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ABSTRACT
The present article deals with the Zonal Detached Eddy Simulation of the fan module of
a modern turbofan engine for the prediction of the broadband noise due to the interaction
of the fan turbulent wakes with the stationary outlet guide vanes. The simulation relies on a

hybrid RANS/LES approach with a zonal strategy: the core airflow is treated in RANS while
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the bypass airflow is solved with the hybrid approach. The simulation was performed during

four revolutions and statistical convergence was reached. Inspections of the flow-fields
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highlight a consistent behaviour of the shielding function (border between RANS and LES
solving areas) around the blade walls and at the trailing-edge for a such complex flow. The
fan module was tested in the AneCom facility in which hot-wire measurements were made
in-between the fan and the outlet guide vanes. The numerical results are compared to
this large dataset of measurements. The flow maps are well retrieved by the simulation for
both the time-averaged and the turbulent quantities. Comparison of radial profiles shows
an excellent agreement for the three RMS component of the velocities between ZDES
and the measurements, particularly in the tip gap flow area, in which RANS results do not
reproduce correctly the flow quantities. The wake shape, a key feature in the mechanism of
generation of rotor-stator interaction noise), is quite well predicted by the ZDES simulation.
These numerical results demonstrate the maturity of the approach for the simulation of

complex turbomachinery flows.

1 INTRODUCTION

Because of the significant reduction of tonal noise in modern turbofans, the broadband com-
ponent of the overall perceived noise has become a growing contribution and is nowadays a ma-
jor topic of concern for aircraft engine manufacturers [1]. The present work adresses a hybrid
RANS/LES methodology to predict this noise contribution on a fan module of a civil modern turbo-
fan at approach conditions. Only the aerodynamic simulation and the associated results are pre-
sented here, the broadband noise analyzes are discussed in a complementary (Part Il) paper [2].
In the fan module, a major contribution of the broadband noise is the interaction of the turbulent
structures generated in the fan wakes with the outlet guide vanes (OGV) located downstream [3].
The turbulent structures are scattered by these vanes which generate radiating acoustic waves in

the upstream and downstream directions.

Because of the high Reynolds number involved (around one million), turbulence scale resolved
simulations of a fan blade or a fan stage of a turbofan engine require a significant computational
effort. For this reason, such simulations remain scarce in the literature. Indeed, the high Reynolds

number implies tremendous mesh refinement in the boundary layer for Wall-Resolved Large Eddy

TURBO-21-1140 - Frangois 2

220z AInr Go uo Jasn YYINO Aq 4pd v | L-12-004nY/80.8/289/8257S0Y" L/SL L L"0L/10P/Pd-jo1e/Aisulyoewog.ny/Bio-swse uoios|jodfe)Bipawse//:dpy woly papeojumoq



Joyrnalaf Turbomachinery

Simulations (WRLES). In Wall-Modeled LES (WMLES), the use of wall law enables to reduce the
computational effort compared to WRLES but the mesh requirement still strongly increases with
the Reynolds number. An alternative way is to resort to hybrid RANS/LES approaches in which
the whole boundary layer is solved with a RANS modeling. Hence, their numerical cost is much
less dependent on the Reynolds number. This simulation strategy is followed here and relies on
the Zonal Detached Eddy Simulation from Deck et al. [4]. This approach has already been used
by Bonneau et al. [5] on a turbofan for the prediction of broadband noise in which only a fan blade
was simulated. Aerodynamic features of the wake were extracted (wake width, velocity deficit,
turbulent kinetic energy) to feed an Amiet-like code to compute the noise radiating by the OGV.
Francois et al. [6] extended the work of Bonneau et al. by performing simulations of the fan blade
with the outlet guide vanes, giving access to the unsteady pressure fluctuations on the vanes.
The acoustic predictions of these simulations were presented in a dedicated conference paper by

Polacsek et al. [7].

To the authors’ knowledge, previous works relying on turbulence scale resolved simulations
for aeroacoustic of turbofans were performed mainly on the NASA Source Diagnostic Test (SDT)
configuration with different numerical approaches: WRLES (Kholodov et al. [8]), WMLES (Leonard
et al. [9], Arroyo et al. [10], Hah and Romeo [11]), hybrid RANS/LES (Shur et al. [12], Suzuki et
al. [13]) and Lattice Bolzmann method (Casalino et al. [14]). The present turbofan configuration
(ACAT1 fan stage) treated in this paper is quite new in the literature [15—17] and only a few partners
from the associated project performed turbulence scale resolved simulations (Lewis et al. [18],

Tucker and Wang [19]).

The present paper is the continuation of the work from Francois et al., Polacsek et al. [6, 7]:
a new Zonal Detached Eddy Simulation was performed accounting for a more realistic boundary
layer upstream of the fan, the turbulence scale-resolved area was slightly extended and the outlet
pressure in the bypass airflow was adjusted to reduce the massflow rate discrepancy with the
measurement. Also, a large dataset of measurements including the final calibrations and the
uncertainties, not present in the conference papers, are presented and compared to the numerical

results. RANS results are also included in the comparison. The paper is organized as follows.
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First, the paper presents the main features of the fan geometry and operating point. Then, several
aspects of the CFD strategy such as the methodology, the mesh critera, the boundary conditions
and the numerical parameters are discussed. Third, analysis of the convergence of the simulation
are addressed. Fourth, three-dimensional analysis of the flow inspecting the consistency of the
ZDES solution are carried out. Finally, comparisons with hot-wire measurements performed in

AneCom test falicity [15] are discussed.

2 PRESENTATION OF THE CONFIGURATION

Free Field
-O="

o FF (N,=25)

Hot-wires 3 Ax1

(N4=100) (N,=60)

Cylindrical Noise Inlet ]
(Flare, TCS and Hardwall liner) 100x

CMD10

Fig. 1. Sketch of the rig set-up at AneCom’s UFFA (reprint with TurboNoiseBB Consortium permission) with the hot-wire probes.

The turbofan configuration is the ACAT1 fan stage which was studied in the framework of
TurboNoiseBB project (2017-2020), an EU-funded! H2020 project. Main objectives of this project
were dedicated to the improvements of the measurements techniques and numerical methods for
the prediction of broadband noise on modern turbofan. The test-rig in which hot-wire and acoustic
measurements were carried out is depicted in Fig. 1. The specificity of this configuration is the
short inter-stage distance (roughly equal to one fan chord). The turbofan is equipped with 20 fan
blades and 44 outlet guided vanes (OGV) and studied at rig-scale (the outer radius of the fan is
0.42 m). Because the bypass ratio is around six, the rotor-stator interaction (RSI) with the Inlet
Guide Vanes (IGV) in the primary airflow can be assumed negligible compared to the bypass RSI
contribution. As a result, the IGV are not accounted for in the simulation. The configuration is

studied at the approach conditions ( Q@ = 3828.4 rpm, My;,, = 0.57) for which the RSI noise is

'EU: European Union
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dominant, as outlined by Envia et al. [20] and Casalino et al. [14].

3 METHODOLOGY
3.1 Zonal Detached Eddy Simulation

The Zonal Detached Eddy Simulation (ZDES) developped by Deck [4] and implemented in the
elsA code [21] is used here. This formulation offers the possibility to treat different parts of the
computational domain with a specific ZDES formulation or a full URANS solving. This approach
has already been used on aircraft, space launchers, jet flows and turbomachinery [5,22,23]. The
zonal aspect enables to alleviate the computational cost compared to other DES techniques with
areas treated with a RANS solving, requiring a reduced mesh density. Also, such approach offers
a large flexibility for the user to choose the most suitable ZDES formulation with respect to the
flow physics to deal with. The present paper only describes the ZDES mode 2 (refering to Deck
et al. [4]) used in the simulation and the reader can refer to the aforementioned paper for further
information.

The ZDES mode 2 allows the boundary layer to be solved with an URANS treatment, the
remaining part being treated by a LES solving with an automatic detection of both areas. To
know whether the computed cell is in the attached boundary layer or not, a shielding function
fa,» inherited from the Delayed Detached Eddy Simulations (DDES) from Spalart et al. [24], is

evaluated. It reads:

v+U

\/ Ui,jUj,i/f2d%U ’

rg = fa=1—tanh (8rd)3

where 7 is the eddy viscosity solved in the equation of the Spalart-Allmaras turbulence model [25]?,
v the molecular viscosity, U; ; the velocity gradient, ~ the Karman constant, d,, is the distance to the
wall. The parameter r, is equal to one in the logarithmic area of the boundary layer and vanishes
at the edge of the boundary layer. Consequently, the function f; equals zero in the boundary layer

and activates the URANS mode. Outside the boundary layer, it equals one and allows the switch

TU2 Il-'? é?‘j—a%sﬁl% Rggjﬂzlfrg%g?salart et al. [24], the variablbe v is used.
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to the LES mode. The ZDES mode 2 from Deck et al. presents similarities with the DDES from
Spalart et al. [24]. The main difference concerns the choice of the characteristic mesh length. In

DDES, it is based on the largest cell size such as A = max(Az, Ay, Az) while in ZDES, it reads:

Amaz = max(Am, Ayv AZ) Zf fd < de
Avol = (Al‘AyAZ)l/S Zf fd > de

A =

where f, is a constant equal to 0.8. Deck et al. made comparisons between the DDES and the
ZDES mode 2 on various applications (mixing layer, backward facing step, airfoil). They highlight
that ZDES keeps the strong assets of DDES such as the treatment of the attached boundary layer

while improving other aspects such as reducing the delay in the formation of the instabilities.

3.2 Flow Domains
3.2.1 Repartition of RANS and ZDES zones

The objective being the simulation of the interaction between the fan wake with the OGV in
the bypass airflow, the core airflow can be solved with an URANS solving, reducing the mesh
requirements in this area. Also, the upstream turbulence rate measured in the experimental facility
upstream of the fan is very low (around 0.3%) [15]. Hence, the noise associated with the impinge-
ment of the infinite inflow turbulence on the fan is negligible compared to the RSI noise. Thus, an
URANS modeling is sufficient upstream of the fan. All the remaining areas of the computational
domains are treated with the ZDES formulation described in section 3.1. The border between
the URANS domain and the ZDES mode 2 domain must be chosen with care at the separation
between the primary and the bypass airflow. Indeed, the ZDES mode 2 domain needs to be large
enough to ensure that the flowpaths nearby the fan blade, going then into the bypass airflow and
generating wakes, are well treated in ZDES mode 2. Otherwise, part of the fan wakes interacting
with the OGV will be solved in RANS and they will remain RANS-like in the bypass airflow domain.

An illustration of the RANS/DES zones on single channel computational domain is given in Fig. 2.

TURBO-21-1140 - Frangois 6
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i URANS
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bypass airflow

1
i
: bypass flowpath 1
¢ former URANS/ZDES -

mode 2 border

core airflow

Fig. 2. Repartition of the RANS and ZDES mode 2 areas in the computational domain. The border between URANS and ZDES
mode2 area from the former simulation [6] is indicated. The borders of the present simulation are shown with blue and red colors.

3.2.2 Modification of the geometry

Motivation To reduce the numerical cost, only a few interblade channels are simulated. The
current number of blades (20 for the fan, 44 for the OGV) is unfavorable to reduce the computa-
tional domain to a few inter-blades channels. For unsteady RANS simulations, classic phaselag
boundary conditions allows the reduction to one channel. Because they are currently based on
the usual Fourier decomposition, they are unadapted for the convection of broadband structures.
Consequently, a more favorable option is to change the blade number of the OGV to get a suit-
able divisor and allow the use of periodic boundary conditions instead. Even if the periodicity
is still questionnable for the turbulence structures between adjacent channels, the spectral con-
tent is believed to be conserved through these periodic boundary conditions. This strategy has
already been justified and used by several authors on the NASA SDT for broadband noise predic-
tions [9—11]. The same strategy was followed on the ACAT1 configuration by Lewis et al. [18] for

WMLES.

OGV Rescaling and aerodynamic impact The number of the OGV is thus reduced from 44 to
40. To keep the same flow pattern, the solidity is kept constant meaning that the chord is increased
by 10%, the leading-edge position is unchanged. Such a blade number modification allows to
reduce the computational domain to one fan channel and two OGV channels. The unchanged
geometrical parameters are the solidity, the leading-edge position, its sweep and lean angles, the
thickness-to-chord and angles law along the streamwise variable and inner and outer duct walls.
The modified parameters with respect to the original geometry are the number of blades (44 to

40), the chord (+10%), the aspect ratio and the thickness.

TURBO-21-1140 - Frangois 7
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RANS simulations of the fan-OGV configuration with the nominal number of OGV and with the
modified number of rescaled OGV were performed at the same massflow by Francois et al. [6].
Inspection of the absolute flow angles, absolute Mach number at position upstream and down-
stream of the OGV show identical radial evolution. Same conclusions were drawn regarding the
pressure maps distribution on the walls. The conservation of the solidity is a key aspect in the
OGV modification. First, it enables to get a similar mean velocity field to convect the fan wake
through the vanes. Second, a modification of solidity can affect the vane aeroacoustic response

due to wake interaction, as shown by Posson et al. [26].

3.2.3 Computational domain

The computational domain is composed of one fan and two OGV inter-blade channels. The
fan and the OGV domains are solved in their respective frame of reference. The inlet of the
computational domain is located at four fan chords upstream of the fan leading-edge while the

outlet is located at three vane chords downstream of the vane trailing-edge.

3.3 Boundary Conditions

The modification of the OGV geometry mentioned in the previous section enables to get the
same azimuthal periodicity with one fan blade and two vanes. As a consequence, periodic bound-
ary conditions can be used for the azimuthal border of the computational domain for the unsteady
simulation. At the interface between the rotating domain of the fan and the fixed domain of the
vanes, a sliding mesh treatment is performed. It relies on interpolation of the state vector of a donor
grid on a receive grid and then on a half-sum between the donor and the receiver cells from both
domain on the conservative variables. Errors of interpolation on a few cells between the moving
grids were detected by Polacsek et al. [7], generating spurious noise sources. Corrections were
brought in the elsA flow solver in the moving grid BC treatment and these interpolations errors
have now fully disappeared in the ZDES simulation presented in this paper and the companion
paper dedicated to the acoustic analysis.

At the inlet of the computational domain, stagnation pressure, stagnation enthalpy and abso-

lute velocity directions are imposed. For the outlet of the core and the bypass airflow, a radial

TURBO-21-1140 - Frangois 8
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equilibrium is imposed with a user-prescribed pressure at the lower wall. The inlet and outlet BC
are combined with sponge layer to limit spurious reflections (see further details in Sec. 3.4.2).
Compared to the ZDES performed by Francois et al. [6], two modifications were brought in the

simulation to better match the experimental conditions:

- A radial heterogeneous profile of stagnation pressure (instead of an uniform one) is imposed
at the inlet of the present simulation to match the hot-wire measurements upstream of the fan
(see Fig. 3-a). The shroud boundary layer impinging the fan has a significant effect on the tip
gap flow. With this radial profile, the present ZDES is thus more realistic than the previous one.
Axial velocity profile (Fig. 3-b) highlights a quite good agreement with the measurements, with
discrepancies lower than 2 m/s.

- The user-prescribed pressure at the bypass lower wall was slightly increased to better match
the measured massflow rate. Discrepancies between measured and simulated massflow rates
reduce from +1% to —0.25%. Because the operating point is close to surge, these differences
may have a significant influence on the shape of the wakes and tip gap flows impinging the
OGV. Furthermore, flow separation are observed on both fan and OGV, with significant effects

on acoustic radiation, as discussed in the companion paper [2].

100 \.\_\.\ 100
90 b 90
& 80 1 & 80
= o =
= .20
Tz 70 £ 70
T 2
g g
5 60 5 60
50 . EXP 50 «  EXP
—— ZDES —— ZDES
) ¢ 97 98 99 100 40 65 70 75 80 85 90
Mean Absolute Stagnation Pressure [kPa] Mean Axial Velocity [m/s]
(a) (b)

Fig. 3. Comparison of the absolute stagnation pressure (a) and the axial velocity (b) between the hot-wire measurements and the
simulation upstream of the fan (position 0)
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3.4 Mesh
3.4.1  Mesh criterion

Two sets of criteria were used to build the present mesh. The first relies on internal best
practices concerning the use of the ZDES mode 2. The cell size verifies Az™, Ay™, Azt < 200
in the free shear flow areas, namely a cell size lower than 0.6 mm for the present mesh. The first
wall mesh size verifies Ayt < 1.

The second criterion relies on the aeroacoustic mechanism at stake. The impinging turbulent
wake from the fan blade can be modelled by a set of hydrodynamic waves. The impingement of
each hydrodynamic wave, also called gust, on the vane generates acoustic waves with the same
frequency. Among the different waves at stake and given the Mach number of the considered
flow, the gust wavelength is here the most stringent. Ilts expression reads \, = U.f~! where
U. is the local convection speed and f is the frequency. Preliminary RANS simulations show
that in the interstage area, the absolute velocity ranges from 100 m/s and 140 m/s. Accounting
for the smallest velocity value and sampling the wavelength by 20 points leads to a mesh size
of 0.25 mm at 20 kHz, (human ear upper limit frequency). Such cell size would imply for the
intended computational domain a mesh of 3 billions cells. An acceptable trade-off between cost
and accuracy is to select a cell size of 0.5 mm, leading to a mesh of 1/8 of this grid size (e.g. 400

million cells) while ensure a sampling of 20 points at 10 kHz.

3.4.2 Mesh characteristics

Repartition of points Build following the criteria mentionned above, the mesh has a total cell
number equal to 380 millions. The mesh used is structured and multi-blocks. Its first mesh size is
three micrometers and corresponds to y* values equal to 1 at the cell center. Its main character-

istics are gathered in Fig. 4 and sectional views are given in Fig. 5.

Buffer areas Near the inlet and the outlet, damping zones with stretched cells in the axial di-
rection are used to avoid numerical reflections on the boundary conditions. Their expansion ratio
remains lower than 1.2 to prevent additional spurious acoustic reflections from unsuited grid tran-

sitions. The largest cell size upstream of the fan is three centimeters while it is equal to two

TURBO-21-1140 - Frangois 10
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Number of points for one channel FAN domain  OGV domain
Blade-to-blade area
Azimuthal direction 380 264
Streamwise direction from LE to TE 280 400
From blade to the moving grid interface area
Azimuthal direction 300 160
Streamwise direction 248 160
Radial direction 771 625
Primary airflow 85
Splitter 41
Secondary airflow 645
Tip gap (radial direction) 45
Total (million) 180 100

Fig. 4. Repartition of points of the mesh

(a) Fan inter-blade channel (b) Vane inter-blade channel

Fig. 5. Blade-to-blade view at mid-height of the OGV span. Meshes with one point over two are shown in the pictures.

centimeters downstream of the OGV.

3.5 Flow Solver and Numerical Parameters

The flow solver is the elsA software [21], developed at ONERA. This compressible flow solver
is based on a cell centered finite volume technique and structured multiblock meshes. The time
scheme is achieved by an implicit second order scheme based on a Newton algorithm. The
timestep has been set to 3.2 x 10~7s. The choice was mainly driven by acoustic CFL® number
considerations and computational cost (the selected timestep is small enough to capture the tur-
bulent structures at stake). It corresponds to a convective CFL number around 36 in the smallest
cells in the boundary layer and of 0.35 for cells the length of which is 0.5 mm. This timestep
samples the fan blade passing periods by 2400 and the revolution by 48000. 5 sub-iterations are

used in the inner-loop of the time scheme and the residuals decrease by one order of magnitude.

3Courant Friedrichs Lewy
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The convective flux discretization is treated with the AUSM (Advection Upstream Splitting Method)
scheme with a third order limiter. The turbulence model used is the Spalart-Allmaras model [25].
The simulation was performed on the supercomputers from CINES*. The simulation is done on
28 nodes and 672 cores, the total computational time is 2 million of CPU hours. Nearly four full

revolutions were simulated.

3.6 Time Convergence
3.6.1 Initialization setup and Numerical transient

To reduce the numerical transient in the ZDES, a preliminary set of RANS and then URANS
simulations were performed. The URANS simulation was run until the massflow rate was con-

verged, namely two complete revolutions.

The time-length of the numerical transient is here determined by the convergence of the time-
averaged quantities (over a large time-width with respect to the blade period) of the flow quantities
either global (massflow) or local (axial momentum on a numerical probes). Figure 6 gives an
illustration by showing the evolution of the bypass air mass flow non-dimensioned by its final
value® at t = 76 FBP®. Both the instantaneous signal and the time-averaged one over ten FBP are
shown. The abscissa axis is given in fan blade passage (20 equals a complete revolution). From
the URANS simulation, the massflow shifts slighly because of the flow solution is quite different
between the RANS and the ZDES in the flow separated areas. The massflow curve shows that
the massflow is stabilized after two revolutions (variations of the time-averaged quantity on ten fan
blade passages are lower than 0.2%). Flow quantities such as the axial momentum and the static
pressure on numerical probes (not shown here for conciseness) meet the same requirement. The
conjoint analysis of different time-averaged flow quantities indicates that the numerical transient

lasts two revolutions.

“French National Computing Center
5This nondimensionalization gives direct access to the time-variation of the signal in percent.
SFBP:Fan Blade Passage
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Fig. 6. Convergence of the bypass air massflow rate at the outlet of the computational domain, nondimensioned by the massflow
rate at t=76 FBP (Fan Blade Passage).

3.6.2 Statistical convergence

For the convergence of the statistics, the numerical transient of the signal is removed from the
complete signal. Only the portion from ¢ = 40 FBP to ¢ = 76 FBP is used to perform the statistics.
Because the flow quantities exhibits strong deterministic signatures due to fan-OGV interaction
in both the fan and the OGV computational domain, a cyclostationnary (or phase-averaged) de-
composition of the signal is used. Inspired by the pioneer idea of Hussain and Reynolds [27],
the signal is split into a deterministic and a stochastic part u(x,t) = ueyeio(x,t) + Ustoc(x, t) Where
ueyelo(,t) contains the deterministic variation of the signal and its time averaging and uoc(z, t)
the remaining part of the turbulent signal. The cyclostationnary signal u.,..(, ) is calculated with
the number of fan blade passages equal to N(¢) = E (Tg}g(t - to)) where E is the floor function,
Tgsp is the period of one blade passage and ¢, is the duration in time of the numerical transient.
This relation enables to see the progressive convergence of the cyclostationnary signal. The last
period of the cyclostationnary signal is then used to compute the fluctuating part. In the fan do-
main, the OGV blade passage period is used while in the OGV domain, the fan blade passage

period is used.

A direct application is performed on the axial momentum signal on the numerical probe located

at 90% of channel height near the OGV leading-edge. Figure 7 presents the instantaneous signal
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Fig. 7. (a) Instantaneous and cyclostationnary signals of the axial momentum on a numerical probe at 90% of channel height, near
the OGV leading-edge. Wake and part of the tip gap flow can be seen respectively large and small axial momentum dips, (b) Deviation
of the RMS evaluation of the stochastic part of the same probe signal over a given number of FBP with respect to the RMS value of
the full signal.

during six FBP and the cyclostationnary signal. In the cyclostationnary signal, the stochastic part
of the signal is filtered. The identical shape of this signal between the successive fan blade periods
indicates that the signal is phase-averaged. Accurate repeatability of the phase-averaged FBP
signatures is a good indicator of the convergence of the periodic contributions to be assessed in
view of cyclostationnary analyses. In contrast, the instantaneous signal exhibits different velocity

deficits for each fan blade period due to the stochastic nature of turbulence.

The phase-averaged property of the signal indicates that the time signal (without the numerical
transient) is long enough to get converged cyclostationnary averages and thus reliable informa-
tions for the acoustic prediction presented in the companion paper. The turbulent signature used
for broadband noise analyzes is assessed by subtracting the cyclostationnary part to the instan-
taneous signal. The convergence of this part of the signal is studied in Fig. 7-b : the Root Mean
Square (RMS) is calculated over several numbers of FBP and deviations with the RMS evaluation
are evaluated. It shows that for this numerical probe within the tip gap flow, the RMS estimation
is converged with an accuracy of 5%. Lower RMS convergence levels (2%) are found on other

numerical probes at mid-height, not shown here for conciseness.
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4 VERIFICATION OF ZDES

This section focuses on the analysis of the aerodynamics flow-field and on the consistency of

the flow solution obtained with the ZDES approach.

4.1 Zonal solving

ZDES mode 2

Fig. 8. lllustration of the zonal solving with ZDES by the visualisation of iso-value surfaces of the @ criterion (Q=10 with Qq=Q x¢2

adim
and tqq;m=2.915 ms) around the fan blades (a) and around the OGV blades (b). The color indicates the non-dimensioned axial
momentum (paqim=1.185 kg/m?3 and V, 4;,, =343.0 m/s).

Figure 8 presents a visualization of the instantaneous flow-field around the fan blade: surfaces
of iso-values of the Q criterion colored by the axial momentum are displayed. It illustrates the
zonal solving with the ZDES. The core airflow is treated in URANS and only very large turbulence
structure are present such as an horseshoe vortex at the intersection of the fan blade and the
hub. The bypass airflow is treated with the ZDES mode 2 (see Section 3.1). Because the flow
separates at the leading-edge of the fan for this operating point, turbulent structures are generated
there and are convected downstream. Figure 8 illustrates also a benefit of the ZDES approach:
thanks to the reduced mesh effort in the boundary layers, a high grid density (cell width of 0.5
mm) could be used in the free-shear areas allowing the capture of very small turbulent structures.
Such mesh density in these areas would require a larger number of cells in the whole mesh with

a WMLES approach.
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4.2 Convection of the fan wakes through the OGV

The main source of broadband noise is the interaction of the turbulent structures from the fan
wake with the OGV walls. An important key point in this simulation is to ensure that the turbulence
is properly convected from the fan through the OGV. Figure 9 presents fields of vorticity magnitude
on a developed blade-to-blade surface. The vorticity fields are consistent: the fan wakes are
convected without noticeable attenuation or numerical artefact through the stage interface and the
periodic boundary conditions. Fig. 8-b gives a hub-to-shroud view of the fan wakes interacting with

the OGV, supporting the previous statement.

Figure 9 depicts in thick black lines the areas in which the shielding function f; equals 0.95,
defining thus the border between the RANS solving (in the boundary layer) and the LES solving
(in the free shear flow areas). For both fan and OGV blades, this RANS solving is consistent
and seems qualitatively to encompass the whole boundary layer. A noticeable point is the rapid
switch from RANS to LES at the trailing-edge of the blade (visible in the zoom in Fig. 9). The
RANS boundary layer velocity profile degenerates into turbulent eddies due to a good detection
of a free-shear flow area and the specific features of the ZDES described in the work of Deck et
al. [4]. Similar conclusions with the same approach were drawn by Gand on a flow separation on

a spoiler [28] and Verriere et al. on a jet flow [29].

A second noticeable point concerns the shielding function shape around the OGV walls: the
interaction of the turbulent structures from the fan wake with the OGV do not (qualitatively) degrade
the shielding of the boundary layer (zooms in Fig. 9). Complementary analysis on the shieding
function in the tip gap flow on the same configuration are shown by Frangois et al. [6]. They all

demonstrate a good robustness and maturity of the approach for turbomachinery flows.

5 VALIDATION AGAINST MEASUREMENTS

Measurements were performed on the selected fan configuration at the studied operating point.
Hot-wire measurements in between the fan and the OGV for the three directions of velocity are

available. The reader can refer to the paper of Meyer et al. [15] for further information.
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Fig. 9. Visualisation of non-dimensioned vorticity magnitude fields (¢,4;.,» =2.915 ms) on a developed blade-to-blade surface at 50%
of the OGV span. The black lines denote f;=0.95.

5.1 Aerodynamic performances

Measurements Present ZDES Previous ZDES [6]

Core massflow [kg/s] 6.41 6.43 6.44
Bypass massflow [kg/s] 48.76 48.60 49.26
Bypass pressure ratio 1.108 1.105 1.106

Table 1. Comparison of aerodynamic performances

Table 1 highlights that the aerodynamic performances are retrieved by the present ZDES with
a maximum discrepancy lower than 0.4% whereas the previous ZDES [6] exhibits a massflow

difference of 1% with the measurements.

5.2 Two-dimensional map visualizations

The ZDES solution has been extracted over a cross-section at HW1 position in order to per-
form mean flow and wake analyses, by splitting periodic and fully turbulent contributions, and to
make comparisons with the latest available measurements. Cyclostationnary axial and tangential
velocities are compared between the measurements and the simulation in Fig. 10. A close agree-
ment is obtained on both levels and shape: wakes and tip gap flows are also well retrieved. The

depth of the velocity deficit is slightly over-estimated by the simulation. The comparison of the
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Fig. 10. Maps of velocity flow fields at HW1 plane with ZDES (a-c) and measurements (b-d) - Cyclostationary quantities are shown:
axial velocity (a-b) - tangential velocity (c-d). Three blade channels are displayed.)

RMS quantities is shown in Fig. 11. RMS data from the measurements were recalibrated because
the hot-wire probes have a cut-off frequency at roughly 8.5 kH z. To overcome this difficulty, a 1.5
factor correction, estimated from Parseval identity and integration of velocity PSD up to 8.5 kHz,
was applied to the raw measurement data’. More details about calibration process are discussed
by Polacsek et al. [7]. Wakes and tip gap flows are characterized by high values of RMS velocities,
visible in the measurements and in the ZDES results. The simulation reproduces quite well the lev-
els and the shape of these turbulent quantities for both velocity components. The tip vortex seems
a bit larger in the experiments than in the simulations. In the lower radii part of the map, the flow
is solved with URANS with the Spalart-Allmaras model and the RMS velocities cannot be rebuilt.
This explains thus the very low values of the RMS quantities in this area, not considered in the
comparison. The comparison of the RMS maps hightlights also a noticeable background turbu-

lence present in the measurements although the inlet turbulence is rather low (0.3%). The physical

“In the EU project, the same calibration was used by others partners for RMS comparison such as Lewis et al. [18]

for instance.
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Fig. 11.  Maps of axial velocity flow fields at HW1 plane with ZDES (a-c) and measurements (b-d) - RMS quantities are shown: axial

velocity (a-b) - tangential velocity (c-d). Three blade channels are displayed.

mechanisms generating this background turbulence are not understood yet. In the simulation, no

background turbulence is predicted. Same observations was made by all the partners performing

numerical simulations (RANS or LES) in the EU project (see Lewis et al. [18] for instance).

5.3 Radial Profiles
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Fig. 12. ZDES and experimental radial profiles at the HW1 location: axial (a), tangential (b) and radial (c) mean velocity
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The above 2D fields have been circumferentially averaged in order to perform more quantitative
radial profile comparisons. Axial, tangential and radial components of mean velocity provided by
ZDES and experiment are plotted in Fig. 12 from left to right, respectively. Measurement data for
the same gemeotry with a long-gap between fan and OGV (EXP LG) is also added. The grey
area illustrates the uncertainties associated with the measurements between the different inter-
channels blades. Indeed, the measured flow is different between adjacent channels. This was
observed and referenced in the literature by Meyer et al. [15]. According to the authors, the most
probable reason are slight geometrical discrepancies between adjacent blades. This is amplified
by the aerodynamic flow conditions: for the selected operating point, flow detachment is present
on both the fan and the OGV and very small change of stagger angle between adjacent blades
may cause these significant differences. Details on the calculation of the error bar are given in the

appendix.

Analysis of Fig. 12 shows that mean axial and tangential velocity profile are well retrieved both
in shape and levels, the mean axial and tangential velocity being over-estimated by the simulation
by less than 3%. The casing boundary layer is not correctly reproduced but the prediction is
improved compared to the ZDES from Francois et al. [6] in which the boundary layer was too thin.
Concerning the radial velocity, the predicted levels overestimates significantly the measurements
(+5 — 10 m/s). For this flow variable, numerical results of partners in the EU project shows the
same trends as the present ZDES results (see Lewis et al. [18]). For this reason, measurements
on the same fan configuration with a long gap (LG) distance between the fan and the OGV are
plotted on the same figure. The ZDES results (such as other numerical results from EU partners of
the project) are more consistent with this set of measurements. The difference of measurements
between short gap and long gap configurations for this velocity component remain unexplained
yet. RANS results using the Menter Shear Stress Transport k£ — w and the Smith & — [ models
[30,31] are shown on the same figure for comparison using a mesh with five million cells (one rotor
and one stator channel). Results are close to the ZDES results for the tangential and the radial
velocities but discrepancies are visible on the axial velocity profile (+6 — 7%). This is attributed to

an overestimation of the tip gap flow area at the HW1 position.
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Fig. 13. ZDES and experimental radial profiles at the HW1 location: axial (a), tangential (b), radial (c) RMS turbulent velocity and
turbulent kinetic energy (d).

Similar comparisons of radial profiles have been realized for the three RMS components (axial,
tangential, radial) of the velocity and the turbulent kinetic energy plotted in Fig. 13. Only the radial
section concerning the secondary airflow (ZDES mode 2 solving) is shown. The grey area denotes
the uncertainties due to the measurements as mentioned in the previous paragraph, larger for
RMS quantities than for mean quantities. For the three components, a sufficiently good agreement
is obtained between the measurements and the ZDES results, in particular in the tip gap flow
area. In terms of levels, the discrepancies remains within the range of the uncertainties due to the
measurements and the shapes of the curves are well reproduced. RANS results, obtained by a
reconstruction of the Reynolds tensor with the Boussinesq relation, present larger discrepancies
with the measurements than the ZDES results, particularly in the tip gap. The shape of the radial

profile is also different from the measurements in this area for the two models.

5.4 Azimuthal Profiles

Comparison of the azimuthal profiles for the cyclostationary velocity is shown in Fig. 14 at
50% and 75% of the duct height to analyse the velocity deficit caused by the wake and at 97%
for the tip gap flow. Depth of the velocity deficit® and width of the velocity deficit (commonly
named wake thickness) are two key parameters in the rotor-stator interaction noise generation
for the axial and azimuthal velocity components but they induce a change of incidence on the
stator and thus of aerodynamic loading. For these velocity components, the wake thickness is

well reproduced by the ZDES simulation compared to the measurements whereas the depth of

8for the tangential velocity, this is a peak
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Fig. 14. Experimental, ZDES and RANS azimuthal profiles at the HW1 location for different relative radii: 50% (a-b-c), 75% (g-h-i)
and 97% (g-h-i). The three cyclostationary velocity components are displayed: axial (a-d-g), tangential (b-e-h), radial (c-f-i).

the velocity deficit is over-estimated for the relative radii at 50% and at 75% of the duct height
by 10 — 15%. RANS results predict also quite well the wake features at 50% and 75% channel
height with the same velocity deficit as ZDES but with a smaller width. At 97%, the tip gap flow
is visible on the azimuthal profiles with a secondary dip or peak. The main dip/peak and the
secondary ones are quite well captured by the ZDES with a slightly lower intensity for the latter
one compared to the measurements. Globally, the shape and the levels of the velocity variation
over the azimuthal extent are quite consistent between ZDES and measurements. For RANS
results, both models tend to overestimate the main dip/peak by factor two. As a consequence, the

intensity of the secondary dip/peak is not correct either despite their positions are consistent with
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the measurements. Flow angles seem uncorrect with RANS as observed with an overestimation

of the axial velocity and an underestimation of the tangential component.
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Fig. 15. Experimental, ZDES and RANS azimuthal profiles at the HW1 location for different channel heights: 50% (a-b-c), 75% (d-e-f)
and 97% (g-h-i). The three RMS velocity components are displayed: axial (a-d-g), tangential (b-e-h), radial (c-f-i).

RMS velocity component azimuthal profiles depict the repartition of the turbulence energy in
the wake and over the three velocity components. This distribution is an important parameter for
the broadband rotor-stator interaction noise. Same pattern as Fig. 14 is shown in Fig. 15 for the
RMS quantities. At channel height of 50% and 75%, measurements show that the wake exhibits a
main peak with an asymmetrical shape or with a secondary peak caused by the flow separation

at the fan leading-edge. These features are globally reproduced by the ZDES results except for
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some plots with small secondary peaks present in the simulation but absent in the measurements.
The width of the wake is very consistent with the measurement while the height of the RMS peak
is globally overestimated by 15% in average (from 3% to 25% depending on the plot). The RANS
results show always wakes narrower than ZDES and measurements while the height of the RMS
peak is quite close to the ZDES results. However, the shape of the RMS profile from RANS results
remains often quite symmetrical. For RANS and ZDES, the azimuthal profiles exhibit an absence
of turbulence outside the wakes while this turbulence is noticeable in the experiments (mentioned
in the analysis of the flow maps in section 5.2). In the tip gap flow, the turbulence is present in
the whole inter-blade channel and captured by the simulation (because the tip gap flow fills the
whole channel). The variation of the RMS quantities is more complex than at channel height of
50% and 75%: two peaks of similar amplitude are visible. With less accuracy than at mid-height,
the shape and the levels of the azimuthal profile are globally reproduced by ZDES : secondary
dips/peaks are captured but their positions are shifted and their heights are different compared to
the measurements. RANS results show that only a main peak is predicted and RMS levels are

overestimated compared to the experimental data.

6 CONCLUSIONS

A Zonal Detached Eddy Simulation approach has been applied to a turbofan stage to simulate
the interaction of the turbulent fan wakes with the OGV. The final goal of this simulation is the
prediction of the associated broadband noise. Extending the work from Francois et al. [6], the
ZDES presented here accounts for a more realistic boundary layer impinging the fan, the simulated
massflow rate is closer to the measurements, a better space repartition between the RANS and
ZDES mode 2 zones was chosen. To limit the numerical efforts, the number of the OGV blades has
been modified to allow a significant reduction of computed inter-blade channels while preserving
the main aerodynamic performances.

The ZDES was performed on four revolutions and convergence of the cyclostationnary val-
ues (thanks to analysis of numerical controller probes) was achieved. Inspection of the flow field
highlights a very consistent behaviour of the shielding function (border between RANS and LES
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solving areas) and a correct convection of the broadband turbulent structures to the OGV. The
overall analysis of the aerodynamics flow underlines a consistent behavior of the RANS/LES ap-
proach applied to a complex turbomachinery flow. The key aerodynamic phenomena responsible
for the generation of broadband noise such as the wake interaction in the secondary airflow are

qualitatively well captured.

A comparison between the numerical results and a large dataset of hot-wire measurements
in between the fan and the OGV using the final calibrations of the project was presented. Global
performances (massflow, compression ratio) are better retrieved. Two-dimensional flow maps are
well reproduced both in shape and levels by the simulation. Analysis of the radial profiles highlights
an excellent agreeement of the RMS quantities between ZDES results and measurements, partic-
ularly in the tip gap flow area, while RANS results do not predict consistent radial and azimuthal
profiles. Finally, azimuthal profiles comparisons, enabling the inspection of wake thickness and
deficit, reveals quite consistent ZDES results with the measurements. These results demonstrate

a good maturity of the ZDES approach for complex turbomachinery flows.

The present paper focused only on aerodynamic aspects whereas broadband noise assess-
ment is detailed in the companion paper [2]. This involves complementary turbulent flow ana-
lyzes, and sound radiation through dedicated processing methods respectively based on extended

Amiet’s theory and FWH analogy.
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NOMENCLATURE
BC Boundary Conditions

DDES Delayed Detached Eddy Simulation
FBP Fan Blade Passage

HW Hot-Wire

LE Leading-edge

oGV Outlet Guide Vanes

RANS Reynolds Averaged Navier-Stokes
RMS Root Mean Square

RSI Rotor-Stator Interaction

URANS Unsteady Reynolds Averaged Navier-Stokes
WMLES Wall-Modeled Large Eddy Simulations
TE Trailing-edge

ZDES Zonal Detached Eddy Simulation

fd Shielding function in the ZDES

APPENDIX: POSTPROCESSING OF THE EXPERIMENTAL DATA

Meyer et al. [15] describes the post-processing of the hot-wire data. Two sets of hot-wire
probes allows the measurements of the three components of the velocity at the HW1 plane. A
trigger signal from the rotor shaft was recorded with the hot-wire signals. This ensured an exact
allocation of each wake to the corresponding blade of the phase downstream of the rotor, allowing
to calculate 360° phase-averaged flow velocity maps. These flow velocity maps exhibits difference
from one channel to an other. Split into 20 subzones (as many as the number of channels), they

are averaged and used for comparison with the numerical results (see Fig. 10-b and 10-d ). The
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RMS quantities are calculated with the RMS value of the instantaneous signal of the velocity for
each component. Being different for each channel, they are also averaged (see Fig. 15-b and

15-d).

Experimental uncertainties are quite significant in RMS radial profiles comparison (Fig. 13) and
azimuthal profiles comparison (Fig. 14-15). The methodology to calculate these uncertainties is
detailled here. First of all, noticeable heterogeneity in the 360° flow measurements for the velocity
components between the differents fan channels in the HW1 plane are visible [7,15]. The reason
for this heterogeneity is not well understood yet and thus the authors can only make assumptions.
Slight fan blade geometry differences (pitch angle, geometry itself) might exist between the adja-
cent blades. Because the studied operating point in this paper implies a flow separation on the
fan leading-edge, small differences of geometry/pitch angle may cause a strong heterogeneity on
the appearance/disappearance of flow separation cell in all the blades, on the flow separation cell
sizes. This would affect the cyclostationnary flow velocity field downstream of the fan blade at the
HW1 measurement plane (Fig. 13) and the turbulence generated in the flow separation cell and
then convected, merged with the wake, increasing the variability of the RMS quantities between

adjacent channels (Fig. 14-15).

Only this contribution is accounted for in the estimation of the measurement uncertainty pre-

sented in aforementionned figures. This estimation proceeds as follows:

1. The 360° flow measurements map of velocity is split into 20 subzones,

2. Radial profiles are computed for each subzone,

3. For each radius, the mean, minimum and maximum values are calculated. The mean radial
profiles gives the experimental points presented in the comparison plots. The minimum and
maximum radial profiles gives the lower and upper bound of the experimental uncertaintities,

depicted by the grey area.

The same procedure is applied for the azimuthal profiles.
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