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A Numerical Test Rig for
Turbomachinery Flows Based on
Large Eddy Simulations With a
High-Order Discontinuous
Galerkin Scheme - Part 3:
Secondary Flow Effects
In this final paper of a three-part series, we apply the numerical test rig based on a
high-order Discontinuous Galerkin scheme to the MTU T161 low pressure turbine with
diverging end walls at off-design Reynolds number of 90,000, Mach number of 0.6 and
inflow angle of 41◦. The inflow end wall boundary layers are prescribed in accordance
with the experiment. Validation of the setup is shown against recent numerical references
and the corresponding experimental data. Additionally, we propose and conduct a purely
numerical experiment with upstream bar wake generators at a Strouhal number of 1.25,
which is well above what was possible in the experiment. We discuss the flow physics at
midspan and in the end wall region and highlight the influence of the wakes from the up-
stream row on the complex secondary flow system using instantaneous flow visualization,
phase averages and modal decomposition techniques.

Keywords: large eddy simulation, discontinuous Galerkin spectral element method, corner
separation, unsteady wakes

1 Introduction1

With the general reduction of core engine sizes, the importance2
of understanding and predicting losses generated by secondary flow3
effects is increasing. These effects have been reviewed in the lit-4
erature for both compressors [1,2] and turbines [3] using predomi-5
nantly experimental methods or, due to the computational expense,6
Reynolds-averaged Navier-Stokes (RANS) based numerical meth-7
ods. While significant understanding has been established with8
these methods, new possibilities arise with the recent advances9
in scale-resolving simulations, such as Direct Numerical Simula-10
tion (DNS) or Large Eddy Simulation (LES). These reduce the un-11
certainty connected with RANS turbulence closures and can com-12
plement experimental campaigns with non-intrusive determination13
of the temporally and spatially highly resolved flow field. The14
majority of LES studies to date, however, has been limited to in-15
vestigating the statistically two-dimensional flow of airfoil sections16
at midspan. Due to the increasing availability of computational re-17
sources and maturing of high-order LES methods, 3D simulations18
of low-pressure turbines (LPTs) including the effect of end wall19
boundary layers have become possible in recent years [4–10].20

For example, Cui et al. [4] presented an extensive analysis of21
both midspan and end wall flow physics for the T106A LPT with22
parallel end walls at a Reynolds number of 160,000 using an incom-23
pressible second order accurate, unstructured Finite Volume (FV)24
method. The flow physics at midspan were illuminated using span-25
wise periodic simulations with and without incoming wakes at26
a reduced frequency of 0.68 based on chord length and trailing27
edge (TE) free stream velocity. In addition to the analysis of the28
suction side separation, they discussed the origin of longitudinal29
vortices on the pressure side as possible Görtler instability [11].30

1Corresponding Author.
Version 1.18, November 15, 2023

With simulations of the end wall flow resolving 40% of the span, 31
they investigated the effect of the inflow boundary layer state (lami- 32
nar or turbulent) on the development of the secondary flow system. 33
Pichler et al. [6] investigated the effect of inflow boundary layer 34
state on the secondary flows for the T106A at a Reynolds number 35
of 120,000 and a Mach number of 0.59 using a compressible fourth 36
order accurate Finite Difference (FD) method. The study was moti- 37
vated by the scarce experimental data available about the incoming 38
boundary layer and found that the shape of the velocity profile 39
under constant boundary layer thickness has an influence on the 40
extent of the secondary flow system into the passage. The midspan 41
separation remained largely unaffected by this variation. A DNS 42
analysis of the secondary flows in the T106A at a Reynolds number 43
of 90,000 under the influence of wakes at a Strouhal number of 0.79 44
based on chord length and inflow axial velocity was conducted by 45
Koschichow et al. [5] using an incompressible second order accu- 46
rate FV solver. They showed only a weak influence of the wakes on 47
the secondary flow system. It has to be noted, though, that the inlet 48
boundary layer had a thickness of only 3% of the channel height. 49
Another notable series of papers focuses on the front-loaded L2F 50
LPT cascade at different Reynolds numbers employing state-of- 51
the-art measurement techniques and numerical simulations with a 52
compressible ninth order accurate FV solver with weighted essen- 53
tially non-oscillatory (WENO) discretization [8,12]. Robison et 54
al. [10] investigate the difference between wakes generated by bars 55
compared to an LPT profile (50% reaction stage) at a Reynolds 56
number of 160,000 and a Mach number of 0.1. While the bar 57
wakes had very little influence on the secondary flows, the wake 58
of the upstream blade did indeed suppress the secondary vortices 59
in the passage due to its own strong secondary flow structures. 60

In this paper, we investigate the MTU T161, which is represen- 61
tative of high-lift LPT blades used in modern jet engines [13] and 62
whose geometry and boundary conditions have been made pub- 63
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Table 1 Overview of numerical setups. The number of degrees of freedom can be obtained by nDoF = nx y nz (N + 1)3.

Configuration 𝑛𝑥𝑦 𝑛𝑧 nDoF / 106 nMPI CPUh/𝑡𝑐 Δ𝑡/10−6𝑡𝑐 𝑡avg/𝑡𝑐 Ma2,th Re2,th

Steady fine 5220 168 189.4 5120 25852 13.65 100 0.5963 89573
Steady coarse 3188 98 67.9 2560 5861 18.19 31 0.5974 89704
Steady unstructured 3696 168 134.1 2560 15324 13.65 64 0.5970 89644
Wakes unstructured 5385 168 195.4 1920 33712 13.02 78 0.5763 85873

licly available by MTU Aero Engines. In contrast to the literature64
discussed above, this case features end walls diverging at an angle65
of 12°. Iyer et al. [7] have performed a DNS of this cascade at66
the aerodynamic design point at a Reynolds number of 200,00067
and a Mach number of 0.6 with laminar inflow boundary layer and68
no free stream turbulence using a compressible fifth order accurate69
flux reconstruction method. They present a thorough analysis of the70
midspan separation bubbles, which show a Kelvin-Helmholtz (KH)71
instability-based transition, and the end wall vortices. A DNS at72
a Reynolds number of 90,000 and a Mach number of 0.6 using a73
compressible second order accurate FV solver was conducted by74
Müller-Schindewolffs et al. [14] on a midspan section with slip75
walls to model the effect of the diverging end walls focusing on76
the modelling of the separation-induced transition on the suction77
side. Fard Afshar et al. [15] presented a full 3D LES of the same78
operating point using the compressible second order accurate FV79
scheme of our DLR Computational Fluid Dynamics (CFD) solver80
TRACE. Their analysis was focused on turbulence anisotropy in81
the transitional suction side region around midspan.82

Our investigations are carried out using the high-order83
Discontinuous Galerkin (DG) solver of TRACE with sliding in-84
terface capability on unstructured hexahedral meshes [16,17]. For85
a detailed description of the numerical method, we refer the reader86
to part 1 of this paper. This study of the T161 is conducted at off-87
design conditions at an exit Mach number of 0.6, an exit Reynolds88
number of 90,000 and an inflow angle of 41◦. The incoming89
end wall turbulent boundary layers and freestream turbulence are90
generated using a Fourier based synthetic turbulence generation91
method and carefully adjusted to reproduce the conditions found92
in the wind tunnel [18]. Both mid-span blade loading and the total93
pressure losses in a plane behind the blade will be shown to be in94
excellent agreement with the available experimental data [19] and95
recently published numerical data [15,20]. We assess the mesh in-96
dependence of the results by comparing two structured grids with97
different resolutions and an unstructured hexahedral grid corre-98
sponding to the fine structured grid. Based on the validated setup,99
we use the extensive set of time-resolved data to analyze the flow100
physics starting with the statistically 2D phenomena encountered101
around blade mid-span. We then focus on the secondary flow102
structures and discuss them in view of existing literature.103

Finally, we present a first application of the purely numerical104
test rig. Experiments with bar wake generators in the past have105
suffered from mechanical constraints preventing engine relevant106
Strouhal numbers and flow coefficients. Hence, we set up a full 3D107
configuration of the T161 with a cylindrical wake generator placed108
at a third of the axial chord length upstream of the blade and a109
Strouhal number 1.25. For a comparable average incidence angle110
on the blade, the inflow angle was adapted to account for the flow111
turning of the moving cylinder. We discuss the effect of the wakes112
on the average solution and investigate the involved mechanisms113
using phase-averages and modal decomposition techniques.114

2 Numerical setup115

Since the numerical method used in this paper itself has been116
extensively described in part 1, we restrain ourselves to the descrip-117
tion of the numerical setup of the MTU T161 (see also [18]). We118
perform an implicit LES using a Discontinuous Galerkin Spectral119
Element Method (DGSEM) with Legendre-Gauss-Lobatto nodes120
and a polynomial order of 𝑁 = 5 with anti-aliasing performed121

by the split-formulation of Kennedy and Gruber. Roe’s approx- 122
imate Riemann solver is applied for the advective part introduc- 123
ing sub-grid dissipation and the viscous terms are discretized by 124
the Bassi-Rebay 1 scheme. To advance in time, a third-order ex- 125
plicit Runge-Kutta scheme of Shu et al. has been used. Turbulent 126
fluctuations are introduced at the inflow plane using a Synthetic 127
Turbulence Generator (STG) based on a superposition of Fourier 128
modes with random phases and direction vectors, which produce a 129
modified von Karman spectrum [21]. 130

An overview of all computations presented here is given in 131
Tab. 1. The isentropic Mach number Ma2,th is obtained from the 132
isentropic relation between the inlet total pressure 𝑝𝑡1,ref and the 133
outlet static pressure 𝑝2,ref . With the inlet total temperature 𝑇𝑡1,ref 134
and the chord length 𝐶, the isentropic Reynolds number Re2,th can 135
be obtained using Sutherland’s law for the viscosity. We define a 136
convective time unit 𝑡𝑐 = 𝐶/| |u2,area | | using the chord length and 137
the area averaged outlet velocity. Note, that some authors define 138
this based on axial chord length and axial outlet velocity which 139
would result in 2.13𝑡𝑐 for this case. The bar passing period is 140
given by 𝑡bar = 𝑙pitch/𝑢bar = 1.554𝑡𝑐 . Hence, the averaging time 141
for the simulation with wakes covers 50 bar passes. All LES were 142
initialized with RANS solutions and run for roughly 10𝑡𝑐 to wash 143
out the initial transient before starting to record statistics. The end 144
of the initial transient was confirmed using the marginal standard 145
error rule (MSER). The method analyzes the reduction of the sta- 146
tistical confidence interval on the mean for a given quantity by 147
using an increasing number of samples going backwards through 148
the time signal. It then marks the end of the initial transient as the 149
time where the confidence interval becomes minimal. A detailed 150
description this method applied to the LES of an LPT can be found 151
in [22]. 152

All computations were conducted on DLR’s CARA HPC clus- 153
ter consisting of compute nodes with two AMD EPYC 7601 (32 154
cores; 2.2 GHz) CPUs and 128 GB DDR4 RAM each, connected 155
via InfiniBand HDR. Note that none of these simulations were 156
conducted in a clean environment required to produce reliable per- 157
formance and scaling results. As discussed in part 1 of this paper, 158
the parallel efficiency of the sliding mesh interface can be improved 159
in the future by introducing restrictions on the mesh topology at 160
the interface. 161

2.1 Meshing strategy. The DGSEM employed in this 162
work [17] requires conformal meshes consisting of hexahedra 163
only. Furthermore, the elements need to have a geometry order 164
greater than one to allow for the representation of smoothly curved 165
boundaries. One of the great advantages of this method is the fact, 166
that it allows for unstructured grids. However, mesh generation 167
tools capable of creating conformal pure hexahedral meshes with 168
unstructured 3D refinement/coarsening are not readily available. 169
In 2D, on the other hand, reliable algorithms exist to create 170
conformal pure quadrilateral meshes, which are implemented in 171
the open source software Gmsh [23]. This leads to our current 172
meshing strategy for prismatic blades. We first create a 2D 173
pure quadrilateral mesh either with a block structured or fully 174
unstructured topology. In a second step, it is extruded using an 175
S2m grid, which essentially contains the relationship of axial 176
position and spanwise point distribution, to obtain the final pure 177
hexahedral mesh. This approach comes with the limitation, that 178
the wall-parallel resolution required at hub and tip is fixed for all 179
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Fig. 1 High-order grids in x y -plane (inner solution points not
shown) for cases steady fine (top), steady unstructured (mid-
dle) and wakes unstructured at phase φ = 0 with sliding inter-
face in red (bottom)

spanwise planes.180
Fig. 1 shows the different 2D grid topologies used to simulate the181

flow through the cascade. Only the high-order elements without182
their inner solution points are shown. The first (top) is a block183
structured grid topology which has been used in previous studies,184
e.g. [17,24], created with our in-house tool PyMesh. Both the fine185
and the coarse mesh use this topology. It consists of an O-block186
around the blade to accurately represent the boundary layers. It is187
wrapped by a C-block and the remaining space is filled with H-188
blocks. This topology allows for a high-quality mesh in terms of189
stretching rates and orthogonality. A major drawback here is, that190
changes in resolution in one part of the domain often affect large191
portions of the mesh. Hence, trying to fulfill minimum resolution192
requirements almost automatically leads to excessive resolution in193
other parts of the domain.194

This problem can, of course, be overcome by a fully unstructured195
topology (middle). Here, we start with a boundary layer mesh of196
O-type as well, with the difference, that now the points around the197
blade can be distributed freely without any topological restrictions.198
High resolution in the wake is enforced locally without effect on199
any other region of the domain. Towards the outflow, the resolution200
can be easily relaxed. Towards the inflow boundary, on the other201
hand, we introduce a transfinite block as in the block structured202
case to ensure a high-quality mesh for the incoming turbulence.203
Compared to the block structured case, we were able to reduce the204
number of elements per plane 𝑛𝑥𝑦 by 29% (see Tab. 1) using this205
approach while enforcing the same LES resolution requirements206
with respect to the end wall boundary layer and even improving207
the resolution on the pressure side (see Fig. 2).208

Finally, Fig. 1 (bottom) shows the unstructured grid with the209
wake generator placed upstream of the blade. Here, the blade210
mesh was kept and only the region around the wake generator was211
newly designed. A small but important detail is the introduction212
of one layer of transfinite elements upstream and downstream of213
the sliding interface shown as dashed red line. This ensures that214

0
20
40
60
80

Δξ
+

LES fine LES coarse LES unstructured

0.0
0.5
1.0
1.5
2.0
2.5

Δη
+

Δ1.0 Δ0.5 0.0 0.5 1.0 1.5
s/Cax

0
20
40
60
80

Δζ
+

Fig. 2 Midspan non-dimensional cell sizes for the steady
cases

elements connect with the interface with their faces, not with edges 215
only. The mesh around the wake generator increases the number 216
of elements by 47% compared to the steady case. 217

Sufficient grid resolution has to be verified for LES. This can 218
be done by comparing average solution point distances, defined as 219
element edge length divided by polynomial order 𝑁 , in wall units. 220

In Fig. 2, these are given as Δ𝜉+ (streamwise), Δ𝜂+ (wall nor- 221

mal) and Δ𝜁+ (spanwise) on the blade centerline. The major issue 222
with the coarse mesh was the spanwise resolution. It was fixed by 223
approximately doubling the number of elements in spanwise direc- 224
tion in the fine mesh. Additionally, the wall normal spacings were 225
slightly reduced. The unstructured mesh was designed to essen- 226
tially replicate the properties of the fine mesh on the suction side 227
while the unstructured topology could be exploited on the pressure 228
side to significantly increase the streamwise resolution locally. On 229
the end walls, cell sizes in streamwise and spanwise cell direction 230
have to be taken as approximate since the cells are not perfectly 231
aligned with the flow direction for the structured mesh. For the 232
fine mesh, streamwise, wall normal and spanwise resolution of 233

Δ𝜉+,Δ𝜂+,Δ𝜁+) < (65, 1.7, 60) was achieved with average values 234
of (23, 0.81, 19). Since the construction of the unstructured mesh 235
followed the structured one, the same maxima were enforced, al- 236
lowing slightly larger average values. The resolution in the free 237
stream was ensured by the ratio of solution point distance and esti- 238
mated Kolmogorov scale below 6 along a mid passage streamline. 239
In Sec. 3, results for all three different grids will be shown to assess 240
the mesh influence on different aspects of the flow. 241

2.2 Synthetic turbulence. The procedure to derive appropri- 242
ate inflow boundary conditions both in terms of boundary layer 243
development and freestream turbulence decay has been recently 244
described by the present authors [18]. We repeat the most im- 245
portant aspects here. A preliminary finite length channel flow 246
is simulated using the same mesh and flow conditions as in the 247
planned simulations of the cascade. For this, we choose a bound- 248
ary layer profile from a DNS database [25], whose momentum 249
thickness Reynolds number is lower than our target known from 250
the experiment, and scale it to match the desired freestream total 251
pressure. Outside of the boundary layer, we set a first guess of 252
Reynolds stresses and turbulent length scale. From the resulting 253
development of boundary layer thickness, we can deduce the re- 254
quired distance of the inlet plane from the upstream measurement 255
position for the cascade simulation. Once, the position of the inlet 256
plane is fixed, the freestream turbulence quantities can be adapted 257
to achieve the required decay. It has to be noted in this case, that 258
we chose a stronger decay than seen in the experiment to avoid 259
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thickness Reynolds number Reθ and normalized boundary
layer profiles at selected axial positions A, B and C, δ99 bound-
ary layer edge illustrated in lower plot

a turbulent length scale so large that it conflicts with the periodic260
boundaries. So, while we match the development of the bound-261
ary layer thickness, we only match the turbulence intensity at the262
leading edge (LE) of the blade [18].263

Fig. 3 shows the result of this procedure in terms of momentum264
thickness Reynolds number Re𝜃 and selected boundary layer pro-265
files (A, B, C) for the channel flow compared with both LES setups266
and experimental data. The experimental setup corresponds to the267
clean channel flow with parallel end walls since the cascade was268
not installed in the rig for these measurements. The geometrical269
features of the LES setup with diverging end walls and the blade270
are illustrated for orientation. While the boundary layer at stations271
A and B shows good agreement between the channel flow and the272
setup with blade, the combined upstream effect of the blade and273
diffuser can be observed at station C. Note that our 𝛿99/ℎ bound-274
ary layer thickness falls between values from literature of roughly275
0.01 [4] and 0.1 [6] (both determined by optical inspection of their276
velocity plots).277

2.3 Wake generators. We chose a circular cylinder with a di-278
ameter of 𝑑bar = 2mm to investigate the effect of unsteady wakes279
on the cascade flow and see this only as a first step towards full280
blade row interaction studies. In contrast to a full upstream turbine281
blade, the cylinders will not generate pronounced secondary flows282
at the end wall, which would have different effects on the down-283
stream blade row [10]. Compared to the experiment, we are able to284
achieve more realistic flow coefficients and Strouhal numbers be-285
cause the simulation does not suffer from mechanical constraints286
of the thin cylinder. One wake generator per cascade blade is287
placed at an axial distance of 0.3𝐶ax upstream of the LE resulting288
in a flow coefficient of Φ = 𝑢1,ax/𝑢bar = 0.78 based on the pitch-289
averaged centerline axial velocity between the bar and the blade290
LE at 𝑥/𝐶ax = −0.2 and a Strouhal number of291

Sr =
𝐶ax𝑢bar

𝑙pitch𝑢2,is,ax
= 1.25 (1)292

with the centerline isentropic axial exit velocity 𝑢2,is,ax computed293
from the isentropic exit Mach number, outflow angle and outflow294
speed of sound.295

A cylinder moving through a uniform flow will produce both296
total pressure loss and flow turning. The first, if not corrected297
for, leads to a slight reduction in isentropic Reynolds and Mach298
number as shown in Tab. 1. The second, more importantly, will299
change the effective incidence for the blade. To be able to discuss300
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Fig. 4 Midspan relative blade pressure compared with nu-
merical results of Müller-Schindewollfs [14], Fard Afshar [15],
Rosenzweig [20] and experiments [19]

the effects of upstream wakes independently, we adapted the flow 301
angle at the inlet of the domain such that the blade sees the same 302
averaged incidence of 41◦ as in the steady case. After a series 303
of first RANS and then LES of only a spanwise periodic moving 304
circular cylinder, the inflow angle was set to be 𝛼1 = 47◦. The 305
usage of LES in this prestudy was necessary because RANS cannot 306
accurately predict cylinder drag. 307

The end walls are moving at the same relative velocity as the 308
cylinder from the inlet up to 𝑥/𝐶ax = −0.15. Nevertheless, we 309
specify the same boundary layer profile at the inflow. As a result, 310
the end wall boundary layers will be skewed due to the viscous 311
forces and experience a sudden change in wall velocity just up- 312
stream of the blade. This setup is comparable to the procedures 313
in multi-stage RANS when cavities are not resolved. Fig. 3 shows 314
the resulting reduction in Re𝜃 and the effect on the boundary layer 315
profiles in the absolute frame of reference. In contrast to the sim- 316
ulations with non-moving end walls, the absolute velocity at the 317
wall non-zero for the case with wakes. From station A to C it can 318
be seen how the diffusion of momentum towards the channel center 319
deforms the velocity profile. Overall, the integral parameters of the 320
boundary layer are still comparable and smaller than the variation 321
investigated by Rosenzweig et al. [20]. 322

3 Verification 323

Before we start to analyze the influence of wakes, we will verify 324
our setup without wake generators against experimental data and 325
other numerical studies of the same or a very similar configuration. 326
It is important to clearly state how the non-dimensionalization of 327
the shown quantities has been performed. We need a reference 328
stagnation temperature, stagnation pressure and static pressure, 329
which we choose to determine in the following way. The reference 330
stagnation temperature 𝑇𝑡1,ref and pressure 𝑝𝑡1,ref are chosen as 331
the maximum values of the temporally averaged centerline temper- 332
ature and pressure distribution on the blade surface. The reference 333
static pressure 𝑝2,ref is taken as the time and pitchwise area aver- 334
aged pressure in the outflow plane at 𝑥/𝐶ax = 1.914. With these 335
quantities and the chord length 𝐶 of the blade, we can compute 336
the isentropic Mach and Reynolds numbers using the isentropic 337
relations and Sutherland’s law for the viscosity. Tab. 1 confirms 338
that the intended operating point has been successfully set up. 339

The midspan blade loading is shown in Fig. 4 against experi- 340
mental [19] and numerical [14,15,20] references as relative pres- 341
sure 𝑝/𝑝𝑡1,ref . The error bars for the experimental data indicate an 342
estimated 1%-point uncertainty for the pressure measurements for 343
orientation. For the numerical references, there is no information 344

4 / MORSBACH / TURBO-23-1165 Transactions of the ASME



0.0 0.2 0.4 0.6 0.8 1.0
x/Cax

−0.03

−0.02

−0.01

0.00

0.01

0.02

c f

LES Fard Afshar, 2022
LES Rosenz eig, 2023

LES fine
LES coarse
LES unstructured

Fig. 5 Midspan blade skin friction coefficient

−1.6 −1.4 −1.2 −1.0 −0.8
(y− yLE)/lpi(ch

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

ω

Press)re
side

S)c(ion
side

Experimen(
LES Müller-Schindewolffs, 2017
LES Fard Afshar, 2022
LES Rosenzweig, 2023

LES fine
LES coarse
LES unstructured

Fig. 6 Midspan wake total pressure loss coefficient at
x/Cax = 1.4

available on sampling error. In the following, we will show 68%345
confidence intervals for all our LES runs [22]. In this figure, they346
are within the line thickness for this rapidly converging quantity.347
First of all, the mesh dependence for this quantity is negligible348
for the three setups considered here. Our results show excellent349
agreement with the experiments and the other LES on the pressure350
side. Only in the region on the suction side leading up to separa-351
tion, there is a slight offset between experiment and numerics and352
also some scatter between the different numerical references. This353
offset can also be seen in Fig. 5 compared to Rosenzweig’s results354
for the skin friction coefficient computed as355

𝑐𝑓 =
sgn(𝜏𝑤,𝑥)

√︂
𝜏𝑤,𝑥

2 + 𝜏𝑤,𝑦
2

𝑝𝑡1,ref − 𝑝2,ref
. (2)356

Apart from that, subtle differences between the numerical results357
are only apparent in the transition and reattachment region shown358
in the zoomed inset axes. Compared to our and Rosenzweig’s359
results, Fard Afshar obtained a slightly premature transition peak.360
Furthermore, our coarse mesh shows a slightly delayed recovery361
after reattachment.362

The turbulent mixing behind the blade is another important as-363
pect of the flow. We evaluate the total pressure loss coefficient364
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Fig. 7 Pitch averaged wake total pressure loss coefficient at
x/Cax = 1.4

365

𝜔 =
𝑝𝑡1,ref − 𝑝𝑡 (𝜌, 𝑢, 𝑣, 𝑤, 𝑝)

𝑝𝑡1,ref − 𝑝2,ref
, (3) 366

where we compute the local stagnation pressure 𝑝𝑡 from the time- 367
averaged primitive variables via the isentropic relations for an ideal 368
gas, in the plane at 𝑥/𝐶ax = 1.4. Fig. 6 shows 𝜔 at midspan 369
in the blade-to-blade direction. All reference results have been 370
offset along the 𝑦-axis to align with the peak loss, since the exact 371
coordinate system was not known. Again, the agreement with the 372
experiments and the 3D LES results is satisfactory. The Q3D result 373
by Müller-Schindewollfs [14] deviates both in terms of peak loss 374
and of the slope on the suction side. 375

As a final verification, Fig. 7 shows the pitchwise mass aver- 376
aged total pressure loss coefficient over the relative channel height 377
in the same plane. Here, the upper and the lower half of the 378
channel have been used for a combined average by exploiting the 379
symmetry about the midspan plane. Apart from the consistent off- 380
set to Rosenzweig’s results (profile B) [20] from midspan to about 381
𝑥/ℎ = 0.3, the major difference between can be seen close to the 382
end wall for 𝑥/ℎ > 0.4. Our results show better agreement with the 383
measured data in this region, although both inflow boundary layer 384
profiles share the same momentum thickness. The discrepancy 385
might be attributed to differences in the boundary layer thickness 386
𝛿99 and will be investigated in the future. 387

In summary, two conclusions can be drawn. Our setup is con- 388
sistent with both the experiment and recent numerical simulations 389
with different discretization schemes. For the quantities shown in 390
the above discussion, we have used sufficient grid resolution as 391
the differences between our three simulations are mostly within 392
the 68% confidence intervals. We have identified a region in the 393
reattaching flow at midspan where the coarse mesh shows some 394
deviation. However, the two topologically different grids (fine and 395
unstructured) show excellent agreement in all respects. Hence, 396
we see our setup as sufficiently verified to continue with a more 397
detailed analysis of the flow physics. 398

4 Flow analysis 399

Fig. 8 gives an impression of the instantaneous turbulent struc- 400
tures for both cases. In the following, we will discuss the flow 401
physics focusing first on the suction and then on the pressure side. 402

4.1 Suction side. We start our discussion of the flow physics 403
with a midspan section of the blade, which is essentially not in- 404
fluenced by the secondary flow structures. On average, the flow 405
separates on both the suction and pressure side of the blade as can 406
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A
B

Fig. 8 Instantaneous vortex structures of the flow through the MTU T161 LPT visualized by a QC 2
ax/||u2 | |

2 = 500 isosurface
clipped at midspan for the case without wakes (left) and with wakes (right)

Fig. 9 Comparison between cases with and without wakes of
midspan relative blade pressure with instantaneous values as
thin lines

be seen in Fig. 9 and 10. In addition to the average values, in-407
stantaneous values are shown as thin lines to give an indication of408
the variance. A classic laminar separation bubble with subsequent409
transition to turbulence in the separated shear layer can be observed410
on the suction side. This follows the Kelvin-Helmholtz instability411
mechanism as already discussed in the literature [7,14,15]. The412
turbulent wakes are able to completely suppress the separation413
on average. However, the instantaneous vorticity in Fig. 11 and414
the phase-averaged surface streaklines in Fig. 12 show intermit-415
tent separation for 𝜙 = 0.4 and 0.6 (A). As can be seen in Fig. 8416
(right), there is a strong spanwise variation in the turbulence in-417
tensity with relatively calm regions (A) and structures resembling418
turbulent spots (B) during this phase. At 𝜙 = 0.6, the turbulent419
structures from the wake begin to destabilize the until then, lami-420
nar suction side boundary layer at the LE. Subsequently, at around421
𝜙 = 0, after the wake has passed, a new laminar boundary layer422
starts to develop from the LE until it separates. Fig. 10 underlines423
this argument. While the variance of 𝑐𝑓 upstream of separation is424
negligible in the case without wakes, significant variance can be425
observed on the suction side in the case with wakes indicating a426
more turbulent boundary layer.427

The system of secondary flows is driven by the interaction of428
the incoming end wall boundary layer with the blade and the pas-429
sage cross flow generated by the pressure difference between pres-430

Fig. 10 Comparison between cases with and without wakes
of midspan blade skin friction coefficient with instantaneous
values as thin lines

sure und suction side. This cross flow can be seen in Fig. 13 431
(A) represented as surface streaklines visualized using line inte- 432
gral convolution (LIC). The pressure side leg of the horse shoe 433
vortex is amplified by the pressure gradient, lifts off from the end 434
wall and becomes the passage vortex (PV) while the suction side 435
leg rapidly dissipates. On the suction side of the blade, the PV 436
induces a cross flow towards midspan (B), significantly reducing 437
the channel height in which statistically 2D effects dominate the 438
flow (C). Together with the trailing shed vortex (TSV), it forms 439
the center of secondary flow loss [18]. Fig. 14 shows the total 440
pressure loss coefficient 𝜔 at 𝑥/𝐶ax = 1.4 both time averaged and 441
spatially averaged using the symmetry plane at 𝑧 = 0. Note that 442
the reference stagnation and static pressures are taken at midspan. 443
For reference, the experiment is plotted as white contour lines over 444
the case without wakes and shows a very good agreement over the 445
whole plane. 446

The simulation with wakes shows increased total pressure loss 447
over the complete channel height but especially in the region of the 448
secondary flow vortices. This might seem counterintuitive at first 449
since the wakes are able to suppress the suction side separation 450
bubble on the blade. Still, the peak loss at midspan is increased 451
by 20% and the mixing of the cylinder wake during its convec- 452
tion through the blade passage leads to an overall increased total 453
pressure loss by a factor of 1.33 at midspan. While the shape of 454
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No wakes 𝜙 = 0 𝜙 = 0.2

𝜙 = 0.4 𝜙 = 0.6 𝜙 = 0.8

Fig. 11 Instantaneous vorticity ωz at midspan for the case without wakes and 5 phases with wakes

the loss distribution near the end wall boundary layer seems to be455
essentially not influenced by the wakes, the structure of the vortex456
loss region changes with the losses generated by the PV becoming457
dominant over the losses generated by the TSV.458

To understand the mechanisms behind this, we performed a459
Proper Orthogonal Decomposition (POD) of the flow field in the460
wake plane at 𝑥/𝐶ax = 1.4 using combined snapshots of all three461
fluctuating velocity components 𝑢′, 𝑣′ and 𝑤′ [26]. This analysis462
revealed an essentially fully turbulent spectrum for the case without463
wakes with only very subtle large-scale motions of the secondary464
vortices accounting for 2% of the total energy in the first two465
modes. It cannot be ruled out by the present investigation that a466
very low frequency periodic oscillation of the secondary flow sys-467
tem exists, as e.g. reported using Particle Image Velocimetry (PIV)468
for compressor corner separation with a period of 80 convective469
time units [27]. On the other hand, in the case with wakes, the470
first two modes contain 21% of the total energy and, in addition471
to the midspan effects, exhibit a significant motion of the PV and472
TSV. The results are presented in Fig. 15 as a phase-averaged473
reconstruction of the vorticity 𝜔𝑥 using the first six POD modes.474
A comparison of the averages on the left confirms the above dis-475
cussion in that the area covered by the secondary vortices is more476
smeared out with incoming wakes. Here, the PV can be found in477
red with a positive sense of rotation while the TSV rotates in the478
opposite direction indicated by blue colors. The phase-averaged479
values illustrate the large-scale motion of the vortex system caused480
by the wakes. Most notably, a second center of positive vorticity481
periodically occurs at 𝜙 = 0.4 (A). At this point, the TSV is in its482
most smeared out state before it starts to re-establish at 𝜙 = 0.8483
(B) and gain its maximum strength at 𝜙 = 0 (C).484

To connect this analysis with the rest of the flow field, data ob-485
tained through in-situ 3D phase averages are visualized in Fig. 12.486
On the symmetry plane at 𝑧 = 0, the magnitude of the velocity487
difference between the phase average and the time average | |˜︁u−u| |488
is shown to indicate the position of the wake. The flow topology489
on the suction side surface is visible on the upper part of the blade490
as surface streaklines. Unfortunately, even after 50 bar passes, the491
phase averages are still rather noisy, which makes it especially hard492
to smoothly evaluate gradient quantities such as vorticity or the Q-493
criterion. Hence, we visualize the vortices using the Q-criterion494

only for the average flow field while we resort to slices of vorticity 495˜︂𝜔𝑥 at 𝑥/𝐶ax = {0.6, 1.0, 1.4} to track the development of the pas- 496
sage vortex. The latter still exhibits a significant amount of noise. 497
Qualitatively, however, the structures agree very well with Fig. 15, 498
highlighting the usefulness of POD to extract periodic phenomena 499
from turbulent flow fields. Already at 𝑥/𝐶ax = 0.6, the PV, which 500
can again be identified on the slices as area of positive axial vor- 501
ticity, shows a significant variation in size between the different 502
phases. While the positive vorticity extends far into the passage at 503
𝜙 = 0 (B), the PV is compressed towards the suction surface and 504
lifted off the end wall until 𝜙 = 0.6 when it starts to relax again 505
(C). In the plane at 𝑥/𝐶ax = 1, the same behavior can be observed 506
with a phase shift of roughly 0.4 (B’, C’). This movement modu- 507
lates the induced cross flow towards midspan in the end wall region 508
of the blade (D). Another factor is the periodic flow separation at 509
midspan (A). When it appears at 𝜙 = 0.4, it drives more fluid from 510
the end wall towards midspan. This influences the convergence of 511
streaklines feeding the TSV by moving it towards midspan while 512
at the same time weakening it (E). This can be seen in the TE 513
plane at 𝑥/𝐶ax = 1 where the TSV is strongest and closest to the 514
end wall at 𝜙 = 0.2 just before the midspan flow separates. In the 515
subsequent phases, this area of negative vorticity is driven away 516
from the end wall and weakened until 𝜙 = 0. Hence, the combined 517
influence of the moving PV and the intermittent separation leads 518
to the movement of the TSV making it more spread out on average 519
compared to the case without wakes. The movement of PV and 520
TSV can be observed in the wake plane at 𝑥/𝐶ax with a respective 521
phase shift. 522

4.2 Pressure side. The physics of the pressure side separation 523
have been represented less prominently in the literature. Fig. 16 524
shows the formation of vortical structures along the pressure sur- 525
face in a section between 𝑧 = ± 1

8 ℎ around midspan. These struc- 526
tures emerge shortly behind the LE and are stretched towards trail- 527
ing edge as the flow accelerates. Furthermore, long vortex streaks 528
are visible at a distance to the wall. The origin of the vortex struc- 529
tures on the pressure surface has been identified in the literature 530
as either Taylor-Görtler instabilities, in case of low freestream tur- 531
bulence, or as strained wake vortices, in case of high freestream 532
turbulence [28]. Shortly behind the LE, the shear layer on the 533
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Fig. 12 Averaged and phase-averaged surface streaklines and axial vorticity ωx in planes x/Cax = {0.6, 1.0, 1.4}. Vortices of
averaged solution visualized with QC 2

ax/||u2 | |
2 = 1 isosurface colored with ωx , midspan wake visualized using difference of

phase-averaged and time averaged velocity | |˜︁u − u| |

D
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PV
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Fig. 13 Averaged surface streaklines on pressure side (left) and suction side (right) and tip wall at positive z colored with axial
wall shear stress component for the case without wakes, vortices visualized using a QC 2

ax/||u2 | |
2 = 1 isosurface colored with

axial vorticity, axial vorticity ωx additionally shown in planes x/Cax = {0.6, 1.0, 1.4}.

pressure side lifts-off the blade wall and becomes unstable. It is,534
therefore, concluded that the primary instability causing the vortex535
structures along the pressure surface is triggered by this separation.536
The characteristic 𝑧-aligned roll-ups are consequently observable537
(1). After their formation, these roll-ups are stretched into hairpin538
vortices (2). Towards the trailing edge, where the flow is accel-539
erated, the hairpin vortices tear apart, forming pairs of counter-540
rotating elongated structures. A comparable mechanism has been541
found at the Reynolds number of 200,000 albeit with much finer542
structures, of course [7]. An additional mechanism is observed,543
which causes the generation of the extremely long vortex struc-544
tures at a distance to the blade surface. These structures are traced545
back to the LE, where structures similar to horseshoe vortices are546
forming from elongated vortices in the free stream (3). From here,547
these structures are stretched into the passage. As the vortices548
move along the pressure surface, they induce additional secondary549
flow structures, aligned with the pressure surface flow. Depending550
on the axial position where the elongated vortices lift off the blade551
surface, they are found to drift into the undisturbed passage flow.552

As seen in Fig. 13 (left), the separation bubble also interacts 553
with the end wall flow. Due to the diverging channel, the flow is 554
directed towards the end walls, which has a very strong effect in 555
the low speed regions on the pressure surface (D). Consequently, 556
we can observe an increasing cross flow in the backflow, which 557
lifts off the blade close to the end wall and rolls up as a vortex (E) 558
with the same direction of rotation as the PV. It then dissipates 559
rather quickly next to the stronger PV. The effect of the wakes 560
on the pressure side separation was also investigated using 3D 561
phase averages, which are not plotted here due to space constraints. 562
Again, the separation becomes intermittent. It establishes from the 563
end walls at 𝜙 = 0.6, until the flow is fully separated across the 564
span at 𝜙 = 0.8 when wake impinges the LE. Once, the wake 565
starts depositing turbulence in this region, both separation and 566
reattachment point move downstream in 𝜙 = 0 until the separation 567
starts to disappear from midspan at 𝜙 = 0.2 and most of the span 568
is attached again at 𝜙 = 0.4. On overage, we have backflow close 569
to the end walls while low speed forward flow directed towards 570
the end walls can be observed over most of the span, leading to a 571
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Fig. 14 Comparison of total pressure loss coefficient at
x/Cax = 1.4 spatially resolved and pitchwiss mass-averaged
for the cases with and without wakes, experiment shown as
white contour lines

weakening of the vortex co-rotating with the PV.572

5 Conclusion573

With the flow through the MTU T161 at a Reynolds number574
of 90,000 and a Mach number of 0.6 with and without upstream575
wake generators, we have presented a first 3D application of the576
numerical test rig based on a high-order DGSEM introduced in577
the first two parts of this paper. The numerical setup was briefly578
described and validated against numerical references and experi-579
ments based on time averaged data. In the following, the flow580
physics at midspan and of the complex end wall flow were dis-581
cussed. The configuration with wake generators represents a purely582
numerical experiment. Their influence was investigated in detail583
showing increased total pressure losses over the whole span and584
periodic movement of the secondary vortex system. Nevertheless,585
the computational campaign produced an enormous amount of data586
at different temporal and spatial resolutions which we have only587
begun to analyze and will continue to do so with more focus on588
modal decomposition techniques. Furthermore, the dataset can be589
used as a benchmark for (U)RANS models or serve as a source for590
data-driven modeling. The next steps, from our perspective, are591
the extension of the numerical test rig to rotational configurations592
to be able to investigate blade row interactions using real blade593
geometries in realistic environments.594
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Nomenclature600

Roman letters601

𝐶 = chord length [m]602
𝑐𝑓 = skin friction coefficient603
ℎ = local channel height [m]604
𝑙 = length [m]605
𝑚̇ = mass flow [kg/s]606
𝑛 = number of elements607
𝑁 = polynomial order608
𝑝 = pressure [Pa]609
𝑠 = surface length from leading edge [m]610
𝑡 = time [s]611
u = velocity vector [m/s]612

𝑢, 𝑣, 𝑤 = Cartesian velocity components [m/s]613

Greek letters 614

𝛼 = angle with respect to axial direction 615
𝛿99 = 99% boundary layer thickness [m] 616

Δ𝜉,Δ𝜂,Δ𝜁 = streamwise, wall-normal, spanwise solution point 617
distances [m] 618

𝜙 = phase between bar and blade, 𝑡 mod 𝑡bar 619
Φ = flow coefficient 620
𝜌 = density [kg/m3] 621

𝜏𝑤 = wall shear stress vector [Pa] 622
𝜃 = boundary layer momentum thickness [m] 623
𝜔 = vorticity vector [s−1] 624
𝜔 = total pressure loss coefficient 625

Dimensionless groups 626

Re = Reynolds number 627
Ma = Mach number 628
Sr = Strouhal number 629

nDoF = number of degrees of freedom 630

Superscripts and subscripts 631

1 = upstream value 632
2 = downstream value 633

area = area averaged over panel 634
avg = average 635
ax = axial component 636
c = convection through blade passage 637

LE = leading edge value 638
ref = reference value 639
th = value based on isentropic relations 640
t = stagnation value 641
�+ = wall units 642
� = time averaged value 643
�′ = fluctuating value, � − � 644˜︁� = phase-averaged value 645
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