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ABSTRACT
Regions of three-dimensional separations are an inherent
flow feature of the corner formed by the suction surface and endwall of axial compressors. RANS turbulence models, common
in industrial CFD codes, often struggle in these regions. This
paper investigates the use of two hybrid RANS/LES methods as
alternatives to pure RANS methods.
SA and SST based Zonal DES (ZDES) are applied to a linear blade cascade case, studied experimentally by Gbadebo [1].
The time-averaged results are compared to steady SA, SST and
RSM RANS results. SA model corrections for streamline curvature, anisotropy and non-equilibrium effects are also examined.
For the ZDES computations the solver is modified to reduce dissipation at low Mach numbers.
Significant uncertainty is observed in the RANS results, with
the origin of the suction surface corner separation occurring too
far upstream, and the extent of the corner separation significantly over-predicted. The laminar separation bubble and the
turbulent reattachment are also missed. Consequently the surface pressure distribution, exit flow angle and total pressure loss
predictions are poor. Conversely, the ZDES results were encouraging; with much better predictions of the pressure distribution,
exit flow angle and trailing edge boundary layer displacement
thickness. Some RANS corrections proved effective, such as the
SA model with Rotation/Curvature correction (SA-RC), however
all had deficiencies in some areas.
Although the ZDES results are encouraging it is noted that
these computations were two orders of magnitude more computa-
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tionally expensive due to the high mesh densities and small timesteps required. For the ZDES results quality indexes are examined in order to determine whether the computational mesh used
is sufficient in different flow regions. Mesh generation strategies based on using a pre-cursor RANS solution to obtain a
modelled energy spectrum and various turbulent length scales
to guide mesh refinement are considered. These can provide a
quick estimate of the potential computational cost of LES or hybrid RANS/LES computations from a RANS solution.

NOMENCLATURE
α2
Exit flow angle
β1
Inlet blade angle
i
Incidence angle
p
Pressure
ρ
Density
Rec Chord based Reynolds number
c
Blade chord length
h
Blade height/span
s
Blade pitch
t
Time, or blade thickness
φ
A primitive variable, or blade camber angle
γ
Blade stagger angle
V1
Inflow bulk velocity
Un
Face normal velocity component
n
Normal vector
E
Total energy per unit volume
F, G Flux vectors

all correspondence to this author (as2341@cam.ac.uk).

1

Copyright © 2015 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/ on 10/27/2015 Terms of Use: http://www.asme.org/about-asme/terms-of-use

Ll p
Ai j
δ
δ∗
θ
H
Cp
Yp
ε
d
∆
k
ω
Lt
s̃
ν
νt
γP
γD

Pseudo-Laplacian
Flux Jacobian
Boundary layer thickness
Boundary layer displacement thickness
Momentum thickness
Shape factor
Static pressure coefficient, (p − p1 )/( 21 ρU12 )
Total pressure loss coefficient, (p01 − p0 )/( 12 ρU12 )
Smoothing constant
Wall distance
Grid spacing or filter width
Turbulent kinetic energy
Specific turbulent dissipation
Turbulent length-scale
Sub-grid activity parameter
Kinematic viscosity
Turbulent viscosity
Production intermittency
Destruction intermittency

RANS/LES methods offer a promising alternative here. By using Reynolds Averaged Navier-Stokes (RANS) modelling to account for the near-wall turbulent streaks, the high mesh densities
required near walls can be significantly reduced, resulting in substantial cost savings at high Reynolds numbers.
The hybrid RANS/LES approach is becoming increasingly
popular, and has recently been applied to a number of turbomachinery compressor flows [8–10]. However, there are still
some questions to be answered, for example Lardeau et al. [11]
found that wall-resolved LES computations could not reliably
predict the boundary layer transition process until the computational mesh approached a Direct Numerical Simulation (DNS)
level of resolution. Therefore it is of interest to examine the implications of this for a hybrid RANS/LES method, and whether
it is necessary to use a RANS transition model.
Another question to ask is whether the relatively high cost
of using hybrid RANS/LES computations in the design process
is justified, or whether applying corrections to RANS models to
sensitise them to effects such as streamline curvature is acceptable. There are some that argue that the more elaborate Reynolds
Stress Transport (RSM) RANS models may offer a tenable alternative to eddy resolving techniques such as LES for the prediction of complex turbo-machinery flows, for example see Morshbach et al. [12]. However, others such as Lien et al. [13] argue
that strong evidence of superior accuracy from RSM’s for complex industrial flows isn’t yet available. Therefore this is also an
area to consider.
Finally, as Tucker and DeBonis [14] note, for LES type
methods to be integrated into the design process there is a pressing need for best practice guidelines for hybridisation and meshing to be developed. Various practitioners have proposed methods for designing LES meshes from precursor RANS solutions,
and this paper attempts to investigate the application of these to
an endwall flow. There is also a need to determine whether a
mesh is suitable for an LES type computation, since grid sensitivity studies, based on strong mesh refinement, are impractical
for LES. Methods for assessing the quality of an LES mesh are
described in the literature, however most have only been used on
rather simple canonical flows. This paper investigates the use of
such methods on an endwall flow which is more representative
of a flow seen in the turbo-machinery industry.

Subscripts
0
Stagnation quantity
1
Inflow quantity
2
Exit quantity
Superscripts
p
+
Non-dimensional distance, e.g. y+ = y τw /ρ/ν

INTRODUCTION
Regions of three-dimensional separations are an inherent
flow feature of the corner formed by the suction surface and endwall of axial compressors. These corner separations cause passage blockage and effectively limit the loading and static pressure rise achievable by the compressor. The flow in these regions can be highly unsteady and vortical, with anisotropic and
non-equilibrium turbulence effects common. Thus Reynolds Averaged Navier-Stokes (RANS) turbulence models, often used in
industrial CFD codes, can struggle here [2–6]. Unsteady RANS
(URANS) may be able to account for some unsteady effects, but
the spectral gap between the resolved and modelled scales assumed by such methods is often not present in turbo-machinery
[7].
By resolving the complex large scales of turbulence Large
Eddy Simulation (LES) offers potentially improved accuracy for
such flows. With recent increases in computing power, the application of LES to practical engineering problems is becoming
more realistic. However, it is still too computationally expensive
for computing industrial scale compressors at realistic Reynolds
numbers. There is therefore a need to reduce cost, and hybrid

COMPUTATIONAL SET-UP
The computational geometries, meshes and numerical methods used in this investigation are briefly introduced in this section.
Computational Domain
The geometry to be computed is a linear CDA (Controlled Diffusion Aerofoil) cascade investigated experimentally
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by Gbadebo [1, 15]. Some geometrical parameters for the cascade are presented in Tab. 1. The cascade blades are typical of
high-pressure stator blades found in a modern gas-turbine compressor.
TABLE 1: GEOMETRICAL PARAMETERS FOR THE COM-

PRESSOR CASCADE.

Parameter

Value

Chord, c (m)

0.1515

h/c

1.32

s/c

0.926

t/c

0.1

Camber, ϕ (◦ )

42.0

Stagger, γ (◦ )

14.7

Inlet blade angle, β1 (◦ )

41.0

FIGURE 1: COMPUTATIONAL DOMAIN FOR ZDES CASES.

The same grid spacings are used for the RANS mesh, leading to a mesh size of 4.97 million grid points. This is considerably finer than should be required for the RANS computations,
in fact Danhua et al. [2] found that only about 630000 grid points
were required to achieve a grid independent solution for this case.
Inlet and outlet conditions
To match the inlet measurement position used in the
Gbadebo experiment [1] the inlet is located 2c upstream of the
blade leading edge. The inlet flow angles, stagnation pressure
and temperature profiles, and the outlet static pressure, are then
prescribed to match the experimental inflow conditions shown in
Tab. 2.
Some uncertainty exists with respect to the inflow turbulence
specification, since information on the incoming turbulent length
scales is not available from the experiment. For the RANS cases
an inflow turbulent length scale of 4 mm was chosen, since this
agreed well with previous RANS studies [8, 15]. This choice is
rather arbitrary, however it is also close to the value of 5 mm
chosen by Gourdain [17] for a similar compressor case. With the
measured inflow turbulence intensities being quite low, no inflow
perturbations are currently applied in the ZDES cases.

The computational domain used to represent the cascade is
shown in Fig. 1. The experiment consists of a blade with endwalls. The mean flow was found to be symmetric about the midspan, therefore for the RANS cases it is sufficient to only compute the grey region shown in Fig. 1. In this case the mid-span
is treated as an inviscid wall. To represent the pitch-wise periodicity node-to-node matching periodic boundaries are used. The
blade and endwall are set as standard no-slip viscous walls. To
avoid spurious waves, a considerable buffer zone is placed downstream of the blade. This increases the number of grid points by
about 5%, however avoids the need for specialized non-reflecting
boundary conditions.
For the hybrid RANS/LES cases the instantaneous flow field
is not expected to be symmetric about the mid-span, therefore it
isn’t suitable to use an inviscid wall at the mid-span. Instead
the domain above the mid-span, shown in blue in Fig. 1, is also
computed. The second endwall is treated as an inviscid wall, and
the grid is aggressively coarsened in this new domain so that it
acts as a buffer zone, preventing spurious reflections back into the
domain of interest. This approach only adds 12% to the number
of grid points.
An H-O-H mesh topology is used here. For the ZDES mesh
569 points are wrapped around the blade, and 135 points are distributed across the blade span with clustering near the endwall.
This leads to a final mesh size of 5.54 million grid points. The
following near-wall grid spacings are used; y+ ≤ 1, ∆x+ < 130,
and ∆z+ < 215. These spacings are within the recommended
ranges for a Hybrid RANS/LES computation [16].

NUMERICAL METHOD
To ensure findings can be transferred to an industrial context
this investigation uses an industrial RANS CFD code that has
been extended to handle LES. The code is the Rolls-Royce CFD
code Hydra [18], which is an unstructured, mixed element, compressible, density-based Navier-Stokes solver. The unstructured
mixed-element approach allows for the computation of complex
geometries. However there is a penalty in computation cost compared to a block-structured solver, and unstructured spatial discretisation schemes are generally limited to second order accuracy.
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TABLE 2: INLET FLOW CONDITIONS, INCLUDING END-

the nodes. The inviscid flux F(Q) is computed using the secondorder accurate scheme of Moinier [19]. This is based on the flux
differencing ideas of Roe [20], which is essentially a central differencing scheme with some element of upwinding for smoothing. For the edge connecting nodes i and j, the inviscid flux is
computed as:

WALL BOUNDARY LAYER PARAMETERS.

Parameter

Value

Reynolds number (Chord based), Rec
Boundary layer thickness, δ (mm)
Displacement thickness,

δ∗

2.3 × 105
5.23

(mm)

0.507

Momentum thickness, θ

1.75

Shape factor, H

1.35

Flow inlet angle, α1

Fi j =

(◦ )

0.0

Free-stream turbulence intensity (% RMS)

1.5

smoothing =



1
Ai j ε Lljp (Q) − Lil p (Q) ,
2

Ai j = ∂ F/∂ Q.

Z

F(Q).n dS +
∂Γ

Z

F(Q).n dS +

∂Γ

G(Q).n dS = 0

(1)

∂Γ

where



ρ Ũn
ρ
 ρ ũ 
 ρ Ũn ũ + nx p 
 





Q =  ρ ṽ  , F(Q).n = 
 ρ Ũn ṽ + ny p 
ρ w̃
ρ Ũn w̃ + nz p

Ẽ
Ũn Ẽ + p

(5)

Modifications for LES
It is important for the smoothing term to be minimised in
LES regions, to prevent excessive unphysical dissipation of the
resolved eddies. This is especially so at low Mach numbers such
as those found in the current case. Various approaches have been
used by LES practitioners to reduce the smoothing in Hydra. It
is possible to tune the smoothing constant ε in Eqn. 4 to match
the flow physics [21], however the value of ε isn’t designed to
act as a global constant and must often be tuned locally. Trial
and error can also be used to find the minimum stable value of
ε [22]. Alternatively, a wiggle detector can be used to adapt the
amount of smoothing based on the local level of dispersion [23].
However, the wiggle detectors previously implemented in Hydra
still require some degree of tuning.
To avoid the need for tuning, Watson [24] instead implemented a Kinetic Energy Preserving (KEP) scheme in Hydra.
This is based on the work of Jameson [25], and is implemented
by simply changing the order of averaging of the flux terms. Instead of multiplying the primitive variables at each node and then
averaging them as is done in the original Roe scheme given in
Eqn. 1:

Governing Equations
The Hydra code solves for the spatially filtered, Favreaveraged, unsteady, compressible Navier-Stokes equations. For
the conservative variables these can be expressed as
Z

(4)

where Ll p is the pseudo-Laplacian, ε is a user-defined smoothing
constant, and

The main features of the Hydra code are summarised below, and modifications made for use as a Hybrid RANS/LES type
solver are presented.

∂
∂t

(3)

with the smoothing term given by

41.0

Incidence angle, i (◦ )

1
[F(Qi ) + F(Q j )] − smoothing
2



(2)

Ũn = ũnx + ṽny + w̃nz
and G(Q) contains viscous and conduction flux terms. In an LES
context the notation ¯ is for unweighted-filtered variables and ˜
is for density-weighted filtered variables.




1
1
Fi j = ρi ui φi + ρ j u j φ j − smoothing
2
2

(6)

in the KEP scheme the primitive variables are instead averaged
at each node first, and then multiplied:

Spatial Discretisation
A finite volume discretisation is used, with median-dual control volumes created that surround each node of the mesh. The
fluxes through each median-dual control volume face are accumulated to each node by looping over all the edges connecting


1
1
1
:0

Fi j =
(ρi + ρ j ) × (ui + u j ) × (φi + φ j ) − 
smoothing

2
2
2
(7)
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At low Mach numbers the conservation of kinetic energy leads
to a stability increase that means no artificial dissipation terms
are required. Tucker [7] also found that such a scheme is considerably less sensitive to grid quality. However, this is at the
expense of some dispersive errors which occur due to the lack of
smoothing.

using the same RANS model in both RANS and LES regions,
which fits in with the strategy of modifying a mature RANS
solver for LES. Instead of allowing the model to decide when
to transition to LES, as in the case in standard DES type approaches, here the RANS-LES interface is set by the user. This
reduces mesh sensitivity and prevents problems such as Grid Induced Separation which the original DES formulation can suffer
from [34]. For the SA based ZDES the wall distance function d
in the SA model is replaced with a modified distance function:

Turbulence Treatments
The different turbulence treatments investigated are summarised in Tab. 3. Three steady RANS approaches were tested;
the 1-equation Spalart-Allmaras (SA) model [26] and the 2equation SST [27] model, both common in industry, were used
with Hydra. Additionally a Quadratic Pressure-Strain Reynolds
Stress Model (RSM) [28] was used with the Ansys Fluent commercial CFD solver.
In an attempt to improve the capability of the RANS models for predicting the complex flow physics near the endwall,
corrections for streamline curvature/rotation (SARC), turbulence anisotropy (SA-QCR) and non-equilibrium of turbulence
(SALSA) are applied to the SA model in Hydra. References for
these are provided in Tab. 3.

(
d
d˜ =
SA ∆
CDES
vol

Correction(s) used

SA [26]

Rotation correction [29]

FDES =

SA
SARC

Strain Adaptive formulation of SA
model [31]

SALSA

Quadratic Constitutive
Relation [32]

SA-QCR

SST [27]

Menter production limiter [27]
Kato-Launder production
term [33]

SST

RSM [28]

None

RSM

SA based
ZDES

Same as “SA” configuration

ZDESSA

SST
based
ZDES

Same as “SST” configuration

ZDESSST

(
1

if d < d int
otherwise

Lt
SST ∆
CDES
vol

(9)

where√LT represents the k − ω turbulent length-scale given by
Lt = k/ω. In the LES mode usually only the k −ε branch of the
SST model is important. However, as recommended by Travin
et al. [36], Menter’s blending function (F1 ) is used to blend the
k − ε and k − ω CDES constants:

Abbr.

Rotation/curvature correction [30]

(8)

SA = 0.65. The SST based DES [36] is zonalised in a
where CDES
similar manner, with the destruction of turbulent kinetic energy
(k) term in the SST model’s k equation multiplied by a function
FDES , given by:

TABLE 3: TURBULENCE TREATMENTS USED.

Model

if d < d int
otherwise

SST
k−ε
k−ω
CDES
= (1 − F1 )CDES
+ F1CDES

(10)

k−ω
k−ε
where CDES
= 0.61 and CDES
= 0.78.
int
The distance d is set to y+ ≈ 60 as advocated by Deck [34]
amongst others. This gives a Wall Modelled LES (WMLES) type
approach, where the RANS layer covers only a small part of the
boundary layer. Outside of this we have LES type behaviour,
with the computational mesh providing an implicit filter for the
large eddies.
To reduce the predicted turbulent viscosity on less than
ideal (i.e. anisotropic grids) the filter width is changed from
the standard DES maximum cell edge length filter
√ ∆max =
max(∆x, ∆y, ∆z) to the cubed root of volume ∆vol = 3 ∆x∆y∆z filter. Finally, as recommended by Breuer et al. [37] the SA model
constants are altered in the LES zone

fv1 = 1,

fv2 = 0,

fw = 1

(11)

This prevents the near-wall damping functions of the SA model
interpreting the low-eddy-viscosity levels typical of resolved
LES regions as closeness to the wall.

The hybrid RANS/LES method chosen here is a Zonal Detached Eddy Simulation (ZDES) type approach, similar to that
suggested by Deck [34]. The DES methodology [35] involves
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Simulation Time and Numerical Cost
Temporal discretisation is performed with a standard fivestage Runge-Kutta algorithm. The CFL condition limits the timesteps to a small value of 3.2 × 10−8 s. This is due to the very
small cells in the endwall-blade surface corners, which is a result
of the y+ ≤ 1 condition in two directions here. The time-step
corresponds to a maximum acoustic CFL of 10 and a maximum
convective CFL of 0.8.
Each convective pass consisted of approximately 440000
time-steps. The computations were initialised from the previous steady SA or SST RANS solutions, and were run for one
convective pass to flush through the initial transients. The averaging of flow variables was then performed for a further three
convective passes. Thus each ZDES computation consisted of
approximately 1.76 × 106 time-steps.
The ZDES cases were run on 128 cores on the Darwin CPU
cluster at the University of Cambridge, with ParMeTis [38] used
for domain decomposition. Hydra has been found to scale well
to over 2000 cores using MPI. The Darwin cluster was upgraded
in 2012, and now contains 9600 2.60GHz Intel Sandy Bridge
cores (600 nodes, 64GB of RAM per node, connected by Mellanox FDR Infiniband). The cost amounted to approximately 41k
core hours per ZDES computation, compared to approximately
400 core hours per RANS computation. The small cells in the
endwall-blade surface corner mean that the ZDES computations
are quite expensive, even with the use of RANS layers to reduce mesh size. The use of an implicit or hybrid explicit-implicit
time-stepping scheme could potentially reduce cost here.

Endwall

Wake

(a) Measured

(b) RANS SA

(c) RANS RSM

FIGURE 2: LOSS COEFFICIENT CONTOURS 50% DOWN-

STREAM OF TRAILING EDGE, FOR RANS CASES.
models. Figure 4a suggests that this leads to under-turning of the
flow near the endwall. In a similar manner, Fig. 3 shows that the
RSM more accurately predicts the span-wise extent of the corner
separation, however the pitch-wise extent is still over-predicted,
therefore the flow is still under-turned near the endwall.

DISCUSSION OF RESULTS
RANS Results
Figure 2 shows the measured and computed loss coefficient,
Yp , at the plane shown in Fig. 1. The loss due to the endwall
boundary layer and blade wake are visible in both RANS predictions, and the magnitude and extent of these regions are quite
similar to the experiment. However, as expected, the SA model
cannot correctly predict the complex endwall flow. Hence, the
extent of corner separation is over-predicted, and the lift-off of
the loss core (darkest red region in Fig. 2b) isn’t predicted. The
SST model showed similar behaviour here. Figure 2c shows that
the more elaborate RSM RANS does better, however the loss
distribution still isn’t in complete agreement with the measured
data.
Gbadebo
the use of “relative displacement
 [1] introduces

∗
thickness”, δ ∗ (z) − δmid
/c, to quantify the thickness of the 3D
separated region over the suction surface. δ ∗ (z) is the local dis∗ is the displacement thickness at the
placement thickness and δmid
blade mid-span. The “relative displacement thickness” across the
blade trailing edge is plotted for all the RANS cases in Fig. 3. It
is apparent that the pitch-wise and span-wise extents of the corner separation are significantly over-predicted by the SA and SST

FIGURE 3:

RELATIVE DISPLACEMENT THICKNESS
ACROSS TRAILING EDGE FOR RANS CASES.

Despite the uncertainty in the predicted extent of the corner
separation and exit flow angles, the baseline SA and SST models
still provide fairly close agreement with the mass averaged loss
predictions at the outflow plane, seen in Fig. 4b. Also, the RSM
agrees very well here.
Fig. 5 shows the static pressure coefficient, C p , distributions
on the blade. Near the endwall (Fig. 5b) the SA and SST models both perform quite poorly; the corner separation lifts off too
early, and pressure recovery on the latter half of the suction surface is restricted by the overly large corner separation region.
Near the mid-span (Fig. 5a) the SA and SST models may be
expected to do quite well. However, the the overly large corner separation region contaminates the C p predictions towards
the trailing edge on the suction surface. At both span locations
the RSM’s C p predictions are in better agreement with measurements compared to the SA and SST models, however there are
still substantial differences.
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(a) Exit flow angle

The Importance of Transition
The baseline RANS SA and SST models appear to struggle with this endwall flow, and corrections for turbulence
non-equilibrium, turbulence anisotropy, and streamline curvature/rotation did not universally improve predictions. Even the
complex RSM model, which many argue are more capable of
handling such flows [12], had difficulty here. It is therefore no
surprise that there may be other flow physics to consider. For
example, the effect of boundary layer transition on the endwall
flow. Goodhand and Miller [39] investigate this effect and conclude that any process that thickens the early suction surface
boundary layer, for example premature boundary layer transition, may also increase the size of the three-dimensional corner
separation.

(b) Loss coefficient

FIGURE 4: SPANWISE DISTRIBUTION OF PITCHWISE

MASS AVERAGED PARAMETERS, 0.5c DOWNSTREAM
FROM TRAILING EDGE. FOR RANS CASES.

(a) Experimental oilflow

(b) RANS SA surface LIC
Blue: τw < 0, Yellow: τw > 0

FIGURE 6: SUCTION SURFACE FLOW VISUALISATION

FOR EXPERIMENT AND RANS SA CASE.
(a) Near mid-span, z/h = 0.46

(b) Near endwall, z/h = 0.11

FIGURE 5: C p DISTRIBUTIONS FOR RANS CASES.

Figure 6 compares a Line Integral Convolution (LIC) [40]
surface flow visualisation from the SA case to the experimental oilflow on the blade’s suction surface. It is evident from this
that the SA model, like the SST model, doesn’t capture the laminar separation bubble and subsequent turbulent reattachment that
occur on the suction surface. To investigate whether this affects
the corner separation, the SA model case is run with a transition
model added.
The transition model, proposed by Kozulovic [41], consists of two modes; natural/bypass mode and separation-induced
mode. For both modes, the transition onset and transition development are modelled. The model operates by multiplying the
turbulence production and destruction terms in the SA model by
the intermittencies γP and γD . In this case, the separation-induced
mode is active on the suction surface of the blade. The mode is
modelled by an increasing intermittency (γP ) in the separation
bubble. This region, located between the separation onset and
the reattachment point, is characterised by a negative wall shear
stress (τw ). The intermittency γP is allowed to take values greater
than 1 in the rear part of the separation bubble, which is meant
to enable the prediction of more realistic bubble lengths and velocity profiles in the reattached regions [41]. Following the reat-

The baseline SA and SST models have been found to struggle in this endwall flow. It is desirable to improve these models
without having to resort to more complex or expensive turbulence treatments. However, the hatched areas in Figs. 3-5 show
that the RANS corrections tested only serve to add even more
uncertainty. The SARC model greatly improves the predicted
C p and exit flow angle distributions, more so than even the complex RSM model. However, it causes the relative displacement
thickness to be under-predicted near the endwall, and consequently the total pressure loss here is also significantly underpredicted. Similar results are observed with the SA-QCR model,
however this correction worsens the prediction of the exit flow
angle near the mid-span. The SALSA model gives similar predictions to the SA model. This is unsurprising since the SALSA
correction scales the local turbulent production by altering the
SA model’s Cb1 constant (Cb1 = 0.1355 by default) between the
0 ≥ 0.1515, depending on the local magnitude
range 0.1173 ≥ Cb1
of strain rate. Danhua et al. [2] found that Cb1 = 0.24 was required to give a good prediction for this endwall case.
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0.25

tachment point the intermittency is decreased to a turbulent value
of γP = 1.

Experimental data
RANS: SA
RANS: SA with transition model
ZDES: SA model
ZDES: SST model

y+ = 60

0.15

*

(δ (r) − δmidspan) / c

0.2

*

0.1

0.05

Laminar
separation
bubble

−1.2

0
0.5
Mid−Span

Experimental data
RANS: SA
RANS: SA with transition model
ZDES: SA model
ZDES: SST model

−1
−0.8

0.7

0.8

0.9

1
Endwall

Fraction of span

FIGURE 8:

RELATIVE DISPLACEMENT THICKNESS
ACROSS TRAILING EDGE FOR SA MODEL WITH TRANSITION AND ZDES CASES.

−0.6

CP

0.6

−0.4
−0.2
0
0.2

20

0.7

0.4

y+ = 60

0.6

0.6
0.2 0.28

0.4

0.6

x / Cx

0.8

1
α2 (deg)

0

(P01−P0) / 0.5ρ V12

15

FIGURE 7: C p DISTRIBUTION NEAR ENDWALL (z/h =

0.11) AND SUCTION SURFACE LIC FOR SA WITH TRANSITION MODEL CASE, AND C p DISTRIBUTION NEAR
ENDWALL FOR ZDES CASES.

10

5

0

Experimental data
RANS: SA
RANS: SA with transition model
ZDES: SA model
ZDES: SST model
0.6

0.7

0.8

0.9

Fraction of span

(a) Exit flow angle

The effect of adding a transition model on the C p distribution near the endwall is shown in Fig. 7. The surface flow visualisation and region of negative axial velocity (blue) elucidate the
presence of a laminar separation bubble, which is also hinted at
by the kink in the C p distribution at approximately 28% chord.
The suction surface boundary layer transition is delayed, and as
expected Fig. 8 shows the extent of the corner separation is reduced, leading to a better exit flow angle prediction as seen in
Fig. 9a. However, even with a transition model added the extent of the corner separation is still over-predicted. This could
possibly be partly due to the predicted transition location being
slightly too far upstream, although it is difficult to confirm this
from Fig. 7 due to relatively low resolution of experimental data
in this region.
With the above analysis in mind it is useful to note that a
laminar separation bubble was also observed on the suction surface in the SARC and SA-QRC solutions, and this may help explain why much smaller corner separation regions are seen in
these solutions. The SARC model reduces the turbulent viscosity
over the suction surface near the leading edge, due to the highly
convex streamline curvature here.

0.4

Experimental data
RANS: SA
RANS: SA with transition model
ZDES: SA model
ZDES: SST model

y+ = 60

0.3
0.2
0.1

−5
0.5
Mid−Span

0.5

1
Endwall

0
0.5
Mid−Span

0.6

0.7

0.8

0.9

Fraction of span

1
Endwall

(b) Loss coefficient

FIGURE 9: SPANWISE DISTRIBUTION OF PITCHWISE

MASS AVERAGED PARAMETERS, 50% CHORD DOWNSTREAM FROM TRAILING EDGE. FOR SA MODEL WITH
TRANSITION AND ZDES CASES.

ers have found [2, 3, 6], the RANS models struggle to correctly
predict the complex turbulence behaviour near the endwall. As
an alternative, the ZDES methods aim to resolve much of the
complex turbulence that the RANS methods seemed to struggle
with. Figure 10 demonstrates this; the steady RANS computation
(Fig. 10a) captures some of the key vortical flow structures expected in an endwall flow, for example the suction side leg of the
horseshoe vortex system and the suction and pressure side leading edge corner vortices. In the instantaneous ZDES-SST flow
field (Fig. 10b) these vortex structures are also captured, in addition to a large amount of turbulent content. The time-averaged
ZDES-SST field (Fig. 10c) allows the vortex structures to be seen
more clearly. The horseshoe vortex system and leading edge corner vortices are visible. Also, the greater over-turning of the endwall boundary layer means the pressure leg of the horseshoe vortex interacts with the corner vortex to produce the passage and
wall vortices.
To further elucidate the differences between the RANS
and ZDES flow-fields, stream-tracers for both are presented in
Fig. 11. It is apparent that the flow-fields in both cases are topo-

Hybrid RANS/LES Results
Addition of a transition model has been found to improve
results, however there are still clear deficiencies. There is uncertainty in the predicted transition location, and as other practition-
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in Fig. 7, the ZDES computations don’t resolve the suction surface laminar separation bubble. This is surprising since previous
RANS results suggested that correctly capturing the transition
process on the suction surface is perhaps important. It is encouraging as it suggests that, at least in the case of a WMLES type
hybrid RANS/LES where only a small part of the boundary layer
is modelled with RANS, the inclusion of a transition model in
the RANS layer isn’t that important. However, more work is required to investigate this area.

(a) Steady RANS SST

(b) Instantaneous ZDES-SST

(c) Time-averaged ZDES-SST

FIGURE 10: ISO-SURFACES OF Q-CRITERION (Q > 0),

COLOURED BY STATIC PRESSURE, FOR SST BASED
RANS AND ZDES CASES.

(a) Measured

(b) ZDES-SA

(c) ZDES-SST

FIGURE 12: LOSS COEFFICIENT CONTOURS 50% DOWN-

logically quite different. The ZDES solution shows the vortex
system described above, which is similar to that observed by
Wang et al. [42] in a turbine endwall flow, and is in agreement
with the Gbadebo experiment [1]. Whereas in the RANS solution the corner separation has “opened” and the flow structure is
similar to that observed by Wang et al. [9] in a different endwall
flow, with a precursor and backbone vortex present.

(a) Steady RANS SST

STREAM OF TRAILING EDGE, FOR ZDES CASES.

As seen in Fig. 9b the loss predictions are the one area where
the ZDES results are slightly disappointing. In both ZDES cases
the loss is under-predicted in the endwall region. Examining the
loss distributions in Figure 12 it is noticed that the size of the
corner separation region is slightly under-predicted, but perhaps
more significantly the magnitude of loss in this region is underpredicted, especially close to the endwall. It is thought that this
is partly due to a delay in eddy generation here; as discussed by
Deck [34] the advection of upstream RANS eddy viscosity can
delay the formation of instabilities in mixing layers. The turbulent viscosity is aggressively reduced at y+ ≈ 60, but the turbulent fluctuations aren’t immediately formed so we could have a
deficit in turbulent content, leading to insufficient loss in the endwall loss core. This hypothesis is supported by the fact that the
loss deficit was worse when the step changes in Eqns. 8 and 9
were smoothed with a tanh function, which led to a larger “grey
area” between the RANS and LES regions.
Overall, both the ZDES solutions agree quite well, however
there are a few small differences. For example, the flow is overturned near the mid-span in the ZDES-SA solution (see Fig. 9a),
and the high loss region appears more diffused in the ZDES-SST
case (Fig. 12c) compared to the ZDES-SA case (Fig. 12b). Since
the RANS layers are thin in both cases, it is likely that these
differences are at least partly due to differences in the behaviour
of the underlying RANS models in the LES regions.
Travin et al. [36] tested the SST based DES model in pure

(b) Time-averaged ZDES-SST

FIGURE 11: STREAM-TRACERS FOR SST BASED RANS

AND ZDES.

In addition to the ZDES solutions flow topologies being
in closer agreement with the experiment, the extent of the corner separation region is generally in better agreement as seen
in Fig. 8. It follows that the C p (Fig. 7) and exit flow angle
(Fig. 9a) distributions for the ZDES-SA and ZDES-SST models are mostly in agreement with the measured data. Interestingly, such agreement is obtained despite the fact that, as shown
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Challenges for RANS
Significant uncertainty has been demonstrated in the RANS
predictions, particularly in the endwall flow region. The complex
corner separation structure is strongly coupled to the turbulence
behaviour. In this section the characteristics of the turbulence
near the endwall in the ZDES-SST solution are examined in order to highlight some of the challenges faced by the RANS models.
Under the Boussinesq eddy viscosity assumption, the
Reynolds stress is aligned with shear strain. Wang et al. [9] define the misalignment angle between the two as:

RANS

LES

(a) ZDES-SA: Distribution of effective wall distance, d˜
LES


αMA = arctan

∂U ∂V
/
∂z ∂z



− arctan u0 w0 /v0 w0



(12)

Figure 14a shows αMA through the blade passage. It appears there is substantial misalignment between the shear strain
and Reynolds stress upstream of the corner separation, and this
is transported into the corner separation region. This implies the
eddy viscosity assumption isn’t valid even before the corner separation lift-off. It may be one reason why the linear eddy viscosity RANS models, such as the SA and SST models, struggle
here.

RANS

(b) ZDES-SST: Distribution of FDES constant
FIGURE 13: ZONALISATION STRATEGIES IN SA AND SST

BASED ZDES.

LES mode on a decaying homogeneous isotropic turbulence
case, and the resulting Sub-Grid Scale (SGS) model is found to
give comparable turbulence spectra to the SA based DES. Also,
Figure 13 shows that the SA and SST based ZDES have similar
behaviour in the attached boundary layers upstream of the blade;
here we have RANS close to the wall (d˜ = d or FDES = 1) and
LES behaviour away from the walls.

(a) Misaligned angle

(b) Helicity density

FIGURE 14:

MISALIGNMENT ANGLE AND HELICITY
DENSITY IN BLADE PASSAGE.

However, once the flow separates clear differences are seen
in the LES regions of both ZDES models. In the LES region of the ZDES-SA model d˜ = CDES ∆vol and so, as seen in
Fig. 13a, on a relatively uniform grid the SGS model has fairly
uniform behaviour. In contrast, for the ZDES-SST model we
˜
have FDES = Lt /(CDES ∆vol ) so unlike
√d the FDES function is dependent on the flow (through Lt = k/ω) as well as the local
grid spacing. Figure 13b shows that this causes the factor FDES to
vary greatly across the separated region. In the separated region
FDES → 1 and RANS behaviour is approached. This behaviour
seems to go against the philosophy of a zonal hybrid RANS/LES
method such as ZDES, where we desire a clear demarcation between RANS and LES zones.

Wang et al. use the velocity helicity density, given by
h = |ω.u| / |ω| |u|, to imply the presence of turbulent kinetic energy backscatter in a compressor endwall flow. Liu et al. [43]
report that significant backscatter is present when h > 0.6. Figure 14b shows that there are high helicity spots throughout the
blade passage, with an especially high helicity density close to
the passage vortex. This implies the presence of energy backscatter in these regions, which the conventional RANS turbulence
models would be unable to predict.
To characterise the Reynolds stress anisotropy in the corner
separation region, Lumley triangles [44] are displayed in Fig. 15.
Figure 15a shows that at 35% chord the shape of the turbulence
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Meshing from a Precursor RANS solution
Various recommendations exist for grid spacings required in
the inner boundary layer for wall-resolved LES [46] and Hybrid
RANS-LES [16] computations, and for the outer boundary layer
Chapman [47] suggests that around 2500 grid points are required
in an averaged volume δ̃ 3 where δ̃ = 0.6δ . However, LES grid
resolution requirements outside of these regions are more difficult to determine, and user experience and/or a priori information
of the expected flow-field is often used.
An alternative meshing approach is to use a precursor RANS
solution. The idea here is generally to estimate local turbulent
length scales using energy budgets, and base the local grid spacing on these length scales, with the aim being to ensure approximately 90% of the turbulent kinetic energy is resolved. The standard inner and outer boundary layer meshing recommendations
should still be followed. Piomelli [48] suggests basing the local
grid spacing on some fraction of the integral length scale. For the
sake of demonstration a fraction of one-tenth gives the required
local grid spacing as:

varies substantially across the blade span. In the corner separation region, near the endwall (low z/h), the turbulence is largely
two-component axi-symmetric. Very close to the endwall, the
stress tensor is disk-like (η = −ξ ) suggesting there is some vortex stretching [45]. Moving away from the endwall the stress
tensor becomes more rod-like (η = ξ ), and at the mid-span the
turbulence is largely one-component (η = ξ = 1/3). There is evidently a high degree of turbulence anisotropy here, which will
be difficult for the SA and SST models to correctly predict.

1 component
0.3

0.3

2 component (2C),
axisymmetric (axi)

0.25

0.25

2C

0.2

η

η

0.2

rod-like,
axi

0.15

0.15
0.1

0.1
0.05 disc-like,

0.05

axi

isotropic
0

0
−0.1

0

0.1

0.2

0.3

ξ

(a) 0.35c from LE, y+ ≈ 1000

−0.1

0

0.1

0.2

0.3

ξ

∆int

(b) 1c downstream of TE

FIGURE 15: LUMLEY TRIANGLES ON ξ − η PLANE.

√
1 k
=
10 ω

(13)

Another approach, suggested by Addad et al. [49], is to base the
grid spacing on the Taylor microscale Lλ . The reasoning here
is that SGS models based on the Boussinesq theory require the
implicit cut-off filter width to be in the inertial region of the energy spectrum. The Taylor microscale can be estimated from the
RANS SST kinetic energy budget to give the required grid spacing as:

In contrast, 1c downstream of the trailing edge (Fig. 15b) the
turbulence can be seen to be returning to isotropy (ξ = η = 0).
This may be less challenging for the RANS models, however
there is still substantial unsteadiness and stress-strain misalignment here.

r
ν
∆λ = 15
ω
USING LES METHODS IN THE DESIGN PROCESS
Compared to a wall-resolved LES the computational cost
of hybrid RANS/LES methods is significantly reduced by modelling the near-wall region with RANS layers. This makes such
methods more suitable for application in the turbo-machinery design process. However, this case has highlighted a key challenge;
the generation of suitable computational meshes. It seems reasonable to expect the formation of turbulent instabilities to be accelerated if the mesh is finer, so perhaps the loss deficit observed
near the endwall is exacerbated by insufficient mesh resolution
here. The uncertainty here highlights the need for measures to
determine the suitability of the mesh, since hybrid RANS/LES
methods are still too expensive for mesh sensitivity studies to be
practical in an industrial setting. Additionally, to minimise the
number of expensive LES type computations required, tools are
needed to guide the generation of the LES mesh is the first place.
In the following sections both of these topics are discussed in the
context of the endwall flow case.

(14)

The required grid spacings from Equations 13 and 14 are plotted in Figure 16. It is apparent that both resolution criteria give
fairly similar spacing requirements, with a coarser mesh being
allowed in the corner separation region where larger turbulent
length scales are predicted.
One potential problem with the above approaches is that they
don’t take into account the varying extent of the inertial subrange. A final method, suggested by Tyacke et al. [50], does
this by using a modelled energy spectrum proposed by Gamard
et al. [51] to estimate the grid spacing required to resolve exactly 90% of the turbulent kinetic energy. Examining the ratio of
the integral length scale to the kolmogorov microscale (both obtained with energy budgets from a RANS SST solution), shown
in Figure 17a, demonstrates the need to take the length of the
inertial sub-range into account. It is found to vary by many orders of magnitude, especially in the separated flow region near
the endwall corner.
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(a) Fraction of integral length
scale, 0.1 × Lint

Quantifying LES mesh quality
The LES mesh obtained from a precursor RANS solution
will only be as “ideal” as the RANS solution was accurate. For
example in the current endwall flow the RANS solution overpredicts the size of the corner separation region, which if following the “ideal” grid spacing requirements in Fig. 17b would
lead to an overly large region of finer mesh density. Thus in
cases where the RANS struggles, such as this one, additional
LES mesh quality metrics may be required to check the mesh
quality.
Klein [53] and Celik et al. [54] present a number of methods
for assessing the quality of an LES computation/mesh. A key
challenge is to separate the effect the grid has on the filter size
(thus the sub-grid scale model) and the numerical dissipation,
therefore empirical methods are usually used to estimate the effect of the numerical scheme, depending on its order of accuracy.
The single grid techniques proposed by Celik et al. [54] are examined here, but the numerical dissipation is ignored. This is not
completely accurate and ignores the effect of dispersive errors,
but since the KEP scheme currently used has extremely low dissipation anyway it should provide a reasonable indication of the
mesh quality. The first quality index examined was the sub-grid
activity parameter:

(b) Taylor microscale, λ

FIGURE 16: LES RESOLUTION REQUIREMENTS BASED

ON SOME TURBULENT LENGTH SCALES FROM RANS.

(a) The ratio Lint /η

(b) The “ideal” LES resolution

FIGURE 17: THE RATIO OF INTEGRAL LENGTH SCALE

TO KOLMOGOROV MICROSCALE AND THE “IDEAL”
LENGTH SCALE.

s̃ =

νt
νt + ν

(15)

where νt is the time-averaged turbulent viscosity (from the SGS),
and ν is the molecular viscosity. However, as Celik et al. [54]
note, in most LES applications νt >> ν therefore s̃ ≈ 1 and this
parameter was not found to be very useful. Instead, the parameter
is scaled, as proposed by Celik et al. [54], to give the IQν quality
index:

The resulting “ideal” grid resolution requirements obtained
from the method of Tyacke et al. [50] are presented in Figure 17b.
Interestingly these requirements are quite different to the Lint and
Lλ based ones shown in Figure 16. The grid spacing required
is predicted to be quite coarse in the far field and in the corner
separation region, with a fine grid spacing required in the shear
layer between the main flow and the separated flow. This makes
some sense, since the generation of small turbulent eddies would
be expected in this shear layer. Addad et al. [49] didn’t test the
Taylor microscale method for separated flows and notes that this
is still required, so perhaps this method isn’t suitable for flows
such as the endwall one tested here.

IQν =

1
 n

1 + αν

(16)

νt
ν

where αν = 0.05 and n = 0.53. These constants are chosen so
that IQν ranges from 0 to 1, with 0.8 considered a good LES
resolution and 0.95 considered DNS. Following a similar design
the second quality index is based on the ratio of the local grid
spacing ∆ to the Kolmogorov microscale Lη :

All the LES mesh resolution approaches presented suggest
there is a large disparity in the mesh scales required in different regions. It is unlikely that such LES meshing requirements
can be met with a structured mesh topology without wasting grid
points elsewhere in the domain. In fact, in Chapman’s landmark LES meshing requirements paper [47], he notes that some
form of nested grid or hanging nodes are required. Examining a
summary of recent LES turbo-machinery studies [52] shows that
the majority of works use standard structured mesh topologies.
Therefore perhaps for LES type cases the use of hanging nodes
or unstructured/hybrid meshes warrants further investigation.

IQη =

1


1 + αη

∆
Lη

m

(17)

where αη = 0.05 and m = 0.5. A low value of IQν means that the
SGS model is more active, which is undesirable since we wish to
resolve 90% of the turbulence in all regions. A low value of IQη
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means that the local grid spacing is significantly larger than the
estimated Kolmogorov microscale. Celik et al. [54] states that
∆ ≤ 25ηk is desirable for LES. However it is unknown whether
this is a suitable requirement, and perhaps there is scope to use a
different length scale for this index, such as the ∆ideal discussed
in the previous section.

suction surface therefore the extent of the corner separation
was not over-predicted as badly.
• The ZDES methods were found to offer encouraging results
for this endwall flow. The complex unsteady vortical system
near the endwall was well predicted, and despite not capturing the suction surface laminar separation bubble most
results were still significantly improved. There were some
slight disagreements between the SA and SST based ZDES,
and it is thought that this may partly be due the behaviour
of the underlying SST model in regions of separated flow.
Although the ZDES results were broadly superior to the
RANS, the RANS did give better downstream total pressure
loss predictions. This is disappointing, however especially
in a multi-stage enviroment the correct predictions of exit
flow angles and blockage is thought to be more important,
since as Denton [55] notes these will have very dramatic implications on downstream stages if inaccurately predicted.
Therefore the ZDES results are considered to be far superior.
• The technique of using a pre-cursor RANS solution to guide
LES mesh generation shows promise for this case, however some disagreement was observed between the different
strategies proposed in the literature. It may be that different
turbulent length scales are more suitable for application in
different flows, for example endwall flows versus jets, and
further investigation is required here. The work also highlighted the potential for LES quality indexes to be used to
provide additional confidence in LES solutions, and these
may be especially useful when detailed experimental data is
not available for validation work.
• As Chapman [47] notes, the meshing requirements for an
eddy resolving simulation are not the same as for a RANS
simulation. The “ideal” mesh requirements generated for the
endwall flow demonstrate the large disparity in mesh scales
required in such a flow. It follows that nested grids, hanging nodes or hybrid (unstructured/structured) meshes may be
more suitable than standard multi-block structured meshes
for coping with the large range in resolved scales.

(a) Quality index based on effec- (b) Quality index based on Koltive viscosity
mogorov microscale
FIGURE 18: TWO LES QUALITY INDEXES.

These quality indexes were tested on the time-averaged
ZDES-SST solution, and the results are shown in Figure 18. This
is a hybrid RANS/LES so the results should be ignored in the
RANS regions. According to these indexes the mesh used is sufficiently fine upstream of the blade, and in most of the blade passage. However, they suggest the mesh is too coarse in the wake
region and in the corner separation region. This could perhaps
partly explain the loss deficit observed previously. If the mesh
is too coarse, then it will be unable to support sufficient turbulent scales and the generation of turbulence at the RANS-LES
interface may also be delayed.

CONCLUSIONS
This paper has demonstrated the potential hybrid
RANS/LES methods have for application to turbo-machinery
flows, but has also highlighted some of the challenges. The key
findings are as follows:
• The steady SA and SST RANS models, and even the much
more complex RSM, were found to struggle in this endwall flow. The ZDES-SST solution was used to examine
some potential reasons for this. There was significant uncertainty in the C p and exit flow angle distributions, with the
extent of the corner separation over-predicted in both cases.
Some RANS corrections were found to offer improvements
in some areas, however all of them had significant deficiencies in some areas.
• Transition was found to have a significant effect on the endwall flow. Addition of a transition model to the RANS SA
case reduced the premature boundary layer thickening on the
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