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ABSTRACT

The purpose of outlet guide vanes in low-pressure compres-
sors is to redirect the incoming airflow axially. As climate, en-
ergy, and environmental goals push for greater efficiency, there
is increasing pressure to enhance the performance of modern
aeronautical engines, resulting in more extreme flow conditions.
However, high flow turning often leads to increased losses and
a higher risk of flow separation. Tandem blade designs offer a
solution by enabling large flow deviations while helping to main-
tain flow attachment. This is achieved by making the boundary
layer on the rear blade more resilient to separation. Despite
these benefits, tandem blade configurations are subject to com-
plex flow phenomena, including interactions between the wake
of the front blade and the boundary layer on the suction side of
the rear blade, laminar separation bubbles on the front blade,
laminar-to-turbulent transition, as well as turbulent mixing and
merging of the wakes. These effects significantly influence per-
formance and pose challenges for standard RANS models. This
paper investigates the performance of tandem blades using wall-
resolved Large-Eddy Simulations (wrLES), offering a detailed
comparison with RANS results. Specifically, we present wrLES
of a low-pressure compressor tandem blade in a cascade config-
uration, employing a high-order discontinuous Galerkin method
(DGM) to capture the complex flow dynamics.
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WBLI Wake- Boundary Layer Interaction

1. INTRODUCTION

Sustainability targets in aviation require radical innovation in
engine design. In particular, engine manufacturers aim to improve
performance. To reach that goal, tandem blades are innovative
geometries able to guide the flow into greater turns with reduced
losses compared to single blades. For this reason, they are good
candidates to replace highly loaded axial compressor outlet guide
vanes. This configuration, together with extreme flow conditions,
challenge the standard Reynolds Averaged Navier-Stokes Simu-
lations (RANS) simulation tools.

In tandem blades, the wake generated by the front blade plays
an active role in aerodynamic performance and should not be con-
sidered merely an unavoidable or undesired byproduct of fluid-
structure interaction. The interaction of the two wakes, along
with the wake-boundary layer interaction and more classical phe-
nomena such as flow separation, reattachment and eventually
transition, are key elements that make this case worthy of atten-
tion. Additionally, the design process becomes more complex
as it involves two blades and additional geometrical parameters,
such as axial overlapping, gap, and pitchwise distance. Moreover,
transitioning from a single blade to a tandem blade introduces a
new degree of freedom, as the front blade could be designed to
allow rotation, enabling it to comply with the operating point and
thereby increasing both the design’s complexity and its potential.

To ensure the reliability of RANS methodologies used for de-
sign, scale-resolving simulations, such as the direct solution of the
compressible Navier-Stokes equations (DNS) and wall-resolved
Large-Eddy simulation (wrLES), supported by experiments, pro-
vide reliable and comprehensive reference results. A DNS is the
most accurate technique but remains unfeasible for most flows in
the turbulent regime, since the computational cost increases as
Re?? in wall-bounded turbulence (Re is the Reynolds number of
the flow), as shown for example in [1]. The computational cost
required to solve the boundary layer using LES grows as Re?”
(see [2]), is slightly lower than that of a DNS, but remains highly
expensive.

Scale-resolving simulations give access to all information



needed for performance assessment, but are still not suitable for
design and optimization due to their computational cost. How-
ever, these methods can be used for the assessment of RANS
models based on high-fidelity results, possibly assisted with ma-
chine learning techniques ([3, 4]). However, AI-CFD tools are
still not mature, and the training of models requires also an im-
portant effort, without the guarantee that the trained model will
generalize to all flow conditions. Computational cost and nu-
merical convergence difficulties have hindered the popularity of
higher-order closures such as Reynolds Stress Transport and non-
linear eddy viscosity. On the other hand, design engineers face
the challenge of enhancing the already high performance under
increasingly extreme flow conditions, relying on turbulence mod-
els developed decades ago. For this reason, it is crucial to have
a reliable and detailed assessment of the validity range of RANS
models. This is possible by leveraging uncertainty quantification
tools [5] and advanced visualization techniques.

Recent literature on tandems is focused on the study of sec-
ondary flows [6], generated by the blades themselves or by the
end-walls. Most of it consists in experimental works and numer-
ical RANS simulations [7-10].

In this work, we present wall-resolved Large-Eddy Simu-
lations (wrLES) of a low-pressure compressor tandem blade in
cascade configuration using a high-order discontinuous Galerkin
method (DGM) [11]. The Navier-Stokes equations are solved
directly without employing sub-filter scale (SFS) models. In-
stead, the numerical scheme inherently dissipates scales smaller
than the grid resolution. This built-in dissipation defines the
implicit nature of the simulation, which is often referred to as
Implicit Large-Eddy Simulation (iLES). In iLES, the numerical
discretization itself acts as the sub-filter scale model, removing
the need for explicit SFS modeling. Hereinafter we will simply
refer to wrLES. The flow is subsonic. The simulations are car-
ried out using the solver Argo [12], developed at Cenaero. To the
best of our knowledge, this is the first numerical work carried out
using high-order wall-resolved LES on this specific type of blade
configuration. We seek to produce high-quality and comprehen-
sive reference data for a subsonic tandem blade cascade flow
and exploit it to benchmark several RANS turbulence models by
performing simulations with the open-source toolkit SU2 [13].

The paper is organized as follows. Section 1 introduces
the case to the reader and presents the numerical setup for both
wrLES and RANS simulations. Sections 2 and 3 describes the
methodology for the wrLES and the RANS, respectively. Section
4 presents the results, focusing initially on performance-based
engineering quantification and then progressing to turbulence-
related metrics. The discussion extends to more advanced topics,
such as verifying the validity of the Boussinesq hypothesis of
linear eddy viscosity and analyzing the state of turbulence. This
analysis naturally leads to exploring turbulence perturbations in
RANS simulations and the application of uncertainty quantifi-
cation, utilizing SU2’s native tools. This study emphasizes the
significance of this type of analysis, demonstrating that valuable,
engineering-relevant insights can still be extracted from RANS
models. Finally, the conclusions summarize the key findings and
implications of this work.

2. APPLICATION CASE AND NUMERICAL SETUP

The cascade is modeled as a bi-periodic (pitch and span)
problem. The Reynolds number based on the total chord C is
Re. = 300,000; the expected inlet Mach number is Ma; =
0.6. The fluid is air, modeled as a perfect gas. The dynamic
viscosity is determined using Sutherland’s law. Total quantities
and flow direction are imposed at the inlet, while a static pressure
is imposed at the outlet. No-slip and adiabatic conditions are
enforced on the blades. The flow is homogeneous and periodic
along the spanwise direction (z coordinate), while it is periodic
in the pitchwise direction (y coordinate). The flow is considered
initially laminar since no turbulence is injected. Turbulent inflow
will be considered in future works.
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FIGURE 1: THE COMPUTATIONAL DOMAIN

Figure 1 shows the computational domain. It extends for 3.5
total axial chords C,. Starting from 1.0 C,y from the trailing
edge (TE) of the rear blade (RB), a sponge zone is applied to
avoid spurious back-reflections of acoustic waves from the out-
let and smooth-out the wake’s turbulence. The span length is
12% Ciyx, 1, Which corresponds to 1/11 of the pitch. As an ex-
ample, Figure 2 shows the two-point correlations p;; (following
Pope’s definition [14]), as defined in Equation 1, on the suction
side of the front and the read blades (indicated by the red dots in
the top panel).
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Taking advantage of the symmetry of p;; w.r.t. the span direction,
the bottom panel is divided into two parts, left and right. On the
left, p;; is shown for the front blade in the interval z/span < 0.5.
The rear blade is considered for the interval z/span > 0.5 and is
shown on the right-hand side. Probes are placed 15 wall units
from the walls. One wall unit (n* = 1, where n indicates the local
wall-normal coordinate) corresponds to a distance from the wall

defined as:
u

Viwp’
In particular d is the distance of the first degree of freedom (dof)
off the wall for n* and the distance between two successive dof
in the wall-tangent directions to evaluate As* and Az*. In other
words, these resolutions correspond to the mesh resolution di-
vided by the polynomial order p. This analysis was repeated on
both the pressure and suction sides of the two blades, as well as
in the wake, consistently confirming the suitability of the span
selection. A second-order unstructured (hexa-dominant ) 2D
mesh is generated and extruded in the spanwise direction using
the open-source mesh generator Gmsh [15]. It is composed of

d =

2)



T Puu Pvv T Pww 7

ll
0.75 y:
W

14

”

0.25 1 /

0 ‘—-;;———:—::3’f’
0 0.25 0.5 0.75 1
z/span

FIGURE 3: COMPUTATIONAL GRID

440,000 cells. The high-order solution employs a third-order
polynomial which yields a fourth-order accurate scheme, with
30 x 10° degrees of freedom per equation. The grid is shown in
Figure 3. The visualization is three times coarser than the actual
discretization of the solution is because third order polynomials
p3 are used to represent the solution within each cell. On the front
and rear blades (see Figure 4), the resolution follows the usual
guidelines for wrLES, with n* < 1 ( ), s* < 25 (green) and
7" < 25 (blue), where n*, s*, z+ are respectively the local wall-
normal, (streamwise) wall-tangential and spanwise coordinates,
expressed in wall-units (see equation 2). To emphasize the high
degree of spatial accuracy, the ranges that satisfy the DNS re-
quirements [2], namely n* < 1, 10 < s* <20, and 5 < z* < 10,
are highlighted.

The solution algorithm advances in time using an implicit
second-order Backward Differentiation Formula scheme, with a
time step size of 107s.

Statistics are collected over 22 convective time units, based
on the inlet velocity and the total axial chord. The time-averaged
data are further processed using spanwise averaging. Averaged
quantities are indicated by the overline symbol ® .
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FIGURE 4: WALL RESOLUTION

3. RANS SIMULATIONS

A RANS simulation campaign has also been performed
using the open-source code SU2 (8.1.0). The results obtained
with two turbulence models are presented hereafter: i) the Shear
Stress Transport (SST) two equations model, and ii) the transi-
tional model SST — y — Rey, four equations closure, of Menter
and Langtry [16, 17]. The SST model is the version labeled
2003m in the NASA Turbulence Modeling Resource [18], where
2003 refers to the year in which the paper [19] was published
and the letter m stands for "modified", hence the turbulent
kinetic energy k is excluded from the production term 9, of the
turbulent kinetic energy transport equation. The fluid properties
and the boundary conditions match those of the wrLES, except
for the fact that the RANS domain is purely bi- dimensional.
The mesh is composed of about 50.000 quads and is similar
to the one employed in the LES, with the exception that the
cell size is relaxed in the direction tangent to the blade. The
wall-normal distance of the first cell layers adjacent to the blades
yields n* < 1. Before selecting the final mesh, a grid refinement
study has been performed. Inlet conditions for turbulent
quantities are turbulence intensity / = 0.5% and viscosity ratio
u/u; = 10. Numerical schemes utilized are Green-Gauss for
the approximations of gradients and Roe’s flux combined with
MUSCL reconstruction (second order upwind) for the convective
terms. Turbulence convection terms are interpolated with a
first order upwind scheme. The iterative solver is the restarted
FGMRES.

4. RESULTS AND ANALYSIS
4.1 Flow description and pressure distribution

Using a specific ParaView plugin to visualise high-order
fields generated by the Argo solver [20], complex physical phe-
nomena occurring in the flow are revealed. These are illustrated
in Figure 5, where the instantaneous quantity Vp/p is employed
to provide a qualitative overview of the flow dynamics. We ob-
serve laminar bubbles detach from the leading edge of the front



FIGURE 5: TURBULENT FLOW VISUALIZATION USING Vp/p

blade, leading to separation-induced transition on both the pres-
sure side and suction side of the front blade (marked with numbers
1 and 2 on Figure 5), and on the pressure side of the rear blade
(3). In a tandem blade configuration, the wake of the front blade
(4) plays a crucial role by constraining the flow that accelerates
through the passage between the two blades. This prevents flow
separation on the suction side of the rear blade, enabling an in-
creased load on the blade. In this particular setup, where the gap
is relatively short, the wake of the front blade interacts with the
boundary layer on the suction side of the rear blade (4), govern-
ing the transition mechanism, which tends to by-pass turbulence
transition [21]. Subsequently, the two wakes (3, 6) spread and
merge downstream (5). The bifurcation of the front blade wake
is shown in (7). A comparison of the averaged Mach number for
the wr-LES and SST — y — Rey is shown in Figure 6. The two
solutions are qualitatively undistinguishable. Figure 7 presents
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FIGURE 6: MACH NUMBER COMPARISON

the pressure ratio, 7, and the angle between the velocity vector
and the horizontal axis, @, along a streamline passing through
the mid-channel for the wrLES. With a turning of 55° degrees,
the tandem configuration achieves a flow compression of approx-
imately 17%.

4.2 Turbulent BL and wake analysis

Continuing with the analysis of the two blades,Figure 8 illus-
trates the isentropic Mach number from LES alongside the RANS
results. The isentropic Mach number, M;;, is defined as:
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FIGURE 7: STREAMLINES ANALYSIS
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where pg is the total pressure imposed at the inletand y = 1.4. At
x/Cax = 0 the three curves overlap, indicating consistent Mach
number at the inlet across the three simulations. On the suc-
tion side of the front blade the SST — y — Reg turbulence model
qualitatively captures flow separation, unlike the standard SST
model, which proves unsuitable for the present flow conditions.
A similar observation applies to the pressure side of the rear
blade. However, on its suction side, the semi-empirical nature
of the SST — y — Reg model might not account for the unsteady
wake-boundary layer interaction and, instead, it predicts a lam-
inar boundary layer separation, reattachment, and transition to
turbulence, as it did for the front blade. These uncertainties sig-
nificantly influence the flow evolution downstream, highlighting
the limitations of the turbulence models under the analyzed con-
ditions. For example, RANS models predict an exit flow angle
of almost 1.5° pointing upward, while wrLES predicts a slightly
negative flow angle. As already mentioned in Figure 5, the wake
of the front blade interacts with the boundary layer developing
on the suction side of the rear blade. Turbulent transport of



momentum towards the blade is governed by the off-diagonal
components of the Reynolds Stress Tensor (RST), in particular
u'v’. Figure 9 (a) shows the contour plot of k /U2, The RST and k
are sampled at 5 locations indicated with the locally wall-normal
lines colored by red, pink, green, yellow and blue respectively.
It is subsequently rotated to align with the local reference frame
p — 6. Each p-axis is aligned with the respective line and points
outward. The segments have all the same length. In Figure 9
(b), —0u’v’ /dr is shown against the normalized non-dimensional
local-radial coordinate, r*. It is plotted with solid lines and the
values are shown on the bottom x-axis. On the same plot is shown
the turbulent kinetic energy, made non-dimensional with a veloc-
ity scale U2, It is represented using a dashed line and refers to
the top x-axis. Moving from the first location on the left, char-
acterized by the red color, to the last one on the right, we notice
that the anisotropy term transports momentum from the wake of
the front blade towards the rear blade suction side, determining
in this way a different dynamics than for isolated blades. When
-0u’v’ | Or assumes negative values, the Reynolds stress subtracts
momentum from the mean field towards the fluctuating one, thus
retarding the transition (the same term appear with opposite sign
in the equation for the fluctuating field which can be obtained by
subtracting from the NSs the Reynolds-averaged NSs [14]). At
the same time the wake spread and the k profile flattens. The tur-
bulent kinetic energy diffused into the boundary layer determines
a by-pass like transition to turbulence [21].
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FIGURE 9: WAKE-BL INTERACTION

Figure 10 shows the loss coefficient w, along the non-

dimensional pitch-coordinate, 7. They are defined as:

:p,.— £7) (4)
pi = Ps

_y—min(y)

h pitch ©)

where p! correspond to total pressure prescribed at the inlet, p
is the time- and span-averaged static pressure at the inlet, m
is the time- and span-averaged total pressure at x = 0.35 Cax
downstream the TE of the rear blade. For a tandem configuration,
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FIGURE 10: WAKE LOSSES

the total pressure loss curve exhibits a two-humped shape, where
the humps correspond to the wakes. The wrLES simulation
predicts an asymmetric profile with higher losses originating from
the pressure sides of the blades. The local minimum is slightly
shifted to a positive . The second maximum appears at n < 0,
reflecting additional losses from the pressure sides.

In contrast, both RANS models predict lower losses on the
suction side and higher losses on the pressure side, resulting in
a quasi-symmetric w. The discrepancies between these methods
are closely tied to differences in the mechanisms of turbulent ki-
netic energy production and dissipation. Figure 11 shows a com-
parison of the non-dimensional turbulent kinetic energy, k /U2,
between the wrLES and the two RANS models. Both RANS
models underestimate k. In the standard SST the production of k
starts much closer to the LE compared the other two cases, but it
remains relatively low. The Langtry-Menter model correctly pre-
dict zero k until approximately separation, with a sharp increase
there. To better understand this behavior, it is useful to consider
the expression for the turbulent kinetic energy production term:

Pr =W Sij = 204¢8:jSij SST (6)

Pr, =verr Pr, SST—y-Reg (7)

where Yo = max(y, Ysep) is shown in Figure 13. In this formula-
tion, Einstein summation notation is used, implying summation
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FIGURE 11: NON-DIMENSIONAL TURBULENT KINETIC ENERGY
COMPARISON

over repeated indices. The influence of vy.g in driving the turbu-
lence production and thereby defining the turbulent kinetic energy
field is clearly evident. The relative error E; committed by the
SST-y-Reg in the evaluation of k is illustrated in Figure 12.

k -k
E; = wrLES RANS % 100 (8)
kwrLES
In this case, the mean rate of strain does not appear to be a
suitable approximation for the Reynolds stresses, resulting in an
underestimation of the turbulent kinetic energy production.
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FIGURE 12: TURBULENT KINETIC ENERGY ERROR %

4.3 Assessment of the Boussinesq approximation

In this section, we delve deeper into the possible reasons
behind the misalignment between RANS and LES results, focus-
ing specifically on the application of tandem blades. By now,
the reader should be familiar with the flow characteristics, which
exhibit significant complexity due to the multitude of interacting
phenomena, even at design conditions.

The limitations of RANS turbulence modeling are well-
known, particularly in the context of accurately capturing such
intricate flows. To enhance our understanding not only of the
underlying physics but also of the predictive tools used in en-
gineering design, it is valuable to examine the validity of the
Boussinesq Hypothesis (BH) of linear eddy viscosity, which as-
sumes linearity between the Reynolds stresses ugujf and the mean
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strain rate tensor E This hypothesis forms the cornerstone of
most commonly used turbulence models, yet its assumptions may
contribute to the observed discrepancies between RANS and LES
predictions. The BH asserts that:

kpsij, )

10U, |2
3ox )73

where the mean strain rate tensor is defined as

5= 350+ 5 ) (10
6)61' ax,‘
and where k = %u’iu’i is the turbulent kinetic energy.

One approach to verify the hypothesis is to normalize the
tensor contraction between the traceless anisotropic part of the
Reynolds stress, E 7» and the mean strain rate [22]. The resulting
scalar field, pgrs, lies in the range [0, 1] and is derived from the
anisotropic stress tensor:

- 2
R,’j =pu’iu’j—§pk6,—j. (11)
Using the Frobenius inner product (:), prs is expressed as:

[Ri; < 5,
PRs = —2——1, (12)
IS

where the operation ||Z,~j|| = w”Zij :Zijl. For prs = 1 the

eigenvectors of the two tensor are aligned and BH behind two
equations RANS closure is valid.

Figure 14 shows pgs, specifically where prs > 0.86. Since
the inflow is laminar, the analysis is only valid within turbulent
boundary layers and wakes.

4.4 Barycentric map

The coupling between the previous analysis with the char-
acterization of the turbulence anisotropy state provides deeper
insights into the underlying flow dynamics. In the same spirit
of Lumley [23], Banerjee proposed a barycentric representa-
tion [24]. This latter invariant map is a linear representation
that weighs the different limiting states of turbulence anisotropy
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FIGURE 14: VALIDITY OF THE LINEAR EDDY-VISCOSITY HYPOTH-
ESIS

equally. The limiting states are placed at xic, x2¢c, and x3c,
which represent the corners of the equilateral triangle, and hence
the coordinate system of the barycentric map (xg , yp) is defined
such that:

xg = Cie X1c + Cocxoe + C3ex3¢ (13)
¥B = CicYie + Cocyre + Caeyie (14)
with the corresponding weights (C;.) determined by the eigenval-

ues (1; > Ap > A3) of the normalized Reynolds stress anisotropy
tensor:

Rij
aij = = (15)

such that:
Cie =41 — A2, (16)
Cac =2(22 — A3), (17)
Cie =303 +1. (18)

Since the eigenvalues sum to zero, the weights also sum to zero,
enabling a direct mapping to an RGB (or HSV) color scheme
for enhanced visualization of anisotropy [25]. Consequently,
one-component turbulence is represented in red, two-component
turbulence in green, and isotropic turbulence in blue, with all
other states appearing as blends of these primary colors within
the map (the barycentric map is shown in Figure 15(a) at the right
bottom corner).

Figure 15(a) depicts the state of turbulence in the tandem
blade, comparing results from the transition model and wrLES.
Additionally, Reynolds Stress are extracted from the wake (red
vertical arrow for wrLES and orange for RANS) and along a
streamline. The evolution of the turbulence state in the wake is
shown in Figures 15 (b) for both wrLES and RANS. The color
map indicates the normalized pitch position, y*. RANS data are
placed along the plain-strain turbulence. Figures 15 (c) present
a similar analysis along a streamline, but only for the wrLES.
The streamlines originates close to the leading edge. s/L is the
non-dimensional distance from the beginning of the streamline,
as shown in Figure 15(a), and the color map is customized in
order to link the white color to the position of the trailing edge of
the rear blade. From there on there is no significative change and
the red markers are all clustered close each other. The analysis
highlights two key observations:

h
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FIGURE 15: BARYCENTRIC ANALYSIS IN THE WAKE AND ALONG
A STREAMLINE

* The SST model generally predicts turbulence as either
isotropic or plane-strain (along the dashed line). In con-
trast, scale-resolving LES demonstrates that, within the
wake, the turbulence more closely approaches an axisym-
metric expansion limit state (1C = 3C). The Reynolds
stress tensor (RST) evolves such that the stress ellipsoid
transitions from a thin, elongated rod shape, gradually
thickens, and may eventually become spherical in the case
of isotropic turbulence (for graphical depiction refer to Fig.
1in [26]).

* Closer to the blade, the turbulence primarily exhibits one-
component (simple-shear) behavior. The RST quickly
deforms and realigns, representing two-component turbu-
lence. As the flow separates and is carried into the wake,
the RST maintains its characteristics along streamlines,
with a slight tendency towards returning to isotropy.

4.5 Uncertainty quantification
The modeled Reynolds stresses have been found to inade-
quately capture the physics of the problem. This has a direct
impact on the turbulent kinetic energy production term. In the
following analysis, we will explore the effects of constraining the
modeled Reynolds stress tensor to specific turbulence limit states.
This can be achieved utilizing the SU2 tool EQUiPS (Enabling
Quantification of Uncertainty in Physics-based Simulations) pro-
posed by Iaccarino et al. [27, 28]. The analysis starts expressing
the perturbed Reynolds stress tensor as a function of its eigenval-
ues and eigenvectors:
RY = m(‘% + v;jA;,v,*j), (19)
where x indicates perturbed quantities. The perturbations to the
eigenvalues, A, correspond to varying the compositionality of the
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FIGURE 16: UNCERTAINTY QUANTIFICATION WITH EQUIPS

flow (or the shape of the Reynolds stress ellipsoid [14, 26]). The
projection of the eigenvalue perturbation in the barycentric map
has both a direction and a magnitude.

With respect to the direction of the eigenvalue perturbations,
we focus on perturbations directed along the three vertices of the
barycentric triangle: X;c, X2¢, X3¢, each representing a limiting
state of Reynolds stress anisotropy. The magnitude of the pertur-
bation in the barycentric triangle is represented by Ag € [0, 1].
Thus, Ap = 0 leaves the state unperturbed, and Ag = 1.0 perturbs
to the vertices of the barycentric triangle.

The perturbed barycentric coordinates, X*, are given by:

X" =x+Ag (x(7) - x),

where x() denotes the target vertex (representing one of the one-
, two-, or three-component limiting states), and x is the model
prediction.

For the computations in this investigation, instead of relying
on a user-defined magnitude for Ag, we set Ag = 1.0, so that the
three limiting states are considered. These are the default settings
of this parameter, Ap, in the EQUiPS module and can be changed
by the user.

Figure 16 illustrates the uncertainty band for the loss coef-
ficient w, shown in gray, which is obtained by perturbing the
modeled Reynolds stress of the SST — ¥ — Reg model. These
perturbations indirectly affect the production term of turbulent
kinetic energy, resulting in variations in the energy dissipation
mechanisms. While the WR-LES results are not entirely within
this uncertainty band, they show closer agreement. This dis-
crepancy can be attributed to the fact that not all sources of loss
are solely associated with the modeled Reynolds stress tensor.
Additionally, the perturbations are applied sequentially in dif-
ferent simulations, leading to an homogeneous variation of the
turbulence state across the domain for each simulation.

5. CONCLUSION

The present study investigates compressor tandem blades
from multiple perspectives, utilizing both wrLES and RANS ap-
proaches. Inour analysis, wrLES demonstrates its value primarily

in direct comparison with RANS. The back-to-back evaluation re-
veals several critical aspects of linear eddy-viscosity models that
are particularly relevant from a design standpoint. The theoreti-
cal analyses here presented contribute to a deeper understanding
of the tools commonly employed in daily engineering practice
and pave the way for discussions on enhanced RANS models,
which are expected to gain increasing prominence in the coming
decades.

The wake of the front blade has been shown to play an active
role in determining the overall dynamics of the cascade. The
interaction with the boundary layer of the rear blade is a key factor,
and unfortunately, it exhibits strong unsteady behavior, which is
challenging to capture using RANS models. Consequently, high-
performance design of tandem blades benefits more from scale-
resolving simulations compared to single-blade configurations.

Another aspect is the transition on the front blade. This
transition can be a persistent source of uncertainty, necessitating
the use of specific transition models. These models are powerful
tools, but they must be applied with care to avoid inaccuracies.

We discussed how the assumptions behind the linear eddy
viscosity approach do not hold for this particular case. We believe
this theoretical consideration may have broader implications. As
an alternative, second-order closure models for this flow config-
uration will be explored in future work.

Our analysis of the turbulence state revealed an intricate
dynamic that is extremely challenging to model accurately. Al-
assisted CFD could aid in developing tailored closure models,
requiring only a few high-fidelity simulations. However, signif-
icant progress is still needed before this approach becomes fully
reliable.

In the meantime, we found that the uncertainty quantification
techniques implemented in SU2 provide valuable insights into
the uncertainty associated to RANS turbulence modeling. In our
opinion, such tools deserve greater attention in applied CFD.
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