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Abstract :

Secondary flows prediction, like tip-leakage vortex flow or corner separation flow, are of primary
importance in the correct evaluation of turbomachinery performances by CFD analysis. They cause
additional losses and operating domain reduction. Since they exhibit strong fluctuating behaviors and
separations, it is necessary to resolve a significant fraction of their turbulent content for accounting of
their effects on the main flow. Hybrid RANS/LES methods and upgraded URANS approaches are inter-
esting solutions to cope with this constraint with reasonable computational, treatment and storage costs.
Among them, Zonal Detached Eddy Simulation (ZDES) method and Scale Adaptive Simulation (SAS)
method have been respectively developed and improved in previous ONERA'’s studies. Particularly,
ZDES method, originally based on the SA turbulence model, have been reformulated above the k — w
Menter model with SST correction in view to improve its behavior for predicting boundary layer sepa-
ration due to progressive adverse pressure gradient. In this study, this new ZDES formulation (ZDES-
SST) and the SAS method (SAS-SST) are assessed against ZDES-SA, URANS-SA and URANS-SST
approaches on a realistic rotor flow of a high-pressure compressor with incoming stator wakes at one
nominal operating point. URANS simulations are characterized by a low level of unsteadiness, match-
ing RANS isospeed lines exploration. A clear discrepancy is present in URANS and RANS simulations
depending of the turbulence model but ZDES-SA and ZDES-SST recover RANS-SST isospeed line
which is closer to the experiment. Only ZDES approaches are able to capture fluctuations involved in
tip flow, whereas SAS-SST results is more similar to URANS results than ZDES ones on this point but
comes with higher stagnation pressure losses than URANS-SST.

Key words : Turbomachinery flow / unsteady flow / flow separation / tip-
leakage flow / turbulence modeling / hybrid RANS/LES methods

1 Introduction

In order to improve turbomachinery performances it is necessary to correctly predict secondary and
transitional flows inherent to this confined environment. Secondary flows can cause additional losses
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and operating domain reduction. For example, tip-leakage vortex flow or corner separation flow on high
pressure compressor blades lead to total pressure loss limiting turbomachinery efficiency and favoring
emergence of hazardous axial instability (surge) or rotating stall.

Secondary flows exhibit strong fluctuating behaviors and separations which make their prediction quite
challenging, often found inaccurate with current turbulence models used during design process. One
reason lies in the error on turbulent fluctuation predictions when they are entirely modeled by statistical
averaging (RANS - Reynolds Average Navier-Stokes). However, more accurate methods such as Large
Eddy Simulations (LES) are difficult to use at high Reynolds number due to excessive computational,
treatment and storage costs.

A trade-off can be found in hybrid RANS/LES methods such as ZDES (Zonal Detached Eddy Simu-
lation) method developed at ONERA by Deck [2012]. ZDES method falls in the line with DES and
DDES methods developed by Spalart et al. [1997] and Spalart et al. [2006] respectively. Through the
main operating mode of ZDES method, boundary layers are treated by RANS modeling on their whole
thickness to avoid near-wall excessive cost of LES method which is only used away of the walls. The
interface between those two sub-methods is continuous. Its RANS sub-method is based on SA turbu-
lence model [Spalart and Allmaras, 1992]. Following DES and DDES methods, its LES sub-method
is obtained via a simple substitution of the characteristic length scale appearing in the destruction term
of pseudo-viscosity transport equation of SA model by an hybrid length scale, hence decreasing eddy
viscosity level to the order of a Smagorinsky [1963] subgrid scale model.

As demonstrated by Riéra [2014] the SA turbulence model used in the RANS sub-method of the current
ZDES method makes difficult to predict turbomachinery flows at limit operating range because of its
poor behavior near numerical surge line. A major reason is that RANS SA model tends to predict too
massive or simply false flow separations, which is critical for such flows with corner flow separation
[Marty et al., 2008]. A suggested remedy is to re-based the ZDES method on a more sophisticated
RANS turbulence model as & — w Menter [1994] turbulence model, which additionally can be easily
combined with a laminar to turbulent transition model for future improvements of ZDES method.

Such ZDES method reformulation comes after numerous propositions for reformulating DES [Spalart
et al., 1997] and DDES [Spalart et al., 2006] methods on k — w turbulence models. At least three differ-
ent substitution principles have been proposed: the first, from Travin et al. [2000], consisted to replace
RANS characteristic length scale Lgays by the hybrid length scale Lpgs only in the destruction term
(Dy) of turbulence kinetic energy transport equation. Numerous authors followed this idea, as Sainte-
Rose et al. [2008], Mockett [2009] and Gritskevich et al. [2012], among others. The second, from Bush
and Mani [2001], involved a substitution in D}, but also in the definition of turbulent viscosity 1/, for an
improved destruction of 1, level from RANS region to LES region. The third, proposed by Reddy et al.
[2014], is to apply this substitution only in the turbulent viscosity terms () which appear in the mean
field transport equations and the production term (P}) of turbulence kinetic energy transport equation.
As shown by Yin et al. [2015], this substitution principle facilitates the implementation of a dynamic
procedure similar to that of Lilly [1966] in the subsequent DDES method based on Wilcox [1988] model.
Deck [2012] suggested that ZDES method can also been reformulated above any RANS model following
the idea of Travin et al. [2000]. This have been done by Arroyo-Callejo et al. [2016] above the k — w
Menter [1994] SST model in the ONERA’s multiphysics computational platform CEDRE [Refloch et al.,
2011], adapting ZDES method to unstructured grids framework.

Our study follows the reformulation of ZDES method within a structured grids frameworks inside the
ONERA'’s elsA solver [Cambier et al., 2013]. Several ZDES k — w Menter method formulations, related
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to different substitution principles, have been assessed on three academic cases [Uribe et al., 2017] (a
mixing layer flow, a backward facing step flow and a circular cylinder flow at Re = 3900). One of these
formulations has been selected based on its capability (i) to allow the emergence and the correct devel-
opment of Kelvin-Helmholtz instabilities and (ii) to ensure that boundary layers are treated by RANS
modeling in their entire thickness.

Alternatively to hybrid RANS/LES methods, upgraded URANS approaches are interesting tools for re-
solving a variable fraction of the larger scales of turbulent motions, allowing a better representation of
unsteady flows than URANS methods. Among them, the Scale Adaptive Simulation (SAS) approach of
Menter and Egorov [2005, 2006, 2010] has been implemented in ONERA’s elsA solver with an improve-
ment from Benyoucef et al. [2012] dealing with the development of instabilities within mixing layers.
This study focuses on the validation of the selected ZDES k& — w Menter formulation and the SAS
approach on the same configuration as Riéra [2014] ZDES SA simulation i.e. a flow simulation of a
realistic rotor of a high-pressure compressor with incoming stator wakes. For the sake of completeness,
URANS SST approach have also been tested. Simulations are carried out on the same mesh and nu-
merical framework as W. Riéra ones for appropriate comparison with their ZDES SA and URANS SA
results, and with experimental data.

2 Evaluated methods

In this study, URANS, SAS (Scale Adaptive Simulation [Menter and Egorov, 2005]) and ZDES (Zonal
Detached Eddy Simulation [Deck, 2012]) methods are performed on a very fine mesh which satisfies the
ZDES mesh requirements in term of Az (< 200), Ay™(< 1) and Azt (< 200) where z, y and z are
the streamwise, normalwise and crosswise directions, respectively. With these methods, the nominal
operating point is only simulated. Nonetheless, RANS simulations are performed on a coarser mesh
(fine mesh for RANS simulations) in order to highlight the nominal operating point with respect to the
nominal isospeed. SAS and ZDES methods are detailed in this section

2.1 Zonal Detached Eddy Simulation methods

Original formulation

The original Zonal Detached Eddy Simulation (ZDES) method [Deck, 2012] is based on the one-
equation Spalart and Allmaras [1992] (SA) RANS model whose pseudoviscosity © transport equation
is partially recalled here:

Opv 1
L+ div (p7U) = Py — Dy + — | div ((u+ p?) grad (7)) + cpoprad (7) - grad (7)] (1)

1%

2
Py =cp1Spv, Di = pewt fuw (d) s e = forpv 2
w

with P; the production term, Dj the destruction term, S the modified vorticity magnitude, f,, and f,1
some of the model near-wall damping functions and o, c¢p1, cp2, €1 Some of the model constants.

Following a formulation principle inherited from DES97 [Spalart et al., 1997] and DDES [Spalart et al.,
2006] methods, the ZDES one is built by replacing the characteristic length scale Lgays of the turbu-
lence RANS model by an hybrid length scale Lpgs dependent of local subgrid length scale A and local
properties of the flow. The objective is to enhance the importance of destruction term for producing a
level of turbulent viscosity comparable to an LES sub-grid Smagorinsky model [Smagorinsky, 1963],
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and hence disposing of an URANS method which can act as an LES method in pertinent locations,
supposing the adequate numerical framework. In the ZDES method based on SA model (ZDES-SA),
the RANS length scale Lgays is identified as the wall distance d,, which appears in the destruction term
and near-wall corrections (f,,, S). Hence Dy = pcwi fu (v/ dw)2 becomes Dy = pcy1 fru (V] LDES)Q,
fuw(Lrans) becomes f,,(Lpgs) and S (Lrans) becomes S (Lpgs). The definition of Lpgs depends of the
ZDES mode selected Lpgs: Lgays (for mode 0), LE, - (for mode 1), LI .o (for mode 2) and LH L
(for mode 3). As reminded by Fig. 1, these ZDES modes are adapted to different flow problems and

onal Deta ed Edd atio )
Mode 1 Mode 2 Mode 3

Flow
category

06 < H D8 « H () § = O(H) or § > H

Base flow, free shear
Applications flows, spoilers, steps,
slat/flap cove, etc.

Corner flows, turbulent boundary
layers, separation onset on high-lift
devices, shallow separations, etc.

Buffet, flaps, duct flows,
nacelle intake, etc.

Figure 1: Classification of typical flow problems. I: separation fixed by the geometry, II: separation
induced by a pressure gradient on a curved surface, III: separation strongly influenced by the dynamics
of the incoming boundary layer (adapted from Deck [2012], Deck et al. [2014]).

each one can be used in the same simulation on different regions of the computational domain. This
spatial specialization possibility, with associated grid requirements range, is one of the ZDES advantage
compared to DDES method. Despite the following description of the method, more details are given
in Deck [2012]. The mode O correspond to pure RANS (or URANS) and allows the user to design a
mesh whose some parts can be as light as pure RANS mesh. The mode 1 is adapted to configurations
where the separation is fixed by the geometry (a priori known separation position) since its formulation
is related to DES97 ones:

LY pg = min (Lgans, Ligs)
Lrans = dw, Lies = CpesAhps, Cprs = 0.65

ZDES SA Mode 1 : k 3)
Apps = Ay or A, (user’s choice)

if LIDES = Lygsthen f,1 =1, fro =0and f, =1

Like DES97 method, C'pgs value comes from Shur et al. [1999] calibration against decaying homoge-
neous isotropic turbulence experiment of Comte-Bellot and Corrsin [1971]. Instead of relying on the
maximum length of the cell for the calculation of the subgrid length scale (A4 = max (A, Ay, Ay)),
the ZDES mode 1 allow user to choose between a subgrid length scale based on the cell volume A,,; or
a subgrid length scale based on the vorticity normal cell section A, well suited to ensure a rapid switch
into the LES mode for anisotropic grid [Chauvet et al., 2007, Deck, 2012]. Since the RANS/LES inter-
face position is directly dependent of mesh grid via Afj s> ZDES mode 1, as DES97, is inappropriate
for protecting boundary layers of an LES treatment. On the other hand, with an adapted mesh in order
to avoid Model Stress Depletion and Grid Induced Separation, mode 1 is a practical way to force a rapid
switch into LES treatment after a geometry singularity known for triggering massive flow separation,
like an airfoil trailing edge, a projectile base or a backward facing step.
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The mode 2, following DDES method, use the algebraic function f; for ensuring a RANS treatment of
boundary layers in their entire thickness. Hence it is adapted to configurations where massive separations
occur but their positions are a priori unknown, like for adverse pressure gradient induced separation.
Massive qualification means a separation significantly bigger than the upstream boundary layer thick-
ness. An important beneficial difference from DDES method relies in the fact that Ag pg leaves the A4,
value for the A, (or A, following user’s choice) one from the limit of boundary layers (f; > 0.8) to
far-field. This ensures a shorter delay in the formation of instabilities away from the walls.

LH g = Lrans — fa x max (0, Lrans — Lis)

Lrans = dw, Ligs = CppsAhps, Cpps = 0.65

ZDES SA Mode 2 : 4)
Amax lf S
ABps = , . . fa < Jao , Jao =038
Ay or A, (user’s choice) if  fg > fao
+ V¢
— 1t h[c Cdz], _ Y  Cp =8, Cp=3 5
fa anh | (Caira) rd 00 K a1 d2 Q)

The mode 3 is related to a wall-modeled LES method, where boundary layers are resolved by LES treat-
ment from a user defined RANS/LES interface to far-field. This is an appropriate solution for separation
which are determined by the internal dynamics of incoming boundary layer [Deck and Laraufie, 2013].
As this mode is not used in the present study, we refer to the original paper [Deck, 2012] and to the
works of Laraufie et al. [2011] and Renard and Deck [2015] for a full description of mode 3.

Formulation of ZDES k£ — w method

The Zonal Detached Eddy Simulation method developed and used in this study, the ZDES k — w, differs
from the original one, the ZDES SA, by its underlying turbulence RANS model. It is based on the
k — w model of Menter [1994] with Shear-Stress Transport (SST) correction. This two equations RANS
turbulence model is recalled hereafter.

dpk
LF + div (pkU) = Py — Dy + div [ (1 + o) grad (k)| ©)
Opw , .
s + div (pwU) = B,, — D,, + div {(,u + o pe) grad (w)} + (1 — F1) CDy,, (7)
2
P, = —3 (pk + pe div (U)) L+ 2/1,:5] cgrad (U), Dy = f"pkw (8)
P,=22p,. D,=pp?, CDpy =272 grad (k) - grad () 9)
it w =17 =
pk 1
pe=-—, wssr=max|w; —Fyx4/2(5:5)), a1 =031 (10)
wssrt ay -

with 8* = 0.09 and the von Karmén constant K = 0.41. Each other model constants ¢ are calculated
as ¢ = Fi1¢1 + (1 — Fy) ¢2 with the following ¢ and ¢ set:
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0.85, f1 =0.075 0.5 b LS
o1 = L. ) 1 — VY. 9 Owl = V.0, ’lej_awl ¥
B VB
5 K2 (11)
2
oke =10, P2 =0.0828, 0,0=0856, 2=""—0u——
B VB
VEk 500w 4pook
F) = tanh (¢4 = mi : : d 12
1 an (( ) , ¢ =min [max (0,09wdw ; wdw2 ; D, de (12)
VEk 5001
F, = tanh (2 = 2 : 1
5 = tan (X ), X max( 0,090y " puody,? (13)

Such ZDES method reformulation comes after numerous propositions for reformulating DES [Spalart
et al., 1997] and DDES [Spalart et al., 2006] methods on & — w turbulence models.

Travin et al. [2000] proposed a generalization of DES method applicable to any RANS model, presented
above k£ —w Menter [1994] model and based on the sole length scale substitution in the destruction term
(Dy) of turbulence kinetic energy transport equation. This length scale substitution implies to iden-
tify the RANS characteristic length scale as Lrans = v'k/S*w and to replace it by the chosen hybrid
length scale Lpgs. Hence Dy, = *pkw = pk®/?/ Lrans becomes Dy, = pk3/? / Lpgs. Numerous DES
or DDES methods [Menter and Kuntz, 2002, Travin et al., 2006, Bunge et al., 2007, Sainte-Rose et al.,
2008, Mockett, 2009, El Akoury et al., 2009, Guilmineau et al., 2011, Zhou et al., 2017] used this princi-
ple on various k —w models. Gritskevich et al. [2012, 2013] optimized f shielding function coefficients
for the subsequent DDES method based on & — w Menter [1994] model with SST correction.

Bush and Mani [2001] applied the same length scale substitution in Dy, but also in the definition of tur-
bulent viscosity, hence vy = k/w is rewritten as v, = /B*LRANS\/E and becomes v; = B*LDES\/E. Kok
et al. [2004] follow this idea for building their X-LES method above the TNT k£ — w model [Kok, 2000].
Yan et al. [2005, 2007] and Michel et al. [2007] evaluated the same double length scale substitution on
k — w Wilcox [1988] model, demonstrating its better behavior compared to the unique D, substitution
for decreasing v; level from RANS region to LES region. It is also the departure point of Chuangxin
et al. [2017] for building their dynamic delayed detached-eddy above & — w Menter [1994] model with
SST correction.

Reddy et al. [2014] proposed another substitution principle by which the length scale substitution is
applied only in the turbulent viscosity terms (2;) which appear in the mean field transport equations and
the production term (Py) of turbulence kinetic energy transport equation. Those terms are reformulated
as v; = w(Lgans)? and becomes v; = w(Lpgs)?. As showed by Yin et al. [2015], this substitution
principle facilitates the implementation of a dynamic procedure similar to that of Lilly [1966] in the
subsequent DDES method based on Wilcox [1988] model.

In the scope of this study, ZDES k — w is built identifying the characteristic length scale Lgans =
VEk /B*w, often taken as the integral scale of turbulence, and replacing it by the hybrid length scale
Lpgs. This is done only in the destruction term of turbulent kinetic energy, Dy, as originally accom-
plished by Travin et al. [2000] for DES97 method or suggested and applied for ZDES method by Deck
[2012] and Arroyo-Callejo et al. [2016] - in the unstructured grids framework of multiphysics compu-
tational platform CEDRE [Refloch et al., 2011] - respectively. Hence Dy, = *pkw = pk®/?/Lrans
becomes Dj, = pk®/%/ Lpgs. The mode 1 differs only of its ZDES SA counterpart by the definition of
Cpgs taken as the Travin et al. [2000] ones: Cpgs = (1 — F}) CEESE + FngEf;’, with CBESE = (.61
and ngg" = 0.78. Mode 2 differs also by the protection function f; of Fan et al. [2004] which have
been successfully used by Sainte-Rose et al. [2008] and Arroyo-Callejo et al. [2016]. This protection
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function is applied in the definition of LgES: LgES = Lrans — ff x max (0, Lgans — LrEs) and is

defined by f; = 1 — tanh (¢*) with ¢ = max (0 0‘9/5 o pi();%). Either with mode 1 or mode 2, SST

correction is limited to RANS regions since this has no physical justification in LES methods. This is

done as smoothly as the RANS/LES transition occurs thanks to a general RANS/LES sensor evaluation:
Mt = pk/WZDES—SST with WZDES-SST = A X wssT + (1 — )\) Xwand A = 1 — %. Hence, A
varies from 0 in pure RANS regions, as f; and f inside boundary layers, to 1 in pure LES regions, as
fa and f; outside boundary layers. Application of Zheng limiter [Zheng et al., 1998] is treated as SST

correction.

Nevertheless, an important behavior divergence between ZDES SA and ZDES k — w must be raised:
Lgans evolution is not anymore monotonically growing with wall distance but evolves freely following
flows physics. Hence a situation where Lgays < Lpgs can occur away from walls, as experienced
by Sainte-Rose et al. [2009], resulting in a RANS treatment region where ZDES is expected to work in
LES mode. Apart from a grid refinement, a remedy can be found in the following alternative formulation
qualified as ZDES k — w h.v. with h.v. for hardened version. The idea is to proceed as ZDES SA i.e. by
comparing d,, and Lgg for deciding either if Lgans or Lygs will be used as Lpgs.

LD — { Lgans if dy < Ligs

Ligs if dy > Ligs

ZDES k — w h.v.: (14)

[ Lrans if dy < Ligs
PES (1 — ff) Lrans + ffLies if duw > Ligs

This alternative formulation has not been used in the scope of this study.

2.2 Scale Adaptive Simulation method

Original formulation

The Scale Adaptive Simulation (SAS) method of Menter and Egorov [2005, 2006, 2010] can be consid-
ered of an improved URANS model which mimics the behavior of hybrid RANS/LES methods: when
the flow is attached, the standard RANS solution is obtained; when the flow is separated, an extra term in
the scale equation becomes active and reduces the eddy viscosity, which allows capturing large turbulent
eddies and resolve part of the turbulence spectrum. The original SAS method relies on the k — w model
of Menter [1994] with Shear-Stress Transport (SST) correction as presented in eq. (6) to (13). It differs
from RANS since the extra term, (Jsas, is added to pw transport equation (7) resulting in (15).

0
% + div (pwU) = P, — D,, + div [(u + owpie) grad (w) | + (1 — F1) CDyyy + Qsas (15)

The @sas term, which is responsible for the decrease of eddy viscosity in case of flow instabilities, has
the following expression:

L

2
Qsas = max [pchsz (£) - 2 ua (,;grmiw)-gracl(k),;grad(w)-grad(w)),o] (16)

where the magnitude of the strain rate tensor S and related constants are defined as:

S=1/2(8:8), ¢ =351, %:%, C=2 (17)
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In the Qsas expression, L is the length scale deduced from the turbulent scales transported by the model: L =
k2 /e = VE/ Cjiw and Ly is a 3D generalization of the von Kérman length scale expression coming from the
boundary layer theory and expressed by (using ||AU]||, the norm of the Laplacian of the velocity vector):

0%U; 02U;

AU|| =
Ul 0z ;2 Ox ;2

Ly =K+, (18)
« =Ko |

oL correction

It can be shown that in the original SAS expression of Menter, the von Karman length scale goes to infinity in the
center of a 2D mixing layer. This implies that the (Qsas term is zero in a region close to the mixing layer center.
This unwanted feature prevents or causes delay to the development of mixing layer instabilities (Kelvin-Helmholtz
instabilities). A correction was introduced by Benyoucef et al. [2012] to limit the upper bound of the von Kdrman
length scale:

LVK = min (LVK, FlLvK + [1 — Fl] CYL) (19)

where « is a constant (default value equal to 2.5). The blending function F} (see Eq. (12)) is present here to
prevent this new expression to be active in the inner boundary layer and ensure a RANS behavior in the attached
boundary layer.

3 Experimental facility

In the present study, the computational domain of all simulations is the first rotor of the research compressor
CREATE whose characteristics are summarized in table 1. The experimental compressor is located at the LMFA
laboratory (Lyon, France) [Ottavy et al., 2012, Touyeras and Villain, 2004]. This is an axial flow compressor
which comprises 3'/2 stages as shown in figure 2 and in table 2 which details the blade number of each row. This
research compressor is representative of the median and rear stages of modern high pressure compressors. As
there is a spatial periodicity of 27/16, measurements are carried out over a sector of 22.5° and should contain
all the spatial information for stabilized operating points at least and are very useful for rotor-stator interaction
analysis. In the present study, as only the first rotor is simulated (at design operating point), measurements are
carried out with both pneumatic and unsteady pressure probes, detailed by Mersinligil et al. [2012], which are
located in the axial sections 25A and 26A, visible in figure 2. Moreover, LDA measurements are available in
different axial sections along with the first rotor chord.

25A 26A 270 27A 280 28A 29
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Q‘\\ \\‘\\ SRS tk
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\-
N
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Figure 2: CREATE compressor meridian view.
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Table 1: Characteristics at design operating point

Outer casing diameter 0.52 m
Rotating speed 11543 rpm
Mass flow 12.7kg.s™ !
Inlet Mach number at tip of R1 0.92

Table 2: Blade number for the rows
Row IGV | R1 |S1|R2| S2 |[R3| S3

Blade number | 32 | 64 | 96 | 80 | 112 | 80 | 128

4 Numerical framework

4.1 Computational domain, grid description and boundary con-
ditions

As previously mentioned, only the first rotor is simulated. The zonal approach affects the mesh refinement as
follows: a RANS type mesh upstream of the blade, and DES type mesh from the leading edge onward, i.e. a LES
resolution mesh except on the wall. The normalized wall cell dimension normal to the wall fulfils Ay™ of the
order of 1 in every zone. However, its wall parallel counterparts differ depending on the zones: upstream of R1,
Ax™T (streamwise direction) is between 400 and 500 and Az™ (spanwise direction) less than 100; in the vicinity
of the blades, Ax* and Az* are respectively of the order of 200-300 and 100; and downstream of the blades,
the mesh is progressively coarsened to 1700 for Ax™ and 150 for Az* so as to avoid numerical reflections. The
computational domain is shown in figure 3. The whole grid comprises Ny, = 88 million points in order to model
1/32 of the compressor, i.e. two channels of R1, which corresponds to the inlet guide vane blade count (table 2).
A coarser mesh i.e. a fine mesh adapted to RANS method but too coarse for ZDES (6 million points for one rotor
passage), is used to compute the nominal isospeed with RANS methods and the following numerical methods.
Theses simulations are used as references.

Despite only the first rotor is simulated, the wakes and vortices coming from the IGV are taken into account in all
simulations by using specific inlet conditions. The inlet boundary of the computational domain is set to section
25A of the experimental test rig, located between the IGV and the R1, in order to set experimental values at the
inlet boundary. The specific boundary condition at the inlet consists in a rotating distortion cartography (2D map
comprises the IGV wakes and vortices), whose method was used for centrifugal compressor by Tartousi et al.
[2011], based on a Fourier decomposition with 60 harmonics of the two dimensional map of the flow.

The outlet boundary of the computational domain is defined at two axial chords downstream the R1. At this
boundary, the back pressure is prescribed using a radial equilibrium law and has been adapted to match the probe
measurements at the tip in terms of axial momentum. It should be noticed that the first stator S1 effects (e.g.
potential effects) are not taken into account in the present investigation. All walls are considered as adiabatic and
a no-slip condition is used. Finally, a classic rotation periodicity condition is set at the azimuthal boundaries.

l‘ l\\\\m- 2

Figure 3: Computational domain for the calculations on the first rotor of CREATE.
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4.2 Numerical methods

The CFD solver used in this study is the ONERA’s software elsA [Cambier et al., 2013]. This solver is based
on a cell centered finite volume approach to solve the Navier-Stokes equations on a structured multi-block grid.
The spatial discretization scheme [Mary et al., 2000] for the inviscid fluxes is based on the third order accurate
Advection Upstream Splitting Method for low Mach numbers (AUSM+P), initially developed by Edwards and
Liou [1997]. A classic second order centred formulation is used for the viscous fluxes.

The time integration is based on the second order accurate Gear scheme. The time step is set to 1.6 10~ s which
leads to a Courant-Friedrich-Levy number lower than 1 except for the boundary layers. It corresponds to 1000 time
steps per IGV passing period. The use of 8 sub-iterations per time-step is required to reach a decay superior to one
order of magnitude for the residuals. This criteria is a compromise between precision and cost of the computation
and takes into account the small time step involved [Daude, 2007].

More details concerning this numerical test bench are given in Riéra et al. [2016], especially the zonal configu-
ration for ZDES approach. Nonetheless, it should be noticed that all URANS, SAS and ZDES simulations are
performed on the same mesh, with the same boundary conditions and the same numerical methods.

In the following chapters, for homogenization notation reasons, ZDES k —w method will be referred as ZDES-SST
whereas SAS approach with aL correction will be referred as SAS-SST.

5 Results and discussion

5.1 Time-averaged field analysis

In the present investigation, the main validation is based on compressor performances and radial profiles upstream
and downstream of the first rotor. After the transient part of the simulation, computational data are time-averaged
over 207" where T' is the passage-time period of the IGV with respect to the first rotor. Then they are azimuthally-
averaged to obtain radial profiles. These data are finally averaged spanwise in order to compute the rotor perfor-
mances. It should be noted that due to time constraint, time-averaged ZDES-SST results were averaged only on
3T, hence there are not fully statistically converged.
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Figure 4: Performances of the first rotor: stagnation pressure ratio vs. massflow

Figure 4 depicts the normalized stagnation pressure ratio evolution along with the normalized massflow. In stable
branch of the isospeed line, the stagnation pressure ratio increases with the massflow. Two references (RANS-SA
and RANS-SST) are used to highlight the trend of the nominal isospeed which depends on the RANS turbulence
model. As previously mentioned, these simulations are performed on a mesh which is too coarse for ZDES but is
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fine for RANS method. At the nominal point, RANS-SA overestimates the stagnation pressure ratio by 0.8% and
the massflow by 2% while RANS-SST is very close to experimental value.

URANS-SA, URANS-SST, SAS-SST, ZDES-SA and ZDES-SST simulations are performed on the finest mesh
well adapted to ZDES method. The comparison between URANS-SA and ZDES-SA is detailed in Riéra et al.
[2016]. As unsteadinesses are quite small in URANS computations, it should be noticed that the mesh convergence
is obtained as performances are very similar between RANS-SA and URANS-SA on one hand and between RANS-
SST and URANS-SST on the other hand. Thus this mesh insensitivity concerns as SA turbulence model as SST
one. SAS approach underestimates the stagnation pressure rise by 1.1% and overestimates the massflow by 0.6%.
As the stagnation pressure increases with massflow in the stable part of the isospeed, this means that the isospeed
with SAS is quite different from URANS one and the stagnation pressure losses are probably higher in SAS
computation.

The overall performances predicted by ZDES-SST are quite close to those of ZDES-SA and SAS-SST. The mass-
flow is overestimated by less than 1% while the stagnation pressure ratio is underestimated by less than 1%. The
stagnation pressure ratio is similar for both ZDES computations. Nonetheless, as the massflow is slightly smaller,
the blockage is a little bit higher for ZDES-SST. The overall performances of ZDES-SST are located between
those of SAS-SST and URANS-SST.

Figure 5 shows the radial distribution of the axial momentum at the inlet of the computational domain which is
also the experimental plane upstream of the first rotor. All numerical results are close to experimental data. The
trend of radial profile is well captured by all methods. Nonetheless, the gradient at casing is underestimated by
all simulations. The small discrepancy at the hub is due to the absence of a leakage flow resulting from the gap
between rotating and fixed hub (figure 2). The discrepancies between numerical results is directly linked to the
difference of massflow between them (figure 4). Figure 6 depicts the radial distribution of absolute stagnation
pressure and absolute deviation angle in the experimental plane 26A located downstream of the first rotor. Two
kinds of experimental data are available for stagnation pressure: pneumatic probe and unsteady pressure probe.
The measurements of the last one are time-averaged and plotted here. In figure 6(a), as shown by Riéra et al. [2016],
ZDES-SA improves significantly the radial profile of absolute stagnation pressure by comparison to URANS-SA.
Similar improvement is obtained using the SST turbulence model instead of the SA one. Close to the casing, only
ZDES-SA and SAS-SST are able to well capture the absolute stagnation pressure gradient. At 82.5% spanwise, the
comparison between numerical results and experimental data shows that only ZDES-SA is able to well capture the
tip leakage vortex location. With URANS methods, the vortex is predicted at higher spanwise location while with
SAS-SST the tip leakage vortex is more radially convected (absolute stagnation pressure peak is located around
79% spanwise). At the hub, as the recirculation induced by the gap between rotating and fixed hub is not taken



23°m¢ Congrés Francais de Mécanique Lille, 28 Aoiit au 1°" Septembre 2017

Measurement plane 26A (downstream first rotor) Measurement plane 26A (downstream first rotor)
1E —— . - 1 ————T= —
09F ﬁ% 09F ';,7 riEes E
i ‘\R ] o ]
ol: B G S ]
- F ) 1 [ ( B
£,k . Ar\ 1 .. =
2 07 = /! ] 2 07 F \\ A Pneumatic Probes|
2 sk A I ic Probes &/ ] 2 o6k A URANS-SA =
o F * Avg. unst. probes 1T o F \ ZDES-SA E
2 f URANS-SA & 2 YA ——me URANS-SST ]
S05F ZDES-SA i S 05F Y ———- SAS-SST 3
e ——————— URANS-SST P ' [ A 1
."ﬂ’ 04 F —— - SAS-SST i / _2 0.4 F N
go.aj ;/ * §0.3: L
g ZiEE g \
0.2 o 0.2 >
g 3% BA i ) a 5°
o1 b - R YA o1k AN - -
T E AV T E
g ((Pa g €7 B
0 e ; 0 T R
Absolute Total Pressure [Pa] Absolute Angle [°]
(a) Absolute stagnation pressure (b) Absolute deviation angle

Figure 6: Absolute stagnation pressure and absolute deviation angle at the experimental plane down-
stream the first rotor (plane 26A).

into account in all simulations [Marty and Aupoix, 2012], the absolute stagnation pressure is underestimated.
Moreover, URANS-SST and SAS-SST predicts a slightly wider separation over the suction side of the blade,
close to the hub junction which amplifies the underestimation of stagnation pressure. With URANS-SST and
SAS-SST, stagnation pressure losses are higher than ZDES-SA and URANS-SA. In figure 6(b), the deviation
angle is mainly underestimated, especially in region of secondary flows: leakage flow at the hub and tip leakage
flow around 80% spanwise. Nonetheless, only ZDES and SAS methods highlight the tip leakage vortex at this
plane (slightly increase of absolute deviation angle between 80 and 85% spanwise. The experimental point number
is not sufficient to prove which methods is better than the other ones. It should be noticed that, at the hub, the
underestimation due to the absence of leakage flow is increased by the prediction of small separation over the
blade, especially for URANS-SST and SAS-SST as shown by the angle gradient around 10% spanwise. As the
acquired signal is too small to perform a time-average similar to other simulations, the radial distributions of
ZDES-SST are not plotted. The simulation duration is the main limitation and prevent to show the real behavior
of ZDES-SST.

Figure 7 depicts the time-averaged entropy variation of all simulations at three sections at 22, 31, and 46% of the
axial chord, respectively. As all walls are considered as adiabatic, the entropy field is directly linked to stagna-
tion pressure loss [Denton, 1993]. Both URANS computations predict a large area of high losses linked to the
dissipated tip leakage vortex. This tip leakage vortex can be still observed on both ZDES results and losses are
smaller than URANS ones. The SAS-SST computation predicts smaller losses than URANS-SST and the impact
of Qsas is clearly visible as the tip leakage vortex is less dissipated. Nonetheless, the tip leakage vortex predicted
by SAS-SST is still closer to URANS-SST than ZDES-SST numerical results.

5.2 Tip flow analysis

Figure 8 depicts the isosurface of Q criterion coloured by the normalized helicity (cf. Riéra et al. [2016] for the
definition) and the entropy variation field at the section 31% X/C for the five unsteady simulations (URANS-SST,
SAS-SST, ZDES-SST, URANS-SA and ZDES-SA). URANS results are rather similar as only the tip leakage
vortex and the induced vortex are captured up to the plane 31% X/C and their locations are quite the same. At this
plane, the weak shock disrupts the vortices which are subsequently dissipated. It should be noticed that the induced
vortex is still visible after this axial plane with URANS-SST. With SAS-SST method, the tip leakage vortex is
observed on a slightly longer distance. However the dissipation occurs quickly and the vortex is not visible after
46% X/C. The main discrepancy between URANS-SST and SAS-SST is the prediction of a secondary leakage
vortex by SAS-SST. This vortex can be seen as a very large eddy. By comparison to SAS-SST, ZDES-SST and
ZDES-SA exhibit multiple flow patterns and numerous secondary tip-leakage vortices. The turbulence spectrum
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Figure 7: Time averaged entropy variation field in three axial planes along the chord.

is more rich as the coherent structures have very different length scales. This is the main benefit to use ZDES
approaches. The patterns are quite similar between both ZDES simulations. Only the ZDES methods are able
to capture the interaction between the tip flows of two adjacent blades. As shown by Riéra et al. [2016], the
tip leakage vortex disrupts before the tip flow impinges the pressure side of the adjacent blade, generating both a
double tip leakage flow (a tip leakage flow takes a part of the generation of another tip leakage flow) and numerous
small eddies in the vicinity of the trailing edge of the adjacent blade.

The instantaneous entropy variation field is depicted in figure 9 at four axial position (one column per axial posi-

(a) URANS-SST (b) SAS-SST

-1 0 +1
Normalized helicity

(d) URANS-SA (f) ZDES-SA

Figure 8: Snapshots of Q criterion iso-surface coloured by the normalized helicity and section 31% X/C
filled with the entropy variation.
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tion) for the five unsteady simulations (one line per simulation) for a given instant ¢ = nT i.e. after n IGV passing
periods T'. As the wall are considered as adiabatic, the entropy variation field is directly linked to the stagnation
pressure loss. With entropy variation distribution, the boundary layers, wakes and vortices can be observed. It
should be noticed that the coherent structures characterized by low to intermediary entropy variation level are
relative to both IGV tip vortex and IGV wake. At the axial plane 22.3% X/C, the tip flow is quite similar for all
simulations, even if the tip leakage vortex is slightly wider for SST turbulence model. At the chosen instant, the
IGV tip vortex is observed in the vicinity of the left blade. Thus it allows to highlight the influence of this vortex
on the development of the tip leakage vortex. This vortex is much more spread when it interacts with the IGV tip
vortex and is very small otherwise. This interaction mechanism is responsible for the tip leakage vortex flutter
phenomenon [Riéra et al., 2016]. From plane x=31% X/C. the flow predictions can be separated in two different
categories. The first one is characterized by the strong dissipation of the tip leakage vortex leading to a wider high
entropy area and thus to a significant stagnation pressure loss. The second category is characterized by a still small
coherent tip leakage vortex and by numerous small secondary vortices. URANS-SA, URANS-SST and SAS-SST
belong to the first category while the second category is composed of ZDES-SA and ZDES-SST computations. In
the vicinity of blade trailing edge, the high-entropy areas of URANS-SST and SAS-SST are wider than URANS-
SA and have a higher level. Thus the SST turbulence model is responsible for higher stagnation pressure loss as
observed in absolute stagnation pressure radial distribution close to the casing (figure 6(a)). On the contrary, the
entropy variation levels are smaller with ZDES-SST and ZDES-SA and the entropy field is composed of scattered
high-entropy spots relative to the tip leakage vortex and to the multiple smaller secondary vortices. At plane 91%
X/C, the small vortices are still observed. This plays a significant role in the stagnation pressure loss and explains
why the stagnation pressure gradient is better predicted by ZDES methods in the vicinity of the casing.

The figure 10 shows the instantaneous entropy variation field at the experimental plane downstream of the first
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Figure 10: Entropy variation in plane 26A at t=nT.

rotor after n IGV passing periods. The IGV vortices and wake are still visible at the axial position. The highest
stagnation pressure losses are predicted by URANS-SST and SAS-SST methods. Due to the reduction of turbulent
viscosity (insufficient to have a LES behavior), the separation close to the hub is significantly amplified and the loss
due to tip leakage flow is higher. It should be noticed that no significant separation are experimentally observed.
Due to the tip leakage vortex dissipation and to a small separation on suction side close to the hub junction,
URANS-SA predicts also losses but they are smaller than URANS-SST and SAS-SST. In all ZDES computations,
the entropy is smaller and the areas of high entropy variation are thinner as they are relative to small coherent
structures. Moreover, the losses due to hub and casing boundary layers are reduced using ZDES approach. The
comparison between the two ZDES results shows that the losses are slightly higher close to the hub with SA
turbulence model for the RANS part of the hybrid RANS/LES method, but this needs to be confirmed by the
analysis of fully statistical converged results.

6 Conclusion

In the scope of this study, a ZDES reformulation above the £ — w Menter model with SST correction (referred as
ZDES-SST) and the SAS method with oL correction (referred as SAS-SST) have been evaluated against previous
ZDES-SA, URANS-SA, RANS-SA computations and concomitant URANS-SST, RANS-SST computations on a
realistic rotor flow of a high-pressure compressor with incoming stator wakes at one nominal operating point. All
simulations have been conducted in the same numerical framework, to the exception of RANS simulations which
have been conducted on a coarser mesh for isospeed line exploration. The following conclusions can be drawn:

o URANS-SA and URANS-SST approaches led to the same results than their RANS counterparts, confirm-
ing the discrepancy between isospeed line depending of the turbulence model. URANS simulations are
characterized by a low level of unsteadiness. Between all URANS and RANS simulations, URANS-SST
and RANS-SST global performances predictions are closer to experimental values since these approaches
result in higher losses than their SA counterparts.

e SAS-SST method with « to the default value of 2.5 has been unable to resolve a significant part of the largest
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scale of turbulent motion, resulting in instantaneous field more similar to URANS results than ZDES ones.
Tip leakage is slightly better predicted but the stagnation pressure losses are significantly increased.

o AsZDES-SA, ZDES-SST is able to capture the tip leakage vortex development and fluctuations of a wide
range of scales, especially secondary vortices. However, the simulation duration is currently insufficient to
clearly conclude about the improvement with respect to ZDES-SA. At least, the fluctuations involved in tip
flow are only captured by ZDES approach, not by SAS method.

Ongoing ZDES-SST computation will be pursued for proceed to fully statically converged computation compar-
ison.

As perspective, the evaluation of these methods will be performed in the context of rotor-stator interaction by
included the following stator in the computational domain. Further interesting possibilities include to test the
effect of the subgrid length scale based on the vorticity normal cell section A, instead of A,,;, to evaluate the
potential improvement from high-order k-exact schemes [Maugars et al., 2014] and to conduct the presented
simulations in near surge operating conditions.
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