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Abstract

The trend towards higher bypass ratios and downsized cores in modern compressors
leads to locally reduced Reynolds numbers, intensifying flow separation and unsteadiness,
which limits the reliability of RANS models and motivates the use of LES as a feasible
and attractive high-fidelity approach for these conditions. In this paper, we assess the
capabilities of low- and high-fidelity numerical tools for predicting the effects of varying
incidence angles for a linear compressor cascade at a Reynolds number of 150,000 and
a Mach number of 0.6 based on the inflow conditions. The comparison is supported by
experiments carried out at the Transonic Cascade Wind Tunnel at the DLR in Cologne,
which feature an incidence angle variation of plus/minus 5 degrees. Particular emphasis
is put on the numerical setup to reproduce the cascade experiment, discussing the effects
of spanwise domain size, axial-velocity density ratio and inflow turbulence. The effects
of the incidence angle variation are studied on the basis of instantaneous and mean flow
quantities with a focus on separation, transition and loss mechanisms.

Keywords: large-eddy simulation; discontinuous galerkin; compressor; separation;
transition; entropy generation

1. Introduction

Efficiency improvements are one key aspect to meet the challenging governmental
requirements for climate-neutral aviation. Design is trending towards even higher bypass
ratios and, as a result of limited clearance underneath the aircraft wings, towards more
powerful and smaller core engines. Besides more pronounced secondary flow effects, this
also results in locally reduced Reynolds numbers (Re ~ 10°) in axial compressor stages [1].
At these low Reynolds numbers, airfoil aerodynamics becomes critical and losses can
increase due to laminar or turbulent boundary layer separation. The airfoil aerodynamics
at these operating points can also be subject to long and unsteady separation bubbles on the
suction and/or pressure side of the blade, transition from laminar to turbulent boundary
layers and a significant vortex shedding depending on the incidence angle. In off-design
conditions with increasing incidence angles, the load on the boundary layers rises, resulting
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in moderately higher losses. Eventually, the airfoil reaches a point where it can no longer
achieve the required pressure rise, leading to flow separation on the suction side and a
sharp increase in the loss coefficient. A similar trend occurs for negative incidence angles,
where the risk of pressure-side separation grows. This behavior is characteristic of blades
operating under subsonic conditions [1-3].

The state-of-the-art design methodologies for axial compressor blades, such as multi-
fidelity optimization processes using Reynolds-averaged Navier-Stokes (RANS) simu-
lations as a ‘high-fidelity’ tool [4,5], can become unreliable at off-design points. This is
because RANS, despite being considered high-fidelity, is susceptible to significant modeling
uncertainties under challenging operating conditions, which might lead to over-predicted
profile losses and misrepresentation of parameter trends. For instance, Hergt et al. [1]
demonstrated that while RANS performs well within the typical design range of high
Reynolds numbers, it fails to accurately predict loss trends and the static pressure rise at
lower Reynolds numbers.

Unlike RANS, scale-resolving simulations such as direct numerical simulation (DNS)
and large-eddy simulation (LES) capture all or most of the turbulent scales, respectively,
and thus benefit from significantly reduced modeling uncertainty. Numerous publications
in recent years have demonstrated that these methodologies perform well for compressor
and turbine cascades and, when properly configured, can be as reliable as experimental
data [6-10]. Scale-resolving simulations are especially well suited to flows with a low
Reynolds number, as the required computational resources remain moderate [11], and
depending on the case and solver properties, LES can be performed within some hours of
wall-clock time. In addition to that, LES allows for a more in-depth analysis of the flow
due to the availability of the temporally and spatially resolved flow field. Building on
these advantages, a modern high-order DG solver for LES and DNS has been developed
within DLR’s standard turbomachinery flow solver TRACE over recent years [12,13],
which has been extensively validated on and applied to compressor and turbine cascade
flows [8-10,14,15].

With this new high-fidelity tool at hand, we aim to reassess the cascade presented
in Hergt et al. [1] and analyze the effects of the varying incidence angles on a modern
compressor cascade at an operating point with a low Reynolds number of Re; = 150,000
and a Mach number of Ma; = 0.6. A preliminary version of this study was presented at the
16th European Turbomachinery Conference [16]. The paper starts with a detailed descrip-
tion of the cascade, the experimental setup and both RANS and LES setups. The effects
of the spanwise domain size, axial velocity density ratio (AVDR) and inflow turbulence
are discussed in terms of time- and space-averaged quantities obtained with LES for the
zero-incidence-angle case. Subsequently, the results of different incidence angles, ranging
from —5 deg to +5 deg, are compared between the experiment, RANS and LES. More detail
on the loss production mechanisms is given by the analysis of entropy generation in the
compressor flow field.

2. Cascade Description

The compressor airfoil was originally developed as an outlet guide vane behind a
low-pressure turbine stage of a small turbofan engine [17,18] and has then been further
optimized for the application of riblets [19]. An overview of the general design parameters
is given in Table 1, and the profile thickness and camber line angle distribution are given in
Figure 1. The experiments were carried out at the Transonic Cascade Wind Tunnel [20,21] at
the DLR in Cologne. The numerical simulations, i.e., RANS and LES, were performed with
DLR'’s solver for turbomachinery flows TRACE, which was developed in close cooperation
with MTU Aero Engines AG.
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Table 1. Cascade design parameters.

Inflow Mach number Ma; 0.60
Inflow Reynolds number Re; 1.5 x 10°
Inflow angle aq 43 deg
Inflow turbulence intensity Tuy 0.5%
Chord length ¢ 70 mm
Pitch to chord ratio b/c 0.577
Height to chord ratio i1/c 2.4
Stagger angle a; 16.04 deg
AVDR 1.03
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Figure 1. Profile thickness divided by the chord length and camber line angle.

2.1. Experimental Setup

The Transonic Cascade Wind Tunnel, as shown in Figure 2, is a state-of-the-art facility
for the study of compressor cascade flows and has been developed over a long period to
operate in difficult flow conditions. The wind tunnel is a closed-loop facility and enables
continuous testing. The test section is equipped with a variable nozzle. The variable test
section height is necessary to adjust the test section for the specific cascades. Tailboards
combined with throttles are used to control inlet and exit boundary conditions. In order to
obtain tests at low Reynolds numbers, the total pressure in the closed-loop system of the
facility is reduced.

Figure 2. DLR’s Transonic cascade wind tunnel.
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Within the experimental campaign, the cascade setup consists of seven prismatic
blades. Static pressure taps on the suction and pressure side surface at mid-span of
blades 3 and 5 are used to determine the profile Mach number distribution. In addition,
measurement planes are located 20 mm in front of the blade’s leading edge (MP1) and
20 mm downstream of its trailing edge (MP2). Conventional static pressure measurements
are used at both planes. To derive the cascade loss, total pressure was measured in the
settling chamber as well as in the wake at MP2 by means of a three-hole probe. Moreover,
the AVDR in the cascade is controlled over boundary layer suction slots within the passages.
Unfortunately, inflow turbulence was not measured during the present campaign, so
we have to rely on previous measurement experiences at the test stand, which indicate
turbulence intensity in the range of Tu = 0.3-0.5%, with no available information on the
turbulence length scale.

2.2. RANS Setup

The RANS simulations are performed using a density-based Finite-Volume discretiza-
tion on block-structured meshes. A Monotonic Upstream-centered Scheme for Conservation
Laws (MUSCL) scheme with Van-Albada 1 limiter in combination with Roe’s approximate
Riemann solver is used to discretize the convective fluxes, and central derivatives are
employed for the viscous fluxes to obtain second-order accuracy in space. In order to derive
the steady state solutions, the five conservation equations are solved in a coupled manner
using an implicit dual time-stepping approach. The additional turbulence model equations
are solved implicitly in a conservative but segregated manner [22]. In the present study, we
employ Menter’s SST k-« model in the version of 2003 [23], with the stagnation point fix of
Kato and Launder [24]. The transition from laminar to turbulent flow is modeled by the
two-equation y-Rey model [25]. This model combination represents a state-of-the-art setup
in industrial turbomachinery CFD. At the inflow and outflow boundaries, two-dimensional
non-reflecting boundary conditions are used [26]. Periodic boundary conditions are used
in the pitchwise direction and inviscid walls in the spanwise direction. The effect of the
AVDR is modeled via a source term affecting the mass, momentum, and energy equations

— 10h T x
s=15-(10,p,0,0,0 —Fy, ) (1)

following Giles [27] and Bolinches et al. [28], where p is the static pressure, /i the height of
the channel, x the axial coordinate and F;dv the advective flux vector in the axial direction.
The contraction of the channel height is modeled from the blade’s leading edge (LE) towards
the trailing edge (TE) and shaped with a sinusoidal distribution, i.e.,

n(x) = MEZE (X ME N | @
2 XTE — XLE

The same mesh was used for all RANS simulations. It was created with the in-
house meshing tool PyMesh using an O-C-H topology [29]. The mesh consists of
70,480 hexahedral elements with one cell of height A = 0.002 m in the spanwise di-
rection. For the aerodynamic design point (ADP), a grid convergence index of 0.58% and
the off-design point with +5 deg incidence angle 3.83% is reached on the integral total
pressure loss coefficient. The domain and mesh are shown in Figure 3. Probes are used to
extract the mean flow values at several positions, i.e., MP1, MP2 or boundary layer cuts,
ensuring consistency with the LES and experiment.
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RANS MP2

Figure 3. RANS and LES domain and mesh in the x-y plane. For the LES, only the high-order grid
cells are shown; the solution nodes, i.e., 25 in each 2D element, are omitted for better visibility.

2.3. LES Setup

The LES was performed with the high-order Discontinuous Galerkin (DG) solver of
TRACE, which has been developed over recent years and thoroughly validated on and
successfully applied to various turbomachinery-related configurations, cf. [8,9,12,13,15].
The implicitly filtered Navier-Stokes equations are first transformed into the reference sys-
tem with a high-order polynomial mapping, which ensures free-stream preservation. The
solution and fluxes are approximated via one-dimensional fourth-order Legendre polyno-
mials with Legendre-Gauss—Lobatto basis nodes, which are extended to three dimensions
in a tensor-product fashion. The numerical integration is performed with Legendre-Gauss—
Lobatto quadrature, collocated with the solution approximation. The viscous terms are
discretized using the Bassi and Rebay 1 scheme [30]. Adjacent elements are coupled via
Roe’s approximate Riemann solver for the advective part and central fluxes for the vis-
cous part. Stabilization for under-resolved turbulent flows is achieved by using a split
formulation of the Discontinuous Galerkin Spectral Element Method (DGSEM) following
Gassner et al. [31]. In this present study, Kennedy and Gruber’s kinetic-energy-preserving
two-point fluxes are used [32]. The resulting discretization achieves a fifth-order accuracy
on unstructured hexahedral grids. The time-integration is performed by employing a
strong-stability preserving third-order explicit Runge—Kutta scheme of Shu and Osher [33].

Riemann and one-dimensional non-reflecting boundary conditions are used at the
inflow and outflow, respectively, cf. [26]. Inflow turbulence is generated synthetically at
the inflow plane by an STG, originally proposed by Shur et al. [34], and implemented
and validated in [35,36]. The STG is based on a superposition of Fourier modes, with
random phases and direction vectors that produce a modified von Karman spectrum. The
fluctuations of the STG are added onto the boundary state derived from the boundary
conditions and are weakly imposed through the flux. Periodicity is enforced in the pitch-
and spanwise directions. Similar to RANS, the source term in Equation (1) is used to model
the effect of the AVDR on the mid-section. The in- and outflow boundary values, i.e., total
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pressure p;in, total temperature T} ;;, and inflow angle i, and the static pressure at the
outflow poyt, are set to the values measured in the experimental campaign of Hergt et al. [1].

The unstructured high-order mesh was created as a 2D mesh with Gmsh [37], which
was then uniformly extruded in the spanwise direction. In the x-y plane, the mesh consists
of 10,616 quadrilaterals. Polynomials of degree 2 have been used to approximate the curved
boundary and the six layers adjacent to the wall. An overview of the 2D mesh can be found
in Figure 3, which clearly demonstrates the benefit of unstructured meshes, being able to
locally refine the mesh at relevant locations, i.e., boundary layer and wake region. In the
spanwise direction, the resolution is kept constant for different spanwise extents, which is
24 elements and, hence, 120 degrees of freedom (DOF) per 0.1c.

Figure 4 shows the non-dimensional cell sizes at the blade wall for the ADP. The
maximum cell sizes, i.e.,

AEF <275, Ayt <21, ALt <122, V¥ x € (0.01,0.99),

are well-below the limit of well-resolved LES [38]. Here, x, is the relative coordinate along
the staggered blade, which is defined by

Xrel = COS (arctan (%) — zxs> . 3)
where «; is the stagger angle.
40 -
[
< 207 m J\/\\
04—t [\‘/f N
504 — LES
|+ ) RANS
<27 K__/_J\
0.0 | /_/\/-\\‘
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Figure 4. Non-dimensional cell sizes at the blade wall for RANS and LES at the aerodynamic design
point. ¢ is the wall-tangential, # the wall-normal and { the spanwise direction. For the LES, cell-sizes
are divided by the polynomial degree N. The suction side is represented by positive values of x.,
while negative values represent the pressure side.

Each simulation is begun from an initial RANS solution that has been interpolated
onto the fine high-order grid. The LES are run for 43 t., defined by the inflow velocity and
the chord length as f. = ¢/||u7||. The line plots have been created with the time-resolved
data of volume and boundary probes, which have been sampled with a frequency of
fs = 10°Hz ~ 500/t,. The initial transient was automatically detected and removed by
the MSER, cf. [39]. For entropy generation analysis, statistical moments of the full 3D flow
field have been used, which have been sampled starting at 5f, with same frequency as the
probes. The computational costs per convective time unit are 4816.8 CPU/hour, which
corresponds to approximately 1.25 h of wall-clock time on 3840 CPUs.
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3. Analysis of the LES Setup for the Aerodynamic Design Point

Before assessing the results of the incidence angle variation, the influence of different
LES setup choices, namely the spanwise domain size, the AVDR and the inflow turbulence,
are briefly discussed for the aerodynamic design point at #; = 43 deg. For the setups listed
in Table 2, the time- and spanwise-averaged isentropic Mach number and total pressure
loss coefficients with respect to MP1 are shown in Figure 5 and Figure 6, respectively. The
isentropic Mach number for the LES is computed as

M%%M:< {ﬂ@%ﬁ)_l>’ N

and the total pressure loss coefficient is computed as

) — Pl
() = (P o)) ©

Here, O] represents the time average and () the spatial average. The wake coordinate
is given by
Yrel = (¥ — yLe) mod b. (6)

Since the root location of the wake measurements could not be identified with certainty,
the experiments are shifted to match the peak location of the LES-Tu in the ADP.

O Experiment
0.8 —— LES-Base
—— LES-AVDR
——- LES-Span0.4
0.7 LES-Tu
2
©
= 0.6
0.5 A
0.4
0.0 0.2 0.4 0.6 0.8 1.0

Xrel

Figure 5. Time- and spanwise-averaged isentropic Mach number distribution around the blade.

0351 O Experiment
0.30 4 —— LES-Base

' —— LES-AVDR
0.25 ——- LES-Span0.4

LES-Tu
0.20
I3
0.15
0.10
0.05 A
0.00 1060068 RS 55K
0.0 0.2 0.4 0.6 0.8 1.0
Yrel

Figure 6. Time- and spanwise-averaged total pressure loss coefficient at MP2.
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Table 2. Overview of the experimental and simulation setup presented in Section 3.

May Re;  ap[deg] Tui[%] Ly/c AVDR Az/c DOF [10]

Experiment 0.603 150,791 43.0 0.3-0.5 - 1.0382 24
LES-Base 0.630 155,377 43.0 0 0 1 0.2 63.7
LES-AVDR  0.600 150,294 43.0 0 0 1.0381 0.2 63.7
LES-Span0.4 0.600 150,297 43.0 0 0 1.0380 0.4 127.5
LES-Tu 0.603 150,833 43.0 0.33 0.01429 1.0381 0.2 63.7

In addition to the LES results, the experimental results of Hergt et al. [1] are shown.
Starting with the LES-Base without inflow turbulence and with an AVDR equal to 1, a sig-
nificant difference in the Mach number distribution compared to the experiment can be
observed. Clearly, the blade loading does not match, which is also visible in the increased
Mach and Reynolds numbers at MP1, cf. Table 2. With the usage of the AVDR source
term (LES-AVDR), although the effective flow area was only reduced by 3.8%, the loading
does improve and, overall, the LES and the experiments converge. However, the length
of the separation bubble on the suction side is significantly over-predicted. Doubling the
spanwise domain size to 0.4c (LES-Span0.4) does not change the mean flow field and the
isentropic Mach number and loss are identical. This can also be confirmed by the two-point
correlation of the velocity components along the spanwise coordinate z, which exhibits a
pronounced plateau at and above a span size of 0.2c. Hence, a span of 0.2¢ is assumed to be
sufficient and will be used for the following LES.

The next parameter of uncertainty of the LES setup is the inflow turbulence, which
has not been measured during the experimental campaign but is known from previous
studies in the wind tunnel without turbulence grids to be between 0.3% and 0.5%. We
chose an inflow turbulence level at the CFD inlet of 0.4%, with a turbulence length scale
of Lt = 0.001 m, which fits 14 times into the spanwise domain. The distribution of the
turbulence intensity along two inflow probe lines is shown in Figure 7. Here, one probe
line, aligned with the inflow angle, points toward the leading edge of the blade, while
the other is shifted by half a pitch. Both profiles of turbulence intensity are consistent
until x/c = —0.2, where the potential field of the blade becomes significant. At MP1,
the averaged turbulence intensity is Tu; = 0.33%. The effect of free-stream turbulence can
be studied by vortex visualization of the instantaneous flow field close to the suction side
of the profile in Figure 8. Without inflow turbulence, one can observe the typical incoming
laminar boundary layer, largely consisting of 2D Kelvin-Helmholtz roll-ups (A), which
transition into 3D turbulence exhibiting hairpin vortices. With inflow turbulence, even at
the low level of Tu= 0.33%, the pronounced 2D roll-ups are not present anymore (B) and
the transition and reattachment are shifted upstream. This can, of course, also be observed
in the Mach number distribution shown in Figure 5. The inflow turbulence significantly
shortens the laminar separation bubble of the mean flow field by about 29%. This leads
to a very good agreement with the experiment, matching the sensor data in nearly all
locations, except for the most upstream ones very close to the leading edge. Due to the
reduced size of separation, the wake loss profile also narrows towards the wake width of
the experiment, cf. Figure 6. The peak loss is slightly over-predicted but shows an overall
remarkable agreement for such a sensitive quantity. It is worth noting that the inflow and
outflow boundary conditions have been used directly from the experiment and were not
tuned to match the operating point. Also, the inflow turbulence is well within the given
experimental range. With this setup (LES-Tu) and procedure, we will discuss the variation
of the inflow angle in the following section.
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1
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Figure 7. Turbulence intensity Tu along two inflow probes (¢ = 43 deg) for LES-Tu. One probe was
directed towards the leading edge and the other one has been moved by a half pitch towards the
mid-passage.

Tu=0.33%

Figure 8. Instantaneous flow field on the suction side of the blades of LES-AVDR and LES-Tu. Q-
isosurfaces colored by the velocity magnitude are shown in the volume and shear stress wall at the
blade wall. Markers A and B denote the reference points discussed in the text.

4. Incidence Angle Variation

In this section, the results from the experiments of Hergt et al. [1], RANS simula-
tions and LES are compared for off-design conditions. Four additional incidence an-
gles, i.e.,, —5deg (¢ = 38deg), —3deg (v; = 40deg), +3deg (a1 = 46deg) and +5deg
(w1 = 48deg), are considered and compared to the ADP. The inflow Mach number and
Reynolds number are kept approximately constant over the angle variation. The in- and
outflow boundary conditions for the simulations are taken from the experiment and are
not adapted. The turbulent boundary conditions of RANS are tuned to match those of the
LES. The simulation setups are shown in Table 3. Note that the experimental boundary
conditions, i.e., total pressure, total temperature and flow angles at the inflow, as well
as static pressure at the outflow, are directly imposed to reproduce the setup as accu-
rately as possible. Consequently, the Mach and Reynolds numbers at MP1 result from
the predicted flow characteristics within the cascade. Hence, if the loss prediction differs
significantly from the experiment, the inflow Mach and Reynolds numbers also change.
The instantaneous flow field for the five considered operating points is illustrated in
Video S1 (Supplementary Materials).

Table 3. Overview of the experimental and simulation setups presented in Section 4.

Maq Re; a1 [deg] Tuq [%] AVDR

ny1 =38deg,j = -2
Exp 0.603 160,361 38.0 0.3-0.5 1.035
RANS 0.598 159,290 38.0 0.35 1.035
LES 0.603 160,379 38.0 0.35 1.036

n1 =40deg,j = —1
Exp 0.602 151,992 40.0 0.3-0.5 1.024
RANS 0.595 151,127 40.0 0.36 1.024

LES 0.601 151,773 40.0 0.35 1.024
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Table 3. Cont.

Maq Re; a1 [deg] Tuq [%] AVDR
np =43deg,j=0

Exp 0.603 150,791 43.0 0.3-0.5 1.038
RANS 0.595 149,443 43.0 0.35 1.038
LES 0.603 150,833 43.0 0.33 1.038

n1 =46deg,j = +1
Exp 0.600 147,764 46.0 0.3-0.5 1.032
RANS 0.590 145,862 46.0 0.35 1.032
LES 0.599 147 446 46.0 0.34 1.032

a1 =48deg, j = +2
Exp 0.593 149,447 48.0 0.3-0.5 1.024
RANS 0.593 149,259 48.0 0.35 1.024
LES 0.608 152,002 48.0 0.38 1.024

4.1. Instantaneous Flow Field

First, the instantaneous flow field of the different LES in Figure 9 is analyzed. The ADP
(xq = 43 deg) is in the center of the figure, negative incidence is shown above and positive
incidence is shown below. At negative incidence, the laminar pressure-side boundary layer
intermittently separates for ay = 40 deg and transitions at x, ~ 0.14. The largest negative
incidence at a1 = 38 deg exhibits a separation fixed closely to the LE (Figure 9-A), resulting
in a turbulent boundary layer over nearly the complete pressure side. This is also visualized
in detail in Figure 10. In the high-incidence case, typical 2D Kelvin—-Helmholtz vortices
are observed (Figure 10-A), which rapidly transition into a turbulent boundary layer
characterized by large hairpin vortices. However, at a moderate incidence angle of 40 deg,
the transition process is delayed. Spanwise-correlated roll-ups develop near the leading
edge and persist over a longer extent. These roll-ups eventually lead to the formation of
lambda vortices (Figure 10-B) arising from instabilities within the separated shear layer. As
the flow evolves, the shear layer becomes unstable, leading to the development of these
vortex structures. The lambda vortices are precursors to further breakdown processes,
which ultimately result in the formation of hairpin vortices (Figure 10-C) as the flow
transitions to a fully turbulent boundary layer.

Looking at the suction-side boundary layer in Figure 9, the separation is delayed due to
the reduced pressure gradient. Yet, when the boundary layer separates, even larger roll-ups
occur (Figure 9-B), resulting in a thickening of the turbulent wake. With a positive inci-
dence angle, the laminar boundary layer on the suction side separates earlier (Figure 9-C),
while the pressure-side boundary layer remains laminar over the whole blade. However,
the shape of the blade causes large-scale oscillations leading to large 2D structures in the
wake (Figure 9-D).

4.2. Blade Loading

In Figure 11, the averaged isentropic Mach number is shown for all considered inflow
angles of the experiment, LES and RANS simulations. The different incidence angles
are shifted on the x-axis by their index j, as noted in the text box, see Table 3. Overall,
the agreement of both RANS and LES with the experiments is respectable. At the ADP,
RANS predicts a very similar profile to the LES. Slight differences can be observed in
the area of the suction side separation, where the reattachment position is delayed in the
RANS. Moving towards positive incidence angles, this trend worsens. While the separation
position is also advanced in RANS, the difference in the size of the separation compared to
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LES is increased and to a higher pressure plateau. Looking at the negative incidence angles,
the agreement with the experiment in terms of reattachment on the suction side is weakened.
While the LES still fairly closely matches the length of the bubble for #; = 40deg, it is
significantly over-predicted for a; = 38 deg. At this point, RANS seems to be closer to the
experiment. Without further measurement data, the reason for the discrepancies is not
clear. Inflow turbulence or inhomogeneous inflow boundary conditions could be an issue
in the experiment. Yet, the pressure side separation is predicted well by the LES. Due to the
pronounced unsteadiness in this region, RANS faces significant issues in reproducing the
pressure distribution of the separation region, exhibiting artificial oscillations.

Figure 9. Instantaneous flow field at the mid span of the LES. The spanwise vorticity normalized by
the chord length and mean inflow velocity magnitude of the ADP is shown. The colormap ranges
from —26.3 (blue) to 26.3 (red). The illustrated pitch does not represent the original spacing used
in the simulations but is reduced for a better visibility. Markers A-D denote the reference points
discussed in the text.

4.3. Skin Friction

The skin friction coefficient on the blade, shown in Figure 12, underlines the observa-
tions made in the previous sections. It is defined as

VT + () + (T2)?

, 7)
0.50in12,

¢ = sign((Twx)) -

where the reference density pi, and reference velocity magnitude u;y, are taken from the CFD
inflow plane and averaged over both time and the inflow plane area. The separation onset,
i.e., first zero crossing of @, is shifted downstream with decreasing inflow angles. Both
RANS and LES agree on the location of separation, while the prediction of the reattachment
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point differs. While for large inflow angles the separation size is larger in RANS due to a
delayed transition, the difference decreases with smaller inflow angles, leading finally to a
shorter separation bubble at «; = 38 deg. Furthermore, RANS severely underpredicts the
skin friction after reattachment compared to LES.

Figure 10. Isosurfaces of the Q-criterion coloured by the velocity magnitude on the blade’s pressure
side of the LES with #; = 38 deg and a; = 40 deg. Markers A-C denote the reference points discussed
in the text.

1.04 O Experiment
0.9 1
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0 0.7 1
= 0.6
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Figure 11. Isentropic Mach number distribution along the blade for different inflow angles.
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Figure 12. Time- and space-averaged skin friction coefficient along the blade for different inflow
angles. The suction side is represented by positive values of x,, while the pressure side is represented

by negative values.
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On the pressure side, we can indeed discern a laminar boundary layer over the whole
blade length at inflow angles a7 > 43 deg. At a moderate negative incidence angle, we
observe the largest discrepancies between the LES and RANS. While no mean separation
can be found in both LES and RANS, the laminar-to-turbulent transition and, hence, rapid
increase of skin friction coefficient are not well predicted by RANS. This difference persists
towards the TE. In the largest negative incidence case, a pronounced, short separation
bubble is present in the mean flow field, in which transition occurs. Although the transition
is not well predicted by RANS, the difference in the skin friction coefficient past x,o] < —0.4
is smaller than for a; = 40deg.

4.4. Boundary Layer Analysis

To shed more light on the transition of the boundary layer, the maximum turbulent
kinetic energy along several boundary layer cuts on the suction and pressure side is shown
in Figure 13. The differences on the pressure side are most obvious. One can confirm the
observation made in the analysis of the skin friction coefficient that, for an inflow angle of
38 deg, RANS predicts a significantly delayed transition. Similarly, the transition observed
in the LES at 40 deg is not seen in RANS, which features a fully-attached laminar boundary
layer. Interesting observations can also be made close to the TE, where low-frequency
oscillations occur for a; > 43 deg. Certainly, these are not transition effects in the attached
boundary layer but rather oscillations of large-scale structures forming due to the profile
shape. In Figure 9-D, their effect on the wake is also visible in the instantaneous flow field.

— LES RANS
0.18
0.15 A

0.12

0.09 1
0.06 1
0.03 1
0.00 1
—0.03 1
—0.06

kmax,BL/Uizn - 006]

—0.09

—0.12

~1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Xrel

Figure 13. Maximum turbulent kinetic energy kmax g1, along boundary layer cuts on the suction
(4+x1e1) and the pressure (—x,) side. The position of the root point of the boundary layer cut on the
blade surface determines the x value in the plot. The turbulent kinetic energy is normalized by the
squared mean inflow velocity u2 .

On the suction side, the differences between RANS and LES are the largest in the
negative incidence cases. While the transition onset agrees fairly well, the level of turbulent
kinetic energy behind reattachment differs significantly. With increased incidence angles,
the differences in the level of turbulent kinetic energy reduce. It is, however, notable that,
for positive incidence angles, RANS features a higher turbulent kinetic energy after transi-
tion, which seems to contradict the friction coefficient distribution in Figure 12. However,
when examining the 2D distribution of turbulent kinetic energy along the boundary layer,
as shown in Figure 14, the maximum is closer to the wall in the LES. With approximately
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equal displacement thicknesses, the RANS exhibits a higher boundary layer momentum
thickness compared to the LES, resulting in larger shape factors and a reduced skin friction
beyond the transition region on the suction side.

kiu2,
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Figure 14. Turbulent kinetic energy k distribution along boundary layer cuts on the suction (4x¢])
and the pressure (—x,) side. The y-axis of each subplot represents the normalized wall distance.
The results of LES are shown as colored contours and the RANS results as white dotted contour lines.

4.5. Conventional Wake Loss Analysis

An important design quantity is the profile loss coefficient. While there are multiple
definitions of the loss, typically, the total pressure loss is measured and investigated with
the experiments [40]. Following Equation (5), the total pressure loss of the experiment,
RANS and LES for the considered inflow angles is shown in Figure 15.

0.5 A

0.4

0.34

0.2

0.14

0.0 -

O Experiment
— LES
RANS

a=38deg(j= —2)| [a=40deg(i=-1)] [a=43deg(j=0)| [a=46deg(j=1)] [a=48deg(i=2)|

Yrel +j

Figure 15. Time- and space-averaged total pressure loss coefficient w along the normalized pitchwise
coordinate y. of MP2.

The LES and experimental results agree exceptionally well in terms of both wake
width and peak loss, except for the 48 deg case. Only the loss profile of this high-incidence
case exhibits notable discrepancies. The experiment shows higher total pressure loss on
the suction side as the wake width increases, which is surprising since the isentropic Mach



Int. ]. Turbomach. Propuls. Power 2025, 10, 42 15 of 23

number distribution on the suction side aligns well with the LES, cf. Figure 11. Possible rea-
sons for this discrepancy could be on both sides. On the one hand, inhomogeneous (in-)flow
conditions might affect the results of the experiment, leading to certain blades being more
heavily loaded. The experiment also exhibits total pressure loss in the suction side passage,
which is found neither on the pressure side of the experiment, nor on the pressure and
suction side passage in the RANS and LES results. On the other hand, although carefully
set up, the LES might also exhibit some uncertainties. However, a simulation with two
blades, i.e., the setup has been duplicated in the pitchwise direction, showed no effect on
the total pressure loss. Furthermore, significant under-resolution of the LES is considered
as rather unlikely, since virtually no turbulent structures propagate into the coarser wake
region. On the chosen resolution, a grid convergence index of 0.40% for the integral loss of
the 48 deg case is reached. Additionally, a high-order spatial discretization is employed,
which is known for its excellent dispersion and dissipation properties, even at coarse
grid resolutions [41]. A simulation with an extended structured zone around the blade
and a refined outer wake region, totaling 7.0 x 10° DOF, affirms that there is virtually no
difference in the total pressure loss.

Comparing RANS with both other results, large discrepancies, especially in the peak loss,
can be observed, which is a known issue for RANS at lower Reynolds numbers, cf. [42—44].
For the positive incidence angles, the pressure side branch of the wake loss aligns well
with the LES. Yet, the width towards the suction side is overestimated. This effect could be
related to the larger momentum thickness and more energetic boundary layer, as discussed
in the previous section, which was especially present in the positive incidence case, cf.
Figure 14. At negative incidence angles, the flank on the pressure side diverges from those
found in the LES and experiment, which could be linked to the discrepancies found in the
separation and transition behavior. In contrast, the position of the wake loss profile on the
suction side is well aligned across all three results for negative incidence angles. However,
RANS consistently shows a significantly higher peak loss.

In profile design optimizations, the shape of the loss profile is often irrelevant and only
the integrated loss coefficient is considered. For this, flux-averaged or mixed-out quantities
are analyzed. However, for the present experimental campaign, the definition of mixed-out
quantities could not be comprehensively applied to the RANS and LES data. Since the mass
flow distribution was not available over the MP2 of the experiment but all methodologies
share the same position of MP2, we directly compare the area-integrated total pressure loss
coefficient, acknowledging that the physical foundation of an area-averaged stagnation
pressure is not given [45]. Figure 16 shows the respective loss polars for RANS, LES and the
experiments. RANS shows the expected offset. The largest difference of 43.7% is found to be
with &y = 46 deg, see Table 4. Apart from the highest incidence case, in which elevated loss
levels also occur in the passage, the LES agrees very well with the experiment, exhibiting
relative differences below 5%.

Table 4. Relative difference to the experimental integrated total pressure loss.

38deg 40deg 43 deg 46deg 48 deg

RANS 24.0% 17.3% 29.3% 43.7% 20.5%
LES —0.8% 4.4% —0.3 % 3.9% —24.6%
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Figure 16. Pitchwise-integrated total pressure loss coefficient on MP2.

Another important observation can be made here. RANS shows a disagreement
regarding the optimal incidence angle compared to the findings from the LES and experi-
mental results. Specifically, while the optimal inflow angle is identified as 43 deg for both
the LES and the experiment, RANS does not align with this value. In traditional design
paradigms, the primary focus is often on the general trend of the results rather than exact
values. If the trend predicted by the model is correct, a small offset of loss in the optimal
angle might be acceptable. However, in this case, the discrepancy in the optimal incidence
angle represents a substantial issue. This deviation suggests that RANS does not accurately
capture crucial aspects of the profile behavior for flows with low Reynolds numbers, which
could impact the design and performance predictions.

4.6. Cascade Deflection Characteristics
Figure 17 shows the deflection characteristics of the cascade for the different inflow

angles. It is computed as

v
6 = wq — arctan Q . (8)
()
46 —O— Experiment
— —— LES
(@) RANS
9]
T 441
g
> 45
D42
>
IS 401
IS
—
38
38 40 42 44 46 48

a1 [deg]
Figure 17. Pitchwise-integrated deflection angle 6 at MP2.

Clearly, the agreement between the experiment and LES is improved compared to
RANS for this quantity, with a maximum difference of 0.68 deg. RANS shows a larger
deviation from the experiment over the whole working range, underestimating the cascade
deflection by about 2.4 deg at maximum. While this may not seem significant at first
glance, in profile design optimization, where flow deflection is often a restrictive constraint,
the converged optimization results can fall outside the design constraints when re-evaluated
with high-fidelity approaches or experiments. For the positive-incidence off-design point,
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both numerical deflection characteristics deviate from the experiment, which is most likely
also linked to the increase of loss and uncertainties in the experimental setup observed and
discussed in Figure 16.

4.7. Entropy Generation Breakdown

In the previous section, a discrepancy between the profile loss predicted by RANS
and LES was identified. In the literature, such discrepancies are often addressed indirectly,
for example by analyzing boundary layer development or wake structures. While these
approaches can yield useful observations, they typically do not provide a direct link to the
underlying loss mechanisms. To enable a more targeted investigation, the present work
leverages high-fidelity simulation data in combination with an entropy generation analysis
based on the entropy balance equation. This approach, derived and employed for example
by Kock et al. [46,47], and more recently adapted for turbomachinery applications [48,49],
facilitates a more direct and physically motivated assessment of irreversible losses.

Ignoring the effects of temperature gradients and fluctuations, the main contributions
to the Favre-averaged entropy generation are [46]

1__oi;
ggnean:/vfaijax]-dv and

’;urbulent = / i(Tl]aL:/dV = / ideV,
v T 7 ox; vT

where V is the volume, T is the Favre-averaged temperature, 0jj is the viscous stress
tensor and pe is the Favre-averaged turbulent dissipation rate from the turbulent kinetic
energy equation [50]. Equally, one could now replace the turbulent dissipation rate by
the balancing terms of the turbulent kinetic energy equation, cf. [48]; however, for the
current article, the dissipation is used directly. Note that we only consider the resolved
scales in the implicit LES, which is justified considering the high resolution of the present
case. Furthermore, a decomposition of the domain into three different zones is performed
following Raina et al. [51]:
*  Suction-side boundary layer with d/c < 0.1 and above the camber line;
*  Pressure-side boundary layer with d/c < 0.1 and below the camber line;
¢ Trailing edge wake with (%Ag > 0.01N |wy| > |Wp|N[@y] > [@,]), where @ is the

vorticity vector and the prime coordinates represent the coordinate system aligned

with the mean flow.

The different zones are sketched in Figure 18 for the LES at the ADP.

Trailing edge
Suction side wake (wake)
BL (SSBL)

sure side
BL (PSBL)

Figure 18. Zones of the entropy generation analysis for the ADP flow field. The total viscous
dissipation is sketched in grayscale.

The results of the spatial decomposition of the entropy generation mechanisms nor-
malized with the total entropy generation of the LES in the ADP are shown in Figure 19.
Several observations can be made here. The first, which stands out the most, is that RANS
overestimates the turbulent dissipation in the wake of the profile for all inflow angles, which
can be linked to the overestimation of integral total pressure loss as shown in Figure 16. In
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the suction-side boundary layer, the agreement is better than in the wake. Nevertheless,
the mean flow contributions of RANS for all incidence angles are lower than in LES, which
is consistent with the lower skin friction on the suction side observed in Figure 12. The
trend of the turbulent contributions follows the observations made in the wake, where the
difference is especially pronounced in the highest positive incidence case (48 deg) with the
integral turbulent dissipation rate more than doubled for RANS. Combined with the higher
entropy generation in the wake, this seems to be a main factor for the large total pressure
loss observed in Figure 15. On the pressure side, a transitional boundary layer can be
observed for decreasing inflow angles. Here, the turbulent content increases significantly
at 40 deg and 38 deg, contributing to the overall entropy generation. In contrast, for RANS,
turbulent dissipation is observed at 38 deg but not at 40 deg, highlighting its inability to
correctly predict the transition on the pressure side.

1001 I Mean LES [ Mean RANS
g I Turbulent LES EZZ=Z= Turbulent RANS
(=)
(O] |
< 50
=

0 A

100 A
X
— _
o 50
wn
[a

100

SSBL [%]

38deg 40deg 43 deg 46 deg 48 deg

Figure 19. Mean and turbulent entropy generation contributions (Equation (9)) in three regions
compared for RANS and LES for the five considered inflow angles a;. The results are normalized by
the total contribution of the LES in the ADP.

5. Conclusions

This paper compares and analyses the effects of different incidence angles on a com-
pressor cascade’s flow parameters, measured and simulated with RANS and LES at a
Mach number of 0.6 and a Reynolds number of 150,000. The experimental measurement
campaign serves as the foundation of the analysis, providing the in- and outflow boundary
conditions as is, without relying on artificial tuning. In particular, note that the same
turbulent decay was used for the RANS and the LES.

The analysis of the high-fidelity setup reveals the significant influence of the AVDR
and the inflow turbulence. Ignoring the AVDR certainly results in a different flow topology,
shifting the total pressure loss towards the suction side. The influence of the inflow
turbulence was surprising since the turbulence intensity is only about 0.3%. Yet, the laminar
separation bubble was found to be susceptible to the perturbations that reduce its length
by 29%.
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The findings from the study with five inflow angles can be summarized as follows.
The agreement of the experiment and the LES is remarkable for the isentropic Mach number
distribution and total pressure loss coefficients. Noticeable differences can only be found
for the high positive incidence angle, where the loss on the suction side is higher than in
the experiment. The accuracy of RANS with the -Rey transition model for the presented
cases is also considerable. Major effects can be quite well predicted, e.g., the shift of the
suction-side separation and transition towards the leading edge for higher inflow angles
or the transition occurring on the pressure side for the high negative incidence case with
«1 = 38 deg. Nevertheless, deviations are still present, which can even negatively influence
design decisions. Generally, RANS showed a significant deviation in the integral total
pressure loss compared to the experimental results of at least 17.3% but up to 41.1%. While
a constant offset might be tolerable, trends should be correct. In contrast to the experiment
and to the LES, the least integral loss was not predicted in the ADP but at an inflow angle of
40deg, i.e., —2 deg incidence. Based on the comparison with LES in the form of boundary
layer analysis and entropy generation breakdown, this was linked to a failure to predict
transition on the pressure side of the cascade and, hence, missing entropy generation
from the turbulent boundary layer. In addition, our analysis revealed that TKE profiles in
the suction-side boundary layer were thicker in RANS, i.e., having a larger momentum
thickness compared to LES for all inflow angles and, therefore, larger suction-side boundary
layer loss. Moreover, the turbulent contribution to the generation inside the wake is also
over-predicted by RANS for all incidence angles, which translates to the larger integral
total pressure loss coefficient.

To conclude, the high-fidelity simulations using TRACE’s DG solver demonstrate
experimental-like accuracy for the considered compressor cascade flows in low-Reynolds-
number conditions. The detailed data provided by LES allow for an in-depth analysis of the
differences compared to RANS, revealing the limitations of the latter in predicting certain
flow characteristics in these off-design conditions.

While it is difficult to establish a general guideline for designers based on this study,
the main takeaway is that the uncertainties introduced by RANS do not always result in a
constant offset over the working range but are flow dependent and especially pronounced
in off-design conditions with an expected impact on working range predictions [52]. This
might lead to finding sub-optimal designs, which might even violate design constraints
when being re-evaluated with experiments. With the increasing feasibility of high-fidelity
scale-resolving simulations, particularly for low Reynolds number flows, LES offers a
powerful tool for validating design predictions early in the development process. One step
forward could be to adjust optimization constraints or targets based on the differences
between LES and RANS for the baseline design. In future studies, we aim to leverage the
high accuracy of LES in automated design optimization procedures, increasing fidelity
levels and improving predictive capabilities at challenging operating points. This approach
has the potential to enhance design reliability and reduce the reliance on experimental
validation in early-stage development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijtpp10040042/s1, Video S1: Instantaneous flow field visualization
from the LES for the five considered operating points. The five LES results were superimposed a
posteriori in a single video.
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Abbreviations

The following abbreviations are used in this manuscript:

ADP Aerodynamic design point
AVDR Axial velocity density ratio
DG Discontinuous Galerkin
DGSEM Discontinuous Galerkin Spectral Element Method
DOF Degrees of freedom

DNS Direct numerical simulation
LE Leading edge

LES Large-eddy simulation

MpP Measurement plane

MUSCL Monotonic Upstream-centered Scheme for Conservation Laws
RANS Reynolds-averaged Navier—Stokes
TE Trailing edge

Variables

b Pitch

c Chord length

cr Skin friction coefficient

d Distance

fs Sampling frequency

g Entropy generation

h Channel height

j Incidence

k Turbulent kinetic energy

p Static pressure

te Convective time unit

Uin Reference velocity magnitude
XY,z Cartesian coordinates

F Physical flux

T Static temperature

1% Volume

Ma Mach number

Re Reynolds number

Tu Turbulence intensity
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Angle
0 Deflection angle
Turbulent dissipation rate
Pin Reference density
w Total pressure loss, vorticity
o Viscous stress
¢, ¢ Blade-aligned directions (streamwise, normal, spanwise)
Subscripts
1 Inflow conditions at MP1
2 Outflow conditions at MP2
in Conditions at CFD inlet
out Conditions at CFD outlet
t Stagnation-point values
s Stagger angle
adv Advective component
rel Relative
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