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This article presents the large-eddy simulation (LES) of a low-pressure turbine (LPT) nozzle
guide vane (NGV) for different Reynolds (Re) and Mach (Ma) numbers with or without
inlet turbulence prescribed. The analysis is based on a slice of an LPT blading representa-
tive of a midspan flow, where secondary flows, hub, and shroud effects are lower. The char-
acteristic Re of the LPT can vary by a factor of four between take-off and cruise conditions.
In addition, the LPT operates at different Ma values, and the incident flow can have sig-
nificant levels of turbulence due to upstream blade wakes. This article investigates
numerically using LES the flow around an LPT blading with three different Reynolds
number Re= 175,000 (cruise), 280,000 (mid-level altitude), and 500,000 (take-off)
keeping the same characteristic Mach number Ma= 0.2 and three different Mach
number Ma= 0.2, 0.5, and 0.8 keeping the same Reynolds number Re= 280,000. These dif-
ferent simulations are performed with 0% freestream turbulence (FST) followed by inlet tur-
bulence (6% FST). The study focuses on the influence of these three parameters (Re, Ma,
and upstream turbulence) on different flow characteristics: pressure distribution around
the blade, near-wall flow behavior, loss generation, and turbulent kinetic energy (TKE)
budget. The results show an earlier boundary layer separation on the aft region of the
blade suction side when the Re is increased, while the increase of the Ma delays separation,
similar to freestream turbulence. The TKE budget led on the different cases shows the pre-
dominant effect of the turbulent production and diffusion in the wake, the axial evolution of
these different terms being relatively insensitive to Re and Ma. [DOI: 10.1115/1.4050919]

Keywords: low-pressure turbine, large-eddy simulation, Reynolds/Mach number effects,
boundary layer, turbulent kinetic energy budget

1 Introduction
Low-pressure turbines (LPTs) experience Reynolds number (Re)

variations typically consisting of the decrease by a factor of four
between take-off and cruise [1–3] (400,000 against 100,000 for a
wide-body gas turbine). Several studies have shown that Re
effects may contribute to lower efficiencies at cruise conditions
[4–6]. This parameter has a significant effect on the boundary
layer state and transition processes. In particular, at low to moderate
Re especially in altitude and for the last LPT stages, the suction side
may generally be characterized by a large region where the bound-
ary layer is laminar. Boundary layer separation may occur on the aft
of the suction side in the adverse pressure gradient (APG) region.
The separation can reattach leading to a turbulent boundary layer
or be massively separated without reattachment resulting in large
losses [7]. These phenomena are coupled with the wakes from
upstream rows interacting with the suction side boundary layer of
downstream blades and can lead to an early boundary layer transi-
tion and separation bubble canceling [8–11]. Upcoming LPT
blading designs are oriented toward a decrease of the blade
number [12] and stage spacing. However, higher APG is supposed
to occur on the blade suction side, and boundary layer separation
may increase [13]. The focus on the midspan flow to study Re
effects may be a fair approximation since previous works have
reported a strong impact of Re on profile losses and relatively
weak on secondary [14,15] and tip leakage losses [16]. In conjunc-
tion with Re and upstream turbulence effects, the Mach number
(Ma) can vary due to a change of the required load for the gas
turbine and also affects the flow in the LPT. Due to the difficulty

to reproduce real cruise conditions with ground test experimental
facilities and detailed measurements, the effect of these three
parameters has been widely investigated numerically.
In the past, Reynolds-averaged Navier–Stokes modeling

approaches have been used to analyze transition processes and
the onset of separation in LPT [17,18]. However, this was only pos-
sible based on additional developments like the one proposed by
Jones and Launder [19] and the introduction of the turbulent
kinetic energy (TKE) gradients in the so-called low-Reynolds
number versions of the k-ϵ. This model allowed to capture transition
without a dedicated transition model compared to the γ-Reθ model
developed by Menter et al. [20]. For sufficient grid and near-wall
refinements, the large-eddy simulation (LES) approach [21] is
able to handle the transition process of the boundary layer from a
laminar to a turbulent regime [22] without additional modeling
step. This methodology has been successfully used in predicting
boundary layer transition [23–25] and in the LPT context [26–28].
LES provides a detailed time-dependent information about the
important large-scale features of the flow and energy transfers
with turbulence.
This article is devoted to study numerically the influence of Re

and Ma on the flow around the blade of an LPT with or without
inlet freestream turbulence (FST). The purpose is to better under-
stand the influence of these three parameters on the main flow beha-
vior, related losses and TKE budget. LES is used to simulate the
flow around the midspan blade profile of a full three-dimensional
configuration including hub, shroud, and cavities representative of
an LPT cascade, extensively studied experimentally [29,30]. LPT
Re ranges from about 50,000 in the last stages and high altitude con-
ditions of small business jet engines to about 500,000 at take-off
conditions in the first stages of the largest turbofans. Also, LPT
usually operates at blade-relative exit flow Ma in the range 0.5–
0.9 [8]. To account for these changes in Re and Ma, three different
Re values are studied: Re= 175,000 (cruise), 280,000 (mid-level
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altitude), and 500,000 (take-off) keeping the same characteristic Ma
at a value of 0.2. Also, three different Ma values are studied: Ma=
0.2, 0.5 and 0.8 keeping the same Re= 280,000. These cases are
simulated in both 0% and 6% (FST) inlet conditions.
This article is organized as follows: in Sec. 2, the geometrical

configuration, flow parameters, and the numerical method are
described; in Sec. 3, the comparison against experiments is pre-
sented; and in Sec. 4, the near-wall flow behavior is detailed. Sec-
tions 5 and 6 are devoted to the analysis of the losses generated
and the TKE budget. In each of these sections, the results are intro-
duced for the mid-range Re and low Ma cases (R28M02,
R28M02T), and then, the influence of Re and Ma is introduced in
0% and 6% FST, respectively.

2 Computational Setup
2.1 Configuration. The configuration under study represents

the midspan geometry of a low Ma five nozzle guide vanes
(NGV) linear cascade including hub, shroud, and cavities represen-
tative of an LPT investigated during the European Project MAGPI
(2007–2011). The corresponding Re based on the blade suction side
length is Re= 500,000 and the Ma based on the maximum suction
side velocity is Ma= 0.2. This configuration has been tested with
and without an inlet turbulence grid making possible to adapt the
FST (either 0% or 6% FST). The details about the experimental
facility, measurements, and data processing are provided in the
study by Schuler et al. [29,30]. The simulation domain is composed
of one blade representing the central blade of the five NGVs. The
inlet is set one axial chord upstream of the leading edge (LE) and
the outlet is set two axial chords downstream of the trailing edge
(TE), leading to a simulation domain size of 4 axial chords.
Figure 1 shows a cross-sectional view of the simulation domain
with the main flow angles and characteristic dimensions of the
domain gathered in Table 1. The spanwise blade length is h/Cx=
0.13. This value is chosen based on previous LES/direct numerical
simulation of LPT [2,31–33]. This assumption has been checked a
posteriori by performing spanwise signal cross correlations (see
Appendix A). The numerical simulations are first compared
against the experimental data for both 0% and 6% FST at the Re
and Ma, respectively, considered in the experiments. Then, the
cases are extended in Re and Ma to describe the effects of these
two parameters.

2.2 Operating Points. The Π-theorem [34] applied to the
steady compressible flow around the considered blade without
heat transfer shows that a reduced number of parameters can be

used to describe the flow quantities in the cascade. These parame-
ters reduce to (γ, Pr, α, Ma, and Re), where γ, Pr, and α are the
heat capacity ratio, the Prandtl number, and the incidence angle,
respectively. In LPT, γ and Pr variation are relatively low, such
that for a fixed incidence angle α, the flow quantities depend only
on the Re in the incompressible limit and on (Re, Ma) at higher
Ma. The FST level is necessary to supplement the dimensional anal-
ysis in LPT. This parameter is particularly important since the
incoming FST is generally nonnegligible due to upstream blade
row interactions [35]. Furthermore, the Re in LPT lies in ranges
where the boundary layer over the blade surface can remain fully
laminar under no FST but can experience transition even at low
FST levels [36,37].
A total of five simulations are performed: the first simulation at

Re representative of a wide-body LPT at take-off (Re= 500,000,
denoted R50M02), where experimental data are available; a
second operating point corresponding to a medium altitude
between take-off and cruise (Re= 280,000, R28M02); and a last
operating point corresponding to cruise conditions at 10,000m
(Re= 175,000, R17M02), all three simulations keeping the same
characteristic Ma= 0.2. Two additional simulations are performed
keeping the same Re at a medium altitude (Re= 280,000) but
changing the characteristic Ma to a value of 0.5 (R28M05) and
0.8 (R28M08). Figures 2 and 3 show the evolution of the Re and

Fig. 1 Cross-sectional view of the computational domain

Fig. 2 Local suction side Re based on the velocity at the edge of
the boundary layer and curvilinear abscissa for the 0% FST
cases

Fig. 3 Local suction side Ma based on the velocity and tempera-
ture at the edge of the boundary layer for the 0% FST cases

Table 1 Characteristics of the cascade rig

Inlet blade angle α 37.9 deg Outlet blade angle 66.3 deg
Axial chord Cx 75mm h/Cx 0.13
Pitch/Cx 0.884
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Ma around the blade suction side based on the velocity, temperature
at the edge of the boundary layer uedge Tedge, and the curvilinear
abscissa c: Re(x) = uedge(x)c(x)/ν(x), Ma = uedge(x)/

�����������
γrTedge(x)

√
.

The boundary layer edge detection method used in the study to cal-
culate the boundary layer characteristic quantities is based on a vor-
ticity criterion similar to the method proposed and applied by
Michelassi et al. [38]. The Re and Ma used to define different
cases are based on the Re at the TE and the maximum Ma on the
blade suction side for 0% FST. Once the data have been extracted
for these cases with 0% FST, inlet turbulence is used to simulate
the cases with 6% FST at the blade leading edge. The inlet turbu-
lence is imposed continuously in time over the inlet patch and
differs from more realistic approaches based on incoming wakes
methods [2,26,32,39,40] that are more able to represent the wakes
shedding process from upstream rows.

2.3 Meshing Strategy and Numerical Methods. The simula-
tions are performed using the unstructured solver AVBP [41]. The
blade surface discretization is based on triangles with equivalent
edges lengths. The stream and spanwise characteristic mesh
lengths at the wall (Δx, Δz) are consequently the same. Over the
blade surface discretization is generated a layer of 100 prisms in
the wall-normal direction �y to reduce nonorthogonality issues [42]
and control neighboring cells expansion ratio compared to tetrahe-
dral elements. The expansion ratio is set to 1.03 to guaranty 30 grid
points in the viscous layer until y+= 50 for the most stringent case
at Re= 500,000. The surface discretization and first off-wall grid
point are set to fulfil recommendations for a wall-resolved LES
[43–45] giving 50≤Δx+≤ 80; Δy+≤ 1; and 15≤Δz+≤ 25. In
the present mesh, this value has been set to reach Δx+, Δz+≤ 25,
and Δy+∼ 1–2 for the most stringent case at Re= 500,000 (see
Fig. 4), leading to a mesh refinement similar to previous LES
studies in LPT [39,46]. This near-wall mesh refinement remains
coarser compared to highly resolved LES where recommendations
are rather set around Δx+≤ 10, Δz+≤ 7 [47]. Tetrahedra fill the
remaining simulation domain. The mesh size in the wake region
is designed based on distributions of the Kolmogorov scale
η = (ν3/ϵ)1/4, where ϵ is the local isotropic dissipation obtained
assuming that the production of residual kinetic energy equals
this quantity [48]. The mesh is designed to satisfy the condition
(ΔxΔyΔz)1/3 < 15η (0.002 Cx) to capture the majority of the turbu-
lent wake structures, leading to a mesh of 100 × 106 cells. A mesh
dependency is proposed in Appendix B.
Periodic boundary conditions are applied on both lateral, top, and

bottom surfaces of the simulation domain. The blade is treated as an
adiabatic nonslipping surface. In the experiments, the R50M02 case
has been tested with and without an upstream turbulence grid. Total
pressure, temperature, and incident angle are imposed based on
experimental data at the inlet of the domain. The turbulent flow gen-
erated by the grid is handled in the simulation by the use of a syn-
thetic eddy viscosity method proposed in the study by Smirnov
et al. [49] generating velocity fluctuations and coupled with the
inlet condition. The integral length scale is set to Δx/Cx= 10−1

based on a similar grid and distance to the cascade [50] and numer-
ical calibrations from the study by Troth [51]. The turbulence inten-
sity Tu at the blade LE is Tu = 6% based on experimental
measurements. The cutoff length scale is set to Δx/Cx= 10−2 and
corresponds to the characteristic length scale of the mesh from
the inlet to the blade LE. The turbulence spectrum is based on the
one proposed by Passot and Pouquet [52]. Figure 5 shows the tur-
bulence intensity decay from the inlet of the domain in x/Cx=−1 to
the blade LE x/Cx= 0 obtained by integrating the velocity and velo-
city fluctuations on axial planes. The turbulent fluctuations injected
at the inlet of the domain have been set to Tu = 15% for the
R50M02T case and marginally less for the lower Re cases to
reach the turbulence level at the blade LE measured experimentally
Tu = 6%. The value of the turbulence intensity has been checked
for the different cases by setting a probe upstream of the blade
leading edge. The static pressure based on the experiments is
imposed at the outlet of the domain. Inlet and outlet boundaries
are coupled with a Navier–Stokes characteristics boundary condi-
tion [12]. At 0% FST, there may still be numerical noise present
in the freestream due to spurious wave reflections, but these bound-
aries are intended to reduce this effect.
The convective operator is discretized by the two-step Taylor–

Galerkin scheme [53] (third-order accurate) to better resolve small-
sized scales compared to the second-order accurate Lax–Wendroff
scheme [54] also available in AVBP. The time discretization is
based on a third- order accurate explicit time advancement scheme.
TheCourant–Friedrichs–Lewynumber is set to 0.7 leading to a simu-
lation time-step around Δt+=Δt{uin/Cx= 5 × 10−6 for the R28M08
case.The subgrid-scalemodel is thewall-adapting local eddyviscosity
[55]. In all the simulations, the flow developed for ten characteristic
flow-through periods of timeΔtFTP= 4Cx/uin= 7.5 × 10−3. After this
start-up period, the convergence of mean, first, and second-order
moments of the flow were checked based on the signal of probes
set in the blade boundary layer and in the wake. The temporal aver-
aging used to build the mean flow field and TKE balance was per-
formed over ten full characteristic periods ΔtFTP based on 800 flow
solutions evenly spread and stored on the fly during the simulations.

3 Mean Flow Field
The pressure coefficient around the blade Cp is defined as

follows:

Cp =
ptot,in − p

ptot,in − pout
(1)

where ptot,in, p, and pout are, respectively, the total pressure at the
inlet, the static pressure around the blade, and the static pressure
at the outlet of the domain. Experimental results are available for
the R50M02 case without and with the turbulence grid between
x/Cx= 0 and 0.8. Based on the experimental reports, no experimen-
tal data are available between x/Cx= 0.8 and 1.0 since the trailing
edge is thin and it becomes difficult to install pressure taps.

Fig. 5 Turbulence intensity decay from the inlet of the domain to
the blade LE for the 6% FST

Fig. 4 Grid dimension at the blade wall for the R50M02 case
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Figure 6 shows the pressure distribution around the blade for the
different cases at 0% FST. On the blade suction side, the flow accel-
erates in the favorable (negative) pressure gradient (FPG) region
until x/Cx= 0.7 and then decelerates until the TE on the aft region
of the blade where the APG occurs. A discrepancy between the
experiments and LES occurs in the FPG region starting from the
LE. Variations of the incident angle have been tested without
improving the matching between the experiments and the numerical
simulation. The different cases show a region of constant pressure
coefficient at the TE (x/Cx= 0.9), indicating a laminar separation
bubble. Except close to the LE, the pressure coefficient around
the blade obtained numerically shows a good agreement with the
experiments in the FPG region where measurements are available
with a maximum discrepancy of around 2%. On the blade pressure
side, the pressure coefficient is almost constant until x/Cx= 0.7
before to increase in the FPG region until the TE. Figure 7 shows
an instantaneous iso Q-criterion for the R28M02T. A pair of
counter-rotating structures can be observed on the pressure side.
Wu and Durbin [33] evidenced the presence of elongated structures
close to the trailing edge on the pressure side most likely corre-
sponding to a forced response to the incident wake. Vortices are
also generated earlier on the pressure side, characterizing a possible

separation bubble. Figure 8 shows the friction coefficient on the
blade pressure side C f = τw/(0.5 ρu2) at 0% FST, where τw is the
mean wall-shear stress. For the R17M02, R28M02, and R50M02
cases, the friction coefficient is negative between x/Cx= 0.2 and
x/Cx= 0.5, characterizing the size of the pressure side separation
bubble. For the R28M05 and R28M08 cases, the separation
bubble lies between x/Cx= 0.15 and x/Cx= 0.4.
The pressure coefficient on the blade suction side marginally

increases with the increase of the Re. For the same boundary
layer state, Michelassi et al. [11] also observed a low sensitivity
of the pressure coefficient on the blade suction side of an LPT
at lower Re= 60,000 and Re= 100,000. The region of the constant
pressure coefficient on the aft of the blade can be observed for the
different Re values at a similar position. On the blade pressure
side, the region of constant pressure coefficient is marginally mod-
ified by a variation of the Re as observed on the friction
coefficient.
The increase of the Ma at a constant Re has a marginal influence

on the pressure coefficient around the blade pressure side with a
recompression initiated earlier (x/Cx= 0.6–0.65). On the blade
suction side, the pressure coefficient is decreased with an increased
Ma. Also the position of the throat is moved toward the TE with a
lower size of the APG region at the rear of the blade. The region of
the constant pressure coefficient characterizing the laminar separa-
tion bubble remains for the different Ma.
Figure 9 shows the pressure coefficient around the blade for the

6% FST cases. For the cases with 6% FST, the influence of the Re
and Ma on the pressure coefficient around the blade is similar com-
pared to the 0% FST cases. However, on the aft of the blade pres-
sure side, the compression is initiated earlier for different operating
points, indicating a possible decrease of the dead-region size asso-
ciated with the pressure side separation bubble. On the blade suction
side, a larger pressure deficit is observed in the numerical simulation
and experiments for the 6% FST compared to the 0% FST. Also, the
region of constant pressure coefficient on the aft region of the blade
suction side is canceled at 6% FST.
The second quantity available in the experiments is the pressure

loss coefficient 25% Cx downstream of the blade TE denoted ζ and
is defined as follows:

ζ =
ptot, in − ptot, 25%
ptot, 25% − p25%

(2)

where p25% and ptot, 25% are the static and total pressure 25% Cx

downstream of the blade TE. Table 2 presents the pressure loss
coefficient 25% Cx downstream of the blade TE for the
R50M02T case (6% FST) based on the experiments, the LES
with 0% FST, and the LES with 6% FST. The LES with 0% FST
largely underestimates the pressure losses compared to the

Fig. 6 (a) Pressure coefficient around the blade and (b) inset
view close to the TE for the 0% FST cases

Fig. 7 Iso Q-criterion Q=107 colored by the vorticity for the R28M02T case in the first time-steps of the prescribed inlet
turbulence
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experiments (−31.3%). The LES with 6% FST shows a lower dis-
crepancy of 3.8% and is in good agreement with the experiments.
This observation gives more confidence in the use of the LES simu-
lations with 6% FST for the cases with the turbulence grid despite
there is still some issues close to the LE for the pressure coefficient
around the blade.

4 Near-Wall Flow
The boundary layer velocity profile on the blade suction side at

50% blade chord for the 0% FST is shown in Fig. 10. For the
R28M02 case, the boundary layer velocity profile fits the
Blasius boundary layer profile. Figure 11 shows the shape factor
H = δ∗1/θ on the blade suction side for the 0% FST cases, where
δ∗1 and θ are the boundary layer displacement and momentum
thickness. The shape factor is close to H= 2.59 on the FPG
region of the suction side until x/Cx= 0.7 and confirms the devel-
opment of a laminar boundary layer. Downstream of the throat
(x/Cx= 0.7), the boundary layer experiences an APG at the edge
of the boundary layer nondimensionalized with the Clauser pres-
sure gradient parameter β = δ∗1/τw(d pedge/dx), where (dpedge/dx)
is the gradient of pressure at the boundary layer edge in the direc-
tion tangent to the blade surface. This parameter, negative in the
FPG region becomes positive downstream of the throat on
the blade suction side characterizing the APG (see Fig. 12). On

the aft region of the blade, the APG reduces the momentum in
the near-wall region characterized by an increase of the shape
factor. Figure 13 shows the friction coefficient Cf at the blade
suction side wall for the 0% FST cases. The friction coefficient
is initially positive corresponding to a fully attached boundary
layer until x/Cx= 0.9 and then becomes negative, indicating a
boundary layer separation. This observation is also supported by
the region of constant pressure coefficient on the blade suction
side at this same location. For the 6% FST cases, the shape
factor H around the blade suction side is shown in Fig. 14. At
the lowest Re (R17M02T), the shape factor distribution is
similar to the case with 0% FST. For other cases at higher Re
(R28M02T, R28M05T, R28M08T, and R50M02T), the shape
factor reaches values around 1.4 close to the LE, indicating a

Fig. 8 Friction coefficient Cf on the blade pressure side for the
0% FST cases

Fig. 9 Pressure coefficient around the blade with 6% FST

Table 2 Pressure loss coefficient 25% Cx downstream of the
blade TE for the R50M02T case (6% FST)

Experiment 6% FST LES 0% FST LES 6% FST

ζ (–) 0.0414 0.0287 (−30.6%) 0.0398 (−3.8%)

Fig. 10 Suction side boundary layer velocity profile in the FPG
region at mid chord (x/Cx=0.5) for the 0% FST cases

Fig. 11 Shape factor H on the blade suction side for the 0% FST
cases

Fig. 12 Clauser pressure gradient parameter β on the blade
suction side for the 0% FST cases
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turbulent boundary layer. The FST induces the transition to a turbu-
lent state of the boundary layer originally laminar for the mid and
highRe cases. For the R17M02T case, a transition toward a turbulent
state of the suction side boundary layer could be expected based, for
example, on the works of Mayle [56]. The author showed that in the
gas turbine, it is common to see transitional flows as soon as a local
Re= 50,000 in some high FST cases. As well, Abu-Ghannam and
Shaw [57] showed that over a flat plate, with an FST of 6%, the
boundary layer may start to transition at around Re= 50,000 and
end the transition at around Re= 150,000. The different parameters
of this simulation have been thoroughly checked, and according to
the authors, this flow behavior may indicate a Re effect, i.e., the char-
acteristic Re is around 50,000 at midspan, and depending on the FST
characteristics, the boundary layer may still be laminar or transi-
tional. Gourdain [58] observed a laminar-to-turbulent transition on
the rotor blade of a compressor at around 40% chord and relatively
higher Re = 700,000 with 2% inlet turbulence intensity. The rela-
tively higher turbulence intensity in this configuration (Tu = 6%)
may promote the early transition close to the LE for the two
highest Re considered. This may be also confirmed in the

experiments since the levels of pressure coefficient until the throat
are higher for the R28M02T compared to the R28M02 (see Figs. 6
and 9).
When the Re is modified at a constant Ma for the 0% FST cases

(R17M02, R28M02, and R50M02), the boundary layer velocity
profile at x/Cx= 0.5 on the blade suction side is marginally modi-
fied. This observation is supported by the insensitivity of the shape
factor to the characteristic Re on the FPG region. On the rear
region of the blade suction side, when the Re is increased, the
axial pressure gradient β is increased. The main effect is a decrease
of the friction coefficient Cf for a considered spatial location at the
rear of the blade. As a consequence, when the characteristic Re is
increased, the boundary layer is more prone to separate. In LPT, an
increase of the Re is generally able to cancel the potential bound-
ary layer separation by a transition process at sufficiently high Re,
making the boundary layer less prone to separate. However, based
on these observations, when the boundary layer is maintained
laminar on the aft region of the blade, the increase of the charac-
teristic Re increases the potential for an early boundary layer
separation. For the 6% FST cases, in the FPG of the blade until
x/Cx= 0.2, the increase of the Re induces additional momentum
close to the wall since the shape factor decreases compared to
the 0% FST cases, characterizing the turbulent boundary layer
with more momentum in the near-wall region.
For the 0% FST cases, the increase of the Ma at a constant Re

(R28M02, R28M05, and R28M08) shows that more momentum
is provided close to the suction side wall based on the boundary
layer velocity profiles at x/Cx= 0.5. This observation is confirmed
with the decrease of the shape factor on the FPG region. The
increase of the Ma reduces the effect of the axial pressure gradi-
ent at the edge of the boundary layer. This indicates that at higher
Ma, the suction side boundary layer is less prone to separate on
the aft region of the blade and promotes a stabilizing effect at
constant Re. Muppidi and Mahesh [59] also observed a stabilizing
effect of an increased Ma for the flow over a flat plate with
roughness in the supersonic range. For the 6% FST cases, the
increase of the Ma induces a marginal velocity deficit in near-wall
region characterized by an increase of the shape factor. On the
rear region of the suction side, similar to the 0% FST cases,
the shape factor increases due to the adverse pressure gradient
lifting off the boundary layer velocity profile from the wall. Com-
pared to the 0% FST simulations with a laminar boundary layer
on the suction side, the increase of the shape factor is more mod-
erate. Figure 15 shows the friction coefficient around the blade
suction side for the 6% FST cases. The friction coefficient
remains marginally positive on the aft of the suction side and
indicates that the boundary layer remains attached until the
TE. Michelassi et al. [2] observed a similar decrease of the poten-
tial boundary layer separation on the aft region of an LPT at
lower Re (60,000 and 100,000) with turbulent wake impinging
the blade.

Fig. 13 (a) Friction coefficient Cf on the blade suction side and
(b) inset view close to the TE for the 0% FST cases

Fig. 14 Shape factor H on the blade suction side for the 6% FST
cases

Fig. 15 Friction coefficient Cf on the blade suction side for the
6% FST cases
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5 Losses
The viscous losses generated in the LPT cascade can be split into

a mean flow and a turbulent contribution. In LES, the splitting can
be obtained by taking advantage of the unsteady nature of the
method. The total viscous irreversibilities produced Φ∇u can be
written as follows [32,60–63]:

Φ∇u =Φ∇u,mean +Pk (3)

where Φ∇u,mean is the mean viscous dissipation and Pk is the TKE
production term. These different contributions can be expressed as
follows:

Φ∇u,mean =
∫∫∫

V
μ + μSGS
( ) ∂ ui[ ]

∂xj
+
∂ uj
[ ]
∂xi

( )
1

T

∂ ui[ ]
∂x j

dV (4)

Pk =
∫∫∫

V
− �ρu′iu

′
j

〈 〉 ∂ ui[ ]
∂x j

dV (5)

where the overbar . denotes the filtered quantity as an output of the
LES. The tilde .̃ denotes a quantity calculated from the filtered
variables ρ, ρui, and p. Thus, the calculated velocity is ũi = ρui/ρ
using Favre filtering. The statistical averaging is denoted by
〈.〉 and Favre averaging by [.], yielding to [ui] = 〈ρui〉/〈ρ〉 for
instance. The fluctuating velocity is defined by u′i = ũi − [ui].
The accumulated mean viscous dissipation from the blade LE to

25% Cx downstream of the blade for the 0% FST cases is shown in
Fig. 16. The mean viscous dissipation increases linearly along the
blade with a larger slope from x/Cx= 0.5 until the TE correspond-
ing to more losses generated on the rear region of the blade. The
viscous dissipation is associated with the boundary layer develop-
ing over the blade suction and pressure sides and inducing velocity
gradients in the near-wall region. Behind the TE (x/Cx= 1), the
accumulated mean viscous dissipation remains constant and indi-
cates that almost all mean viscous losses are generated along the
blade.
The increase of the Re induces less mean viscous dissipation for

the 0% FST cases. As stated, the boundary layer velocity profiles for
the three different Re matches well. When the Re increases, the
boundary layer thickness decreases as shown in Fig. 17, and less
mean viscous dissipation is generated.
The increase of the Ma at 0% FST induces more mean viscous

dissipation. The boundary layer thickness marginally decreases
when the Ma is increased, but, as stated, the increase of the Ma pro-
duces boundary layer velocity profiles with more momentum in the
near-wall region and consequently more mean viscous dissipation
occurs.

Figure 18 shows the TKE production in the wake region for the
0% FST cases. The increase of TKE production is sharp between
x/Cx= 1 and 1.05, where almost all the TKE production is per-
formed. This trend is similar for the different Re and Ma values.
In terms of loss level, a decrease of the Re promotes more TKE pro-
duction and an increase of the Ma promotes more TKE production.
This dependence of TKE production to Re and Ma is similar to the
mean viscous dissipation, and the balance of losses between mean
viscous dissipation and TKE production remains almost constant
for the different cases studied (60% of losses induced by mean dis-
sipation and 40% due to TKE production).
Figure 19 shows the accumulated mean viscous dissipation along

the simulation domain for the 6% FST cases. The mean viscous dis-
sipation increases for the different cases except for the low Re case
(R17M02T). The influence of the Re and Ma values is similar to the
0% FST except the level of losses considerably higher. Figure 20
shows the boundary layer thickness for the 6% FST cases. For
the cases at medium and high Re and 6% FST, the boundary
layer is thicker compared to the 0% FST cases, and the velocity pro-
files have more momentum close to the wall due to the turbulent
nature of the boundary layer. The corresponding mean viscous dis-
sipation is higher compared to the 0% FST cases with laminar
boundary layers. Figure 21 shows the accumulated TKE production
along the blade and in the wake for the 6% FST cases. Except for
the low Re case (R17M02T), the TKE production is initiated
close to the LE and then increases moderately until the TE of the
blade. A large increase is observed downstream in the wake region.

6 Turbulent Kinetic Energy Budget
The influence of Re, Ma, and incoming FST can be assessed on

the different terms of the TKE balance 〈�ρ〉k = �ρu′2i /2
〈 〉

, which can be

Fig. 17 Boundary layer thickness on the blade suction side for
the 0% FST cases

Fig. 18 Accumulated TKE production in the wake region for the
0% FST cases

Fig. 16 Accumulated mean viscous dissipation along the simu-
lation domain for the 0% FST cases
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written as follows [48,64]:

∂
∂x j

1
2
�ρu′2i
〈 〉

u j

[ ]( )
︸����������︷︷����������︸

Mean flow TKE convection

=− �ρu′iu
′
j

〈 〉 ∂ ui[ ]
∂x j︸�������︷︷�������︸

Production Pk

−
1
2

∂
∂x j

�ρu2i u
′
j

〈 〉
︸�������︷︷�������︸
Turbulence diffusion

−
∂
∂xi

p′u′i
〈 〉

︸����︷︷����︸
Pressure diffusion

+ p′
∂u′i
∂xi

〈 〉
︸����︷︷����︸

Press.−dilatation

− u′i
〈 〉 ∂〈�p〉

∂xi︸���︷︷���︸
velo. gradp.

− τ̃ij
∂u′i
∂x j

〈 〉
︸����︷︷����︸

Viscous dissipation ε

(6)

Before to build the TKE balance, the convergence of the simula-
tions has been first checked by monitoring the first- and
second-order statistics convergence of probes set in the blade
boundary layer and in the wake. The different terms of the TKE

balance are calculated on the fly during the simulation and stored
to build the temporal averaging 〈.〉 and Favre-averaged quanti-
ties [.]. 800 snapshots evenly distributed over the ten flow-through
period have been used to build the temporal averaging and guaran-
tee that two consecutive snapshots are decorrelated and differ from
a more common practice where the temporal averaging is built over
a large number of snapshots and a few time-steps between two snap-
shots. To check this statistical averaging procedure and conver-
gence, a moving average has been used along time and checked
until the axial evolution of the different terms of the TKE budget
was not impacted. For the turbulent dissipation, both the resolved
and subgrid scale contributions have been taken into account. The
different terms of the TKE balance are integrated over axial subdo-
mains of characteristic length dx. This approach differs from
common practices where the different TKE contributions are
observed at different axial locations in a line normal to the wake
[11,65,66]. The purpose is here to follow the evolution of the
TKE contributions in the axial direction similar to the evolution
of losses in the domain presented in Sec. 5. A local balance of
the different terms composing the TKE budget is provided in
Fig. 22 for the R28M02 case. In addition, the net budget of the
TKE equation, i.e. the right-hand side of the TKE equation sub-
tracted to the left-hand side term, has been added to this same
figure to check the closure of the TKE budget. For a considered
axial cut, the unbalance in the TKE budget is shown to remain
below 4% with the largest unbalance observed where the TKE
terms largely vary between x/Cx= 1.0 and x/Cx= 1.05.
For 0% FST cases, since no turbulent activity is observed before

the TE region, this analysis is restricted to the wake. The main con-
tributions to the TKE balance are the turbulent production (Pk) and
diffusion (kdiffusion) with convection (kconv), dissipation (ε), and tur-
bulent pressure diffusion (kpress.diff.) following. The pressure–dilata-
tion (kpress.dilatation.) and velocity fluctuation–pressure gradient
correlation (kvelo.gradp.) increasing with the Ma are the two terms
with a lower amplitude. The contributions to the TKE balance for
the different cases at 0% FST are shown in Figs. 23–26 where the

Fig. 22 TKE balance in the wake for the R28M02 case
Fig. 19 Accumulated mean viscous dissipation along the simu-
lation domain for the 6% FST cases

Fig. 20 Boundary layer thickness on the blade suction side for
the 6% FST cases

Fig. 21 Accumulated TKE production along the blade and in the
wake for the 6% FST cases Fig. 23 TKE production in the wake for the 0% FST cases
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values are normalized by their minimum/maximum value to
compare more easily the different cases. The TKE production
term corresponds to the extraction of mean flow energy at a rela-
tively large turbulent scale and is always positive for the turbulence
balance. Figure 23 shows the TKE production in the wake region
for the 0% FST cases. The TKE production occurs mainly very
close to the TE with a sharp increase from x/Cx= 1.0 to x/Cx=
1.03, where it reaches a peak production. Then, the TKE production
decreases to becomes negligible at x/Cx= 1.05. The TKE diffusion
and pressure diffusion terms shown in Figs. 24 and 25, respectively,
display a similar behavior with a non-constant sign. Some energy is
taken from the TKE between x/Cx= 1 and 1.04 before to provide
some energy to the turbulence between x/Cx= 1.04 and 1.1. The dis-
tribution between positive and negative contribution is rather
balanced for the pressure diffusion term while negatively oriented
for the turbulent diffusion term. Similar to the TKE production,
these two contributions become negligible after x/Cx= 1.1.

The TKE dissipation in the wake region for the 0% FST is shown
in Fig. 26. The TKE dissipation is always a negative term in the
TKE balance and represents the transfer from TKE to internal
energy mainly performed at small scales. The dissipation sharply
increases from the TE until x/Cx= 1.05. Unlike other terms, the
decrease is made over a much longer distance and becomes negligi-
ble after around x/Cx= 1.5–2. The Re/Ma has a marginal influence
on the behavior of the different terms of the TKE balance except a
balance shifted toward the TE at higher Ma. Also in terms of level,
similar to the TKE production shown in Sec. 5 about the losses gen-
erated, the levels are higher when the Re is decreased and the Ma
increased.
For the 6% FST cases, Fig. 27 shows the different terms of the

TKE balance for the R28M02T case. In the wake, the different
terms behave similarly to the 0% FST cases. Along the blade, the

Fig. 25 Pressure diffusion of TKE in the wake for the 0% FST
cases

Fig. 26 TKE dissipation (ε) in the wake for the 0% FST cases

Fig. 27 TKE balance along the blade and in the wake for the
R28M02T case

Fig. 28 TKE production along the blade and in the wake for the
6% FST cases

Fig. 24 TKE diffusion in the wake for the 0% FST cases

Fig. 29 TKE diffusion along the blade and in the wake for the 6%
FST cases
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different terms sharply increase close to the LE before to recover
marginal values along the blade. Gourdain [58] observed a
similar sharp increase of the TKE energy at the transition location
on a compressor blade row before to recover relatively low values
of TKE behind the transition location. The TKE production
sharply increases close to the LE and more moderately along the
remaining of the blade before to increase sharply in the wake (see
Fig. 28). The turbulent diffusion and pressure diffusion terms for
the 6% FST cases along the blade and in the wake are shown in
Figs. 29 and 30, respectively. The turbulent diffusion and pressure
diffusion are also mainly triggered close to the LE and are active
until x/Cx= 0.6 for the diffusion and x/Cx= 0.4 for the pressure dif-
fusion. For the TKE dissipation term shown in Fig. 31 for the 6%
FST cases, similar to the wake, the dissipation mainly increases
close to the LE, but the dissipation process remains active until
the throat at x/Cx= 0.8.

7 Conclusion
The influence of the Re, Ma, and freestream turbulence has been

conducted on the midspan flow of a configuration representative of
an LPT using LES.
The pressure coefficient around the blade is relatively insensitive

to the Re for the range considered. The increase of the Ma promotes
a lower pressure coefficient before the throat on the blade suction
side. For the cases where inlet turbulence was prescribed, a
similar behavior of the flow to Re and Ma variations can be
observed with a marginal additional pressure coefficient on the
blade suction side.
In the near-wall region, for the same boundary layer state, the

boundary layer is more prone to separate when the Re is increased
on the blade suction side while delayed when the Ma is increased.
The upstream turbulence promotes the transition of the boundary

layer for the mid and high higher Re considered and prevents a
boundary layer separation close to the trailing edge.
The TKE budget performed over axial cuts in the domain shows

that in the wake region, the TKE production and diffusion are dom-
inant terms in the balance. The different terms are mainly triggered
close to the TE except for the TKE dissipation occurring over a
larger axial distance. This trend is relatively insensitive to Re or
Ma modification. The freestream turbulence induces the boundary
layer to become turbulent for the two higher Re values, and the
two main regions of turbulence activity are the transition point on
the blade close to the LE and in the wake.
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Nomenclature
Latin Symbols

c = curvilinear abscissa
h = spanwise length
k = turbulent kinetic energy
p = pressure
r = specific gas constant
t = time
u = velocity
H = shape factor
R = cross-correlation
T = temperature
ṁ = mass flowrate
Cf = friction coefficient
Cx = axial chord-length
Cp = pressure coefficient
Pk = turbulent kinetic energy production
Pr = Prandtl number
Tu = turbulence intensity

(x, y, z) = cartesian coordinates

Greek Symbols

α = incidence, tan −1(uy/ux)
β = Clauser parameter
γ = heat capacity ratio
δ = boundary layer thickness
ϵ = turbulent dissipation
ζ = total pressure loss coefficient
η = Kolmogorov length scale
θ = momentum thickness

Fig. 30 Pressure diffusion along the blade and in the wake for
the 6% FST cases

Fig. 31 TKE dissipation (ε) along the blade and in the wake for
the 6% FST cases
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μ = dynamic viscosity
ρ = density
τ = shear stress
ν = kinematic viscosity
Φ = viscous dissipation

Subscripts and Superscripts

edge = boundary layer edge quantity
in/out = inlet/outlet conditions

tot = total
turb = turbulent
w = wall

Operators

. = LES-filtered quantity
.̃ = Favre-filtered quantity
.+ = nondimensional wall distance

〈.〉 = statistical averaging
[.] = Favre averaging

Appendix A: Domain Size in the Spanwise Direction and
Imposed Periodic Boundary Conditions
To check that the domain length in the spanwise direction is large

enough to impose periodic boundary conditions, spanwise two-
point correlations are used. A set of probes aligned with the span-
wise direction and at same abscissa (0.5 Cx downstream of the
TE in the wake) is used to draw the cross-correlation for the axial
Ruu, tangential Rvv, and normal velocity Rww. Figure 32 shows the
cross-correlation in the spanwise direction for these different velo-
city components. The different components of the cross-correlation
fall off to zero values for a distance between probes larger than 0.4 h
for the Rvv and Rww correlations and larger than 0.55 h for the Ruu

correlation. In the spanwise direction, this observation supports a
computational domain width sufficiently large to have coherent
structures without forcing due to the periodic boundary conditions
applied.

Appendix B: Mesh Dependency
The assessment of the grid convergence is made by comparing

the friction coefficient on the blade suction side and the evolution
of the TKE production (Pk) and dissipation (ε) in the wake
region for two level of mesh refinement and the R28M02 case.
The first mesh is the one used during the study (standard) and a
second refined mesh (fine). The fine mesh has been refined by
decreasing all three near-wall characteristic lengths: Δx+, Δz+≤
15, and Δy+≤ 0.8. The mesh is also refined in the wake region to
approach the Kolmogorov scale η by satisfying the condition
(ΔxΔyΔz)1/3 < 10η (0.0015 Cx). The fine mesh is composed of

around 350 × 106 cells compared to the 100 × 106 cells mesh used
for the study. Table 3 gathers the main information about the two
meshes. Figure 33 shows the friction coefficient for the standard
and refined mesh on the blade suction side for the R28M02 case.
The increase of the friction coefficient for the fine grid is slightly
shifted compared to the standard grid and is marginally lower
along the blade with a maximum discrepancy of around 1%. The
position where the Cf cancels agrees well for the two meshes. For
the turbulent quantities, the TKE production in the wake does not
show any influence of the grid refinement. The TKE dissipation
is lower compared to the refined mesh (see Fig. 34). Also, for the
fine mesh, the unbalance in the wake TKE budget was shown to
be reduced compared to the standard grid, while the different
terms of the TKE balance were observed to be relatively insensitive
to the grid refinement except the turbulent dissipation ϵ. As stated
by Pichler et al. [2], this inbalance may be associated with the
subgrid scale terms generated by the filtering of the equations in
LES and the difficulty in accounting for the subgrid scale

Table 3 Summary of the meshes used for the study

Mesh Near-wall, wake Cases Mesh size

Standard Δx+, Δz+≤ 25, R17M02
Δy+∼ 1–2, R28M02
(ΔxΔyΔz)1/3 < 15η R50M02 100 × 106

R28M05
R28M08

Fine Δx+, Δz+≤ 15, R28M02
Δy+≤ 0.8, 350 × 106

(ΔxΔyΔz)1/3 < 10η

Fig. 33 Comparison of friction coefficient on the blade suction
side based on the standard and refined mesh for the R28M02
case

Fig. 32 Cross-correlation R along the span of the blade h 0.5 Cx
downstream of the blade TE

Fig. 34 Comparison of TKE production (Pk) and dissipation (ε)
based on the standard and refined mesh for the R28M02 case
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dissipation [67, 68]. From these observations, the mesh can be con-
sidered as sufficiently refined for mean flow quantities, and some
care needs to be accounted for the turbulent quantities especially
quantities related to small scales structures described in the study.
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