary, for Re = 300000 there is a smaller variability
between the two sets, and in this case the perturbation
velocity in the near wall region is dominated by the large
scale structures of the incoming wake. Hence, for the largest
Reynolds number the shear effect between the upstream
wakes and the boundary layer is largely reduced with respect
to the lower Reynolds number. The visual inspection of the
instantaneous images of Fig. 3 hardly highlights von Karman
vortices behind the blade trailing edge, whose presence and
contribution to loss generation will be discussed by means of
the following POD analysis.
POD analysis
Incoming wake migration: Reynolds number effects
The effects due to the Reynolds number variation on
wake migration can be better observed looking to the POD
modes, since they provide a direct statistical representation
of the spatial structure of flow oscillations. The most
energetic POD modes are shown in Fig. 4 as vectorial
representations: each vector component is provided by the
POD mode of the corresponding velocity (ϕu, ϕv). The
streamwise component of the POD mode is also shown as
u/Uref[%]
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c) Re = 300000
Fig. 4. Contour plots and vectorial representation of the first two POD modes.
Blade suction side
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Blade suction side

the first for the other two conditions show the wake induced
jet that points toward the wall and opens in two branches.
Moreover, the first two modes depict similar structures
which are spatially shifted by a quarter of their wave length.
This condition typically characterizes pseudo-periodic
convective flows [8,14].
The spatial distributions of the first two POD modes in
the potential flow region for the three Reynolds numbers are
clearly similar. Dimension and position of the vortex-like
structures are practically unaffected by the Reynolds number
variation, thus further suggesting that wake migration in the
potential flow region is not (or marginally) affected by the
flow viscosity. However, differences can be observed close
to the blade surface, where the wake interacts with the
boundary layer. In fact, for the Re = 70000 case, the first
mode shows the largest region of negative values of ϕu very
close to the blade surface. There is a local inversion of the
sign of this quantity close to the wall that suggests the
presence of a strong shear layer caused by the wakeboundary layer interaction. On the contrary, for the Re =
300000, the second POD mode does not show this trend, the
term ϕu does not change its sign close to the wall. Similar
considerations also apply comparing the POD mode related
to the wake centerline (mode 2 of Re = 70000 and mode 1 of
Re = 300000). At low Reynolds number there is a strong
shear layer between the large scale structures of the wake in
the blade passage and the boundary layer. Increasing the
Reynolds number this effect diminishes. The trend is
confirmed by the intermediate Reynolds number condition.
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Fig. 5. POD modes, Re = 70000: mode 5 related to the
boundary layer (top); mode 9 related to the von Karman
vortices (bottom).
Blade suction side
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POD mode 11

Boundary layer and shedding vortex phenomena
In order to show the ability of POD in isolating other
dynamics contributing to the unsteady flow filed of the LPT
cascade, Fig. 5 reports two opportunely selected POD modes
describing boundary layer (on the top) and vortex shedding
events (on bottom) for the smallest Reynolds number.
The diagram on the top clearly highlights an elongated
structure pointing in the upstream direction. It resides into
the boundary layer and is the trace of the streaky structures
inducing the bypass transition process of the boundary layer.
It also persists in the wake region as described in a previous
authors’ publication [10]. Differently, the diagram on the
bottom clearly depicts alternating small scale vortices
developing behind the trailing edge of the blade. This mode
gives the statistical representation of the von Karman vortex
shedding phenomenon. For the higher Reynolds number
(Fig. 6) the streaky structure highlighted by the mode on the
top plot of the figure appears thinner, according to the
boundary layer scaling properties of such a kind of structures
involved into the by-pass transition process [15]. Similarly,
also the von Karman vortex related mode (diagram on the
bottom) shows the occurrence of coherent structures with
smaller spatial extension as compared with the previous
condition, according to the smaller time-mean boundary
layer thickness previously observed in Fig. 2.

POD mode 24
Blade suction side

Fig. 6. POD modes, Re = 300000: mode 11 related to the
boundary layer (top); mode 24 related to the von Karman
vortices (bottom).
Blade suction side

Loss generation
According to Eqs. 2, 3, 4, the POD analysis can be also
used to compute the loss generation rate associated to
different dynamics represented by the POD modes.
Particularly, previous analysis clearly highlights that the
POD modes related to the wake migration through the blade
passage, boundary layer related events as well as von
Karman vortices formation at the blade trailing edge can be
isolated, and the Reynolds number influence clearly
captured. The criterion adopted to identify the
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correspondence between the POD mode and the wake
migration is based on the inspection of the FFT of the
temporal eigenvectors. Modes with amplitude peaks at the
wake passing frequency and its harmonics belong to this
dynamics. Conversely, modes associated with the von
Karman vortices have been isolated by visual inspection,
since the frequency resolution does not allow us to solve this
vortex shedding frequency. All the other modes are
significant in the near wall region, and have been associated
to boundary layer related events.
The spatial distribution of the loss production rates (PTKE
of eq. 3) due to these different dynamics are reported in Fig.
7 for the case Re = 70000. The results have been made nondimensional by Uref3 and a unitary length. The time-mean
boundary layer thickness is indicated by a black contour on
the plots. The loss generation induced by the large scale
structures of the wake has its maximum values at the edge of
the boundary layer region, while it is negligible in the blade
passage (at least in the rear portion of the blade suction side
here examined, large losses are instead expected in the
former part of the channel where the wake is sensibly bowed
and stretched as shown in [16]). The strong shear effects
previously observed in the POD mode are the main
responsible for these losses. Boundary layer losses (diagram
on the centre) appear closer to the wall, according to the high
shear and strain effects characterizing the near wall flow. The
diagram on the bottom supports the capability of the
proposed procedure in isolating losses due to the vortex
shedding process, which are localized only behind the blade
trailing edge and involve a progressively enlarging area due
to the mixing process into the wake. For the other Reynolds
numbers (results not shown for brevity) similar results are
obtained, even though with different weights for the different
dynamics.
In order to evaluate the relative weight of the different
source of losses, the loss generation rates have been spatially
integrated in the 2D measurement domain. The results of the
integration are provided in Fig. 8, where the cumulative
contributions are shown. The quantities are normalized by
the integral of the total loss production rate. This graph
shows that few modes capture a large amount of the loss
production rate: e.g. for all three cases 100 POD modes are
sufficient to capture more than 60% of the total. This is more
evident for the low Reynolds number condition, for which a
smaller number of mode is sufficient to capture a given
percentage of the loss production rate. The percentage related
to the wake advection (8 modes according to the FFT
discrimination criterion previously discussed for Re=70000)
is about 20% of the total for the lowest Reynolds number
case. This value is slightly reduced increasing the Reynolds
number (17% for Re = 300000).
The large increase of about 20% of the cumulative loss
generation rate, which can be observed at Re = 70000 for
modes 8, 9, 10, is due to the von Karman vortices. At Re =
150000 the von Karman vortices (modes 15, 16, 17) account
for 13% of the total losses while at Re = 300000 (modes 25,
26, 27) they account for no more than 5% of the overall. All

Fig. 7. Distributions of the total loss production rate
related to wake (top), boundary layer (middle), and von
Karman Vortices (bottom)

Cumulative contribution
to loss generation rate
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Fig. 8. Cumulative contribution to the loss generation rate
of each POD mode. The values are obtained by integration
over the 2D measurement domain.
the contributions outside these mode bands should be related
to boundary layer losses.
Finally, it is worth noting that the curves for Re =
150000 and Re = 300000 are practically coincident. This
suggests that the loss subdivision between the different
dynamics attains an asymptotic equilibrium condition for
sufficiently high Reynolds numbers, similarly to the overall
loss level typically observed by means of total pressure
measurements (see [17] for example).
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CONCLUSIONS
Time Resolved PIV measurements have been carried out
to describe the unsteady evolution of the flow field in a LPT
cascade for different Reynolds numbers. The data have been
analyzed by means of Proper Orthogonal Decomposition in
order to identify and split the different sources responsible
for losses. The spatial distribution of the first two (most
energetic) POD modes has been found to give a statistical
representation of flow oscillations due to incoming wake
migration across the turbine passage. These modes describe
the typical jet like structure that interacts with the suction
side boundary layer of the blade, generating clockwise and
counterclockwise large scale vortices attached to the leading
and trailing boundary of the wake. Dimension, strength and
position of these vortices have been found to be practically
unaffected by the Reynolds number variation, thus implying
that incoming wake advection is almost insensitive to
viscosity related effects. Higher order POD modes highlight
and isolate other distinct phenomena contributing to the
unsteady flow field of the cascade. Transitional events inside
the boundary layer due to a by-pass like transition process
and the von Karman vortex formation behind the blade
trailing edge are clearly captured by a limited number of
POD modes. The Reynolds number induces a significant
variation of the spatial scale of both these phenomena, that
appear sensibly smaller for the higher Reynolds number
condition.
The different dynamics that induce flow oscillations are
associated to well defined POD modes. The relative
contributions of such dynamics to the loss production rate
have been computed taking advantage of the bi-orthogonality
condition of the POD modes and eigenvectors. Wake
migration related losses are mainly confined at the edge of
the boundary layer, while those due to the von Karman
vortices are confined into the wake region. Spatial
integration of the loss production rate associated to the
different POD modes allows the evaluation of the relative
weight of the different phenomena. The loss production rate
due to wake migration has been found practically unaffected
by the Reynolds number variation (about 20% of the total).
Conversely, Reynolds effects are significantly higher for the
boundary layer and von Karman vortex induced losses.
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