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Project objectives

• Enable high-fidelity turbomachinery simulations at realistic 
operating conditions by extending the predictive capabilities of 
the massively parallel CFD code YALES-2 using Tier-0 systems. 

• Validate the compressible YALES-2 solver for turbomachinery 
flows through large-scale simulations and quantitative 
comparisons with experimental data. 

• Complement experiments with time and space-resolved, 
three-dimensional flow predictions to characterize jet-engine 
components and access flow physics beyond experimental reach.
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Figure 1.10: Conventions for momentum balance.

• if pe = p0, the nozzle is perfectly expanded which is the case for all
subsonic jets and sometimes in sonic or supersonic jets (i.e., with the
correct nozzle area ratio)

• if pe > p0, the nozzle is under-expanded which can happen in sonic or
supersonic jets only (i.e., with inadequate nozzle area ratio)

The mass flow rate ṁe and ṁ0 are different due to the injection of fuel in the
combustion chamber,

ṁe = ṁ0 + ṁf .

However, since ṁ0 ≫ ṁf it is often assumed that ṁf can be neglected in the
momentum balance.

1.6.1 Ram drag

The movement of the aircraft forces air to be rammed in the engine inlet duct.
The term ṁ0 c0 is called ram drag. Usually, one assumes that c0 is the flight
speed. The term ṁ0 c0 in the thrust equation can be seen as ram drag and
decrease the thrust. However, the ram effect increases the airflow to the en-
gine, which in turn, increases the thrust. Both effects are combined to globally
provide a thrust that increases with the airspeed (see Fig. 1.11). Moreover,
the deceleration of the intake air can contribute substantially to the overall
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Thrust is obtained with high mass flow rate or high jet velocities
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A propeller moves a large amount of air  

at a low velocity

A jet engine moves a small mass  

of gas at high velocity

Basic principles of jet propulsion



to use high octane fuels, in contrast to the low octane
fuels and the light fabricated combustion chambers
used on the turbine engine.

4. The working cycle upon which the gas turbine
engine functions is, in its simplest form, represented
by the cycle shown on the pressure volume diagram
in fig. 2-2. Point A represents air at atmospheric
pressure that is compressed along the line AB. From
B to C heat is added to the air by introducing and
burning fuel at constant pressure, thereby consider-
ably increasing the volume of air. Pressure losses in
the combustion chambers (Part 4) are indicated by
the drop between B and C. From C to D the gases
resulting from combustion expand through the
turbine and jet pipe back to atmosphere. During this
part of the cycle, some of the energy in the
expanding gases is turned into mechanical power by

Working cycle and airflow

12

Fig. 2-1 A comparison between the working cycle of a turbo-jet engine and a piston engine.

Fig. 2-2 The working cycle on a pressure-
volume diagram.

Basic principles of jet propulsion

Rolls-Royce,  jet engine, PLC 1986



Jet Propulsion 74

Figure 3.6: Integrated inlet of the Ling-Temco-Vought A7E Corsair II fighter
aircraft.

cec

cec

cehc0

Figure 3.7: Definition of the cold and hot exhaust velocities on an uninstalled
turbofan engine (Trent-XWB from Rolls-Royce).

74

Turbofan engine

T = ·mh (ceh − c0) + ·mc (cec − c0)

Thrust is obtained with high mass flow rate and low jet velocities

BPR =
·mc
·mh

≈ 10

·mc ≈ 1090 kg/s
·mh ≈ 110 kg/s



ηt =
·ma (c2

e − c2
0)

2 ·mf LHV

ηp =
T ⋅ c0

·ma (c2
e − c2

0)
=

2 c0

ce + c0

Core thermal efficiency 40-50%

Propulsive efficiency 60-80%

ηtp = ηt ηp Overall / thermopropulsive efficiency

High mass flow rate and low jet velocities provides  

the best propulsive efficiency 

Basic principles of jet propulsion
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Figure 1.14: Carpet map of the TSFC (in kg/s/kN) for various thermal and
propulsive efficiencies. Red line shows the low NOx limit. c0 = 250 m/s

0.015 kg/T/km.

TSFC =
ṁf
T
=

c0
ηth ηp LHV

. (1.58)

With the same data as above, for an aircraft flying at 250 m/s, one obtains
TSFC = 0.025 kg/s/kN. For two engines that produce the same amount of
thrust, if one engine only uses half the fuel per hour this engine is more fuel
efficient. Conversely, for two engines, consuming the same amount of fuel per
hour, if one of them produces twice the thrust for the same amount of fuel,
it will be more fuel efficient. Fig. 1.14 shows the evolution of the TSFC as
a function of the thermal and propulsive efficiencies. It shows that there are
two options to reduce TSFC. First, one can improve the thermal efficiency
which is nowadays around ηth ≈ 0.45. This means that on has to work hard
on the aerodynamics, cooling systems, blade materials and compressor surge s
to obtain better component efficiencies, higher turbine inlet temperatures and
higher cycle pressures. The potential is also limited by the Carnot cycle effi-
ciency (≈ 0.6−0.65 based on TIT limit) and the low NOx limit (≈ 0.55). The
way to improve ηth is to develop high-pressure ratio compressors (nowadays
πc = 40− 50). The second option is thus to improve the propulsive efficiency
which is nowadays around ηp ≈ 0.65 − 0.7. Propulsive efficiency improves
when the exhaust and flight speeds have values that are close to each other
when ν → 1. The important parameter that reflects how the exhaust and
flight speed can be matched, is the bypass ratio. If the mass flow rate of air
flowing through the gas turbine is ṁh (the “hot” stream) and if the mass flow
rate flowing through the fan only is ṁc (the “cold” stream), one defines the
bypass ratio as,

BPR =
ṁc
ṁh

(1.59)

27

ηp

ηt

• Low jet velocity  

• More air at given thrust  

• Large fan diameters  

• High bypass ratio

• High cycle pressure 


• High cycle temperature 


• Better component aerodynamics

Low NOx limit

Theoretical limit: 

stoechiometric T 

component efficiency

Open
 ro

tor li
mit

SOA

Challenges in civil aircraft jet propulsion
Evolution of propulsive systems is leading towards engine with larger fan diameter 



LPTFAN

HPTLPC

HPC

CC
Source : MTU Aero Engines

Source: Pratt & Whitney

Gearbox

The fan speed should remain relatively low 
- low centrifugal forces 
- avoid tip blade chocks 
- low noise 

=> lower LPT rotational speed(direct-drive) 
=> reduction in LPT efficiency  ⚠

Increase in LPT rotational speed 
=> gearbox (decoupling of FAN and LPT speeds) 
• High - Speed Low-Pressure Turbines (HS-LPT) 

• operation at transonic exit Ma number ( ) 
• low Re number flow regimes

0.6 − 0.9

The Fan is driven by the LPT 
=> close link between their performances 

The fan produces of the thrust. 

The LPT is a major component in the design of 
high-efficiency geared turbofans.

80 %

Modern geared turbofan (GTF)

LPT operate in flow regimes that favour  

boundary layer separation and profile losses.



GTF gearbox power vs. car engine power

PGTF ≈ 50 MW = 68000 hp = 226 PA5

PA5 ≈ 300 hp

Has to transfer more than 
200 times the power of an 
advanced car gearbox  !



50 MW must be transmitted 
through the 34 teeth of the 

main shaft gear !

GTF Gearbox challenges

• Lubrication : limits frictional losses, heat generation, load-bearing  

• Material strength & durability : high contact stresses, fatigue, wear, life  

• Weight : transmits tens of MW with minimal mass (fuel efficiency…) 

• Engine integration for thermal management, noise, maintenance… 
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The high-speed low-pressure turbine for geared turbofans

Source: GE Aviation The Blog

LPT

CFM RISE

Source: MTU

LPT

Source: MTU

PW GTF

LPT

Source: Rolls-Royce

RR UltraFan

▪ Geared engine architecture allows decoupling the fan and turbine shaft speeds → LPT efficient at higher pressure ratios

▪ Low Re (50k – 150k) and transonic speeds (exit Mach > 0.8) impact the turbine unsteady aerodynamic and performance

▪ Gap in research and industry experience in this new design space

▪ Lack of accessible experimental data to provide boundary conditions and validation data for CFD codes

• Geared engine architecture allows decoupling the fan and turbine shaft speeds → LPT 
efficient at higher speeds 

• Moderate Re (50k– 150k, low ) and transonic speeds (exit Mach > 0.8) impact the 
turbine unsteady aerodynamic (boundary layers, shocks)and performance 

• Gap in research and industry experience in this new design space  
• Lack of accessible experimental data to provide boundary conditions and validation 

data for CFD codes

ρ

GTF Low pressure turbine (LPT) challenges



Spleen Low pressure turbine blade cascade 

• SPLEEN is a Cleansky project that contributes to the Ultra High Propulsive Efficiency 

(UHPE) ground test demonstrator for short/medium range aircrafts.  

• Collaboration between VKI and  Safran Aircraft Engines.  

• Provides an open source database of geometry and experiment useful for CFD codes 

validation  

• Aim : Validate the compressible YALES-2 solver on this flow with quantitative 

comparisons with experimental data.

FIGURE 2: SPLEEN C1 cascade passage geometry.

upstream of the central blade leading edge, ranged between 2.2 %
and 2.4 %. The integral length-scale (⇤), measured in the same
plane, was found to lie between 11 << and 13.5 << [34, 48].
The geometric characteristics of the turbulence grid are shown in
Fig. 3.

FIGURE 3: Geometric characteristics of the turbulence grid
(left) and its installation in the VKI wind tunnel (right)

This geometry has previously been investigated for a
Reynolds number of '4>DC ,8B = 70 000 and for the following
isentropic Mach numbers: ">DC ,8B = 0.70; 0.80; 0.90; 0.95 [49].
However, those studies were conducted under zero freestream tur-
bulence conditions () � = 0 %), i.e. clean inflow, and discrepan-
cies were noted between numerical predictions and experimental
measurements, particularly regarding the recirculation bubble on
the pressure side and wake losses.

In the present study, the SPLEEN cascade is analyzed under
the same operating conditions, this time accounting for freestream
turbulence, generated using an experimental wind tunnel grid
replication method. Only the central blade of the cascade is simu-
lated, with periodic boundary conditions applied in the transverse
directions, as detailed below. The inlet and outlet boundary con-
ditions associated with this test case, defined in a reference plane
located 0.5⇠0G upstream of the blade leading edge, are provided
in Table 1.

To accurately model the turbulence grid (TG) and to replicate
the wind tunnel setup, the inlet domain was extended to account
for the distance between the TG and the leading edge of the cen-
tral blade. Additionally, the inlet plane was rotated according
to the inflow angle to align the domain with the incident flow
and to facilitate turbulence diagnostics downstream of the TG.
Furthermore, the TG was kept vertical to ensure its periodicity

TABLE 1: Flow conditions in Plane Ref.

'4>DC ,8B 70 000 [�]
">DC ,8B 0.70 0.80 0.90 0.95 [�]
%>DC ,B 7770.9 6567.1 5616.9 5213.1 [%0]
%8=,C 10779.1 10010.6 9500.0 9318.1 [%0]
)8=,C 300 [ ]
U8= 36.2 [�]
Expected ) � 2.49 % [�]
Expected ⇤G 13.5 [<<]

in the modeling. The presence of the TG in the flow introduces
additional acoustic disturbances that may compromise the sta-
bility of the characteristic boundary conditions at the inlet. To
mitigate this risk, the TG was placed 0.4⇠0G downstream of the
computational domain inlet.

The mesh was built using the Gmsh software [50], which al-
lows for a hybrid mesh structure: a structured region was created
near solid walls to accurately capture boundary layer gradients,
while an unstructured mesh was used in the far field. The mesh
was locally refined in the vicinity of the TG in accordance with
the DALM criteria, also in the wake region based on the outlet
blade metal angle, and in the cascade throat, where compressibil-
ity effects are predominant. The domain dimensions and mesh
characteristics are summarized in Table 2, while an illustration
of the computational setup is shown in Fig.4.

FIGURE 4: Computational domain and mesh.
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Cascade rig for 3D aerodynamic testing
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VKI S1-C wind tunnel

SPLEEN C1 Cascade setup

• Transonic wind tunnel

• 23 blades

• Sliding central blade

• 96 rotating bars

• 4 passages cavities

No WG – No purge WG – No purge WG – Purge



Features

 YALES2 web site, https://www.coria-cfd.fr  
 Moureau et. al., CR Mecanique, 2011

[4]
[5]

‣ Developed at CORIA (V. Moureau, G. Lartigue, P. Benard)  

‣ Structured and unstructured meshes (complex geometries), adaptive grid refinement 

‣ 3D Navier-Stokes equations (incompressible, variable density, compressible)  

‣ Double domain decomposition   

‣ Highly efficient solvers for linear system inversion (PCG, DPCG) 

‣ Node-based 4th order central finite volume method and 4th order time integration 

‣ Suited for massively parallel computing (>32 000 procs)

[4]

[5]

Methodology : CFD platformYALES2 Flow Solver 

https://www.coria-cfd.fr


Scalability of YALES2 on LUMI



Governing equations
complexity of the generator. The literature indicates that turbu-
lence grids are among the most reliable and effective devices for
generating controlled turbulence in wind tunnels [29, 30]. These
grids can be passive, active, or fractal, but due to their relatively
simple design and low cost, passive grids are the most widely
used [30]. Turbulence is generated by the shedding of vortices
downstream of arrays of rods (circular or square), airfoils, wires,
or other basic elements [31].

In the context of numerical simulations of turbomachinery
flows, whether based on Reynolds-Averaged Navier-Stokes Sim-
ulations (RANS), Unsteady RANS (URANS), or scale-resolving
approaches such as Large-Eddy Simulations (LES) or Direct
Numerical Simulations (DNS), turbulence generation is most
often handled using one of the three standard methods previ-
ously described (Synthetic turbulence, library-based, recycling
and rescaling). However, these methods exhibit significant lim-
itations, particularly in their ability to accurately replicate real-
istic turbulence characteristics. Such shortcomings can have a
substantial impact on the accuracy of boundary layer predictions
over HS-LPT blades. To ensure a more accurate representation
of the experimental conditions, the present study adopts a strat-
egy based on wind tunnel turbulence grid replication. Although
more computationally demanding, this approach enables the re-
alistic reconstruction of freestream turbulence without relying on
statistical modeling assumptions or rescaling techniques.

In this framework, we propose an original method based on
the Actuator Line Method (ALM) [32], named Dynamic ALM
(DALM), designed to emulate the effect of a turbulence grid
typically used in turbomachinery wind tunnels. Originally de-
veloped for incompressible flows, particularly in the context of
wind turbine studies [33], this method has demonstrated its abil-
ity to generate realistic turbulent fields at a significantly reduced
computational cost. Notably, it avoids the need for explicit dis-
cretization and meshing of individual grid rods.

The present work represents the first application of this
method to compressible flow regime occurring in HS-LPTs. To
this end, an HS-LPT configuration [34] is investigated under
nominal and off-design operating conditions. The primary ob-
jective is to validate the DALM approach for this class of flow,
and secondly, to analyze the impact of the generated turbulence
on boundary layer and wake behavior across different Mach num-
bers. This study is intended to pave the way for more accurate and
efficient upstream turbulence generation in such configurations.

The paper is structured as follows: the numerical model and
tools used, the DALM method, the test case, and the flow condi-
tions are described in Section 2. DALM validation is presented in
section 3. The results of flow simulations performed on HS-LPT
are presented in section 4. Finally, Section 5 concludes the paper
by summarizing the key findings.

2. METHODOLOGY
2.1 Numerical model

In this study, a Wall-Resolved Large Eddy Simulation (WR-
LES) approach is adopted. Given the operating conditions con-
sidered (transonic flow regimes), the fluid dynamics are described
using the compressible Navier-Stokes equations [35, 36], supple-

mented by a subgrid-scale (SGS) model. The conservation equa-
tions for mass, momentum, and energy are expressed as follows:

md̄

mC

+ r · ( d̄ũ) = 0 (1)

md̄ũ
mC

+ r · ( d̄ũũ) + r% = r · t + F (2)

md̄eE
mC

+r · (( d̄eE + %)ũ) = r · ((_ + _C ) re)) +r · ( t ũ) +Fũ (3)

where an overbar ” ⇧ ” denotes the LES-Favre quantities,
which represent the resolved turbulent structures; a tilde ” e⇧ ”
denotes the density-weighted LES-Favre quantities; E represents
the total energy, and t denotes the total stress tensor [37]. The
term Frefers to the body force, introduced here within the frame-
work of the DALM method to model the effects of the rod array
of the turbulence grid on the flow. This term will be detailed in
the following subsections. The system is finally closed using the
perfect gas law:

% = d̄Ae) (4)

This system of LES equations is solved here using the
massively-parallel Finite-Volume (FV) software "YALES2" [38,
39], which features a central 4th-order scheme for spatial dis-
cretization and uses a 4-step 4th-order Runge-Kutta time step-
ping [36]. An explicit density-based solver is used for this
purpose. Shock capturing is achieved by coupling the central
4th-order scheme with the HLLC (Harten-Lax-van-Leer-Contact)
shock-capturing scheme [40]. A discontinuity sensor, as pro-
posed in [41], is used to detect regions of shock formation, en-
abling a smooth transition from the 4th-order scheme in smooth
flow regions to the HLLC scheme in shock regions. In this
work, the LES equations are solved on hybrid meshes, which
are structured in the boundary layer and unstructured in the rest
of the domain, and in which no-slip solid walls are assumed to
be adiabatic. Inlet and outlet boundary conditions are explic-
itly imposed using the Navier-Stokes Characteristic Boundary
Conditions (NSCBC) stategy, allowing the specification of total
quantities %8=,C , )8=,C , and the inflow angle U8= at the inlet, as well
as the static pressure %>DC ,B at the outlet [42]. The SGS Reynolds
stress tensor is modeled using the f-model [43], which ensures
physically consistent behavior in the near-walls turbulent bound-
ary layers while limiting SGS dissipation in vortical regions of
the flow.

2.2 Dynamic Actuator Line Model (DALM)
The turbulence grid modelling in this work is based on the

Dynamic Actuator Line Method (DALM) [33], a derivative of
the standard Actuator Line Method (ALM) [32].

The standard ALM, originally developed horizontal-axis
wind turbine wakes modeling, is based on the assumption that the
unsteady aerodynamic forces distribution of a blade on the flow is
not directly resolved by the flow solver, but instead prescribed as
a body force "F" added to the momentum conservation equation.
The power associated with this force (Fu) is also included in the
total energy equation in the case of compressible flow. This force
is spatially distributed along lines representing the aerodynamic
loads of each rotating blade of the rotor. The method therefore
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• Favre averaged LES equations for compressible flows 

• Dynamic actuator line method for turbulence grid generator 

provides a relevant compromise between computational cost and
aerodynamic modeling fidelity.

Applied within the framework of a static wind tunnel grid,
the ALM is based on the fundamental principle that each rod
is discretized into elements to which local aerodynamic forces
are applied, namely lift L and drag D. These forces are com-
puted based on blade element theory of Glauert [44], using the
following formulation:

! = ⇠! (U) ·
1
2
d D

2
A4;

✓ | (5)

⇡ = ⇠⇡ (U) · 1
2
d D

2
A4;

✓ | (6)

where⇠! and⇠⇡ represent the lift and drag coefficients of the rod,
U denotes the local angle of the incident flow, d is the local flow
density, DA4; is the local flow velocity relative to the geometry,
✓ is a local characteristic length (i.e., the chord of the emulated
airfoil), and | represents the actuator element width, defined as
the distance between adjacent actuator elements. In the case of a
static wind tunnel grid, each actuator element uses the upstream
flow velocity and the related angle of incidence and density. The
resulting body force is then projected onto the Eulerian grid using
a mollification function [Y [45], defined as follows:

[Y (�x) = 1
Y

3
c

3/2 exp

"
�
✓
�x
Y

◆2
#

(7)

�x being the distance between a node of the Euleurian grid and the
position of the actuator element, while Y represents the mollifier
width parameter. This parameter must be adjusted according to
the cell size � of the numerical grid to ensure a conservative
treatment of the forces on this grid. The ratio Y/� must be set so
that : æ

'
3
[Y (x)dx = 1 (8)

However, there is a minimum threshold for the ratio Y/�,
specifically Y/� � 2 [32, 46]. Furthermore, the mollifier width
Y can be related to the body’s characteristic length ✓. In the case of
a static airfoil configuration, an optimal value has been identified
as Y = 0.2 ✓ [47]. Based on this, the minimum grid resolution in
the vicinity of the actuator must satisfy ✓/� = 10, corresponding
to ten grid cells per unit of characteristic length. This criterion
ensures a smooth spatial distribution of the force F across the
grid, from the forces concentrated on a given actuator element,
as illustrated in Fig. 1. The source term corresponding to the
body force F, evaluated at time g a position x in the momentum
balance equation is finally written as follows:

F(x, g) = �
#’
0=1

(!0e! + ⇡0e⇡) [Y (kx � x0k) (9)

# being the number of actuator points along the span of the
geometry, 4! and 4⇡ the unit lift and drag vectors.

The ability of the standard ALM to reproduce the wake be-
hind airfoils has been widely demonstrated, particularly in the
context of wind turbine flow simulations [45]. However, this
approach exhibits significant limitations when applied to bluff
bodies, where the flow is dominated by massive boundary layer

FIGURE 1: Force directions and description of the mollifica-
tion process on a rod element (the spanwise direction of the
rod is along the z axis).

separation and strong vortex shedding [33]. In such cases, the
ALM tends to underestimate turbulence fluctuations, resulting in
an insufficiently accurate representation of the wake.

The dynamic approach (DALM) overcomes this limitation.
Unlike the standard ALM, in which the aerodynamic coefficients
remain constant over time, inducing a constant source term for a
given position on the numerical grid, DALM introduces tempo-
ral fluctuations in these coefficients. This approach enables the
applied source term to be modulated in time, more accurately
capturing the unsteady nature of the aerodynamic forces. In par-
ticular, it has been shown that accounting for fluctuations in the
lift coefficient alone is sufficient to achieve a satisfactory repre-
sentation of the wake turbulence generated by a static wind tunnel
grid [33]. These variations are superimposed onto the baseline lift
coefficient h⇠!i used in the standard ALM formulation, and the
instantaneous aerodynamic coefficients are expressed as follows:

C! (g) = h⇠!i +
⌦
⇠

02
!

↵1/2 p2 sin(2c 5 g + i) (10)

C⇡ (g) = h⇠⇡i (11)

where h·i denotes the time-averaged value, 5 is the frequency
of the vortex shedding, and i the random phase of the fluctuations
to be modeled. This random phase aims to desynchronise the
vortex shedding when more than one rod is taken into account.

2.3 Test case and flow conditions
The configuration examined in this study is the SPLEEN

C1 cascade, a HS-LPT blade geometry designed at the von Kar-
man Institute for Fluid Dynamics (VKI) in collaboration with
Safran aircraft engines. This configuration was the subject of
an extensive experimental investigation conducted between 2018
and 2022 within the framework of the "Secondary and Leakage
Flow Effects in High-Speed Low-Pressure Turbines" project. A
comprehensive measurement campaign was carried out on the
transonic linear cascade test rig S-1/C at the VKI. The resulting
dataset covers isentropic exit Reynolds numbers '4>DC ,8B ranging
from 65000 to 120000 and transonic Mach numbers [34].

A detailed representation of the cascade passage geometry,
including all relevant parameters, is provided in Fig. 2.

During the experimental campaign, turbulence was gener-
ated using a stationary grid composed of parallel horizontal bars
of circular cross-section, positioned 400<< upstream of the lead-
ing edge of the central blade. The turbulence intensity () �) of
the resulting flow, measured in a reference plane located 0.5⇠0G
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[Y (x)dx = 1 (8)

However, there is a minimum threshold for the ratio Y/�,
specifically Y/� � 2 [32, 46]. Furthermore, the mollifier width
Y can be related to the body’s characteristic length ✓. In the case of
a static airfoil configuration, an optimal value has been identified
as Y = 0.2 ✓ [47]. Based on this, the minimum grid resolution in
the vicinity of the actuator must satisfy ✓/� = 10, corresponding
to ten grid cells per unit of characteristic length. This criterion
ensures a smooth spatial distribution of the force F across the
grid, from the forces concentrated on a given actuator element,
as illustrated in Fig. 1. The source term corresponding to the
body force F, evaluated at time g a position x in the momentum
balance equation is finally written as follows:

F(x, g) = �
#’
0=1

(!0e! + ⇡0e⇡) [Y (kx � x0k) (9)

# being the number of actuator points along the span of the
geometry, 4! and 4⇡ the unit lift and drag vectors.

The ability of the standard ALM to reproduce the wake be-
hind airfoils has been widely demonstrated, particularly in the
context of wind turbine flow simulations [45]. However, this
approach exhibits significant limitations when applied to bluff
bodies, where the flow is dominated by massive boundary layer

FIGURE 1: Force directions and description of the mollifica-
tion process on a rod element (the spanwise direction of the
rod is along the z axis).

separation and strong vortex shedding [33]. In such cases, the
ALM tends to underestimate turbulence fluctuations, resulting in
an insufficiently accurate representation of the wake.

The dynamic approach (DALM) overcomes this limitation.
Unlike the standard ALM, in which the aerodynamic coefficients
remain constant over time, inducing a constant source term for a
given position on the numerical grid, DALM introduces tempo-
ral fluctuations in these coefficients. This approach enables the
applied source term to be modulated in time, more accurately
capturing the unsteady nature of the aerodynamic forces. In par-
ticular, it has been shown that accounting for fluctuations in the
lift coefficient alone is sufficient to achieve a satisfactory repre-
sentation of the wake turbulence generated by a static wind tunnel
grid [33]. These variations are superimposed onto the baseline lift
coefficient h⇠!i used in the standard ALM formulation, and the
instantaneous aerodynamic coefficients are expressed as follows:

C! (g) = h⇠!i +
⌦
⇠

02
!

↵1/2 p2 sin(2c 5 g + i) (10)

C⇡ (g) = h⇠⇡i (11)

where h·i denotes the time-averaged value, 5 is the frequency
of the vortex shedding, and i the random phase of the fluctuations
to be modeled. This random phase aims to desynchronise the
vortex shedding when more than one rod is taken into account.

2.3 Test case and flow conditions
The configuration examined in this study is the SPLEEN

C1 cascade, a HS-LPT blade geometry designed at the von Kar-
man Institute for Fluid Dynamics (VKI) in collaboration with
Safran aircraft engines. This configuration was the subject of
an extensive experimental investigation conducted between 2018
and 2022 within the framework of the "Secondary and Leakage
Flow Effects in High-Speed Low-Pressure Turbines" project. A
comprehensive measurement campaign was carried out on the
transonic linear cascade test rig S-1/C at the VKI. The resulting
dataset covers isentropic exit Reynolds numbers '4>DC ,8B ranging
from 65000 to 120000 and transonic Mach numbers [34].

A detailed representation of the cascade passage geometry,
including all relevant parameters, is provided in Fig. 2.

During the experimental campaign, turbulence was gener-
ated using a stationary grid composed of parallel horizontal bars
of circular cross-section, positioned 400<< upstream of the lead-
ing edge of the central blade. The turbulence intensity () �) of
the resulting flow, measured in a reference plane located 0.5⇠0G
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TABLE 2: Domain and mesh sizes.

">DC ,8B

Domain Wall TG Total
size mesh size region cells

0.70
!G = 10.52⇠
!H = 1.0 6
!I = 0.352⇠

�G+  12
�H+  0.8
�I+  12

� = ✓

14 22.2 "

0.80
0.90
0.95

3. TURBULENCE GENERATION BY DALM
The number of rods in the TG modeled using DALM was de-

termined based on the inlet channel height, the spacing between
rods, and taking into account the application of periodic bound-
ary conditions in the transverse directions of the computational
domain (. As a result, the modeled TG consists of three horizon-
tal rods, centered on the inlet channel. Each rod was individually
discretized into actuator elements using the DALM, ensuring a
ratio of l/✓ = Y/✓ = 0.2. The implementation of the DALM
in the compressible solver requires local values of velocity and
density, as well as aerodynamic coefficients specific to circular
rods. The velocity and density fields are interpolated upstream
of each actuator element. With regard to the aerodynamic coef-
ficients, their determination must account for interaction effects
between the rods. Indeed, experimental studies on interacting
circular cylinders [51] have shown a strong sensitivity of the
aerodynamic characteristics to the inter-cylinder spacing, high-
lighting the importance of including such effects to accurately
reproduce the shear in the mean velocity field. The aerodynamic
characteristics obtained from [51] for this configuration are given
in Table 3.

TABLE 3: Aerodynamic characteristics of the grid rods.

h⇠!i
⌦
⇠

02
!

↵1/2 h⇠⇡i (C

0.054 0.499 1.176 0.189

Following the DALM implementation, an initial simulation
of the SPLEEN cascade was performed under nominal operating
conditions ('4>DC ,8B = 70 : , ">DC ,8B = 0.90). The objective of
this section is to compare the turbulent flow properties generated
by the modeled TG with the available experimental data [34, 48].

The convergence of the results is assessed based on the time
history of the target quantities (%8=,C , )8=,C , and U8=) at the ref-
erence plane (Plane Ref.), as well as the static pressure %>DC ,B

prescribed at the outlet. Fig. 5 shows the temporal evolution of
the total pressure measured at the center of the reference plane;
a similar approach is applied to the other target variables. The
resulting curve reveals a transient period (spin-up), during which
the flow gradually develops before reaching a statistically steady
state.

The flow was thus established over a Spin-Up period equiv-
alent to 44.5 ⇥ g2, after which statistics were gathered over an
additional period of 34.6⇥g2. The characteristic convection time
g2 is defined as g2 ⇥ *A4 5 = ⇠0G , where *A4 5 is the reference
velocity.

FIGURE 5: Time history of the total pressure within the ref-
erence plane. The horizontal dashed line indicates the target
value

The instantaneous flow fields extracted in the vertical mid-
span plane of the domain, are presented in Fig. 6 in terms of Mach
number and vorticity. The region immediately downstream of the
TG is dominated by subsonic flow, with Mach numbers ranging
between 0.5 and 0.7. Local accelerations are observed in the
inter-rod spacing, but these fluctuations are rapidly attenuated
by the mixing process in the wake. The orientation of the rod
wakes follows the inflow angle. The mean value measured in
the reference plane is consistent with the target angle of 36.2�,
thereby confirming proper alignment with respect to the exper-
imental setup. The vorticity distribution shows elevated levels
immediately downstream of the TG, reflecting intense shear in
the flow, before gradually decreasing along the inlet channel.

In the near-wake region of the TG, the wakes remain rel-
atively stable and exhibit coherent structures, characteristic of
a still-organized flow; this zone corresponds to the mixing re-
gion. Downstream, interactions between individual wakes in-
duce a transition to a fully turbulent flow regime. The distance at
which this transition occurs is strongly dependent on the spacing
between the rods. Finally, further downstream, the flow becomes
progressively more homogeneous, with a gradual decrease of
vorticity levels, characteristic of the decay region.

FIGURE 6: Instantaneous Mach number (Top) and Magnitude
of the vorticity (Bottom) fields at mid-span plane of the do-
main

To characterize the evolution of the turbulence intensity, mea-
surements were carried out along three probe lines aligned with
the flow direction. The first line, !0, was located in the wake of
the TG’s central rod. The other two, !1 and !2, were symmet-
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3. TURBULENCE GENERATION BY DALM
The number of rods in the TG modeled using DALM was de-

termined based on the inlet channel height, the spacing between
rods, and taking into account the application of periodic bound-
ary conditions in the transverse directions of the computational
domain (. As a result, the modeled TG consists of three horizon-
tal rods, centered on the inlet channel. Each rod was individually
discretized into actuator elements using the DALM, ensuring a
ratio of l/✓ = Y/✓ = 0.2. The implementation of the DALM
in the compressible solver requires local values of velocity and
density, as well as aerodynamic coefficients specific to circular
rods. The velocity and density fields are interpolated upstream
of each actuator element. With regard to the aerodynamic coef-
ficients, their determination must account for interaction effects
between the rods. Indeed, experimental studies on interacting
circular cylinders [51] have shown a strong sensitivity of the
aerodynamic characteristics to the inter-cylinder spacing, high-
lighting the importance of including such effects to accurately
reproduce the shear in the mean velocity field. The aerodynamic
characteristics obtained from [51] for this configuration are given
in Table 3.
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Following the DALM implementation, an initial simulation
of the SPLEEN cascade was performed under nominal operating
conditions ('4>DC ,8B = 70 : , ">DC ,8B = 0.90). The objective of
this section is to compare the turbulent flow properties generated
by the modeled TG with the available experimental data [34, 48].

The convergence of the results is assessed based on the time
history of the target quantities (%8=,C , )8=,C , and U8=) at the ref-
erence plane (Plane Ref.), as well as the static pressure %>DC ,B

prescribed at the outlet. Fig. 5 shows the temporal evolution of
the total pressure measured at the center of the reference plane;
a similar approach is applied to the other target variables. The
resulting curve reveals a transient period (spin-up), during which
the flow gradually develops before reaching a statistically steady
state.

The flow was thus established over a Spin-Up period equiv-
alent to 44.5 ⇥ g2, after which statistics were gathered over an
additional period of 34.6⇥g2. The characteristic convection time
g2 is defined as g2 ⇥ *A4 5 = ⇠0G , where *A4 5 is the reference
velocity.

FIGURE 5: Time history of the total pressure within the ref-
erence plane. The horizontal dashed line indicates the target
value

The instantaneous flow fields extracted in the vertical mid-
span plane of the domain, are presented in Fig. 6 in terms of Mach
number and vorticity. The region immediately downstream of the
TG is dominated by subsonic flow, with Mach numbers ranging
between 0.5 and 0.7. Local accelerations are observed in the
inter-rod spacing, but these fluctuations are rapidly attenuated
by the mixing process in the wake. The orientation of the rod
wakes follows the inflow angle. The mean value measured in
the reference plane is consistent with the target angle of 36.2�,
thereby confirming proper alignment with respect to the exper-
imental setup. The vorticity distribution shows elevated levels
immediately downstream of the TG, reflecting intense shear in
the flow, before gradually decreasing along the inlet channel.

In the near-wake region of the TG, the wakes remain rel-
atively stable and exhibit coherent structures, characteristic of
a still-organized flow; this zone corresponds to the mixing re-
gion. Downstream, interactions between individual wakes in-
duce a transition to a fully turbulent flow regime. The distance at
which this transition occurs is strongly dependent on the spacing
between the rods. Finally, further downstream, the flow becomes
progressively more homogeneous, with a gradual decrease of
vorticity levels, characteristic of the decay region.

FIGURE 6: Instantaneous Mach number (Top) and Magnitude
of the vorticity (Bottom) fields at mid-span plane of the do-
main

To characterize the evolution of the turbulence intensity, mea-
surements were carried out along three probe lines aligned with
the flow direction. The first line, !0, was located in the wake of
the TG’s central rod. The other two, !1 and !2, were symmet-
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Computational time

• 10 convective times based on blade chord  = 86 h (wall clock)τc

• Typical run uses 768 cores 

• Computational cost for one complete run : 523000 cpuh 

384h (wall clock) 298h (wall clock)



3D Flow visualization (clean inflow) 
Flow features of interest



3D Flow visualization (clean inflow M=0.95)



3D Flow visualization (Turb. inflow M=0.70)

The wake vortical structures exhibits reduced coherence due to its interaction with 
turbulent structures from the free-stream flow, this effect is more pronounced at low Mach 
numbers. 



FIGURE 10: Schlieren fields ( kr⇢ k
⇢

) at the mid-plane of the passage for the various Mout ,i s cases. Clean inflow conditions (top)
and turbulent inflow conditions (bottom).

amplified in regions subjected to strong adverse pressure gradi-
ents. As the Mach number decreases, these disturbances become
more intense due to vortex shedding occurring closer to the trail-
ing edge. The presence of freestream turbulence, however, ap-
pears to mitigate the effect of these acoustic waves. Nevertheless,
in all cases, both with and without turbulence, these waves remain
trapped within the cascade throat, where compressibility effects
are intensified. This compressibility manifests as weak compres-
sion waves at ">DC ,8B = 0.90, and as a shock wave developing
within the cascade throat from the suction side to the trailing edge
of the adjacent blade at ">DC ,8B = 0.95, introducing additional
perturbations into the flow field.

4.3 Boundary layer behaviour
.
The boundary layer behavior along the blade is investigated

here through the analysis of the wall shear stress coefficient. This
parameter, together with its statistical moments, provides a reli-
able basis for diagnosing key flow phenomena such as separation,
reattachment, and the onset of transition [55].

In this work, the predicted values of the wall shear stress
coefficient (g|), time and spanwise averaged, are compared with
experimental measurements. The latter are obtained using wall
mounted hot film sensors, which allow an estimation of a quasi-
wall shear stress (g@) from thermal power measurements, based
on Eq. 17 [34].

g@ =
✓
& �&0
&0

◆3
(17)

with & and &0 the total dissipated power by each sensor, respec-
tively with and without flow.

The two quantities, (g| & g@), are subsequently normalized
using the relations defined in Eq. 18.

⇠g| =
g| � g|<8=

g|<0G � g|<8=

and ⇠g@ =
g@ � g@<8=

g@<0G � g@<8=

(18)

In this section, three operating conditions are examined: the
case at ">DC ,8B = 0.70, representative of a low-speed regime, the
case at ">DC ,8B = 0.90, corresponding to the nominal operating
condition of the investigated geometry, and the case at ">DC ,8B =
0.95, characteristic of a High-speed regime. Fig. 11 illustrates, for
these three regimes, the evolution of the coefficients ⇠g@ and ⇠g|

along the axial coordinate. The effect of turbulence is assessed
by comparing the ⇠g| results obtained in the present study with
those corresponding to clean inflow conditions [49].

On the suction side, the wall shear stress (g|) is generally
slightly higher under turbulent inflow condition. This increase re-
sults from the additional shear induced by the interaction between
coherent structures of the freestream turbulence and the boundary
layer. Nevertheless, the flow remains attached in the upstream
part of the blade, as indicated by the progressive decrease of
the ⇠g| coefficient. Moreover, the discrepancy observed on the
curves between turbulent and clean inflow regimes tends to dimin-
ish with increasing Mach number. Downstream of the maximum
Mach number, the flow undergoes a deceleration, which results
in a decrease of ⇠g| toward zero, indicating a boundary layer
separation [11]. This reduction becomes more pronounced with
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FIGURE 9: Isentropic Mach number distribution along the blade for the di�erent Mout ,i s cases. Comparison between turbulent
inflow results (solid curves), clean inflow results (dotted curves), and experimental measurements [34] (marked curves). The
small vertical line indicates the shock foot location.

under clean inflow conditions for high Mach number cases
(">DC ,8B � 0.90), and significantly improved for lower Mach
numbers (">DC ,8B  0.80). In the latter cases, discrepancies
previously observed near the trailing edge in clean inflow simu-
lations, particularly the failure to predict flow reattachment that
was experimentally detected, are now corrected: the presence of
turbulence enables accurate prediction of the flow reattachment.
Overall, the flow accelerates up to the peak of the isentropic
Mach number, followed by a deceleration toward the trailing
edge. This peak shifts progressively downstream with increasing
Mach number, resulting in a broader acceleration region and a
narrower deceleration region. This shift reduces the potential
risk of separation in the latter region, dominated by an adverse
pressure gradient. For cases at ">DC ,8B  0.90, flow separation
is observed and identified by a characteristic plateau in the isen-
tropic Mach number distribution within the deceleration region.
A closed separation bubble forms, with its thickness decreasing
as the Mach number increases. At ">DC ,8B = 0.90, the bubble
becomes relatively small, whereas at ">DC ,8B = 0.95, the flow
remains fully attached.

On the pressure side, clean inflow results exhibit limitations
in predicting the separation bubbles in the region 0.15 < G/⇠0G <

0.42. In these cases, the predicted bubbles are consistently thicker
than those measured experimentally, and their size tends to in-
crease with Mach number. In contrast, experimental data indicate
significantly thinner bubbles whose size remains relatively insen-
sitive to Mach number. The turbulence injection strategy used
here significantly improves the prediction of this part of the flow.
The separation bubbles predicted under turbulent inflow exhibit
nearly identical size across all simulated cases and show bet-
ter agreement with experimental mesurements. However, a slight
overestimation of the bubble thickness remains. This discrepancy
may be attributed to a mismatch between the reel inflow angle
and the one prescribed in the CFD setup. Despite this minor over-
estimation, a simulation of the same cascade at ">DC ,8B = 0.90,
using a synthetic turbulence injection method [54], yielded less
accurate results than those obtained here.

Overall, accounting for realistic inflow turbulence signif-
icantly improves the accuracy of aerodynamic load predictions,
confirming and supporting the conclusions previously established
in clean inflow conditions [49]. The proposed injection strategy

yields considerably more accurate results than those obtained
using a synthetic turbulence method. These findings highlight
the critical importance of realistically accounting for turbulent
inflow conditions when modeling internal flows, particularly for
the reliable assessment of blade profiles.

4.2 Blade-to-blade instantaneous flow fields
Fig. 10 displays the schlieren fields ( krdk

d
) in the mid-span

plane for various simulated operating conditions. In particular, it
highlights the comparison between the snapshots obtained under
clean inflow conditions [49] (upper half) and those corresponding
to turbulent inflow conditions (lower half).

The maps reveal a flow separation on the suction side for
">DC ,8B  0.90. However, at ">DC ,8B = 0.95, the flow remains
attached, although a slight thickening of the boundary layer is ob-
served in the compressibility-dominated region. The presence of
the turbulence grid at the inlet of the computational domain gen-
erates turbulent structures that are convected through the blade
to blade passage and interact with the boundary layer on both
the suction and pressure sides. As will be discussed in the fol-
lowing section, this interaction promotes flow reattachment in
the downstream region near the trailing edge at low Mach num-
bers, leading to the formation of closed separation bubbles. It
should be noted that under clean inflow conditions, all observed
separations remain open.

On the pressure side, the interaction between the freestream
turbulence and the separated shear layer immediately downstream
of the leading edge induces the early development of turbulent
structures in the blade cavity. In contrast, under clean inflow
conditions, such structures only arise from the reattachment of
the shear layer further downstream on the blade surface. These
structures are convected downstream and interact near the trailing
edge with the flow coming from the suction side, promoting the
vortex shedding beyond the trailing edge. As the Mach number
increases, the vortex shedding point progressively shifts down-
stream within the wake, resulting in a more stable vortex street
characterized by more coherent and energetic structures. In the
case of clean inflow, the vortex street is globally more coherent
and energetic than in the presence of turbulence.

Vortex shedding induces pronounced acoustic waves, which
propagate upstream through the blade-to-blade passage and are
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FIGURE 8: PSD of streamwise velocity fluctuations, averaged in the spanwise direction, at three vertical locations in the reference
plane. The numerical and experimental (from [48]) spectra are shown in their original and smoothed forms.

Given the homogeneous and very nearly isotropic turbulent
behavior observed in the reference plane, it is possible to infer the
integral length scale from the PSD. Indeed, the integral length
scale which provides an estimate of the characteristic size of the
largest eddy structures in a turbulent flow, is generally determined
using a classical approach based on the autocorrelation function
of the velocity signal. However, to remain consistent with the
experimental methodology, but also justified by the nature of the
turbulence in this reference plane, this quantity is here estimated
from the zero-frequency extrapolation of the PSD, following the
formulation proposed by Roach [31] :

⇤8=C = *A4 5

"
⇢ ( 5 )
4 D02

G

#
5!0

(14)

The mean-square fluctuating velocity D

02
G

can be obtained by
integrating the PSD as shown in Eq. 15.

D

02
G
=

æ 1

0
⇢ ( 5 )d 5 (15)

where ⇢ ( 5 ) is the PSD within a small frequency band d 5 .
The application of Eq.14 requires a zero-frequency extrap-

olation of the PSD. However, the extrapolated value may be af-
fected by low-frequency scales, which can introduce significant
uncertainty in the estimation. To minimize this risk, the ex-
trapolation was performed by averaging the PSD over a selected
low-frequency range. An examination of the spectra presented in
Fig. 8 reveals a consistent flattening up to approximately 100 �I,
beyond which a marked decay is observed. Accordingly, the zero-
frequency extrapolated value was estimated by averaging the PSD
within the 0 � 100 �I range. This approach is consistent with
that used in the experimental data processing [48].

Based on this procedure, the values of ⇤8=C were computed
for each spectrum. Table 5 summarizes the minimum and max-
imum values obtained, as well as the average across all spectra.
The experimental value is also reported.

In the reference plane, the computed values of the integral
length scale range from 11.3 << to 14.6 <<, with an average of
13.5 <<, in excellent agreement with the experimental measure-
ments. This result suggests that the largest eddies in the turbulent
flow generated by the TG are of the same order of magnitude as
its mesh size, which is consistent with expectations and also with
the findings reported in [53].

TABLE 5: Integral length scale in the reference plane.

LES Exp.

min max avg. [34, 48]

⇤8=C [<<] 11.33 14.6 13.51 13.50 � 100 �I avg.

Following the characterization of the turbulent flow gen-
erated by the TG, modeled using the DALM wake emulation
method, the investigation was extended to the SPLEEN cascade
under both nominal and off-design operating conditions. This
second part of the paper will therefore focus on the downstream
region of the domain, particularly the blade and its wake. The cor-
responding results are presented and discussed in the following
sections.

4. SPLEEN C1 CASCADE INVESTIGATIONS
The cascade was analyzed at '4>DC ,8B = 70 : and for

">DC ,8B = 0.70, 0.80, 0.90, and 0.95. In addition to verifying
the target flow conditions at the reference plane and at the do-
main outlet, the convergence of the numerical simulations was
confirmed by assessing the temporal stability of the isentropic
Mach number distribution along the blade surface.

4.1 Blade loading
The analysis of the isentropic Mach number distribution

along the blade surface enabled the assessment of the impact
of realistic turbulence on the prediction of aerodynamic loading.
This distribution, computed from Eq. 16, is shown in Fig. 9 in
terms of time and spanwise averages.

"8B (G) =

vut
2

W � 1

 ✓
%8=,C

%B (G)

◆ W�1
W

� 1

!
(16)

The numerical results were compared with available experi-
mental mesurements [34], as well as with results from a previous
study performed on the same cascade under clean inflow condi-
tions, i.e., without turbulence injection [49].

On the suction side, the predictions obtained with freestream
turbulence show a very good agreement with experimental mea-
surements. This agreement is comparable to that observed
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FIGURE 16: Distributions of velocity magnitude (top) and turbulent kinetic energy "k" (bottom) along a camberline, located
at 30% of the pitch in the blade-to-blade passage. PIV measurements from [57, 58] (marked curves) are compared with LES
predictions under clean inflow (dotted curves) and turbulent inflow (solid curves), for di�erent Mout ,i s .

FIGURE 17: Time-averaged Turbulent kinetic energy fields at mid-span plane of the passage for Mout ,i s = 0.90, superimposed
by isocontours of specific values. Left: PIV measurements from [57, 58]. Right: LES predictions

.

ber. For ">DC ,8B = 0.90, the discrepancy is almost the same
with or without turbulence compared with PIV, about 3% at the
maximum. For ">DC ,8B = 0.95, the deficit is larger in the pres-
ence of freestream turbulence: the discrepancy reaches about
4.8% compared with PIV, while under clean inflow it is about
2.5%. Under this operating condition, the measurement distance
(0.5⇠0G downstream of the trailing edge) is no longer sufficient
for a complete wake reconstruction. Mixing fails to compen-
sate for the momentum losses induced by freestream turbulence,
thereby delaying the recovery of the wake. Furthermore, overall,
the Mach numbers measured by the 5�% are significantly lower
than both the predictions and the PIV results. This is attributed
to a blockage effect of the 5�%, which forces the redistribution

of mass flow to passages not being blocked by the probe, thereby
causing a local reduction in static pressure in the passage mea-
sured by the 5�% [59, 60].

Fig. 19 shows the pitchwise distributions of the difference
between the primary flow angle, defined as V = tan�1 �ux/uy

�
,

and its mean value V. These distributions are obtained from LES
predictions with clean inflow (dotted curves) and turbulent in-
flow (solid curves), as well as from PIV measurements [57, 58]
(marked curves) and 5�% measurements [34] (dashed curves).
The predictions exhibit angle variations within ±0.26�, whereas
PIV and 5�% measurements lie within ±1� and ±2.6�, respec-
tively. The large angle oscillations observed in the 5�% measure-
ments are attributed to probe head blockage and its interaction
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FIGURE 21: Pitchwise distributions of the normalized values of the Reynolds normal stresses (R⇤
str, str and R

⇤
crs, crs) and the

Reynolds shear stress R
⇤
str, crs in plane06, obtained from, PIV measurements [57, 58] (marked curves), and LES predictions with

turbulent inflow (solid curves) and clean inflow (dotted curves), respectively for Mout ,i s = 0.70 , 0.90 and 0.95.

FIGURE 22: Mass-weighted kinetic energy loss coe�cients in the wake, extracted in plane06, for the various investigated cases:
comparison between turbulent inflow (solid curves) and clean inflow (solid curves) results. Experimental measurements [34]
are also shown (marked curves).

of further investigation. It is also noteworthy that the maximum
values of the energy loss coefficient remain nearly constant for
">DC ,8B  0.80 as well as for "2,is � 0.90. This trend is con-
sistent with the findings reported in the literature [63], which
highlight the significantly lower sensitivity of the energy loss co-
efficient to Mach number variations compared to the distribution
of total pressure loss, whose peak increases monotonically with
Mach number [49].

Additional insight into the wake flow instability can be pro-
vided through the analysis of the PSD within this flow region, par-
ticularly regarding the frequencies associated with vortex shed-
ding. Here, the PSD of velocity perturbations in the wake is
examined for cases in turbulent inflow, based on the quantity ⇢

defined in Eq. 22. Once again, the PSDs are evaluated through the
classical pwelch function [52], using an overlap of 25% and Ham-
ming windows. Data are gathered over 17 periods) = ⇠0G/*A4 5 ,
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Conclusions & perspectives

• DALM enables realistic inflow turbulence matching experiments 

• Turbulence injection improves blade loading and separation prediction 

• Turbulence has a strong impact on transition and reattachment at low Mach 

• Shock-driven physics dominate at highest Mach numbers 

• Wake losses are better predicted with realistic inflow

 Conclusions

Perspectives

• Simulate passing bars with moving DALM 

• Simulate 3D effects : end walls  

• Simulate purge flow 

Landfester et al. 2023 
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