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ABSTRACT

An embedded LES (ELES) method is introduced which
employs a priori defined RANS and LES regions, where a pre-
liminary RANS solution provides physically consistent bound-
ary conditions for a reduced LES domain. The information
is exchanged between the steady RANS computation and the
embedded, time-resolved LES region, which is limited in the
streamwise and normal directions such that the overall com-
putational cost and convergence time is reduced. At the in-
flow boundary of the ELES region, a synthetic turbulence
generation method is used, which allows the introduction of
freestream turbulence, which is necessary e.g. for turboma-
chinery flows. At the domain boundary, which is almost tan-
gential to the main flow direction, the mass flux determined by
the preliminary RANS is defined. A Navier-Stokes character-
istic boundary condition capable of handling highly turbulent
flows with local flow reversal is used at the outflow of the em-
bedded LES domain. The formulation of the boundary condi-
tions are validated for the flow over a curved backward-facing
step and subsequently used to predict of the hot gas ingress
into the stator-rotor cavity gap of an axial turbine geometry.

INTRODUCTION

Current computing capabilities still limit the use of scale-
resolved simulations, e.g., large-eddy simulations (LES), for
industrial design processes. In particular, the numerical analy-
sis of turbomachinery flows such as sealing systems and ro-
tor—stator cavity flows is predominantly based on the solu-
tion of the Reynolds-averaged Navier-Stokes (RANS) equa-
tions, which reliably capture key features of turbulent flows
under steady or mildly unsteady conditions. Therefore, they
remain widely used in the industrial design process for tur-
bomachinery due to their low computational cost and robust-
ness. However, their accuracy strongly depends on the turbu-
lence model, particularly for flows with separation, curvature,
or strong pressure gradients.

The prediction of the sealing effectiveness and hot gas
distribution within the seal gap of stator-rotor wheel spaces
in axial turbines remain challenging for RANS models due to
the complex fluid dynamics within the rim seal region involv-
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ing multi-mode ingress mechanisms and strong turbulent shear
layers. In some cases, significant discrepancies compared to
experimental measurements have been reported, see Rabs et al.
(2009) and O’Mahoney et al. (2011). Previous studies have
shown that high-fidelity simulations, such as large-eddy sim-
ulation (LES), can provide significantly improved predictions
for hot gas ingress into the stator-rotor wheel space of axial
turbines, see Gao et al. (2018) and Pogorelov et al. (2019).
However, the computational cost associated with resolving the
inertial range of the turbulence spectrum via LES remains pro-
hibitively high. This motivates the development of more com-
putationally efficient modeling strategies capable of capturing
the essential unsteady flow features relevant to hot gas inges-
tion in rim seal geometries.

In this paper an embedded LES method is presented, in
which a preliminary RANS solution is used to describe phys-
ically meaningful boundary conditions for an LES region re-
duced to a region of interest, with the aim of supporting the
industrial design process for turbomachinery applications. Re-
cent advances in GPU-driven simulations suggest that large-
scale LES may become economically feasible for the indus-
trial design process in the near future. The method presented
in this paper aims to bridge the gap between current computa-
tional capabilities and the routine use of LES in the industrial
design process.

In the following, the method is first validated for a generic
curved-backward facing step geometry designed to replicate
the characteristic flow conditions expected at the embedded
LES interfaces in axial turbomachinery applications, with the
LES domain restricted to the separation region. The devel-
oped boundary conditions for the embedded LES are adapted
and subsequently used for axial turbomachinery flows and val-
idated for the prediction of hot gas ingress into stator—rotor
wheel space in a curved axial turbine cascade. Here, the em-
bedded LES method was used to reduce the LES region to the
rim seal gap.

EMBEDDED LES METHOD
A novel Navier-Stokes characteristic boundary condition
(NSCBC) is used at the outflow of the embedded LES domain,
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as presented in Borgelt e al. (2025a). The boundary formu-
lation is capable of handling highly turbulent flows with local
flow reversal by detecting these local flow reversal events and
switching the boundary formulation accordingly. The ampli-
tude of the characteristic wave for outflow events utilizes the
pressure field, and for local inflow events the velocity and tem-
perature field of a preliminary RANS encompassing the full
domain. In the simulation, the Spalart-Allmaras turbulence
model was used. The adopted boundary formulation enables
the embedded LES interface to be placed in highly turbulent
regions thereby reducing its overall extent. The wall-parallel
or tangential zonal interface (TZI) further reduces the extent of
the embedded LES region to the near wall and separation re-
gion. In general, this boundary condition is nearly aligned with
the velocity field at the inflow of the embedded LES. How-
ever, in general a mean mass flux can exist on this boundary,
which has to be taken into account. The present boundary for-
mulation allows the correct mass flux determined by the pre-
liminary RANS to enter or exit the embedded LES domain
over the boundary surface without prescribing inflow turbu-
lence or sampling it from inside the embedded LES domain,
see Borgelt et al. (2025a). This method gave good results if
the tangential interface is placed outside the turbulent bound-
ary layer. These boundary conditions are combined with the
reformulated synthetic turbulence generation (RSTG) method
by Roidl et al. (2013) at the inflow, which is used to gener-
ate turbulent velocity fluctuations from the time-averaged val-
ues of the preliminary RANS solution. To efficiently simu-
late axial turbine flow the RSTG method is extended to in-
clude the generation of freestream turbulence as presented in
Borgelt et al. (2025b). This extension is particularly important
due to its influence on boundary layer separation on the stator
blade, which in turn significantly affects the pressure distribu-
tion on the blade surfaces and the resulting hot gas ingress as
well as the shear-layer dynamics. The simulation of axial tur-
bine geometries that include the curvature require additional
adaptations to the RSTG method which are discussed in the
following.

Curvature adaptations to the RSTG method

The synthetic turbulence generation method is adapted
for turbine geometries that include curvature by creating the
velocity fluctuations in the (x,r@,r)-coordinate system. A
schematic of an inflow of a curved axial turbine cascade and
the coordinate transformation is depicted in figure 1. The ve-
locity fluctuations ), induced by the virtual eddies at a point
(x,r0,r,) in the inlet plane of the embedded LES are com-
puted by

N
Uy (x,1,70,0) =Y O fi () f1, m(F) fi,0.m(r0) . (1)
n=1

y, (x,r0,13t)

The influence of a particular eddy core on a point in the LES
inlet plane is calculated using the shape functions f; .., fi u»
fi,o,m as defined in Roidl et al. (2013). The transformation
to the (x,70,r) coordinate system ensures correct eddy scales
in the radial direction. The instantaneous velocity fluctuations
are scaled by the Cholesky decomposition, in the (x,r0,r,7)-
coordinate system given by

W, (x,r0,rt) = ZAm,,ﬁ;n(x,rQ,r,t). )
n

Figure 1. Schematic of the coordinate transformation from
Cartesian (x,y,z)- to the (x,r0,r) coordinates at the RSTG in-
flow plane for a curved turbine cascade setup.

The instantaneous velocity components at the LES inlet plane
at the Cartesian point (x,y,z,?) are obtained by superimposing
the time-averaged RANS velocity field with the scaled velocity
fluctuations. They are transformed to the Cartesian coordinate
system, i.e.,

3

ULESn = URANSm + 3, Tnatty(x,r0,r,1). 3)
d=1

The quantity 7,,,; denotes the entries of the inverse of the rota-
tion tensor T given as

1 0 0
T(6)=[0cos(8) —sin(0) | . ()
0 sin(6) cos(0)

The Reynolds stress tensor components needed for the similar-
ity relation used in the Cholesky decomposition is transformed
in the (x,70,r)-coordinate system by the tensor rotation

wu' w'vy u'v,

U [ S A R T

T = | uvy vgvg vpvi | =TT, T, . &)
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Here, v, is the radial velocity component and vy is the
tangential velocity component in cylindrical coordinates. The
azimuthal angle in cylindrical coordinates 6 is defined by its
Cartesian coordinates 6 = arctan ().

CURVED BACKWARD-FACING STEP

In the following, the embedded LES method is validated
for the flow over a curved backward-facing step. The perfor-
mance of the method is assessed through comparisons with the
preliminary RANS solution and a reference full-domain LES
simulation.

Geometry and numerical setup

The efficiency and the accuracy of the method is first
demonstrated on separating flow over a curved backward-
facing step, in which the embedded LES region is limited
to the separation region, as shown in figure 2. The geome-
try of the curved backward-facing step is equal to the back-
ward step of the periodic hill geometry, which is defined on
NASA’s website on turbulence models Langley Research Cen-
ter (2021). The Reynolds number, based on the bulk velocity
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Figure 2. Geometry of the curved backward-facing step, the
total domain, the embedded domains, and the boundary condi-
tions.

at the crest of the step and the step height A, is Re;, = 28,000
at a Mach number of M = 0.1. The computational domain ex-
tends 7.1h upstream of the curved backward-facing step. The
non-dimensional domain height and total length are given by
H/h =3.025 and L/h = 22.5, respectively, while the span-
wise width is 4.5h with periodic boundary conditions applied
in that direction. The inflow location of the embedded LES re-
gion is positioned at x/h = —1.25, corresponding to a distance
of approximately 76 upstream of the step onset at x/h = 0.0,
with & being the boundary-layer thickness at that location. The
wall-normal position of the tangential zonal interface is set to
y/h = 1.75. A no-slip boundary condition is imposed at the
wall, which is assumed to be adiabatic.

In the full LES setup, turbulence is introduced at the in-
flow with a prescribed turbulent intensity of 5%, using the tur-
bulence generation method proposed by Batten ez al. (2004).
The outflow boundary is modeled using the NSCBC formula-
tion of Granet et al. (2010), where the target pressure is set as
the free-stream pressure, p... In contrast, the full RANS setup
applies a standard outflow boundary condition with the pres-
sure fixed to p... For both the full LES and full RANS setups,
the upper boundary is treated using a symmetry condition.

The grid of the full LES setup consists of 151 million
cells. The zonal setup has a grid size of 91 million cells, cor-
responding to a reduction in grid cells of 40%. The 2D-RANS
setup has a grid size of approximately two million cells. The
data is summarized in table 1.

Table 1.
tups for the curved backward-facing step geometry.

RANS LES embedded LES
grid cells [10°] 2 151 91

Number of grid cells employed for the different se-

Simulation results

The performance of the embedded LES method is as-
sessed through comparisons with the preliminary RANS so-
lution and a reference full-domain LES simulation. To pro-
vide an impression of the flow structures, figure 3 shows Q-
criterion contours colored by the instantaneous streamwise ve-
locity component u obtained from the full-domain LES refer-
ence solution.

Figure 4 shows the wall-normal distributions of the
streamwise velocity component u at several streamwise loca-
tions for the different simulation methods. The full RANS
solution agrees well with the velocity profiles from the full-
domain LES outside the recirculation region. The recircula-
tion region is visualized by the contour line u/u. = 0. The
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Figure 3. Q-criterion contours colored by the instantaneous
streamwise velocity component u of pure LES reference solu-

tion.

size of the recirculation region predicted by RANS is under-
estimated. In contrast, the embedded LES setup shows a very
good agreement in the streamwise velocity component u and
the extent of the recirculation region compared to the full LES
setup.

The wall-shear stress distribution 7, is presented in figure
4 (bottom). The reattachment position is identified by the point
at which the wall-shear stress vanishes at the wall y/h = 0. The
full RANS setup exhibits a misprediction of the wall-shear
stress along the entire lower wall. Specifically, the reattach-
ment location predicted by the full RANS solution occurs at
x/h="1.43, which deviates significantly from the full LES pre-
diction of x/h = 6.6. In contrast, the embedded LES approach
accurately reproduces the reattachment location, showing ex-
cellent agreement with the full LES result. Furthermore, the
NSCBC outflow formulation does not introduce any detectable
upstream influence on the velocity field. This conclusion is
supported by the consistency of the wall-shear stress distribu-
tion in the vicinity of the embedded LES outflow boundary at
x/h=38.0.

The wall-normal distributions of the Reynolds shear stress
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Figure 4. (top) Wall-normal velocity distribution of the time-
averaged streamwise velocity component i/ i, (bottom) non-
dimensionalized wall-shear stress Ty on the leeward wall of
the curved backward-facing step at y/h = 0.0; LES: full LES,
RANS: full RANS, ELES: embedded LES.
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Figure 5. Wall-normal distributions of (top) the Reynolds
shear stress u/V/, (middle) the turbulent kinetic energy k, and
(bottom) the production of turbulent kinetic energy P non-
dimensionalized by u.; LES: full LES, RANS: full RANS,
ELES: embedded LES.

and /V/, and the turbulent kinetic energy , the production of
the turbulent kinetic energy P are shown in figure 5. A very
good agreement between the embedded LES and the full LES
solution is observed. The embedded LES shows a massive
improvement compared to the RANS solution especially in-
side the recirculation region. At the outflow, i.e., x/h = 8.0,
the production term of turbulent kinetic energy is positive near
the wall in the full LES data, whereas the embedded LES pre-
dicts negative values. This discrepancy can be attributed to the
NSCBC outflow formulation, which enforces negative instan-
taneous velocities toward the positive time-averaged RANS
state. As a consequence, a negative turbulent kinetic energy
production term arises, predominantly in the near-wall region.

AXIAL TURBINE SETUP

The adaptation to the embedded LES method for turbo-
machinery application is validated for a curved stator cascade
consisting of the first stator row and wheel space of the ICAS-
GT2 turbine geometry investigated. The turbine geometry
was originally studied experimentally as well numerically by
Jakoby et al. (2004). Later, Hosgen ef al. (2023, 2024) im-
proved the numerical predictions of Jakoby et al. (2004) by
conducting detailed high-fidelity LES simulations of the same
geometry and operating conditions. The focus of the analy-
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Figure 6. Schematic of the ICAS-GT?2 stator cascade geome-
try with the first wheel space with the location of the embedded
LES (ELES) region.

sis is on the accurate prediction of the hot gas ingress into the
stator-rotor wheel space.

First, the turbine geometry and the computational setup
are discussed. Then, a grid study is performed to find the grid
resolution that accurately predicts the hot gas ingress and tur-
bulent flow statistics relevant for hot gas ingress. Afterwards,
the results for the embedded LES method adapted for curved
turbine geometries are discussed and compared to the full LES
and a preliminary RANS solution.

Geometry and numerical setup

The turbine consists of two stators with 16 vanes each
and a rotor with 32 blades. Note that only the first stator row
and the upstream wheel space are considered, whereas the ro-
tor blades are not taken into account. The rotor is modeled
inside the main annulus as a cylinder, inside the wheel space
the rotor geometry is unchanged to obtain identical sealing lip
geometries. Only one sector of the turbine geometry is consid-
ered using the azimuthal periodicity method by Hosgen et al.
(2023). With 16 stator blades, the periodic azimuthal turbine
angle is Op = 22.5°. To reduce the convergence time of the
slow wheel space flow and in turn the computational cost of
this investigation, the axial part of the wheel space at the lower
rotor hub is neither considered.

Figure 6 shows a schematic of the investigated curved tur-
bine cascade geometry superimposed with the embedded LES
region, which encompasses the turbulent boundary layer up-
stream of the stator, the lower part of the stator blade, and
the wheel space. The hub radius of the rotor is R = 135mm
and the height of the main annulus is H = 30mm. The lower
hub of the rotor is 43mm. The length of the main annulus is
L = 325mm. The extent of the rim seal gap in the streamwise
direction x is s = 4mm. The wheel space is symmetric with a
double lip geometry. The inflow of the embedded LES region
is located at x/s = —12.375. The position of the tangential
zonal interface is set to r/R = 1.11 corresponding to half the
channel height. The outflow of the embedded LES region is
located at x/s = 3.875.

At the main annulus inflow, density and velocity are pre-
scribed. In the full LES, synthetic turbulence with a turbu-
lence intensity of 7% is imposed using the method of Batten
et al. (2004). At the main annulus outlet, the pressure is fixed
to pout- At the wheel space cavity inlet, density and velocity
are prescribed according to the specified sealing-air mass flux,
without prescribed turbulence. At the stator and rotor surfaces,
adiabatic no-slip conditions are applied, together with a Robin-
type boundary condition for pressure and density.

RANS/Full LES I

H = 30mm
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The number of grid cells for the different simulation
methods are summarized in table 2. The grid of the pure LES
and pure RANS setup consists of 244 million cells. Here, the
Spalart-Allmaras turbulence model is used. The zonal setup
has a grid size of 76 million cells, corresponding to a reduc-
tion in grid cells of 69%.

Table 2. Number of grid cells employed for the different se-
tups for the curved turbine cascade.

RANS LES embedded LES
grid cells [10%] 244 244 76

Simulation results

In the following, the cavity flow of the curved axial tur-
bine is analyzed with special focus on the prediction of the
cooling efficiency. Time- and spanwise-averaged radial dis-
tributions of key flow quantities within the wheel space are
examined.

Figure 7 shows an instantaneous visualization of the Q-
criterion, colored by velocity magnitude, within the embedded
LES region, highlighting key turbulent features of the curved
turbine cascade. The horseshoe vortex is visible around the
stator leading edge, while the inflow boundary of the embed-
ded LES domain is located just upstream of its formation. The
turbulent stator wake is clearly resolved, with its structures ex-
tending up to the TZI boundary, indicating that the TZI does
not impede the development of turbulence. Downstream of the
stator cascade, interactions between secondary flow structures,
i.e., the horseshoe vortex and the corner vortex, the turbulent
stator wake, and the shear layer around the rim seal gap oc-
cur. The turbulent structures are able to leave the domain with
minimal reflection through the NSCBC boundary condition.

The radial distributions of the time- and azimuthally av-
eraged radial velocity component v,, the pressure p, and the
cooling effectiveness 1 are shown for two axial positions
within the wheel space in figure 8. The cooling effectiveness
1 is defined as

Y(}”) —th
Yeg — Yhg '

n= (6)

V/ag
00 02 04 06 0.9
[___ 4 —_—

Figure 7. Q-criterion colored by the instantaneous velocity
magnitude V of the embedded LES region. The stator wall is
colored in blue, the rotor wall in red.

The quantity Y denotes the passive scalar concentration, with
the passive scalar concentration in the hot gas ¥, = 0 and the
cooling gas concentration in the wheel space Yz = 1.The dis-
tributions at x/s = —0.9375, i.e., close to the stator wall, are
presented in the left column. The right column shows the ra-
dial distributions near the rotor disk at x/s = 1.9375. It is
shown that the cooling effectiveness is higher near the rotor
wall than near the stator wall for the pure LES and embedded
LES, with strong agreement between these methods. In combi-
nation with the radial velocity distributions, this indicates that
the reduced hot gas ingress near the rotor wall is driven by in-
creased radial outflow caused by rotor-induced acceleration in
both azimuthal and radial directions. This outwash generates a
recirculating vortex in the upper wheel space (r/R > 0.9), lead-
ing to negative time-averaged radial velocities near the stator
wall causing an increase in hot gas ingress. The radial velocity
is accurately captured by the embedded LES compared to the
pure LES. The RANS solution also shows good agreement in
radial velocity, with larger discrepancies primarily occurring
in the lower wheel space. The RANS solution, however, pre-
dicts significantly reduced hot gas ingress near the stator wall
and therefore a higher cooling effectiveness in this region. The
combination of good agreement in the prediction of the radial
velocity and significantly reduced hot gas ingress near the sta-
tor wall suggests deficiencies of the RANS model in predicting
shear layer mixing. The pressure distributions from all three
modeling approaches are in good agreement overall, with the
pressure of the embedded LES closely matching the pressure
obtained by the RANS solution due to the boundary formula-
tion of the NSCBC. However, deviations between the embed-
ded LES and RANS are observed within the cavity shear layer
at r/R =~ 1, also indicating differences in predicted mixing be-
havior.

The shear layer dynamics and turbulent fluctuations of
the cavity flow are analyzed using radial distributions of the
Reynolds stress components relevant to hot gas ingress vi.v..
and the turbulent kinetic energy k, are also depicted in figure
8 at the two axial positions as discussed before. The embed-
ded LES exhibits very strong agreement with the pure LES for
all turbulent quantities with the exception of the differences in
the main channel flow caused by the TZI formulation, where
the radial velocity fluctuation is damped, i.e., vi.v. |1z = 0 and
the subsequent shift of the turbulent fluctuations in the two
interface-parallel directions.

CONCLUSION AND OUTLOOK

In this manuscript, an embedded LES method capable
of resolving the highly complex multi-mode hot gas ingress
into the stator-rotor cavity wheel space of axial turbine ge-
ometries has been presented. The method uses a preliminary
pure RANS simulation of the flow case to provide meaning-
ful boundary conditions for a reduced region of interest simu-
lated by means of LES, e.g., in high-shear layer regions. The
embedded LES is effectively used as a magnifying glass, pro-
viding locally high temporal and spatial resolution of specific
flow features making it ideal to seamlessly integrate into the
industrial design process of turbomachinery.

The embedded LES approach was first validated for the
separating flow over a curved backward-facing step which fea-
tures flow states similar to those expected in axial turbine ap-
plications. This includes an incoming turbulent boundary layer
at the inflow, non-zero mass flux at the tangential boundary,
and a highly turbulent flow with possible flow reversals at the
outflow. The reduced LES domain has a cell reduction of 40%
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Figure 8. Time and azimuthal average for (a) the radial velocity component v,, (b) the pressure p and (c) for the cooling effectiveness

7, (d) the Reynolds stress component ./, and (e) the turbulent kinetic energy & plotted over radial position r for (top) x/s = —0.9375,
and (bottom) x/s = 1.9375. Fine: fine LES, RANS: pure RANS, ELES: embedded LES. A schematic of the axial positions is included

on the right.

compared to the full LES domain. The separating flow was
accurately captured by the embedded LES compared to the
pure LES significantly improving upon the results obtained
by RANS. The embedded LES method with the described
changes for curved turbine geometries were subsequently val-
idated for a curved turbine cascade, for which an overall re-
duction in grid cells of 69% compared to the pure LES were
achieved. The cavity and main annulus flow were accurately
predicted with a strong agreement in the hot gas ingress pre-
dictions compared to the pure LES setup.
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