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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

Patrick Bechlars
MTU Aero Engines AG,
Dachauer Str. 665, 80995 Munich, Germany

Edmund Kiigeler

Institute of Propulsion Technology,
German Aerospace Center (DLR),
Linder Hohe, 51147 Cologne, Germany

1 Introduction

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

For example, Cui et al. [4] presented an extensive analysis of
both midspan and end wall flow physics for the TI06A LPT with
parallel end walls at a Reynolds number of 160,000 using an incom-
pressible second order accurate, unstructured Finite Volume (FV)
method. The flow physics at midspan were illuminated using span-
wise periodic simulations with and without incoming wakes at
a reduced frequency of 0.68 based on chord length and trailing
edge (TE) free stream velocity. In addition to the analysis of the
suction side separation, they discussed the origin of longitudinal
vortices on the pressure side as possible Gortler instability [11].
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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

With simulations of the end wall flow resolving 40% of the span,
they investigated the effect of the inflow boundary layer state (lami-
nar or turbulent) on the development of the secondary flow system.
Pichler et al. [6] investigated the effect of inflow boundary layer
state on the secondary flows for the T106A at a Reynolds number
of 120,000 and a Mach number of 0.59 using a compressible fourth
order accurate Finite Difference (FD) method. The study was moti-
vated by the scarce experimental data available about the incoming
boundary layer and found that the shape of the velocity profile
under constant boundary layer thickness has an influence on the
extent of the secondary flow system into the passage. The midspan
separation remained largely unaffected by this variation. A DNS
analysis of the secondary flows in the TI06A at a Reynolds number
of 90,000 under the influence of wakes at a Strouhal number of 0.79
based on chord length and inflow axial velocity was conducted by
Koschichow et al. [5] using an incompressible second order accu-
rate FV solver. They showed only a weak influence of the wakes on
the secondary flow system. It has to be noted, though, that the inlet
boundary layer had a thickness of only 3% of the channel height.
Another notable series of papers focuses on the front-loaded L2F
LPT cascade at different Reynolds numbers employing state-of-
the-art measurement techniques and numerical simulations with a
compressible ninth order accurate FV solver with weighted essen-
tially non-oscillatory (WENO) discretization [8,12]. Robison et
al. [10] investigate the difference between wakes generated by bars
compared to an LPT profile (50% reaction stage) at a Reynolds
number of 160,000 and a Mach number of 0.1. While the bar
wakes had very little influence on the secondary flows, the wake
of the upstream blade did indeed suppress the secondary vortices
in the passage due to its own strong secondary flow structures.

In this paper, we investigate the MTU T161, which is represen-

tative of high-lift LPT blades used in modern jet engines [13] and
whose geometry and boundary conditions have been made pub-
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Table 1 Overview of numerical setups. The number of degrees of freedom can be obtained by nDoF = nyynz,N , 173,

Configuration =GH =i nDoF / QP | nMPI cpu /G | QoPYGe C /G | m R r R

Steady fine 5220 168 QXY 5120 25852 QSVU QPP | PUYVS XYUWS
Steady coarse 3188 98 VWY 2560 5861 QXQY SQ | PUYWT XYWPT
Steady unstructured | 3696 168 QSTQ 2560 15324 QSVU VT | PUYWP XYVTT
Wakes unstructured | 5385 168 QYw 1920 33712 QSPR WX | PUWVS XUXWS

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

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

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

2 Numerical setup

Since the numerical method used in this paper itself has been
extensively described in part 1, we restrain ourselves to the descrip-
tion of the numerical setup of the MTU T161 (see also [18]). We
perform an implicit LES using a Discontinuous Galerkin Spectral
Element Method (DGSEM) with Legendre-Gauss-Lobatto nodes
and a polynomial order of # = U with anti-aliasing performed
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by the split-formulation of Kennedy and Gruber. Roe’s approx-
imate Riemann solver is applied for the advective part introduc-
ing sub-grid dissipation and the viscous terms are discretized by
the Bassi-Rebay 1 scheme. To advance in time, a third-order ex-
plicit Runge-Kutta scheme of Shu et al. has been used. Turbulent
fluctuations are introduced at the inflow plane using a Synthetic
Turbulence Generator (STG) based on a superposition of Fourier
modes with random phases and direction vectors, which produce a
modified von Karman spectrum [21].

An overview of all computations presented here is given in
Tab. 1. The isentropic Mach number m g is obtained from the
isentropic relation between the inlet total pressure ?qy  and the
outlet static pressure ?g . With the inlet total temperature ) @)
and the chord length , the isentropic Reynolds numberr g can
be obtained using Sutherland’s law for the viscosity. We define a
convective time unit @ = /||UR areal| using the chord length and
the area averaged outlet velocity. Note, that some authors define
this based on axial chord length and axial outlet velocity which
would result in RQS for this case. The bar passing period is
given by C = /D = QUU®. Hence, the averaging time
for the simulation with wakes covers 50 bar passes. All LES were
initialized with RANS solutions and run for roughly QR to wash
out the initial transient before starting to record statistics. The end
of the initial transient was confirmed using the marginal standard
error rule (MSER). The method analyzes the reduction of the sta-
tistical confidence interval on the mean for a given quantity by
using an increasing number of samples going backwards through
the time signal. It then marks the end of the initial transient as the
time where the confidence interval becomes minimal. A detailed
description this method applied to the LES of an LPT can be found
in [22].

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

2.1 Meshing strategy. The DGSEM employed in this
work [17] requires conformal meshes consisting of hexahedra
only. Furthermore, the elements need to have a geometry order
greater than one to allow for the representation of smoothly curved
boundaries. One of the great advantages of this method is the fact,
that it allows for unstructured grids. However, mesh generation
tools capable of creating conformal pure hexahedral meshes with
unstructured 3D refinement/coarsening are not readily available.
In 2D, on the other hand, reliable algorithms exist to create
conformal pure quadrilateral meshes, which are implemented in
the open source software Gmsh [23]. This leads to our current
meshing strategy for prismatic blades. We first create a 2D
pure quadrilateral mesh either with a block structured or fully
unstructured topology. In a second step, it is extruded using an
S2m grid, which essentially contains the relationship of axial
position and spanwise point distribution, to obtain the final pure
hexahedral mesh. This approach comes with the limitation, that
the wall-parallel resolution required at hub and tip is fixed for all
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Fig. 2 Midspan non-dimensional cell sizes for the steady
cases

elements connect with the interface with their faces, not with edges
only. The mesh around the wake generator increases the number
of elements by 47% compared to the steady case. 217
Su cient grid resolution has to be veri ed for LES. This can218
be done by comparing average solution point distances, de necas

) ) o . . ) element edge length divided by polynomial orderin wall units. 220
Fig. 1 High-order grids in XYy -plane (inner solution points not In Fia. 2. these are given asb. (streamwise) T. (wall nor- 221
shown) for cases steady ne ( top), steady unstructured ( mid- 9. < g » ). [ (

dle) and wakes unstructured at phase = 0 with sliding inter- m_al) and Z (spanwise) on the blade_ centerllne_. The major isse
face in red ( bottom ) with the coarse mesh was the spanwise resolution. It was xed 4z
approximately doubling the number of elements in spanwise diree4
tion in the ne mesh. Additionally, the wall normal spacings werezs
slightly reduced. The unstructured mesh was designed to esse-

spanwise planes. > - > : '
Fig. 1 shows the di erent 2D grid topologies used to simulate thtéally replicate the properties of the ne mesh on the suction sider

ow through the cascade. Only the high-order elements Withomlhlle the unstructured topology could be exploited on the pressore

their inner solution points are shown. The rdpf) is a block Side to signi cantly increase the streamwise resolution locally. Qmo

- ; . h . the end walls, cell sizes in streamwise and spanwise cell direction
structured grid topology which has been used in previous Stud"%sélve to be taken as approximate since the Fc)ells are not perfezctly

:hgd Eﬁ;’iﬁa&fﬁi‘lﬁv 52 eo?r:ilsn;ggglsc%;(.mlltI?:)cl)l\r/llsiz?s; Efog;]tg‘fb%%‘i ned with the ow direction for the structured mesh. For thes2
around the blade to accurately represent the boundary layers. It_ﬁ_r@hﬁr;eqmmse, wall normal a.md spanwise resolution ks
wrapped by a C-block and the remaining space is lled with H- 2= [>= Z° Y 165-17-60° was achieved with average valuess4
blocks. This topology allows for a high-quality mesh in terms off 123-0-81-1%. Since the construction of the unstructured meshs
stretching rates and orthogonality. A major drawback here is, thiflowed the structured one, the same maxima were enforced,2ab-
changes in resolution in one part of the domain often a ect larg@Wing slightly larger average values. The resolution in the freer
portions of the mesh. Hence, trying to ful Il minimum resolution stream was ensured by the ratio of solution point distance and est-

requirements almost automatically leads to excessive resolutionii€d Kolmogorov scale below 6 along a mid passage streamlire.
other parts of the domain. In Sec. 3, _results for all t_hree di erent grids will be shown to asses®
This problem can, of course, be overcome by a fully unstructuré[]e mesh in uence on di erent aspects of the ow. 241
topology fniddlg. Here, we start with a boundary layer mesh of
O-type as well, with the di erence, that now the points around the 2.2 Synthetic turbulence. The procedure to derive appropri242
blade can be distributed freely without any topological restrictionste in ow boundary conditions both in terms of boundary layers
High resolution in the wake is enforced locally without e ect ondevelopment and freestream turbulence decay has been recemly
any other region of the domain. Towards the out ow, the resolutiodescribed by the present authors [18]. We repeat the most v
can be easily relaxed. Towards the in ow boundary, on the othgortant aspects here. A preliminary nite length channel ow4s
hand, we introduce a trans nite block as in the block structurei$ simulated using the same mesh and ow conditions as in the
case to ensure a high-quality mesh for the incoming turbulengsianned simulations of the cascade. For this, we choose a bounel-
Compared to the block structured case, we were able to reduce #rg layer pro le from a DNS database [25], whose momentupag
number of elements per plamg Hby 29% (see Tab. 1) using this thickness Reynolds number is lower than our target known framp
approach while enforcing the same LES resolution requiremertise experiment, and scale it to match the desired freestream teial
with respect to the end wall boundary layer and even improvingressure. Outside of the boundary layer, we set a rst guess2ef
the resolution on the pressure side (see Fig. 2). Reynolds stresses and turbulent length scale. From the resultzzgy
Finally, Fig. 1 potton) shows the unstructured grid with the development of boundary layer thickness, we can deduce thezre-
wake generator placed upstream of the blade. Here, the blagigred distance of the inlet plane from the upstream measurensat
mesh was kept and only the region around the wake generator vpasition for the cascade simulation. Once, the position of the intes
newly designed. A small but important detail is the introductioplane is xed, the freestream turbulence quantities can be adapted
of one layer of trans nite elements upstream and downstream tf achieve the required decay. It has to be noted in this case, that
the sliding interface shown as dashed red line. This ensures tha chose a stronger decay than seen in the experiment to aveid
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Fig. 3 Development of inow boundary layer momentum Fig. 4 Midspan relative blade pressure compared with nu-
thickness Reynolds number Re and normalized boundary merical results of Miller-Schindewollfs [14], Fard Afshar [15],
layer pro les at selected axial positions A, B and C, g9 bound- Rosenzweig [20] and experiments [19]

ary layer edge illustrated in lower plot

the e ects of upstream wakes independently, we adapted the ew
a turbulent length scale so large that it con icts with the periodiangle at the inlet of the domain such that the blade sees the same
boundaries. So, while we match the development of the boungveraged incidence af1 as in the steady case. After a serie®s
ary layer thickness, we only match the turbulence intensity at thg rst RANS and then LES of only a spanwise periodic movingo4

Iead_ing edge (LE) of the blade_ [18]. ) circular cylinder, the in ow angle was set to ig, = 47 . The 305
Fig. 3 shows the result of this procedure in terms of momentutsage of LES in this prestudy was necessary because RANS casmot
thickness Reynolds numb&e, and selected boundary layer pro-accurately predict cylinder drag. 307

les (A, B, C) for the channel ow compared with both LES setups The end walls are moving at the same relative velocity as thes
and experimental data. The experimental setup corresponds to &finder from the inlet up td@ ax = 0+15. Nevertheless, we 309
clean channel ow with parallel end walls since the cascade wapecify the same boundary layer pro le at the in ow. As a resuls1o
not installed in the rig for these measurements. The geometrigak end wall boundary layers will be skewed due to the viscous
features of the LES setup with diverging end walls and the bladérces and experience a sudden change in wall velocity just ap
are illustrated for orientation. While the boundary layer at stationsiream of the blade. This setup is comparable to the procedunes
A and B shows good agreement between the channel ow and themulti-stage RANS when cavities are not resolved. Fig. 3 shows
setup with blade, the combined upstream e ect of the blade anHe resulting reduction in Reand the e ect on the boundary layersis
di user can be observed at station C. Note that &gg¢ bound- pro les in the absolute frame of reference. In contrast to the simis
ary layer thickness falls between values from literature of roughiylations with non-moving end walls, the absolute velocity at the7
0.01 [4] and 0.1 [6] (both determined by optical inspection of theivall non-zero for the case with wakes. From station A to C it cans
velocity plots). be seen how the di usion of momentum towards the channel centey
deforms the velocity pro le. Overall, the integral parameters of theo
2.3 Wake generators.We chose a circular cylinder with a di- boundary layer are still comparable and smaller than the variatzmn
ameter of3y,, = 2mmto investigate the e ect of unsteady wakesinvestigated by Rosenzweig et al. [20]. 322
on the cascade ow and see this only as a rst step towards full
blade row interaction studies. In contrast to a full upstream turbi . .
blade, the cylinders will not generate pronounced secondary ows Verl cation 323
at the end wall, which would have di erent e ects on the down- Before we start to analyze the in uence of wakes, we will verify24
stream blade row [10]. Compared to the experiment, we are abledor setup without wake generators against experimental data aad
achieve more realistic ow coe cients and Strouhal numbers beether numerical studies of the same or a very similar con guraticszs
cause the simulation does not su er from mechanical constrainitsis important to clearly state how the non-dimensionalization ef7
of the thin cylinder. One wake generator per cascade bladetfse shown quantities has been performed. We need a referenege
placed at an axial distance 0f3 ax upstream of the LE resulting stagnation temperature, stagnation pressure and static pressese,

in a ow coe cient of = Djgx*Dhar = 078 based on the pitch- which we choose to determine in the following way. The referene®
averaged centerline axial velocity between the bar and the blastagnation temperatufgy et and pressuréq e are chosen as 331
LE atG ax= 02 and a Strouhal number of the maximum values of the temporally averaged centerline tempee
ature and pressure distribution on the blade surface. The referenge

Sr= axhar = 125 1) static pressur@,_¢ is taken as the time and pitchwise area avers4

+pitchD2-is-ax aged pressure in the out ow plane @ ax = 14914 With these 335

guantities and the chord length of the blade, we can computesss

with the centerline isentropic axial exit velociB s ax computed the isentropic Mach and Reynolds numbers using the isentrogic
from the isentropic exit Mach number, out ow angle and out owrelations and Sutherland's law for the viscosity. Tab. 1 con rmess
speed of sound. that the intended operating point has been successfully set up.339
A cylinder moving through a uniform ow will produce both  The midspan blade loading is shown in Fig. 4 against expetio
total pressure loss and ow turning. The rst, if not correctedmental [19] and numerical [14,15,20] references as relative pres:
for, leads to a slight reduction in isentropic Reynolds and Macsure?e ?q_et. The error bars for the experimental data indicate am
number as shown in Tab. 1. The second, more importantly, wiistimated 1%-point uncertainty for the pressure measurements4er
change the e ective incidence for the blade. To be able to discussientation. For the numerical references, there is no information
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Fig. 5 Midspan blade skin friction coe cient Fig. 7 Pitch averaged wake total pressure loss coe cient at
XeCqox = 1:4

365
? ?2¢d-Df—7°
= Q-ref c ‘{ l' (3) 366
?Qref  72ef

where we compute the local stagnation presQg&om the time- 367

averaged primitive variables via the isentropic relations for an ideas

gas, in the plane a® ax = 1+4. Fig. 6 showsl at midspan 369

in the blade-to-blade direction. All reference results have begn

o set along theHaxis to align with the peak loss, since the exaagt1

coordinate system was not known. Again, the agreement with the

experiments and the 3D LES results is satisfactory. The Q3D resuit

by Miller-Schindewollfs [14] deviates both in terms of peak loss4

and of the slope on the suction side. 375

As a nal veri cation, Fig. 7 shows the pitchwise mass aver7s

aged total pressure loss coe cient over the relative channel height

in the same plane. Here, the upper and the lower half of the

channel have been used for a combined average by exploiting e

Fig. 6 Midspan wake total pressure loss coe cient at symmetry about the midspan plane. Apart from the consistent ago
XeCay = 1:4 set to Rosenzwelg‘s re_sults (pro le B) [20] from midspan to aboas1
G = 03, the major di erence between can be seen close to the

endwall forG | 0e4. Our results show better agreement with thes3

available on sampling error. In the following, we will show 68%measured data in this region, although both in ow boundary layer

n dence intervals for all our LES runs 1221, In thi re. th pro les share the same momentum thickness. The discrepangy
con dence intervais for ail ou r s_[ 1 IS gure, they might be attributed to di erences in the boundary layer thicknesss
are within the line thickness for this rapidly converging quantity. and will be investigated in the future 387
First of all, the mesh dependence for this quantity is negli ibl)e@g g ; ) ;

' P d y 9lg lln summary, two conclusions can be drawn. Our setup is caas

g)rrg:aemgtee -ffiﬁgsecogfﬁiﬁg gr?(;etheoo%éfilétss c?r?(t)r\:\(la e’:gi!@@ ent with both the experiment and recent numerical simulaticiss
9 wi Xper . . - P With di erent discretization schemes. For the quantities shown o
side. Only in the region on the suction side leading up to sepalgty 515 e discussion, we have used su cient grid resolution as.
tion, there is a slight o set betwegn experiment and numerics afMfe di erences between our three simulations are mostly withip2
also some scatter between the di erent numerical references. T 68% con dence intervals. We have identi ed a region in thes
0 set can_alsc_) b_e seenin Fig. 5 compared to Rosenzweig's resu attaching ow at midspan where the coarse mesh shows sane
for the skin friction coe cient computed as deviation. However, the two topologically di erent grids ( ne andsos
unstructured) show excellent agreement in all respects. Heruee,

q T S— we see our setup as su ciently veri ed to continue with a moreo7
_ Sgrg-c° 9-G°. g-H @ detailed analysis of the ow physics. 398
5 = .
?Qref  ?2-ref
4 Flow analysis 399

Apart from that, subtle di erences between the numerical results Fig. 8 gives an impression of the instantaneous turbulent struas
are only apparent in the transition and reattachment region shotunes for both cases. In the following, we will discuss the owo1
in the zoomed inset axes. Compared to our and Rosenzweig®ysics focusing rst on the suction and then on the pressure side.
results, Fard Afshar obtained a slightly premature transition peak.
Furthermore, our coarse mesh shows a slightly delayed recovery4.1 Suction side.We start our discussion of the ow physics:03
after reattachment. with a midspan section of the blade, which is essentially not 4
The turbulent mixing behind the blade is another important asdienced by the secondary ow structures. On average, the ows
pect of the ow. We evaluate the total pressure loss coe cienseparates on both the suction and pressure side of the blade aswan
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Fig. 8 Instantaneous vortex structures of the ow through the MTU T161 LPT visualized by a QC§X°jj U2jj2 = 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 Fig. 10 Comparison between cases with and without wakes
midspan relative blade pressure with instantaneous values as of midspan blade skin friction coe cient with instantaneous
thin lines values as thin lines

be seen in Fig. 9 and 10. In addition to the average values, isdre und suction side. This cross ow can be seen in Fig. 13
stantaneous values are shown as thin lines to give an indication(8) represented as surface streaklines visualized using line inte-
the variance. A classic laminar separation bubble with subsequemal convolution (LIC). The pressure side leg of the horse shos
transition to turbulence in the separated shear layer can be observedex is ampli ed by the pressure gradient, lifts o from the ends4
on the suction side. This follows the Kelvin-Helmholtz instabilitywall and becomes the passage vortex (PV) while the suction side
mechanism as already discussed in the literature [7,14,15]. Tleg rapidly dissipates. On the suction side of the blade, the RAé
turbulent wakes are able to completely suppress the separatinduces a cross ow towards midspan (B), signi cantly reducingz?
on average. However, the instantaneous vorticity in Fig. 11 arnde channel height in which statistically 2D e ects dominate thes
the phase-averaged surface streaklines in Fig. 12 show intermédw (C). Together with the trailing shed vortex (TSV), it forms439
tent separation foq = 0«4 and 06 (A). As can be seen in Fig. 8 the center of secondary ow loss [18]. Fig. 14 shows the totado
(right), there is a strong spanwise variation in the turbulence ipressure loss coe cient atG ax = 1+4 both time averaged and441
tensity with relatively calm regions (A) and structures resemblingpatially averaged using the symmetry pland at 0. Note that 442
turbulent spots (B) during this phase. At= 06, the turbulent the reference stagnation and static pressures are taken at midgpan.
structures from the wake begin to destabilize the until then, lamiror reference, the experiment is plotted as white contour lines ower
nar suction side boundary layer at the LE. Subsequently, at arouth@ case without wakes and shows a very good agreement overihe
g = 0, after the wake has passed, a new laminar boundary layehole plane. 446
starts to develop from the LE until it separates. Fig. 10 underlines The simulation with wakes shows increased total pressure loss
this argument. While the variance 2§ upstream of separation is over the complete channel height but especially in the region of the
negligible in the case without wakes, signi cant variance can beecondary ow vortices. This might seem counterintuitive at rstao
observed on the suction side in the case with wakes indicatingsice the wakes are able to suppress the suction side separation
more turbulent boundary layer. bubble on the blade. Still, the peak loss at midspan is increased
The system of secondary ows is driven by the interaction oby 20% and the mixing of the cylinder wake during its convees2
the incoming end wall boundary layer with the blade and the pasen through the blade passage leads to an overall increased tatal
sage cross ow generated by the pressure di erence between prgsessure loss by a factor @#33 at midspan. While the shape ofs4
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