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Abstract

The development of compact high-speed low-pressure turbines with high efficiencies
requires the characterization of the secondary flow structures and the interaction of cavity
purge and leakage flows with the mainstream. During the SPLEEN project funded by the
European Union’s Horizon 2020, the von Karman Institute and Safran Aircraft Engines
performed detailed measurements of low-pressure turbines in engine-realistic conditions
(i.e., low Reynolds and high exit Mach numbers considering background turbulence, wakes,
row interactions, and leakages). The SPLEEN project is thus a fundamental contribution
to the progress of high-speed low-pressure turbines by delivering unique experimental
databases, essential to characterize the time-resolved 3D turbine flow, and new critical
knowledge to mature the design of 3D technological effects. Being able to simulate the
flow and associated losses in such a configuration is both challenging and of paramount
importance to help the understanding of the flow physics complementing experimental
measurements. This paper focuses on the high-fidelity numerical simulation of one of the
SPLEEN configuration consisting of a linear blade cascade. The objective is to provide a
validated numerical setup in terms of computational domain, boundary conditions, mesh
resolution and numerical scheme to reproduce the experimental results. By mean of wall-
resolved large-eddy simulations, the design point characterized by an exit Mach number of
0.9 and an exit Reynolds number of 70,000 with a turbulence level of 2.4% is investigated
for the baseline configuration without purge and without wake generator. The results show
that the considered computational domain and the associated inlet total pressure profile
play a critical role on the development of secondary flows. The isentropic Mach number
distribution around the blade is shown to be robust to the mesh and numerical scheme.
The development of the wake and secondary flow fields are drastically influenced by the
mesh resolution and numerical scheme, impacting the resulting losses.

Keywords: large-eddy simulation; numerical calculations; transition and turbulence; axial
turbines

1. Introduction

This study, which is an extended version of the ETC2025-292 meeting paper published
in the Proceedings of the 16th European Turbomachinery Conference [1], focuses on the
examination of secondary flow effects in high-speed, low-pressure turbines (LPT), as de-
tailed by the SPLEEN project (https://www.h2020-spleen.eu/). This European initiative
aims to enhance the understanding and development of numerical tools for designing the

Int. J. Turbomach. Propuls. Power 2025, 10, 21

https:/ /doi.org/10.3390/ijtpp10030021


https://doi.org/10.3390/ijtpp10030021
https://doi.org/10.3390/ijtpp10030021
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com
https://orcid.org/0000-0003-0865-3615
https://www.h2020-spleen.eu/
https://doi.org/10.3390/ijtpp10030021
https://www.mdpi.com/article/10.3390/ijtpp10030021?type=check_update&version=2

Int. ]. Turbomach. Propuls. Power 2025, 10, 21 20f17

next-generation of turbines by experimentally instrumenting a linear blade cascade under
engine-realistic conditions. These advanced high-speed low-pressure turbines are crucial
for the advancement of ultra high bypass ratio (UHBR) turbofans. A UHBR turbofan fea-
tures a larger fan diameter than conventional ones, necessitating a lower fan rotation speed
to minimize tip losses. Typically, this reduction in fan rotation speed is achieved through a
gearbox connecting the fan rotor to the intermediate pressure compressor (IPC) [2]. Since
the IPC and LPT are mechanically linked, the LPT can operate at a higher rate, optimizing
the speeds of both the fan and the low-pressure turbine. This design strategy enhances
overall cycle efficiency compared to current turbofans [3]. As engine efficiency continues
to improve, the combustion chamber exit temperature rises, leading to hotter mainstream
gas reaching the downstream turbines, which could potentially cause damage. To mitigate
this risk, cooling films are introduced through small holes in the high-pressure turbine
blades and walls, and purge flow is directed through cavities in the hub of axial turbines to
prevent hot air from entering interstage gaps [4]. These purge flows are essential for engine
operation and can constitute up to 20% of the main compressor flow used for cooling com-
ponents [5]. Understanding the impact of purge flows on gas turbine efficiency is crucial,
as increasing engine pressure ratios and bypass ratios exacerbate the penalties associated
with cooling airflows [6]. Hence, a deeper understanding of secondary and leakage flows
is necessary to optimize future high-speed LPTs. UHBR engine designs require LPTs to
operate at transonic exit Mach numbers (My,; > 0.9) and low Reynolds numbers [7]. Nu-
merical simulation tools for turbomachinery flows are becoming increasingly sophisticated,
yet simulating high-speed LPT conditions remains challenging due to issues such as shock
development, boundary layer transition, and rotor—stator interactions. Current modeling
approaches use unsteady Reynolds averaged Navier-Stokes (URANS) or large-eddy sim-
ulation (LES) [8-11] to capture unsteady phenomena. This unsteadiness is particularly
important for studying purge flow effects. Denton [12] intuitively explains that purge flows
contribute to mixing, which is closely related to entropy creation and losses in a turboma-
chine. Research by Gallier et al. [13] has shown that purge flows alter the formation of the
horseshoe vortex. More recent studies [11,14] have demonstrated that secondary flows at
the hub are influenced by purge flow, leading to increased friction and entropy production.
Turbulence plays a critical role in turbomachinery simulations, affecting vortex behavior,
boundary layer transition, and flow attachment around the blades [15]. Afshar et al. [16]
recently conducted an isotropy turbulence analysis for a linear LPT cascade and found that
LES accurately predicts turbulence transition and captures strongly anisotropic turbulent
characteristics. Conversely, URANS struggles to capture these anisotropic phenomena,
which impairs prediction accuracy, particularly in turbomachinery flows with frequent
separation and boundary layer transition.

Different authors started to simulate the SPLEEN cascade configuration based
on high-fidelity unsteady approaches. Boudin et al. [17], Hullin et al. [18] and Tene
Hedje et al. [19,20] performed LES of a reduced span configuration to investigates the
effect of the inlet turbulence an incoming wakes due to upstream moving cylinders, as well
as the operating point on the flow structure at mid-span. These studies illustrate that LES
well captures the flow development compared to experiments for the operating conditions
investigated in terms of pressure distribution around the profile as well as losses in the
wake region. Hullin et al. [18] and Perkins and Duchaine [21] simulated the full span of
the linear cascade to investigate the effect of secondary flows in the hub region such as
passage vortex and trailing shed vortex, as well as corner stall vortex. Both studies report
very similar pressure loss patterns downstream of the blades compared to experiments.
Additionally, Perkins and Duchaine [21] investigated the effect of the purge flow without
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incoming wakes, a configuration no treated experimentally. As expected, introducing the
cavity and adding purge flow increased the losses in the blade passage.

The present work is a step forward in the validation of the numerical methodology
based on the large-eddy simulation solver AVBP improving the results obtained by Perkins
and Duchaine [21]. It was shown in this previous work that the yaw angle profile upstream
of the blade was not well reproduced by the simulation and that the hub boundary layer
was too thin compared to the experimental measurements. It is anticipated that these
discrepancies results in angle and loss coefficient profiles downstream of the blade with
almost good levels but the peak location shifted towards the hub compared to experimental
results. To increase the reliability of the results before studying more complex cases
including purge flow effect as well as incoming moving wake, this paper investigates the
effect of the computational domain associated with inlet conditions, mesh resolution and
numerical scheme accuracy.

The rest of this paper is organized as follows. First the SPLEEN configuration is intro-
duced. The numerical solver used is then described along with the domain of investigation.
The boundary condition, numerics, and meshes used are then detailed. Finally, the results
section reports the sensitivity of the simulations to the mesh and numerical scheme.

2. SPLEEN Cascade Configuration

The SPLEEN linear cascade is described in details in a public database hosted on
Zenodo [22]. The cascade is highly experimentally instrumented including particle image
velocimetry (PIV) data [23], with additional characterization on the turbulence [24]. This
cascade can also simulate the impacts of unsteady wakes between blade rows with moving
bars as well as purge flows [25].

The cascade consists of 23 blades with a span of H = 165 mm. Other key dimensions
are a blade chord, C, of 52.280 mm, an axial chord, C;y, of 47.614 mm, and a pitch, g, of
32.950 mm. The operating point retained for this study is described by an outlet Mach
number, M,,;; = 0.90 and by an outlet Reynolds number, Rey,; = 70,000. The freestream
turbulence intensity was determined to be approximately 2.4%, generated by a grid just
upstream of the test section. The cascade can simulate unsteady wakes with a spoked-
wheel wake generator with 1 mm diameter cylindrical rods (yellow component in Figure 1).
After this optional wake generator, a cavity used to inject purge/leakage flow into the test
section with purge mass flow ratios ranging between 0 and 0.9% of the mean main flow
can be installed. Both the wake generators and the purge cavity are not included in the
present study.

Plane ref

Turbulence grid

________________0_

@Pstaps OLSHP ®C5HP
@ Pref O Tref OPV4H

Figure 1. Wind tunnel test section cross-section [25].
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Experimental data are collected using four types of probes: static pressure taps (Ps
taps in Figure 1), a pneumatic Cobra five-hole probe (C5HP), a pneumatic virtual four-hole
cylindrical probe (PV4H), and a pneumatic L-shaped five-hole probe (L5HP). The static
pressure taps at Plane 01 are used to characterize the inlet static pressure. The C5HP
measures the total pressure as well as the pitch and yaw angle at Plane 02. The PV4H also
measures the total pressure and pitch and yaw angle, but a fast-response version of this
probe also exists to measure the unsteadiness of these conditions. Lastly, the L5HP is used
to measure the outlet total pressure and pitch and yaw angle. Plane 02 (located half an
axial chord upstream of the leading edge) is used to characterize the inlet flow field of total
pressure and incidence on the blades. Plane 06 (located half an axial chord downstream of
the trailing edge) is used to characterize the cascade losses and deviation.

3. Numerical Methodology
3.1. Numerical Solver

The Navier-Stokes equations are solved using CERFACS’ LES code, AVBP. This
solver uses a cell-vertex approach on an unstructured multi-element grid. Two different
convective schemes are compared in this work: the second-order in time and space Lax—
Wendroff (LW) [26] scheme and the third-order in time and space TTGA4 [27] scheme.
These schemes are explicit in time and a CFL number of 0.9 is used. The diffusive scheme
is the finite element 2A scheme developed by O. Colin [28]. The subgrid-scale model used
is the wall-adapting local eddy viscosity (WALE) [29], which is well suited for determining
the eddy viscosity near walls in a wall-resolved context and is commonly used in LES of
turbomachinery [11,21,30].

3.2. Computational Domain, Meshes, and Boundary Conditions

The computational domain comprises two blades as in Boudin et al. [17] and Perkins
and Duchaine [21] to respect the injection of the reported turbulence integral scale at the
inlet of the configuration. Compared to Perkins and Duchaine [21], the computational
domain used in this work does not include the full geometry of the hub as described in
Figure 2. It has been observed that including the boundary layer trap leads to a yaw angle
upstream of the blade cascade not in accordance with the experimental results due to a too
important deviation of the flow in the spanwise direction. The flow enters the configuration
on the boundary labeled (1) and exits on the boundary labeled (2). Boundaries with labels
(3), (4), and (5) are treated as walls while the fictional boundary (7) is treated as a slip wall.

ymax @ @

>

X

Figure 2. Visualization of Perkins and Duchaine geometry (left) and present geometry (right).

To investigate the flow sensitivity to mesh resolution, two meshes have been used, i.e.,
M1 and M2. The goal of these meshes is to provide a wall-resolved LES over portions of
the domain where experimental data are available and feature relevant flow physics. As
such, the hub wall after the tip and the blades up to about 60% of the span have a ]/+ <1,
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where y™ is the wall-normal non-dimensional coordinate relative to the wall of interest. To
achieve this wall resolution, six layers of prisms are used on the blade and hub wall. For
both mesh M1 and M2, the first layer height is 0.0125 mm, and a geometrical growth rate of
1.15 is applied. Figure 3 illustrates the obtained wall resolution at mid-span for both mesh
M1 and M2 showing that except very close to the leading edge where y* reaches 1.25, y™ is
below 0.5 on a large portion of the profile.

1.251
1.00 1

—0.751

+

> 0.501

0.251

0.00 1 I I ] ] 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Wall resolution in non-dimensional coordinate y* for the two meshes M1 and M2 along the
reduced abscissa s. s = 0 corresponds to the blade leading edge end s =1 to the trailing edge.

Tetrahedra are used elsewhere in the domain. The target mesh size is 2 mm except in
the refined region starting from the inlet to one blade chord downstream the cascade and
up to 60% of the blade span where the size is prescribed to 0.4 mm for M1 and 0.25 mm for
M2 (Figures 4 and 5). These resolutions are finer than in Perkins and Duchaine [21], where
the transport of the injected turbulence is shown to be well captured. The resulting mesh
sizes are about 90 millions cells for M1 and 220 millions cells for M2.

Figure 4. Global visualisation of mesh M2.

Table 1 summaries the boundary conditions and provides values used. Both the
inlet and outlet are applied using Navier-Stokes characteristic boundary conditions
(NSCBC) [31-33]. Compared to the work of Perkins and Duchaine [21], a total pressure
profile is imposed at the inlet boundary instead of a constant value. This profile has been
fitted on data provided by VKI and adjusted to capture the total pressure on plane 2 in
front of the blades:

Pros = 8150 -+ 850 (1 _ 30%4> 0

with ,
y* — y ymm (2)

Ymax — Ymin



Int. ]. Turbomach. Propuls. Power 2025, 10, 21 60f17

and v,,;, and Y. defined on Figure 2. At the design operating condition for the SPLEEN
experimental set-up, the turbulence intensity at Plane 02 was measured to be 2.4% with
an integral length of 12 mm. This integral length was determined via a zero-frequency
extrapolation on the velocity spectra, after filtering [34]. For the simulations presented in
this paper, a synthetic turbulence injection method compliant with periodicity condition is
used [35]. The simulated turbulent spectrum is a Passot-Pouquet spectrum [36] described
by the integral length, L; = 12 mm, the velocity rms, U;s = 2.4 m.s~ !, and by the cutoff
length, L, = 1 mm.
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Figure 5. A crinkle-slice focused on one of the blades at y/H = 50% for mesh M2, zoomed out.

The hub and blade walls are considered to be adiabatic no-slip walls, while the shroud
wall is treated as a slip adiabatic wall. The sides of the simulated domain in the z direction
have periodicity conditions imposed.

Table 1. Boundary conditions used in computations.

Boundary Condition Flow Quantity Imposed Values
Inlet Total pressure 9000 Pa
Total temperature 300 K
Inlet yaw angle 40.2°
Outlet Static pressure 5323.3 Pa
Left Periodicity -
Right Periodicity -
Shroud Wall Slip adiabatic wall -
Hub Wall No-slip adiabatic wall -
Blades No-slip adiabatic wall -

To assess the reliability of the numerical setup, a total of 5 simulations are presented
in this paper depending on the mesh used and numerical scheme as well as inlet profile
of total pressure. M1-LW and M2-LW refer to the simulations using the LW scheme with
meshes M1 and M2, respectively, along with inlet total pressure profile. In a similar way,
M1-TG and M2-TG refer to the simulations performed with meshes M1 and M2 with
the TTGA4 scheme and an inlet total pressure profile. Finally, M2-TG-NP concerns the
simulation with mesh M2, TTG4A scheme with a constant totale pressure imposed at the
inlet boundary.

4. Results

The results section presents first, briefly, the general flow organization around the
blade illustrating that the LES is able to reproduce the expected flow features. Then, time-
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averaged data are used to compare the five simulated cases and assess their capability to
reproduce the experimental measurements.

4.1. General Instantaneous Flow Organization

Figure 6 illustrates the instantaneous flow development around the blade profile at
mid-span, representing the Mach number and a numerical Schlieren obtained with case
M2-TG. Turbulent flow at about Mach 0.45 is injected in the domain. As expected, the blade
induces a strong acceleration of the flow, the Mach number reaching transonic conditions
illustrated by the white iso-line of Mach number equal to 1. A large unsteady separation
occurs on the pressure side close to the leading edge. The boundary layers remain laminar
on both the suction and pressure sides. The suction side boundary layer separates after the
shock without transitioning to turbulence and without reattaching before the trailing edge.
Finally, an unsteady shedding wake develops downstream of the blade.

c
o
£
=
)

_-.\

Figure 6. Instantaneous Mach number and Schlieren contours at mid-span of the cascade for case
M2-TG. Iso-line of Mach = 1.

The complexity of the instantaneous turbulent flow field close to the hub is illustrated
in Figure 7, which presents an iso-surface of Q-criterion colored by the axial vorticity. A
turbulent boundary layer is developing on the hub before reaching the bladed leading edge.
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The interaction of this boundary layer with the blade generates well-known secondary
flows such as horseshoe, passage, corner, and trailing shed vortices responsible of losses.

Vorticity X
-20e+04  -10000 0 10000 2.0e+04

Figure 7. Q criterion colored by the axial vorticity.

4.2. Time-Averaged Flow Features

The comparison of the five cases starts with the prediction at the inlet of the cascade
(Plane 02 in front of the blades), followed by the flow field around the blade and then
the losses quantification at the outlet of the cascade (Plane 06). All the simulations have
been time-averaged on more than 30 flow passages around the blade, the flow passage
time being evaluated based on the inlet velocity and blade chord. Convergence of the
simulations was assessed with the LW scheme on both M1 and M2 meshes, computing
a total of 100 characteristic convective times. No major modification of the statistics of
interest was observed when increasing the averaging time above 30 convective times. A
convective time is performed in less than 800 CPU hours for M1 and 2400 CPU hours for
M2 when the 3rd-order TTG4A numerical scheme is used on AMD Rome cores (2.6 GHz).
These times have to be divided by a factor of two for the 2nd-order LW numerical scheme.

4.2.1. Flow Prediction at the Inlet of the Cascade

Figure 8 presents the profiles of the time and pitch averaged yaw angle « = arctan(v,/vy)
along with the ratio of the total pressure at Plane 02 P; g, scaled by the reference infinite
total pressure Py = 9000 Pa. Due to the geometrical contraction in the y direction from the
inlet to Plane 02, the flow accelerates in the axial direction modifies the yaw angle. Simula-
tions M1-LW, M2-LW, M1-TG, and M2-TG are in good accordance with the experimental
measurements except close to the hub wall, where the numerical predictions are too low.
Conversely, case M2-TG-NP leads to an almost perfect match with the experimental yaw
angle. Concerning the total pressure profile, the results obtained with cases where a profile
is used at the inlet (M1-LW, M2-LW, M1-TG, and M2-TG) show as expected a good match
with the experimental data while the case without inlet total pressure profile M2-TG-NP
exhibits a too thin boundary layer. It is important to remember that the results of Perkins
and Duchaine [21], which include the full hub geometry and no pressure profile at the
inlet, lead to a too thin boundary layer, which can be corrected by an inlet profile of total
pressure, as well as a badly predicted yaw angle profile ranging from 27° to almost 40° on
the region of interest.
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Figure 8. Yaw angle « and normalized total pressure profile P; g / Pt at the inlet cascade Plane 02.

4.2.2. Flow Prediction in the Cascade Passage

The blade loadings are presented on Figure 9 at y/H = 4% and y/H = 50% for the
different cases. At mid-span, all the simulations provide almost the same results in good
accordance with the experimental measurements. It is shown that all the numerical model-
ing seem to provide a too-long recirculation zone on the pressure side close to the leading
edge, the more accurate results being obtained with the M2-TG setup. Concerning the
position close to the hub, at y/H = 4%, all the cases with the total pressure inlet profile lead
to almost the same loading on the blade in good accordance with the experimental results.
The case M2-TG-NP with a constant total pressure at the inlet leads to a higher loading due
to the fact the total pressure at y/H = 4% is higher than expected (Figure 8).

1.0 1.0
.08 0.8
= — M1LW < — M1lW
(o) o
© -—- M2 LW T 0.4 —-—— M2 LW
= 0.41 — M1TG = ~ — M1TG
-—- M2TG 0.2+ -=- M2TG
0.2 —— M2 TG NP ' —— M2 TG NP
| | | [ fzxp. 0.01 ] ] ] ] Fpr
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

s[-] s [-]

Figure 9. Profile of isentropic Mach number along the blade profile at y/H = 4% (left) and
y/H=50% (right).

The focus of the analysis in this paper is secondary losses, which refers to the losses
generated from the processes related to the interaction of the hub boundary layer and the
blades. To investigate the differences between the simulated cases, the identification of
secondary flow close to the hub is performed [37]. Figure 10 presents an iso surface of
Q-criterion Q = 5 x 10”7 s~2 based on a time-averaged field obtained with M2-TG. The first
secondary flow structure to develop is the horseshoe vortex (labeled 1), issued from the
interaction between the incoming boundary layer and the blade leading edge due to a high
pression region and roll up of the boundary layer. This horseshoe vortex travels down
the blade passage, and the vortex generated on the pressure side is pulled by the pressure
gradient towards the suction side of the nearby blade (label 2). The suction leg of the
horseshoe vortex and the other shed pressure leg merge in the blade passage, forming the
passage vortex (label 3). This strong passage vortex induces several other smaller vortices,
notably the wall-induced vortex (label 4) and the suction-side corner vortex (label 6). A
pressure-side corner vortex is also visible on the image (label 5). The five simulations
with different mesh resolutions, numerical schemes and inlet conditions lead to different
organizations of secondary flow structures in terms of vortex positioning, intensity and
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fluctuations. This is illustrated on Figure 11 which displays the turbulent kinetic energy
(TKE) on Plane 06 downstream of the blade, from the hub to y/H = 60% (i.e., in the refined
region). This figure evidences the higher turbulence generated in the blade wake as well as
the footprint of the secondary flow structures. A first core of high TKE (C1) corresponds
to the passage and wall-induced vortex at around y/H = 10% and the second (C2) close
to the hub corresponds to the corner vortex. Comparing the cases, it is evident that the
mesh resolution plays a critical role on the resolved TKE in the wake above y/H = 20%
as well as in the cores linked to the secondary vortices: as mesh resolution increases
from M1 to M2, more TKE is predicted in the wakes and vortex induced cores. Whatever
the mesh resolution and numerical scheme (M1-LW, M2-LW, M1-TG, and M2-TG), the
secondary flows are located at the same spanwise y and transversal z location. Nonetheless,
the second-order numerical scheme LW predicts higher levels of TKE in the first core C1
compared to the higher-order scheme TTG4A, the opposite being observed in the second
core. The cases M1-LW and M2-LW also predict a third core of lesser intensity located just
above C1, not predicted the other simulations. Finally, when it comes to the simulation with
a constant inlet total pressure M2-TG-NP, the higher total pressure close the hub leads to the
development of passage and induced vortices closer to the hub than in the corresponding
case with an inlet total pressure profile (M2-TG).

Plane 06 2.0e+04
15000

10000

Vorticity X

Figure 10. Mean Q criterion colored by axial vorticity (case M2-TG).

M1-LW M2-LW M1-TG M2-TG M2-TG-NP

TKE
00e+00 100 200 300 400 500 600 700 800 GO0 1000 1100 1200 1300 1.5e+03

U eeseesssssssm——— ' —

Figure 11. TKE on Plane 06 downstream of the blades, view from downstream towards upstream.
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To compare and characterize how these flow features affect losses, the energy loss
coefficient ¢ computed at Plane 06 downstream of the blade is used [12]. It is expressed as:

=1
1 (P2 \'7
Poo (1,
$(y,z) =1~ ( Oé(w)))v-1 ®)
Pe(y,z)\ 7
1= ( 16’01,fs )

where Py (z,y) is the local static pressure at Plane 06 and Py (y, z) is the local total pressure
at Plane 06. Pyy f; is the mean freestream total pressure at Plane 01 upstream of the blade,
here taken to be the imposed total pressure at the inlet, 9000 Pa. <y is the ratio of specific
heats for air, taken as v = 1.4. This coefficient is useful as it contextualizes the losses, which
manifest as a decrease in total pressure at Plane 06. Figure 12 shows the contours of the
pressure loss coefficient at Plane 06 for the five simulated cases. In all cases, the main loss
region originates from the wakes of the blades and the interaction of these wakes with the
secondary flow vortices. As evidenced with the TKE, two regions with increased losses can
be identified, one between the interaction of the passage vortex and the wall-induced vortex
(C1), and the other near the corner vortex (C2). The case M2-TG-NP exhibit as expected a
slightly different distribution of these cores close to the hub compared to the other cases.
Mesh resolution and numerical scheme plays an important role in the predicted losses.
Increasing mesh resolution from M1 to M2 first leads to a decrease in intensity of the peak
of losses in the wake region above y/H = 20% along with a wider loss spread in the blade
to blade direction. It also leads to a decrease in the loss intensity in the cores associated with
secondary vortices. The effect of increasing the numerical scheme accuracy from LW to
TTG4A is not evident and is further analyzed by comparing the pressure loss coefficient ¢
at different spans compared to experimental measurements. Figure 13 presents the profiles
of pressure loss coefficient ¢(z) at y/H = 4%, y/H = 10% and y/H = 50% for the five
cases. In the wake region i/ H = 50%, the finer grid along with the higher order numerical
scheme (M2-TG) provides better results in terms of intensity of the losses as well as spread
of the wake region. Aty/H = 10%, the topology of the pressure loss coefficient is rather
complex and once again, the case M2-TG leads to the better results, indicating its capability
to well reproduce the position and intensity of the secondary vortices. Finally, closer to
the hub at y/H = 4%, although the agreement with experimental data is lesser, the setup
M2-TG provides the more accurate results. It is also evident from these results that the
imposition of a constant total pressure at the inlet leads to inaccurate results in terms of
secondary flow positioning and intensity.

M2-TG-NP

0.0e+00 005 01

‘ ‘ ‘ ‘

Figure 12. Pressure loss coefficient ¢ on Plane 06 downstream of the blades, view from downstream
towards upstream.
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Figure 13. Pressure loss coefficient ¢ on Plane 06 downstream of the blades: y/H = 50%, y/H = 10%
and y/H = 4%.

To finalize the comparisons, the time- and pitch-averaged deviations to the turning an-
gle and pressure loss coefficient on Plane 06 for the five cases are compared to experimental
data. The turning angle is defined as

AB = arctan (vz> — Bum,out, 4)
Ux

where B 0ut = 56.7° is the deviation angle imposed by the blade. Note that both the
deviation angle and pressure loss coefficient are mass averaged when it comes for the
spatial averaging in the pitchwise direction. Figure 14 presents the spanwise profiles
of AB and ¢, showing the overall effects of the secondary structures from the different
cases relative to experimental data. The best agreement for both the turning angle and
pressure loss coefficient is obtained with the M2-TG setup. The position and intensity of the
overturning close to the hub and under-turning close to y/H = 10% associated with the
secondary flow patterns are well recovered. Concerning the pressure loss coefficient, a very
good match is observed except close to the wall where the losses are underestimated by all
the setups. The cases with the LW numerical scheme show acceptable results but with a
less good accuracy compared to TTG4A. The peak of pressure loss coefficient evidenced
in Figure 12 close to y/H = 20% is clearly seen on the ¢ profile when the LW scheme is
used. Figure 14 illustrates as expected from Figure 12, that the case with the constant inlet
total pressure M2-TG-NP badly predicts the position and intensity of both quantities Ap
and ¢ due to the development of secondary flows too close to the hub wall. Finally, it is
worth mentioning that although the profiles of pressure loss coefficient in the wake region
y/H = 50% presented in Figure 13 are different between the LW and TTG4A schemes,
almost the same pitchwise integrated values are obtained illustrating that comparing
local information is of paramount importance to evaluate the accuracy of the numerical
methods used.
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Figure 14. Time- and pitchwise mass-averaged deviation angle Ap and pressure loss coefficient ¢ on
Plane 06.

4.3. Loss Quantification in the Flow Passage

The previous section demonstrated that the setup M2-TG, relying on the most refined
grid and the higher order numerical scheme TTG4A along with an inlet total pressure
profile, provides accurate results compared to available experimental measurements. This
setup is thus used to quantify loss generation in the cascade. To do so, the time-average
dissipation rate (loss in kinetic energy):

2
_ dui  Ouj
LIKE = (u+yt)<axj+axi> (5)

and the turbulent kinetic energy dissipation rate:

ou au;. 2
GI(V—F}lt) aTc]+aTcl (6)

are estimated in the simulation. In Equations (5) and (6), y# is the dynamic viscosity,
subscript t refers to the sub-grid scale quantity, u; is the instantaneous velocity vector in
direction i, and u! is its fluctuation component. The turbulent kinetic energy dissipation
rate is estimated based on the dissipation of the mean kinetic energy (DMKE) such that
€ = LIKE — DMKE.

Figure 15 shows the distribution of LIKE and € at mid-span, y/H = 10%, and on the
walls of the configuration. At mid-span, losses are mainly generated around the blade
profile and in the wake. The dissipation of the mean kinetic energy produces high levels of
LIKE in the leading edge region, pressure-side separation bubble, all along the pressure
and suction side laminar boundary layers, and in the wake. The turbulent dissipation rate
€ mainly contributes to losses in the transition region of the pressure-side separated bubble
as well as in the wake of the blade. Aty/H = 10%, the contribution of secondary flows to
losses is clearly identified by high levels of LIKE in the trailing edge region as well as in the
wake. In these regions, the turbulent dissipation rate € contributes to a large extent to the
losses in kinetic energy. The distributions of LIKE and € on the blade walls illustrate, first,
the important dissipation due to the mean field close to leading edge on the suction side:
the strong acceleration along with the thin boundary layer lead to high levels of LIKE in
this region. The footprints of secondary vortices are also clearly visible downstream on the
suction side: the high levels of both LIKE and € close to the hub are linked to the impact
of the passage vortex emanating from the pressure-side leg of the horseshoe vortex of the
adjacent blade. The trajectory of the induced wall vortex is also visible, originating close
to the impingement region of the passage vortex on the suction side and then migrating
towards higher y/H downstream.
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Figure 15. LIKE (left) and € (right) at mid-span (top), y/H = 10% (middle) and on the walls, suction
side view (bottom).

Finally, Figure 16 presents the axial evolution of the volume average LIKE and € on
small sections along the configuration of the hub and mid-vein regions. The hub region
ranges from y = 0 and y/H = 25%, including all the locations where the secondary flows
develop. The mid-vein region starts at y/H = 25% and continues to y/H = 50%. The axial
coordinate is scaled by the blade axial chord C,y, the leading edge being at x/C,;x = 0 and
thus, the trailing edge being at x/C,x = 1. In the mid-vein section, LIKE and € are almost
equal from upstream of the boundary layer lip until x/C,x = —0.3, just upstream of the
blade. In this region, the dissipation is mainly due to the turbulent eddies injected at the
inlet of the domain with a very small effect of the acceleration due to the contraction of the
domain in the y direction. As illustrated in Figure 15, the deviation of the flow linked to the
blade profile induces the highest levels of dissipation in LIKE in the domain, also evidenced
in Figure 16 at x/Cyy = 0. As the flow passes the leading edge, turbulent fluctuations
are generated increasing the turbulent dissipation rate €. This later increases due to the
transition of the separated bubble on the pressure side and decreases after reattachment
and relaminarization of the boundary layer. The level of LIKE is always higher than € by
more than an order of magnitude due to wall friction and dissipation linked to the mean
flow field. Due to the turbulent wake development, € increase downstream from x/Cuy =1
to reach a maximum around x/C,, = 1.25. Downstream of this maximum, LIKE and ¢ are
almost equal, indicating that losses are mainly due to turbulent mixing in this region. From
x/Cay = —4 to —3, the dissipations in the hub and mid-vein regions show similar levels.
Downstream of x/Cyy = —3 up to —1.75, the contraction of the flow in the y direction
linked to the boundary layer trip induces an acceleration of the flow mainly in the hub
region, leading to a progressive increase of the losses. At x/Cyc = —1.75, the volume
where the average is made intersects the hub wall, leading to a sharp increase of LIKE with
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respect to € as the friction at the wall is accounted for. In the blade region, from x/Czy =0
to 1, both LIKE and € show higher levels in the hub part than in the mid-vein one due
to the secondary flow development leading to an increase of wall friction as well as the
generation of more turbulence (higher €). These higher levels of dissipation are still present
downstream of the blade as the secondary structures are still not fully dissipated (e higher
in the hub part than mid-vein) and due to wall friction at the hub. When integrating loss
sources in the hub and vein domains, the results show that approximately 62% of the total
losses (i.e., integration of LIKE) are generated in the hub region. The turbulent dissipation
represents around 18% of the losses in the hub region and 10% in the mid-vein region.

10° __ Hub - LIKE
—_ -=- Hub-¢
"’E 1054 — Mid - LIKE
-§ -—- Mid-¢
5 104,
©
0
0

102

-4 -3 -2 -1 0 1 2
x/Cax [-]

Figure 16. Axial evolution of LIKE and € along the configuration for region hub (0 < y/H < 25%)
and mid-vein (25% < y/H < 50%).

5. Conclusions

A high-fidelity numerical setup is proposed to simulate the SPLEEN cascade represen-
tative of a high-speed, low-pressure turbine blade. The effects of mesh resolution, numerical
scheme accuracy, and inlet total pressure profile on the flow field development and predic-
tion of losses in a case without wake generator and purge flow at outlet Reynolds and Mach
numbers of 70,000 and 0.9, respectively, are investigated in the context of wall-resolved
large-eddy simulation. It is shown that the inlet total pressure profile plays a critical role in
the development of the secondary flow structure and associated losses; imposing a relevant
profile is thus important. The results also illustrate that the blade loading results are robust
to the mesh resolution and numerical scheme. Nonetheless, the accuracy and quality of
the numerics are decisive when it comes to the prediction of the secondary flow and wake
development and associated losses. The most refined mesh and higher-order numerical
scheme are mandatory to reproduce the experimental results downstream of the cascade.
Based on the best numerical LES setup, the generation of losses in the hub and mid-vein
regions are analyzed. This shows that approximately 62% of the total losses are generated
in the hub region and that the turbulent dissipation represents around 18% of the losses in
the hub region and 10% in the mid-vein region.
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