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Abstract

The suction side boundary layer regimes in a
modern high-speed, low-pressure turbine cascade un-
der off-design conditions are investigated using high-
fidelity direct numerical simulations with the Argo DG
solver on the SPLEEN C1 geometry at Re. = 70k.
Three outlet Mach numbers (Ma = 0.70,0.90, 0.95)
reveal a Kelvin-Helmholtz driven laminar separation
bubble with tonal noise at Ma = 0.70, an acous-
tic interaction with the separation bubble that governs
reattachment at Ma = 0.90, and a shock-dominated
flow with passage normal shock modulation at Ma =
0.95. These results show how shear layer instabili-
ties, acoustic waves, and shocks alter the suction side
boundary layer across the flight envelope of a high-
speed LPT.

1 Introduction

During cruise, low-pressure turbine blading in
aeroengines is subjected to low Reynolds numbers, al-
lowing the suction side (SS) boundary layer to remain
laminar over a large portion of the blade. An adverse
pressure gradient downstream of the velocity peak of-
ten leads to laminar separation. In this separated shear
layer, small disturbances grow by a Kelvin-Helmbholtz
instability and roll up into vortices that enhance mo-
mentum transfer and can promote the occurrence of a
laminar separation bubble (LSB) if reattachment oc-
curs, as shown by Marxen and Henningson (2011) and
Boutilier and Yarusevych (2012).

The shear layer roll-up vortices convect past the
trailing edge plane and generate upstream-radiating
acoustic waves that interact with the separation bubble,
modulating its separation and reattachment dynamics,
as demonstrated by Jones et al. (2010). Probsting et
al. (2014) showed that the acoustic waves can shift the
LSB separation point.

The trailing edge (TE) shedding regime depends
on the Mach number, Reynolds number, and geometry.
Rossiter et al. (2023) demonstrated that above a crit-
ical Reynolds number, upstream-traveling expansion
waves and shocks form at the trailing edge, whereas at
low Reynolds numbers, the shear layer detaches, and a

recirculation zone appears in the trailing edge base re-
gion, thereby reducing losses. These results, obtained
for high-pressure turbines and simplified models, do
not directly apply to high-speed low-pressure turbines,
where the effect of trailing edge shedding on the suc-
tion side boundary layer remains unexplored.

When operating off-design at higher Mach num-
bers, high-speed LPTs develop a passage normal
shock that interacts unsteadily with the laminar sep-
aration bubble, as shown by Borner and Niehuis
(2021). They identified a low frequency mode of
shock—bubble modulation and a high frequency mode
linked to shear layer mixing.

These phenomena can coexist across the flight en-
velope of high-speed low-pressure turbine blading,
from takeoff to cruise, and strongly alter the suction
side boundary layer behavior. This study examines
how suction side boundary layer dynamics evolve with
increasing Mach number in a modern high-speed LPT
cascade by isolating the dominant unsteady interac-
tions at on- and off-design conditions.

2 Numerical Setup

Direct numerical simulations were performed us-
ing the high-order discontinuous Galerkin code Argo-
DG developed at Cenaero, which solves the compress-
ible Navier—Stokes equations on unstructured meshes.
This work builds on the open-access SPLEEN C1 test
case described by Lavagnoli et al. (2023) and the DNS
database first generated by Borbouse et al. (2025) us-
ing Argo-DG. A fourth order accurate interpolation
was used, without shock-capturing. The spanwise ex-
tent of the blade is 7.5% of its axial chord. Three
engine-representative outlet conditions are considered,
all at Re. = 70k, with Ma = 0.70, 0.90, and 0.95,
based upon the true chord and an isentropic equivalent
of the outlet conditions. The on-design point of the
blade is at Ma = 0.90, Re. = 70k. The suction
side adverse pressure gradient (APGgg) varies with
the outlet Mach number for the fixed geometry. No tur-
bulence was injected at the inlet, while the turbulence
intensity (TT) and length scale (L;/C) were surveyed
at the inlet of the cascade between passages. Table 1



summarizes the flow conditions for each case.

Case Ma Re. APGgg TI L,/C

MO070 0.70 70k  -0.14  0.42% 0.030
M090 0.90 70k -0.08 0.01% 0.096
MO095 095 70k -0.06 0.01% 0.068

Table 1: Characterization of investigated cases

Figure 1 shows the streamwise and wall-normal
viscous units along the suction side, confirming that
the mesh resolves the boundary layer. Data was col-
lected for more than 12 throughflow times (based on
blade chord and outlet velocity) at a sampling fre-
quency of 500 kHz, yielding 1281, 1242, and 1746
snapshots for Ma = 0.70, 0.90, and 0.95, respectively.
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Figure 1: Streamwise and wall-normal viscous wall units.

3 Time mean aerodynamics

Figure 2 presents the suction side pressure coeffi-
cient Cp = (PO,in — Pblade)/(PO,in — Pout)7 boundary
layer shape factor Hi2, and wall shear stress 7, along
the rear portion of the suction side surface arc-length.
At Ma = 0.70 and 0.90, the adverse pressure gra-
dient between s/S = 0.60 and 0.85 induces laminar
separation bubbles: the plateau in C, at Ma = 0.70
and the region of negative 7, at Ma = 0.90 mark the
separation—reattachment extent. At Ma = 0.95, 7,
approaches zero, but no mean separation occurs. The
rise in Hy2 downstream of the velocity peak reflects
displacement thickness growth.

The time-averaged numerical Schlieren in Figure 3
shows negligible compression at Ma = 0.70, a sonic
pocket near the throat at Ma = 0.90, and a well-defined
throat shock with reflections at Ma = 0.95.

Table 2 lists the normalized locations s/.S of mean
separation, reattachment, and shock (or compression
fan) for each case.

Case Sep. Reatt. Shock
MO70 0.58 0.95 —
MO090 0.69 091 0.67
M09S - — 0.70

Table 2: Location, s/.S, of flow features.
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Figure 2: Time-mean SS metrics: shape factor H12, pressure
coefficient C),, and wall shear stress 7.

Figure 3: Time-averaged normalized density gradient inside
the passage for Ma = 0.70, 0.90, 0.95.

Figure 4 presents instantaneous snapshots of the
normalized density gradient ||Vp||/p for the three
Mach numbers. At Ma = 0.70, the wake is irregu-
lar, with Kelvin-Helmbholtz roll-ups creating local tran-
sonic pockets (Ma < 1) and weak, aperiodic pres-
sure waves. At Ma = 0.90, the wake becomes pe-
riodic: well-defined pressure waves originate at the
trailing edge, travel upstream along the suction side
and accumulate near the throat, and supersonic cores
appear within the shed vortices. At Ma = 0.95, these
features intensify, and a clear cross-passage normal
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Figure 4: Instantaneous normalized density gradient for
MO70 (Mach contours 0-1), M090 and MO095
(shaded for Ma > 1).

shock forms at the throat (01), with strong upstream-
radiating pressure waves and a slight contraction near
the trailing edge (02).

In Figure 5, the normalized PSD of v’ and P’ at 25
(half the recirculation-zone height for Ma = 0.70 and
0.90 and at half the shear-layer thickness for Ma =
0.95) and z4 (outside of shear layer) is plotted for
Ma = 0.70, 0.90, and 0.95. The probes are located at
the arc-length location of maximum shear layer thick-
ness (s/S = 0.91 for MO70 and 0.87 for M090 and
MO095). For each case, the dominant frequencies ap-
proximately differ by one order of magnitude. At
Ma = 0.70, discrete peaks at f ~ 14.4 and 15.2
kHz in both ' and P’ support tonal noise from roll-
up vortices convecting past the trailing edge, in agree-
ment with Probsting et al. (2014). At Ma = 0.90,
only a 7.2 kHz peak appears, indicating weaker cou-
pling between inner and outer shear-layer regions. At
Ma = 0.95, two low-frequency peaks at 0.85 and
1.6 kHz dominate, reflecting unsteady shock dynam-
ics. High-frequency inserts show energy at 46 kHz
for M090 and 59-61 kHz for M095, linked to trailing-
edge vortex shedding.

S Proper orthogonal decomposition

Space-only proper orthogonal decomposition
(POD) was applied to the instantaneous flowfields
using the method of snapshots proposed by Sirovich
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Figure 5: Normalized PSD of v’ (red) and P’ (blue) at 22
(full) and z4 (dashed) for Ma = 0.70, 0.90, and
0.95.

(1987):
d=QX (1

Where & is the matrix containing the POD modes,
Q = [p u v w T)7T is the snapshot matrix built from
an ensemble of observations stacked along the matrix
columns, and X is the matrix containing the eigen-
vectors. Since the flow is compressible, the weight
matrix proposed by Chu (1965), W, was used. The
weight matrix ensures that the cross-correlation matrix
C = QTWQ induces the compressible energy norm:
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Figure 6 shows the relative modal energy Eﬁm) =
A /5 A0m) and its cumulative sum E™ modal en-
ergy for each Mach case. At Ma = 0.70, the first
two coupled modes capture over 50% of the energy,
reflecting the dominant Kelvin—Helmholtz instability
and acoustic feedback. At Ma = 0.90, the energy
is spread over a broader set of modes, requiring 29
modes to reach 99% energy capture. At Ma = 0.95,
the first mode alone captures nearly 50%, correspond-
ing to unsteady shock modulation, with 102 modes
needte tomMBive ¢ dpeareenFhasel tnendsl ighllvghs tire
paeyengecoinpliegitye of  tivelhdwen spect fdgwafiea taeswiiih
tspentagrttadd ach eanhttemporal coefficient against



—e— MO70 —=— MO090 —— MO095

0.5
g,
M

OO T T T T

1.0 - —
B /“
<o 0.5 A
3 E/B/E/E//M_“'

0.0 T T T

0 5 10 15 20

Figure 6: Relative and cumulative modal energy for Ma =
0.70, 0.90, and 0.95.

the mode number and Strouhal number St;, =
f Osep/Usep computed with the boundary layer mo-
mentum thciknnes 6 and the velocity U at the sepa-
ration location. The approximate shock impinging lo-
cation was used for M095. At Ma = 0.70, strong
energy appears in the lowest modes at the K—H roll-
up frequency, with trailing-edge shedding also cap-
tured by early modes. At Ma = 0.90, a nearly lin-
ear mode-frequency trend emerges, reflecting a broad
range of interacting scales. At Ma = 0.95, a con-
centration of energy near the origin corresponds to un-
steady shock modulation, with higher modes contain-
ing weaker acoustic feedback content. The signature
of the trailing edge shed (TES) frequency, previously
highlighted in Figure 5, is visible for lower modes at
Ma = 0.90 and 0.95.
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Figure 7: Spectrograms of FFT amplitude of POD tempo-
ral coefficients versus mode number and Strouhal
number for Ma = 0.70, 0.90, and 0.95.

Following Lengani et al. (2017), low-rank recon-
structions were formed by combining selected POD

modes to isolate shear-layer roll-ups, acoustic waves,
and shock dynamics. Figure 8 shows snapshots of u’
reconstructed with increasing mode count. The dashed
line encloses the recirculating region, and the dotted-
dashed line marks the shear-layer thickness estimated
using the procedure of Uzun and Malik (2020). The
first row is the original field; each subsequent row con-
siders a range of POD modes.

At Ma = 0.70, the first two modes recover the
shear layer roll-ups. Modes 3-5 capture separation
bubble modulation between s/S = 0.60 and 0.80
within the shear layer. The acoustic waves require over
200 modes, confirming their broadband nature.

At Ma = 0.90. Modes 1-2 highlight a strong link
with the expansion wave region in the cascade throat.
The first 20 modes reconstruct both the LSB modula-
tion and upstream-traveling acoustic waves linked to
trailing-edge shedding. A large modulated region be-
tween s/S = 0.72 and 0.98 within the shear layer
supports the correlation between the LSB modulation
and the system of acoustic waves. It suggests that
the acoustic waves drive the laminar separation bubble
reattachment in the absence of the typical shear-layer
roll-ups induced by the K-H instability.

At Ma = 0.95, the first five modes capture the
passage shock and its unsteady modulation. Adding
up to 100 modes produces minimal further detail.

6 Characterization of instabilities

The time-space diagrams of «’ in Figure 9 map
the convection of the shear layer roll-ups and acoustic
waves along the normalized suction side length s/S
for ten throughflow periods. Diagrams use data at half
the recirculation-zone height for Ma = 0.70 and 0.90
and at half the shear-layer thickness for Ma = 0.95.
Separation and reattachment lines appear for Ma =
0.70 and 0.90, while the shock foot marks Ma = 0.95.

At Ma = 0.70, shear-layer roll-ups produce a
forward-propagating trace starting at s/S = 0.75, and
weaker backward-propagating waves extend from the
mid-bubble to the velocity peak. At Ma = 0.90, only
backward-propagating disturbances appear, and their
amplitude decays sharply at the compression-fan im-
pingement. At Ma = 0.95, incoherent backward-
propagating disturbances persist up to the shock-
impingement location.

The two-dimensional Fourier transform (FFT) of
the streamwise velocity fluctuations u'(x, t) was used
to identify the dominant propagating instabilities and
their speeds.

1 M ) N )
N Ze7] 27 fox /M Zu/(ﬂf,t) e~ J 2n ft/N 3)
=1 t=1

The temporal frequency is given by St, =
fOsep/Usep and spatial frequency by ko, =

sep
27 fr 0% Where 6™ is the boundary layer displace-

ment thickness. At Ma = 0.95, 5* and 6 at the shock
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Figure 8: Low-rank reconstructions of instantaneous streamwise velocity fluctuations for Ma = 0.70, 0.90, and 0.95 using
increasing numbers of POD modes. The dashed line highlights the edge of the recirculating region. The dot-dashed

line represents the shear layer thickness.

1.0
7 77 7 e 0.224

— W&W 7) /M 0.112 7
oy 1(Fhy 0.000 o
ST PR A e N
“ 0.5 - % BP MO070 :8;;?1 3

1.0 omm 0 T TS

[T Y '\1 B \~\L 1y o008
— 0.004 |
| L
3 \@x um DAY
~
@« MO090 -0.004 -
. ’ -0.008

1.0
X
n
~
w

0.5 1

t/ttnrough [—]

Figure 9: Time-space diagram of normalized u’ at fixed
wall-normal distance for Ma = 0.70, 0.90, and
0.95. The boundary layer edge velocity is used for
normalization.

foot are used. The speed of the propagating instability
is obtained as:

Uinst _ 1 k(;;kep 9561) (4)
Uout 27TUsep Sto 6’;613

The two-dimensional FFTs displayed in Figure 10
highlight that at Ma = 0.70, a forward-convective
ridge in the first and third quadrants corresponds to
the shear layer roll-ups traveling at Uyt =~ 0.36Ugyt,
with a symmetric backward-leaning ridge marking up-
stream acoustic waves, suggesting their coupling as
a feedback loop. At Ma = 0.90 only the back-
ward ridge appears, together with a vertical trace at
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Figure 10: Amplitude of the 2-D Fourier transform of u’ for
Ma = 0.70, 0.90, and 0.95. Forward-leaning
ridges indicate convective Kelvin—Helmholtz in-
stabilities; backward-leaning ridges indicate up-
stream acoustic waves; vertical traces mark
trailing-edge shedding or shock modulation.

Sto = 0.0170 denoting trailing-edge shedding. At
Ma = 0.95, vertical traces dominate, indicating non-
convective unsteady shock modulation alongside a
weak upstream acoustic ridge. The two vertical ridges
atlow Sty = 0.0003 and 0.0006, characterize the low-
frequency shock modulation. A broadband is identi-
fied near Sto = 0.021. This feature, first identified in
Figure 5, is associated with the trailing shed vorticity.
A weak backward propagating ridge is also present.
Table 3 lists Strouhal number St,
dimensional wavenumber, and instability

non-
speed



Uinst/Uout- At Ma = 0.70 the forward-propagating
instabilities travel at 0.34-0.40U,.;, matching the
0.30-0.60 range in Boutilier and Yarusevych (2012)
and Probsting and Yarusevych (2014). The Stg in
the range 0.003-0.007 also agrees with the results
of Dellacasagrande et al. (2024). At Ma = 0.90
and 0.95, only the backward (acoustic/shock) and
vertical ridges remain. The vertical ridges occur
at the trailing edge shed frequency and the shock
modulation frequencies for the higher Mach number
case. The values for the higher Mach number cases
are reported in Table 3 for completeness.

Case Sto ko* Uinst/Uout
MO70 0.0034 0.278 0.34
0.0060 0416 0.40
0.0060 -0.208 -0.79
MO090 0.0026 -0.223 -0.31
0.0170 - -
MO095 0.0003 -0.069 -0.11
0.0006 - -
0.0210 - -

Table 3: Parameters of propagating instabilities.

7  Conclusions

Direct numerical simulations of the SPLEEN C1
cascade at Re, = 70,000 reveal three distinct suc-
tion side regimes as outlet Mach increases from 0.70
to 0.95. At Ma = 0.70, a Kelvin—-Helmholtz convec-
tive instability causing shear layer roll-ups is respon-
sible for forward-propagating instabilities (convecting
at Uppst =~ 0.36-0.40 Uyyt) and matching upstream
acoustic waves (St = 0.0034-0.0060), reinforcing
the feedback loop between the shear layer and acous-
tic. At Ma = 0.90, only backward-propagating ridges
appear at Sty = 0.0169, which are tied to trailing edge
vortex shedding. The low-rank reconstruction shows
that 20 POD modes suffice to reconstruct both bubble
modulation and upstream-traveling acoustic waves. At
Ma = 0.95, vertical FFT traces at low frequencies (0.85
and 1.6 kHz) indicate the passage shock modulation,
with a weak acoustic ridge and five modes capturing
the dominant shock dynamics.

The convective speeds, Strouhal ranges, and POD
mode counts highlight how shear layer instabilities,
acoustic waves, and shock interactions each dominate
distinct off-design flow regimes. Such distinct behav-
iors reinforce the need for high-speed LPT designs
and control strategies that address each mechanism
throughout the flight envelope. Finally, incorporat-
ing realistic inlet turbulence in future work is recom-
mended, as turbulence may alter the growth of insta-
bility and acoustic propagation.
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