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ABSTRACT

This paper presents the numerical study of the Source Diagnostic Test fan rig of the NASA Glenn
(NASA SDT). Large-Eddy Simulations (LES) based on a finite volume approach are performed for
the three different Outlet Guide Vane (OGV) geometries (baseline, low-count and low-noise) and three
rotational speeds corresponding to approach, cutback and sideline operating conditions respectively.
The full stage and nacelle geometries are considered in the numerical simulations, and results are
compared to available measurements. The NASA SDT configuration is equipped respectively with
22 fan blades and either 26 of 54 vanes depending on the OGV geometry. The simulation domain
could only be reduced to half of the full annulus and would still be a significant cost for the LES.
In order to reduce computational cost, an LES with phase-lagged assumption approach is used. This
method allows to perform unsteady simulations of multistage turbomachinery configurations includ-
ing multiple frequency flows with a reduced computational domain composed of one single blade
passage for each row. The large data storage required by the phase-lagged approach is handled by a
compression method based on a Proper Orthogonal Decomposition replacing the traditional Fourier
series decomposition. This compression method improves the signal spectral content especially at
high frequency. Based on the numerical simulations, the flow field is described and used to assess
the losses generated in the turbofan configuration based on an entropy approach. The results show
different flow topologies for the fan depending on the rotational speed with a leading edge shock at
high rotational speed. The fan boundary layer contributes strongly to losses with the majority of the
losses being generated close to the leading edge for the dissipation due to mean strains and close to
the recirculation zone occurring on the suction side for the turbulent kinetic energy production.

1. Introduction
Upcoming turbofan architectures known as Ultra-High

Bypass Ratio (UHBR) turbofans are oriented towards higher
bypass ratio for performance purposes. These architectures,
with wide and highly twisted fan blades and a reduced gap
with Outlet Guide Vanes (OGVs), induce a rich flow topol-
ogy that is challenging to describe. The description of losses
is also challenging since it requires to capture properly the
boundary layer development over the different surfaces, tran-
sition processes, wake structures and shock waves close to
the tip at high rotational speed. Numerically, this requires
the use of high fidelity methods but the high Reynolds num-
ber and compressible flow limits the feasibility of suchmeth-
ods. The NASA Source Diagnostic Test (SDT) represents
the bypass duct of a modern high bypass ratio configuration
and is a good candidate for being studied numerically to have
a detailed view of the flow in these configurations. This
configuration tested at the NASA John H. Glenn Research
Center in 1999-2000 offers a rich experimental database in-
cluding hot wire measurements [34] and laser Doppler ve-
locimetry [35] in the internal channel for aerodynamics and
acoustic duct power levels obtained from a rotating rake [20]
which are used for validation. Also, a large number of dif-
ferent numerical approaches have been tested on this con-
figuration from Reynolds Averaged Navier-Stokes (RANS)
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approach to unsteady/high fidelity methods. The recent nu-
merical studies of this configuration have been performed
for acoustic characterization based on the full annulus con-
figuration. Shur et al. [38] completed a simulation based on
Unsteady RANS (URANS) approach for the flow upstream
of the fan and Improved Delayed Detached-Eddy Simula-
tion (IDDES) approach [37] in the interstage, OGV, and ex-
haust regions at approach and sideline operating points for
the baseline OGV geometry. Casalino et al. [6] performed
simulations based on the Lattice-Boltzmann/Very large LES
(VLES) approach using the commercial code EXA Power-
FLOW. The influence of inlet turbulence, fan Leading Edge
(LE) tripping on the flow around the fan blade were studied
and the effect of a liner on the sound radiated was also as-
sessed for the three different OGV geometries at approach
operating point.

These studies considering the full annulus are based on
different turbulence/near-wall modeling, either by solving
the RANS equations in near-wall region or by using a law
of the wall treatment. In the current study, the purpose is to
simulate the flow in the NASA SDT configuration based on
LES [36, 13] without modeling of the near-wall flow region
by approaching the requirements for a wall-resolved simula-
tion and minimizing the turbulence modeling due to the sub-
grid scale model by a sufficient grid refinement in the sim-
ulation domain. For the code used in the study that solves
the filtered compressible Navier-Stokes equations, the LES
of the full annulus configuration is challenging due to the
requirements on mesh quality, numerics, convergence and
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Nomenclature

Latin letters
(x, r, �) cylindrical coordinates [m]
(x, y, z) cartesian coordinates [m]
ṁ mass flow rate [kg.s−1]
 control volume [m3]
Pk turbulent kinetic energy production [kg.m2.s−3]
c speed of sound [m.s−1]
ReCx Reynolds number based on average conditions at

station 1 and midspan fan chord uCx/� [-]
S blade surface [m2]
s entropy [kg.m−1.s−2]
Cp pressure coefficient [−]
cp constant pressure heat capacity [kg.m2.s−2.K−1]
Cf friction coefficient [−]
Cx axial chord-length [m]
D rotor diameter [m]
f frequency [s−1]
Hi shape factor [−]
k turbulent kinetic energy [m2.s−2]
L length [m]
Ma Mach number [−]
p pressure [kg.m−1.s−1]
q heat flux [kg.m−2.s−2]
r radius [m]
T temperature [K]
t time [s]
u velocity [m.s−1]
Greek letters
� boundary layer thickness [m]
� adiabatic efficiency [−]
 heat capacity ratio [−]
� artificial viscosity coefficient [−]
� thermal conductivity [kg.m.s−1.K−1]
� dynamic viscosity [kg.m−1.s−1]
� kinematic viscosity [m2.s−1]

! rotational speed [rad.s−1]
� compression ratio [−]
Ψ shock wave parameter [−]
� density [kg.m−3]
� momentum thickness [m]
� entropy loss coefficient [−]
Abbreviations
AP, CB, SL APproach, CutBack, SideLine
BA, LC, LN BAse, Low-Count, Low-Noise
BPF BLade Passing Frequency
LE/TE Leading Edge/Trailing Edge
LES Large-Eddy Simulation
OGV Outlet Guide Vane
POD Proper Orthogonal Decomposition
PSD Power Spectral Density
SGS Sub-Grid Scale model
SS/PS Suction Side/Pressure Side
TKE Turbulent Kinetic Energy
URANS Unsteady Reynolds Averaged Navier-Stokes
Subscripts and superscripts
∞ upstream condition
.′ fluctuating quantity
.+ non-dimensional wall-units
.t−t total-to-total
in/out inlet/outlet
mean mean strains
ref reference
RMS root mean square
t total quantity
Operators
⟨.⟩ statistical averaging operator
[.] Favre averaging operator
. LES filtered quantity
.̃ Favre filtered quantity

data extraction. For the purpose of decreasing the compu-
tational cost with acceptable resolution, a phase-lagged as-
sumption approach is used. This method assumes that the
flow at a fixed time step and any relative position of a fan
blade compared to an OGV in the full annulus configuration
is described by the relative position of a unique fan blade and
OGV at a certain time step. This method allows to reduce the
simulation domain to a single passage per row configuration,
as proposed by Erdos and Alzner [12]. For the NASA SDT,
this approach can be used since the blading geometry is per-
fectly axisymetric. The reduction to a a single blade passage
per row may induce a forcing of the structures similarly to
simulation domain with periodic boundary conditions pre-

scribed but makes possible to have a sufficient mesh refine-
ment to use LES. The main difficulty with the phase-lagged
approach lies in the necessary storage of the flow variables
at each time step over a full passage of the opposite blade
at the phase-lagged interfaces. In multi-row simulations, it
corresponds to the storage of the flow variables at the inter-
face between rotating (fan stage) and static domains (OGV
stage) and on lateral azimuthal conditions. For the meshes
and time steps considered in practical turbomachinery sim-
ulations, the direct storage represents a significant cost. The
most popular method to reduce the data storage cost is to per-
form a Fourier series decomposition of the temporal signal at
the phase-lagged interfaces, as proposed by He [18, 19]. The
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Figure 1: NASA SDT model installed in the NASA Glenn Wind
Tunnel

Fourier series decomposition is truncated to a limited num-
ber of harmonics, and the coefficients are updated at each
time step with the shape correction method. This method
assumes that the flow is perfectly periodic in time, which
is a fair assumption in URANS for operating points dom-
inated by periodic rotor-stator interactions (wakes and po-
tential effects). For LES simulation, the periodic assump-
tion is no longer true. In particular, LES includes multiple
unknown frequencies, for example non-deterministic small-
scale structures in a turbulent wake, for which the character-
istic time that needs to be used is unknown. Keeping the
limitation of the phase-lagged assumption, a data storage
based on a Proper Orthogonal Decomposition (POD) [2] has
been developed and implemented in the elsA software [5] by
Mouret et al. [29] and is used to perform the present LES
simulations. This compression method especially improves
some issues associated to the Fourier decomposition and the
corresponding spectrum content.

The purpose of this paper is to assess the capability of the
LES with phase-lagged assumption and POD data storage to
properly capture the physical phenomena in the configura-
tion by comparing against experimental data available: per-
formance quantity and velocity profiles downstream of the
fan blade. Then, the approach is used to describe the flow
field and the mechanisms of losses in the NASA SDT con-
figuration for the different OGV geometries and operating
points based.

The paper is organized as follows: Sec. 2 introduces the
configuration and numerical set up; the method proposed
to measure the losses generated in the configuration is de-
scribed in Sec. 3; the comparison of the numerical simula-
tions against the experimental data is presented in Sec. 4; the
description of the flow field, including pressure distributions
around the blade and near-wall flow, is introduced in Sec. 5;
the description of the loss mechanisms is presented in Sec. 6.

2. Configuration and numerical methods
The test case used in the study is the NASA/GE SDT

conducted at the NASA Glenn Research Center Cleveland,

1

x = 0
x/D = 0.182

Di.h./D = 1.063

Dex./D = 0.972D = 0.5572 m

x/D = -0.593
x/D = 1.02

Rotating spinner-centerbody junction
x/D = 0.076

Figure 2: Main geometrical features and experimental data
measurements location (station 1) for the Low-Noise OGV con-
figuration

Ohio in 1999-2000. The configuration represents the bypass
stage portion of a medium pressure ratio, high bypass ratio
turbofan engine at approximately 1/5 model scale designed
conjointly by NASA and General Electric Aircraft Engines.
The NASA SDT configuration has been installed and tested
experimentally in a 2.8 × 4.6 m rectangular test section of a
continuous flow wind tunnel at atmospheric pressure condi-
tions able to produce velocities up to Ma = 0.23 (see Fig. 1).
The configuration shown in Fig. 2 combines a fan with diam-
eter D = 0.5572 m, the OGVs and a flight-type nacelle in an
axisymmetric geometry with no core flow. The intake high-
light diameter is Di.h./D = 1.063 and the bypass exhaust di-
ameter is Dex./D = 0.972. The origin of the reference system
used throughout is located in the midpoint of the fan. The
intake lip and bypass exhaust sections are located at x/D = -
0.593 and x/D = 1.02 respectively. The location of the junc-
tion between the rotating spinner and the centerbody is at
x/D = 0.076. The fan is composed of 22 wide chord blades
with a blade tip clearance of 0.01 Cx,fan where Cx,fan is the
midspan axial fan chord at the design point (100% corrected
fan speed). Three different OGV geometries shown in Fig. 3
have been investigated: 54 narrow-chord, high-aspect-ratio
vanes representative of a current technology design for this
fan pressure ratio (BA); a 26 low-count, wide-chord and low
aspect ratio vanes (LC) and a 26 wide-chord, low-aspect-
ratio vanes with 30 deg of aft sweep into the vane geometry
(LN). Table 1 gathers the main geometrical features of the
fan blades and OGVs. Since the purpose of the configura-
tion was to make a fair noise comparison between the three
OGV configurations, the total aerodynamic loading for each
OGV configuration was kept as equal as possible. This was
achieved by keeping the solidity1 nearly constant. This leads
to an airfoil chord grows longer and the gap between vanes

1ratio of the vane airfoil chord length to the gap between vanes at a
given spanwise location on the vane
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Figure 3: Geometrical set up features for the three different OGV designs: BA (left), LC (center), LN (right)

Table 1
Geometrical features of the different OGV configurations: BA,
LC and LN OGV at pitchline span location

Fan BA LC LN

No. blades/vanes 22 54 26 26
Stator aft sweep [deg] - 0 0 30
Axial chord Cx [m] 0.050 0.040 0.082 0.082
Aspect ratio C2x/S 2.00 3.51 1.67 1.67
Solidity Cx/pitch 1.73 1.52 1.51 1.53
Stagger [deg] 37.10 10.29 10.68 10.75
Vane camber [deg] - 34.56 37.57 36.06

Table 2
Nominal conditions during the experimental campaign for the
different operating points

P∞ [Pa] 101,325
T∞ [K] 288.15
Incidence angle [deg] 0

Rotational speed ! [rad.s−1]
(% design speed)

AP: 817.6 (61.7%)
CB: 1,159.7 (87.5%)
SL: 1,325.4 (100%)

Ma∞ 0.1
ReCx,fan (SL) 1.1 × 106

gets larger as the number of vanes is reduced for the LC and
LN configurations compared to BA with nearly twice the
length of the vane chord, keeping the total airfoil area the
same for each configuration.

The engine operates at zero incidence with respect to
the engine rotating axis, the Mach number of the wind tun-
nel is Ma∞ = 0.1 and the reference pressure and temperature
are p∞ = 101,325 Pa and T∞ = 288.15 K. Three different
operating points are considered: APproach (AP), CutBack
(CB) and SideLine (SL). Table 2 gathers the nominal condi-
tions used during the experimental campaign. The simula-
tion domain for the different simulations is shown in Fig. 4.
To reproduce the support employed in the experiments, a
cylindrical prolongation of the center body has been added
to the CAD model provided by NASA. The inlet is set 3 D

3D

3D

8D

Inlet

Outlet

Domain 1/22

Domain 1/54 or 1/26

Adiabatic walls

Non-matching interface

Figure 4: Simulation domain. Non-matching interface be-
tween rotating and static domains. Domain 1/22-1/54 for the
BA operating point, 1/22-1/26 for the LC, LN operating points

upstream of the LE of the nacelle in the streamwise direction.
The outlet is set 8 D downstream of the nacelle Trailing Edge
(TE) to recover the freestream conditions and prevent reflec-
tions at the downstream boundary as the jet exits the domain.
The radius of the simulation domain is 3 D. The simulation
domain is split in two sub-domains with different azimuthal
size: a front domain covering 1/22 of the full annulus domain
simulating one of the 22 fan blades and a rear domain cov-
ering either 1/54 of the full annulus domain (BA) or 1/26 of
the full annulus domain (LC, LN) simulating one OGV. For
the internal flow, the interface between the two sub-domains
is set between the fan and OGV and on the outer domain
at the nacelle TE. At the inlet and on the outer radial sur-
faces of the computational domain, characteristic boundary
conditions with the values of the incoming 1-D Riemann in-
variants computed by the parameters of the freestream are
used without any inlet turbulence injected. At the outlet, the
static pressure is set equal to its freestream value, and all
the other variables are extrapolated from the interior of the
domain (see Tab. 2). Adiabatic, no-slip wall conditions are
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Fan tip

Casing

Midspan mesh

Tip gap mesh

x

z

x

y

Figure 5: Mesh around the fan and BA OGV at midspan and
in the fan tip gap

applied on the fan, OGVs, hub, shroud for the internal do-
main and on the nacelle wall for the external flow. At the
non-matching interfaces between the two sub-domains and
on the lateral surfaces, phase-lagged conditions are applied.

The mesh structure is based on an O-6H block for the fan
and OGV rows. Figure 5 shows the mesh around the fan and
BAOGV at midspan and in the fan tip gap. The first off-wall
point is set to Δy/Cx,fan = 4 × 10−5. According to the liter-
ature [33, 16, 32], the near-wall region should be resolved
with 50 ≤ Δx+ ≤ 80; Δy+ ≤ 1; 15 ≤ Δz+ ≤ 25. These
criteria are challenging to fulfil for the present configura-
tion with relatively high Reynolds number and large dimen-
sions. In wall-resolved LES, it is important to resolve the
streaks, i.e., the long and flow aligned structures close to the
wall [39]. These structures are shown to have lower varia-
tion in the x direction compared to y and z directions. There-
fore, the mesh has been mainly coarsened in the x direction.
In the spanwise direction, around 900 layers have been set
to reach a spanwise coordinate Δz+ in the range [20,60].
In the streamwise direction, around 300 points have been
set to have a streamwise coordinate Δx+ below 100. Fig-
ure 6 shows themidspan grid dimensions at the fan andOGV
walls (LN) for the SL operating point confirming the targeted
value for the first off-wall points. The mesh is built to have
an orthogonality higher than 30 deg and in near-wall region
higher than 80 deg. The stretching ratio between the size
of neighbouring cells in the blade wall-normal direction was
set to 1.03 to guaranty around 30 grid points in the viscous
layer until Δy+ = 50. On the spinner, centerbody and cas-
ing endwalls, the mesh has been design to have Δx+ ≤ 100,
Δy+ ≤ 1 and Δz+ ≤ 60, the stretching ratio between neigh-
bouring cells being set to 1.05. The mesh is refined in the
wake to properly propagate the structures developing at the
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Figure 6: Midpsan grid dimension at the fan (a) and OGV
(LN) wall (b) for the SL operating point

TE of the fan and OGVs. 57 points have been set in fan tip
gap. The mesh is composed of around 210 × 106 cells for
the BA, 240 × 106 cells for the LC and LN configurations.

The simulations are performed using the ONERA code
elsA [4, 5] which solves the compressibleNavier-Stokes equa-
tions over multi-block structured grids with a cell-centered
approach. In order to speed up the flow development, a RANS
followed byURANSwith phase-lagged assumption and POD
data storage were performed using the LES mesh to get an
initial flow field. For the RANS and URANS, an upwind
Roe scheme with third-order limiter [31] is used for the con-
vective terms. The Wilcox k-! two-equations model with
Zheng’s limiter [41] is used for the turbulent transport ac-
cording to the practice developed by Gourdain [14, 15]. For
the RANS simulation, a pseudo-time integration is used to
converge towards a steady state. The non-matching inter-
faces are treated with amixing plane approach and azimuthal
conditions with periodic conditions. For the LES, a sec-
ond order centred scheme with a low Jameson artificial vis-
cosity [21] (�4jam. = 0.002) is used for the convective dis-
cretization. The subgrid scale model is the Wall-Adapting
Local Eddy-viscosity (WALE) [30]. Time integration for
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the URANS and LES is performed using Dual Time Step-
ping with a Crank-Nicholson scheme (second order accu-
rate) in combination with an implicit pseudo-time stepping
for the inner loops [26]. The time step is set to a value of
Δt+ = Δt u∞/Cx,fan = 3 × 10−4 corresponding to 11,880 it-
erations per full rotation for the BA configuration and 11,440
iterations per full rotation for the LC and LN configurations.
The POD compression method relies on successive singular
value decompositions of the matrix composed of the con-
servative quantities at the phase-lagged interfaces stored dy-
namically during the simulation. At a given time step, the
PODmodes from the singular value decomposition are sorted
in decreasing energymagnitudes and only the first modes are
conserved to perform the data compression. For the present
study, the 30 most energetic modes are conserved (based on
a previous study [29]) and to properly conserve the vortex
shedding spectral content generated in the wake of the fan
and OGVs at the phase-lagged interfaces. The compressed
data stored at the given time step is then imposed later (af-
ter a phase-lagged period of time) to the opposite boundary
for azimuthal conditions and on the opposed interface for the
non-matching interfaces. In addition to the inherent limita-
tions associated with the phase-lag technique described in
the introduction, using the phase-lag technique for a single
blade passage per row as done in the present study introduces
a problem of feedback nature as data is sampled in the same
place as it is applied (at the phase-lagged interface). A rem-
edy for this would be to use a three-blade passage per row:
the sample data would be extracted in the mid passage az-
imuthal surfaces and applied on the left and right passages
rotational periodic boundaries with a phase lag. The present
study is restricted to one blade passage per row due to the
large computational cost required but a three-blade passage
simulation would be a simple way to ensure that sampling
and application is decoupled and thus feedback is avoided.
The storage of the flow variables on the phase-lagged inter-
faces for one full rotation corresponds to a storage require-
ment of 47.4 GB in POD compared to 155.2 GB for a direct
storage. The singular value decompositions performed on
the flow field data at each time step at the phase-lagged in-
terfaces to update dynamically the POD coefficients gives a
CPU overhead of around 26 % compared to the temporal and
spatial integration of the filtered equations in the solver. Af-
ter the RANS and URANS simulations, 8 full rotations of
the configuration have been performed in LES to converge
the flow. The mass flow rate in the duct and in the far-field
have been checked to be stabilized. Also, first- and second-
order statistics have been checked to stabilize by monitoring
the signal of probes set in the fan/OGV boundary layers and
in the wakes (moving averages until the spectra would sta-
bilize). The three-dimensional temporal averaging used for
the comparison against experiments and analysis of the flow
field in Sec. 4, 5 and 6 is based on 2860 snapshots equally
distributed over two full rotations of the configuration cor-
responding to 65 snapshots per fan blade passage.

3. Measure of loss based on entropy
The increase of entropy denoted s in the simulation do-

main is used to describe the loss generated in the configura-
tion as popularized by Denton in a gas turbine context [10].
Entropy increases in the domain due to a viscous and a ther-
mal contribution. The different surfaces of the configuration
are modelled with adiabatic walls and no temperature inho-
mogeneity is imposed in the simulation domain leading to a
negligible contribution of the thermal term s∇T and a restric-
tion in the analysis to the viscous term s∇u. In a turbulent
flow, the viscous entropy term is divided into a mean term
(often called the laminar term) and a turbulent term [23].
The former contribution is only due to the mean flow dis-
tortion. The latter contribution is induced by turbulence:
the mean flow energy at large scale is dissipated at small
scales in internal energy (heat) and induces the non-locality
between mean energy flow lost and equivalent heat gener-
ated at small scales. In LES, the splitting can be obtained by
taking advantage of the unsteady nature of the method. The
total viscous irreversibilities s∇u derived in App. A and used
in previous studies [27, 40, 23, 22, 9, 24] can be written as:

s∇u = s∇u,mean + Pk (1)

where s∇u,mean is the dissipation due to mean strains and
Pk is the Turbulent Kinetic Energy (TKE) production term.
These two contributions can be calculated in each cell grid
of the mesh:

s∇u,mean =
(

� + �SGS
)

(

)
[

ui
]

)xj
+
)
[

uj
]

)xi

)

)
[

ui
]

)xj
(2)

Pk = −
⟨

�̄u′iu
′
j

⟩ )
[

ui
]

)xj
(3)

where �SGS is the equivalent sub-grid scale viscosity, the
overbar . denotes the filtered quantity as an output of the
LES simulation. The tilde .̃ denotes a quantity calculated
from the filtered variables �, �ui and p. Thus the calculated
velocity is ũi = �ui∕� using Favre filtering. The statistical
averaging is denoted by ⟨.⟩ and Favre averaging by [.] yield-
ing to [ui] = ⟨�ui⟩∕⟨�⟩ for instance. The fluctuating velocity
is defined by u′i=ũi − [ui]. Two types of volume integration
of these two terms are performed in the study: a volume in-
tegration along the spanwise and tangential directions from
the inlet of the domain to the position x:

⎡

⎢

⎢

⎣

(s∇u)in→x
(s∇u,mean)in→x
(Pk)in→x

⎤

⎥

⎥

⎦

=∭ ,in→x

⎡

⎢

⎢

⎣

s∇u
s∇u,mean

Pk

⎤

⎥

⎥

⎦

d ; (4)

a volume integration along the spanwise and tangential di-
rections around the position x of axial length dx:

⎡

⎢

⎢

⎣

(s∇u)x→x+dx
(s∇u,mean)x→x+dx
(Pk)x→x+dx

⎤

⎥

⎥

⎦

=∭ ,x→x+dx

⎡

⎢

⎢

⎣

s∇u
s∇u,mean

Pk

⎤

⎥

⎥

⎦

d . (5)
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Table 3
Summary of mono-dimensional performance quantity compar-
ison for the different operating points: AP, CB and SL based
on the LN OGV
Op.
point ṁ [kg.s−1] �t−t �

Experiments
AP 26.44 1.153 0.857
CB 37.87 1.343 0.865
SL 43.86 1.483 0.872

RANS
AP 26.35 (-0.3%) 1.160 (+0.6%) 0.857 (+0.0%)
CB 38.12 (+0.6%) 1.356 (+0.9%) 0.866 (+0.1%)
SL 44.25 (+0.8%) 1.495 (+0.8%) 0.883 (+1.2%)

URANS
AP 26.40 (-0.2%) 1.159 (+0.5%) 0.863 (+0.7%)
CB 38.05 (+0.5%) 1.360 (+1.2%) 0.87 (+0.5%)
SL 44.05 (+0.4%) 1.50 (+1.1%) 0.882 (+1.1%)

LES
AP 26.5 (+0.2%) 1.156 (+0.3%) 0.865 (+0.9%)
CB 38.02 (+0.4%) 1.361 (+1.2%) 0.872 (+0.8%)
SL 44.12 (+0.5%) 1.498 (+1.0%) 0.88 (+0.9%)

4. Comparison against experimental data
4.1. One dimensional performance quantities

In the experiments, far-field inlet conditions (denoted∞)
consisting of total pressure and total temperature were mea-
sured using a floor mounted rake located upstream of the
inlet. These same quantities were determined downstream
of the fan at a station denoted 1 (see Fig. 2) using fixed to-
tal pressure/total temperature rakes. Each rake consisted of
seven radially-distributed measurement sensors from center
to shroud casing and each rake was distributed azimuthally.
From these measurements the mono-dimensional main flow
quantities were calculated: the mass flow rate ṁ, the total-
to-total compression rate of the fan �t−t and the adiabatic
efficiency � defined as:

�t−t =
pt,1
pt,∞

� =
(�t−t)

−1
 − 1

(Tt,1∕Tt,∞) − 1
. (6)

The experimental results for the LN OGV configuration at
the three different operating points (AP, CB and SL) are com-
pared against the RANS/URANS simulations used to ini-
tialize the unsteady calculations and LES with phase-lagged
assumption in Tab. 3. The RANS, URANS and LES simu-
lations are in good agreement with the experiments for the
mono-dimensional quantities with a largest discrepancy of
around 1.2% with the experiments. The increase of the com-
pression ratio and efficiency with the rotational speed is also
well predicted. The discrepancy increaseswith the rotational
speed but a fair agreement can be observed. The comparison
of the performance quantities against experiments for the BA
and LC OGVs showed a similar agreement.

ux [m.s−1]

88

120

Experiments

Instantaneous URANS

RANS

Instantaneous LES

Temporally-averaged URANS Temporally-averaged LES

Figure 7: Comparison of the axial velocity ux at station 1 based
on the experiments and numerical simulations

4.2. Phase-Locked Velocity Maps
Phase-lock-averaged axial velocity maps ux at station 1

for the different numerical approaches and the experiments
are shown in Fig. 7. The azimuthal averaging of the 2D
map for the axial ux, azimuthal u� and radial ur velocities
are shown in Fig. 8. The axial, azimuthal and radial veloc-
ity profiles are well predicted by the numerical simulation
with a maximum discrepancy of 5% compared to the exper-
iments between the hub and 90% of the channel height, the
best agreement being achieved by the LES. The main dis-
crepancy occurs within the tip gap where all three velocity
components overpredict the velocity break down. The com-
plex turbulent processes occurring in the tip gap flow may
be difficult to be predicted even for low level of modeling as
in the LES. Figure 9 shows the azimuthally averaged axial
ux,RMS, azimuthal u�,RMS and radial ur,RMS velocity fluctua-
tions at station 1 for the experiments and LES at AP for the
LN configuration. In the tip gap region, the velocity fluctua-
tions are in better agreement compared to the velocity for the
three components. The larger discrepancy occurs between
40 and 70% of the channel height. The trend and magni-

Fiore et al.: Preprint submitted to Elsevier Page 7 of 22



Loss assessment of the NASA SDT configuration using LES with phase-lagged assumption

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

70 80 90 100 110 120 130

r−
r h
ub

r s
hr
ou
d−
r h
ub

[-
]

ux [m.s−1]

RANS
URANS

LES
Expe

(a)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

60 70 80 90 100 110 120

r−
r h
ub

r s
hr
ou
d−
r h
ub

[-
]

u� [m.s−1]

RANS
URANS

LES
Expe

(b)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0 5 10 15 20 25 30 35 40

r−
r h
ub

r s
hr
ou
d−
r h
ub

[-
]

ur [m.s−1]

RANS
URANS

LES
Expe

(c)

Figure 8: Comparison of azimuthally averaged axial ux, az-
imuthal u� and radial ur velocity profiles at station 1 for the
experiments, RANS, URANS and LES at AP for the LN con-
figuration

tude of the velocity fluctuations obtained with the LES are
however in good agreement with the experiments.

4.3. Velocity spectra
Narrow-band spectra of the velocity fluctuations ux,RMS,

azimuthal u�,RMS and radial ur,RMS at station 1 at three dif-
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Figure 9: Comparison of azimuthally averaged axial ux,RMS, az-
imuthal u�,RMS and radial ur,RMS velocity fluctuations at station
1 for the experiments and LES at AP for the LN configuration

ferent channel heights are shown in Fig. 10. The spectra are
obtained based on a Power Spectral Density (PSD) of the ve-
locity fluctuation temporal signal at the different fixed radial
locations. The PSD is based on a 50% window overlap and
Hamming weighting. The radial location extraction corre-
sponds to a position close to the casing (r/D = 0.495), 63%
channel height (r/D = 0.4), 24% channel height (r/D = 0.3)
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Figure 10: Velocity spectra at r/D = 0.495 (top), r/D = 0.4 (middle), r/D = 0.3 (bottom). Axial ux,RMS, radial ur,RMS, and
azimuthal velocity u�,RMS in the left, middle, and right columns, (in m.s−1) hot-wire measurements (symbols) and LES

following the radial position and PSD parameters used by
Casalino et al. [6]. However, due to a shorter simulated time
in the present study (two full rotations against ten rotations
in the study of Casalino et al. [6]) at a sampling frequency of
1430 snapshots per rotation (Δf = 116,615 Hz at AP), the
frequency bandwidth has been as a consequence extended
to 130.13 Hz compared to the 28.6293 Hz frequency band-
width and produces spectra with more variations compared
to this study. The frequency is non dimensionalized by the
fan Blade Passing Frequency (BPF) at AP, f = 2,862.93 Hz.
Very close to the casing (see Fig. 10 top), the spectra are well
predicted in terms of magnitude for all three velocity fluctu-
ations components (ux,RMS, ur,RMS, u�,RMS) except a higher
level for the axial and azimuthal velocity fluctuations in the
lower frequency band beyond 5 BPF. However, some key
frequency peaks corresponding to the first fan harmonics are
missing at this radius that would suggest insufficient mesh
resolution near the casing. At 63% of channel height (see

Fig. 10 middle), the emerging tones corresponding to the
multiples of the BPF emerge similarly to the experiments,
the levels are well predicted except for the azimuthal fluctu-
ation underestimated between 5 and 15 BPFs. At 24% of the
channel height (see Fig. 10 bottom), the tones correspond-
ing to the multiple frequency of the BPF emerge. However,
the level at all frequencies and for all velocity fluctuation
components are underpredicted. As observed by Casalino et
al [6], this may be due to a transition process initiated too
late on the fan blade since the spectra were in better agree-
ment with a tripping of the LE. In the present study, since the
transition process is not forced, this may explain the discrep-
ancy. Despite these differences, the LES with phase-lagged
assumption and POD data storage matches well the experi-
ments and gives more confidence in its use to describe the
flow field and quantify the losses generated in the configu-
ration.
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Figure 11: View of the instantaneous flow based on a phase-lagged reconstruction colored by the axial Ma at 50% fan span
height for the three operating points: AP (left), CB (center), SL (right) and LC configuration

5. Analysis of the flow field
The flow field is first analysed in order to better describe

the mechanisms of loss in next Sec. 6. The analysis is based
on a temporally averaged solution of the LES simulation
used to characterize the flow over the different surfaces of the
configuration: pressure distribution, friction coefficient and
boundary layer quantities based on the boundary layer edge
detection method available in elsA [7, 8]. The boundary
layer edge detection method is based on a vorticity criterion
similarly to the method proposed by Michelassi et al. [28]:
for a considered cell surface, the vorticity is calculated in
each cell of the cross section following the structured mesh
grid. The minimum and maximum value of vorticity de-
notedΩmin andΩmax over the cross section are stored. When
the value :

Ωedge = Ωmin + (Ωmax − Ωmin) × 0.01 (7)

is reached by a cell of the cross section starting from the cell
at the wall, this mesh point is considered as the edge of the
boundary for the considered cell surface point. This proce-
dure is then repeated for any point of the considered surface.
The analysis of the flow field is conducted by following the
flow through the different components of the NASA SDT
configuration for the three different OGV geometries (BA,
LC, LN) at the three different operating points (AP, CB and
SL). Since the flow field upstream of the OGVs is marginally
impacted by the OGV configuration, the description of the
flow field upstream of the OGV is made for the LN config-
uration since the comparison against experiments has been
led for this configuration and the flow around the different
OGV configurations is then described.

5.1. Inlet flow and around the nacelle
Figure 11 shows the instantaneous flow topology at mid

fan height for the different operating points. The inlet flow
at Ma = 0.1 is progressively accelerated by the fan until
Ma = 0.35 at AP, Ma = 0.45 at CB and Ma = 0.55 at SL.
Figure 12 shows the axial Mach number and streamlines at
the front of the nacelle for the different operating points. The
upstream stream tube radius increases with the rotational

Max

0.1

0.35

Max

0.1

0.45

Max

0.1

0.55

Figure 12: Axial Mach number and streamlines for the LN
configuration at AP (top), CB (middle) and SL (bottom)

speed corresponding to more flow collected through the inlet
duct. The increase of the rotational speed induces the stag-
nation point on the nacelle to be progressively shifted rear-
ward. This behavior can be observed on the pressure distri-
bution around the nacelle shown in Fig. 13 where the max-
imum pressure corresponding to the rounded front nacelle
is shifted with the operating point and based on the streak
lines on the nacelle surface. Figure 14 shows the shape fac-
tor Hi = �1/� around the external nacelle wall for the AP
operating point where �1 and � are the displacement and mo-
mentum thickness. These two quantities are obtained locally
in each cell surfaces of the configuration by integrating the
velocity profile projected on the local streamwise direction at
the edge of the boundary and using the local streamwise edge
velocity. The boundary layer developing on the external na-
celle has a shape factor Hi close to 2.4. This value character-
izes an attached laminar boundary layer until the OGV axial
position where the boundary layer separates and reattaches
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Figure 13: Azimuthally-averaged static pressure evolution
along the nacelle wall for the three different operating points

close to the nacelle TE. The boundary layer separation can
be observed based on the streaklines having a reversed orien-
tation in the separation region and based on the shape factor
around 3.5-4 in this region that generally well characterizes
a boundary layer separation. The boundary layer thickness
at the TE of the nacelle corresponds to around 1.0% of the
nacelle axial length (Lnacelle) indifferently of the operating
point. Figure 15 shows the shape factor and boundary layer
thickness over the shroud for the AP operating point. The
boundary layer developing from the lip intake on the shroud
surface is fully attached and laminar on the convex portion of
the intake lip based on the shape factor close to 2.5. When
the shroud surface becomes concave (increase of the cross
section area), the boundary layer separates forming an en-
closed separation bubble characterized by reversed streak-
lines and a shape factor close to 3.5-4. The boundary layer
reattaches causing the transition to a turbulent state of the
shroud boundary layer characterized by a shape factor close
to 1.3 and a large thickening of the boundary layer. Also, the
first vortical structures emerging from the separation bubble
and turbulent boundary layer can be observed on the iso q-
criterion (see Fig. 16 left). The boundary layer at the shroud
upstream of the fan is very thick corresponding to 6% of the
distance between the intake lip (xlip.in.) and the fan LE (xfan).
This behavior of the shroud boundary layer is relatively in-
sensitive of the operating point.

5.2. Flow around the fan blade
Figure 18 shows the Suction Side (SS) boundary layer

shape factor Hi and axial friction coefficient Cfx for the three
different operating points. At AP, on the fan SS, the bound-
ary layer separates close to the LE and induces a separation
bubble until 10% Cx,fan over all span. This region is char-
acterized by high values of the shape factor (characterizing
the separation) and negative axial friction coefficient at the
wall induced by the recirculating zone. Figure 19 shows the
pressure coefficient distribution around the blade for the dif-
ferent operating points at 10, 50 and 90% of the fan height.
The separation bubble is also characterized by a constant

Hi

1.3

2.6

�/Lnacelle

0

0.01
separation bubble

Lnacelle

Figure 14: Shape factor Hi, boundary layer thickness and
streaklines on the nacelle for the LN and AP operating point
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Turbulent boundary layer

Laminar boundary layer

xlip in.
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Figure 15: Shape factor Hi, boundary layer thickness and
streaklines on the shroud for the LN and AP operating point

value of the pressure coefficient at the different span heights.
Based on the LES simulation of the NASA SDT at AP, Ar-
royo et al. [1] also observed the development of large struc-
tures close to the leading edge that can be related to this sep-
aration bubble. This separation bubble is induced by a high
incidence angle. Indeed, the relatively low rotational speed
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Figure 17: Mach contours at 80% fan height for the SL oper-
ating point

at AP would result in a decrease of incidence compared to a
higher rotational speed at constant mass flow rate. However,
since the mass flow rate is reduced at AP (and as a conse-
quence the axial velocity) by more than the rotation speed,
the incidence increases and promotes LE separation bubbles.
Downstream of the separation bubble, the shape factor de-
creases until values close to 1.4-1.5 indicating a reattach-
ment of the boundary layer and a transition to a turbulent
state. At CB, the near-wall flow behavior is sensibly the
same except close to the tip. Figure 17 shows the Mach con-
tours at 80% of the fan height. From 80% span height to the
tip, due to the higher rotational speed, a shock wave occurs
just upstream of the fan LE. Downstream of the shock, an
expansion process occurs and due to the sharp curvature of
the fan LE, a region of reacceleration of the flow is induced

characterized by high positive axial friction coefficient de-
laying the formation of the separation bubble (see Fig. 18
middle). The shock-wave expansion process on the upper
part of the blade promotes a large region of constant pressure
(see Fig. 19 top). On this upper region of the fan, the transi-
tion to a turbulent state is delayed compared to AP. At lower
span height, the values of the shape factor are lower com-
pared to AP indicating a more developed turbulent bound-
ary layer. At SL, on the lower part of the fan, similarly to
AP and CB, a recirculation zone close to the LE occurs with
a constant pressure coefficient (see Fig. 19 bottom). The LE
shock wave extends over a larger span height compared to
CB between 50 and 100% of the span height due to the higher
rotational speed. Similarly to CB, the recirculation zone is
delayed further downstream on the fan SS and the transi-
tion to turbulent boundary layer is initiated later on the fan
SS. Figure 20 shows the boundary layer thickness around the
fan SS and PS at midspan for the different operating points.
At midspan, the boundary layer thickness at the TE on the
SS represent around 10% Cx,fan for the AP and CB operat-
ing points. At SL, the boundary layer thickness at the TE is
lower corresponding to 8%Cx,fan due to the shock-expansion
process at the fan LE that delays the development of a tur-
bulent boundary layer.

Figure 21 shows the axial friction coefficient and shape
factor on the fan blade Pressure Side (PS) for the different
operating points. On the fan PS, the flow is less complex
and more two-dimensional compared to the SS. At around
30% Cx,fan and frommidspan to the tip, a region of relatively
large shape factor and low axial friction coefficient occurs.
However, at AP, the flow remains fully attached and lami-
nar. At CB and more predominantly at SL, the shape fac-
tor exceeds 3-3.5 in this region and negative values of the
axial friction coefficient are observed characterizing a sepa-
ration bubble, with a break down in the pressure coefficient
at around x/Cx,fan = 5%. (see Fig. 19 middle at SL). The
boundary layer reattaches downstream and the values of the
shape factor close to 1.3 indicate a turbulent boundary layer
(see Fig. 21 bottom right). At midspan, the boundary layer
thickness at the TE is lower compared to the SS with around
3% of the axial chord at AP and CB and almost 5% of the
axial chord at SL.

5.3. Flow around the OGV and bypass jet flow
Figure 22 shows the axial friction coefficient and shape

factor around the LN OGV for the different operating points.
At AP, the SS boundary layer is initially laminar, the streak-
lines progressively converge and the shape factor is close to 3
at aroundmid-chord characterizing a separation bubble. The
separation bubble can also be observed based on the pressure
coefficient at the different span height shown in Fig. 23 with
constant values in this region. The boundary layer reattaches
and a turbulent boundary layer develops with a shape factor
close to 1.3. At CB and SL, the behavior is similar to AP
except that the transition is initiated earlier (see Fig. 22 cen-
ter, right and Fig. 23). Figure 24 shows the boundary layer
thickness around the LN OGV SS and PS at midspan for
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Figure 18: Axial friction coefficient Cfx and shape factor Hi
on the fan SS for the AP (left), CB (center) and SL (right)
operating points
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Figure 19: Pressure coefficient distribution around the fan at
90 (top), 50 (center) and 10% (bottom) of blade height for the
different operating points with the boundary layer transition
location (vertical lines)

the different operating points. The boundary layer thickness
on the OGV SS represents 7% of the midspan axial chord
Cx,OGV at the TE indifferently of the operating point. On the
PS, the shape factor is almost constant in span and chord at
around 2.5-2.6 characterizing a laminar and fully attached
boundary layer with a boundary layer thickness at the TE
corresponding to 2% Cx,OGV. Figure 25 show the axial fric-
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Figure 20: Boundary layer thickness around the fan SS and
PS at midspan
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Figure 21: Axial friction coefficient Cfx and shape factor Hi
on the fan PS for the AP (left), CB (center) and SL (right)
operating points

tion coefficient and shape factor for the different BA and LC
OGV geometries at CB. A similar flow topology is observed
for the LC and BA compared to the LN, the separation bub-
ble occurs earlier on the OGV SS for the BA geometry.

Downstream, the flow directed axially by the OGVs is
accelerated in the converging nozzle until Max = 0.45 at AP,
Max = 0.7 at CB and Max = 0.8 at SL. The bypass flow fi-
nally mixes with the flow around the nacelle and generates a
shear layer (see Fig. 16 top).

6. Loss analysis
The analysis of the losses generated in the configuration

is based on the volume integration of the entropy genera-
tion rate in each cell introduced in Sec. 3. The entropy loss
analysis used here relies on the entropy generation rate to be
equal to the sum of dissipation due to mean strains and TKE
production corresponding to Eqs.(2-3). This is true if tur-
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Figure 22: Axial friction coefficient Cfx and shape factor Hi
on the OGV SS for the AP (left), CB (center) and SL (right)
operating points
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Figure 23: Pressure coefficient distribution around the LN
OGV at 90 (top), 50 (center) and 10% (bottom) of blade
height for the different operating points with the boundary
layer transition location (vertical lines)

bulence production is accurately resolved, i.e. the mesh is
close to DNS requirements. In LES, a path to compute more
rigorously the losses generated consists in quantifying the
unresolved part of the turbulence production by considering
the modelled Reynolds stresses too (second term in the right
hand side of Eq.(18) in App. A). In the present study, only
the resolved part of the turbulence production is considered
(first term in the right hand side of Eq.(18) in App. A) and
due to the relatively coarsemesh, some part of the lossesmay
be hold by the unresolved part of the turbulence production.
In order to evaluate the corresponding error, this method to
obtain the losses (entropy generation rate) computed in each
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Figure 24: Boundary layer thickness around the LN OGV SS
and PS at midspan
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Figure 25: Axial friction coefficient Cfx and shape factor Hi
on the OGV SS for the BA and LC OGV configurations at CB

grid cell and integrated over a controle volume is compared
against a second approach to calculate the entropy generated
in the simulation domain based on two independent thermo-
dynamic quantities of the flow, for example the pressure p
and temperature T leading to :

s − sref = cp ln(T ∕Tref ) − R ln(p∕pref ) (8)

where cp is the constant pressure heat capacity, R the gas
constant, sref , pref and Tref reference entropy, pressure and
temperature. This method is generally more accurate to eval-
uate the entropy generated within the simulation domain and
is more robust compared to the method used in the present
study to evaluate entropy. The volume integral of entropy
generation rate led within the whole simulation domain for
the CB operating point shows an entropy level 14% lower
compared to the method based on the flux of entropy be-
tween the inlet and outlet of the domain. The discrepancy
between the two methods is non-negligible, the unresolved
part of the TKE production can explain partially this dis-
crepancy. Also the estimation of the mean strains dissipa-
tion (term function of the filtered velocity squared) and re-
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Figure 26: Simulation domain discretized in axial subvolumes
(dark blue). This subvolume can be split into two subvol-
umes: the nacelle boundary layer (green) and its complement
corresponding to the whole subvolume less the subvolume as-
sociated with the nacelle boundary layer (red)

solved part of the TKE production (product of velocity fluc-
tuations) in each cell is known to be more stringent to be
accurately computed numerically compared to the two inde-
pendent variables in the entropy flux method and may also
contribute to the discrepancy. In the following, this method
based on a local integration in each cell is used since the
analysis can be made at a local scale and is adapted to study
the losses in restricted control volume like boundary layers.

Based on the boundary layer edge detection method in-
troduced in previous Sec. 5, the boundary layer thickness can
be obtained for the different wetted surfaces of the domain
(hub, shroud, nacelle, fan, OGV) and the corresponding vol-
umes hub, shroud, nacelle, fan, OGV. The full simulation
domain less the boundary layer contributions provides the
remaining domainwith an associated volumerem. term. The
entropy terms are integrated on these restricted domains to
obtain the contributions of the different boundary layers and
the remaining domain in a similar manner to previous studies
of the losses in gas turbines [10, 11, 17, 24] (see Fig. 26 bot-
tom). The different figures related to the contributions of the
boundary layers and the remaining domain are given in con-
junction with the total contribution of the domain at the same
abscissa to give the reader the magnitude of the contribution
to the total one. Similarly to previous Sec. 5, the losses are
first analyzed for one OGV geometry (LN) at the three dif-
ferent operating points (AP, CB and SL) then the influence
of the OGV geometry on losses is described. In addition, to
turn the entropy generation rate integrated over the consid-
ered domain into an entropy loss coefficient, the integrated
entropy generation rate is divided by the mass flow rate and
by a reference dynamic head at the station 1 downstream of
the fan for the different operating points based on the mean

velocity magnitude over this plane:

� (s) =
T ∭ sd

1
2 ṁ1

(

u2x,1 + u
2
r,1 + u

2
�,1

) (9)

where s can be the total contribution s∇u, the mean strains
contribution s∇u,mean or the TKE production Pk integrated
between the inlet of a domain and a position x (in → x) or
around a position x (x→ x+dx), the domain  being the full
domain or restricted domains (boundary layers, remaining
domain).

Figure. 27 shows the evolution of the entropy loss coef-
ficient from the inlet to a position x � (

(

s∇u
)

in→x), the con-
tribution due to mean strains dissipation � (

(

s∇u,mean
)

in→x)
and TKE production � (

(

Pk
)

in→x) along the simulation do-
main based on the different contributions for the AP operat-
ing point. The entropy generation rate starts to increase at
the abscissa of the external nacelle and shroud (x/D = -0.6)
and all the losses are associated to the boundary layer devel-
oping over these two surfaces. The contribution of the hub
starts to increase at the location of the spinner (x/D = -0.29).
These two boundary layer contributions increase almost lin-
early along the simulation domain and are predominantly re-
lated to mean strain dissipation until the separation bubble
occurring over the shroud surface. At this position the TKE
production starts to increase corresponding to to the tran-
sition and development of a turbulent boundary layer over
the shroud boundary layer upstream of the fan leading edge.
The region of sharp increase of entropy generation rate cor-
responds to the fan stage and with a lower magnitude to the
OGVs. Similarly to the other wetted surfaces, a boundary
layer develops around the PS and SS of these two rows and
induces a strong increase in entropy generation rate at the lo-
cation of the fan between x/D = -0.05 and 0.07 and between
x/D = 0.33 and 0.48 for the OGV. For the fan, the TKE pro-
duction is dominant compared to the dissipation due to mean
strains. For the OGV, the losses are balanced between dissi-
pation due to mean strains and TKE production. When these
different contributions are subtracted from the total contribu-
tion, the losses referred to as remaining domain containing
the tip gap flow, secondary flows, wake and shock losses at
CB and SL are isolated. This contribution starts to increase
along the fan, in the wake and with a lower magnitude down-
stream along the OGV. The corresponding losses are mainly
related to TKE production.

The different contributions can be integrated over the do-
main (value at the end of the domain in Fig. 27) to obtain the
relative influence on the total amount of losses. The different
contributions for the different operating points are gathered
in Tab. 4. The table provides the entropy loss coefficient as-
sociated to the total entropy generation rate, the dissipation
due to mean strains and TKE production. The dissipation
due to mean strains represents 45.6% of the total losses at
AP and the TKE production is the dominant source of losses
with 54.4% of the total losses. This balance between dissi-
pation due to mean strains and TKE production is relatively
constant at CB and SL.
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Figure 27: Entropy loss coefficient: total � ((s∇u)in→x) (a), mean
strain � ((s∇u,mean)in→x) (b) and TKE production � ((Pk)in→x) (c)
for the AP operating point and LN configuration based on the
different contributions

For the AP operating point, the hub boundary layer rep-
resents 5.2% of the total losses generated and is less than the
shroud boundary contribution (10.3%). This corresponds to
the lower extent of the hub surface compared to the shroud
with a thinner boundary layer and as a consequence a lower
influence in the loss generation. The nacelle boundary layer

contributes to 1.0% of the total losses. Despite a similar wet-
ted surface compared to the shroud, the velocity at the edge
of the boundary layer is considerably higher for the shroud
(accelerated in-duct flow) compared to the external nacelle
where the edge velocity is close to the freestream velocity at
Ma = 0.1. The dominant source of loss is the fan boundary
layer with 42.0% of the total losses generated. 84% of this
contribution is generated on the SS (35% of the total loss)
and 16% on the PS (7% of the total loss). The fan SS bound-
ary layer contributes a lot of loss compared to the PS because
of the shock at CB and SL and the adverse pressure gradient
inducing a thicker boundary layer. The OGV boundary layer
represents 15.9% of the total losses with 80% due to the SS
and 20% to the PS. The remaining domain is a strong con-
tributor to losses with 25.9% of the losses. This contribution
starts to increase very close to the fan LE (x/D = -0.05) and
can be related to the LE SS separation bubble that generates
strong vortices dissipated within the inter-blade passage and
generates losses. This contribution also increases at the fan
TE (x/D = 0.07) due to the hub passage vortex, tip vortex
and wake structures dissipated in the channel.

The hub and shroud boundary layer relative contribu-
tions increase with the rotational speed with 5.4% for the
hub and 10.8% of the total losses for the shroud at SL. The
relative contribution of the nacelle boundary layer decreases
with the increasing rotational speed (0.4% of the total losses
at CB and 0.3% of losses at SL, respectively). The relative
contribution of the fan boundary layer marginally decreases
with the increasing rotational velocity, respectively at 41.9%
at CB and 40.3% at SL. The relative contribution of the OGV
increases with the rotational speed. The relative contribu-
tion of the remaining domain is rather constant at higher ro-
tational speed with 26.9% at CB and SL compared to the
25.8% of relative contribution to losses at AP.

The shock structures induce additional losses in the re-
maining domain at CB and SL since entropy increases when
crossing the shock. In the theoretical formulation, shocks
are discontinuity with a corresponding thickness of negligi-
ble length, in the order of magnitude of a mean free path.
Numerically speaking, with finite volume computations, the
flow quantity in the simulation domain are continuous. As a
consequence, the surface of the shock is indeed enclosing a
finite size volume. The corresponding volume is obtained
based on a physical shock criterion introduced by Lovely
and Haimes [25] to determine whether a given cell should
be considered as being enclosed by the shock surface:

Ψ =
ui.
)p
)xi

c(
∑

i |
)p
)xi

|)
(10)

where c is the local speed of sound. If Ψ ≥ 0.95 the cell is
considered as being enclosed by the wave volume. The cor-
responding tagged cells for the CB and SL operating points
are shown in Fig. 28. The integration of the entropy genera-
tion rate on these shock wave volumes represent a contribu-
tion of around 1.4% of the remaining domain contribution at
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Figure 28: Tagged cells (Ψ ≥ 0.95) defining the shock wave
volume at CB (left) and SL (right)
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Figure 29: Entropy loss coefficient due to mean strains
dissipation � ((s∇u,mean)fan LE→x) (a) and TKE production
� ((Pk)fan LE→x) (b) integrated from the fan LE in the tip gap
for the different operating points

CB and 1.7% at SL. Due to an incident Mamarginally higher
than 1 at CB and SL (see Fig. 17) and restricted to the upper
part of the blade, the losses associated to the shock wave are
relatively weak compared to the total loss generated.

In order to isolate the losses associated with the tip gap
flow above the fan blade, the upper part of the remaining
domain has been conserved at a radius between 97% and

100% of the channel height and between the LE of the fan
blade and 50% axial fan chord downstream of the fan TE.
The radial extent considered is higher than the tip gap corre-
sponding to 0.25% of the channel height but makes possible
to account for the tip vortex moving radially in the passage.
Figure 29 shows the entropy loss coefficient associated to
the mean strain dissipation and TKE production in the tip
gap integrated from the fan LE for the different operating
points. The mean strain dissipation in the tip gap mainly oc-
curs between x/Cx,fan = 0 and 0.6. Downstream of the fan
TE, the losses associated to mean strains becomes low. For
the losses associated to TKE production in the tip gap, two
main trends can be identified: between x/Cx,fan = 0 and 0.4,
the TKE production sharply increases and a second region
between x/Cx,fan = 0.4 and 1.5 where the TKE production
grows less rapidly but keeps increasing downstream of the
TE differently from the losses associated to the mean strain
dissipation. This trend is observed for the different operating
points. In the tip gap, the losses are mainly induced by TKE
production (2/3) compared to mean strain dissipation (1/3).
The losses associated to the tip gap corresponds to 20-25%
of the losses generated in the remaining domain and 6-7% of
the total losses generated in the configuration depending on
the operating point (see Tab. 4).

The entropy loss coefficient obtained by integration of
the entropy generation rate around the position x of axial
length dx on the fan SS and PS at AP, CB and SL with
the splitting between the dissipation due to the mean strains
� ((s∇u, mean)x→x+dx) and TKEproduction � ((Pk)x→x+dx) are
shown in Fig. 30. For each axial position, the integration of
the losses is performed along the whole span. On the SS, the
dissipation due to mean strains is mainly produced close to
the LE where the flow accelerates and experiences the sep-
aration bubble. This contribution constantly decreases up to
the TE. On the PS, similarly to the SS, the dissipation due to
mean strains is mainly produced close to the LE with a lower
magnitude (see Fig. 30a). At AP, the TKE productionmainly
occurs in a region downstream of the LE separation bubble
before to decrease. This contribution increases again from
40% Cx,fan to the TE characterizing the development of the
turbulent boundary layer downstream of the enclosed sepa-
ration bubble. At higher rotational speed (CB and SL), the
LE shock progressively shifts the enclosed separation and
the turbulent activity is delayed. In particular, the TKE pro-
duction on the SS is of lower magnitude at SL compared
to CB because the transition to turbulence of the boundary
layer characterized by the main peak is initiated later at SL
(x/Cx = 0.5) compared to CB (x/Cx = 0.3, see Fig. 30b). As
a consequence, the decrease of the losses associated to the
fan at higher rotational speed (CB and SL) is mainly related
to a decrease of the THE production on the SS.

Figure 31 shows the entropy loss coefficient associated
to the dissipation due to mean strains and TKE production
integrated around a position x over the LN OGV SS and
PS for the different operating points. For the OGV SS, the
dissipation due to mean strains s∇u,mean is mainly produced
close to the LE where the flow accelerates similarly to the
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Figure 30: Entropy loss coefficient due to mean strains dissipa-
tion � ((s∇u,mean)x→x+dx) (a) and TKE production � ((Pk)x→x+dx)
(b) on the fan SS and PS for the different operating points
(integration along the span for each axial position)

fan blade, the production rate then continuously decreases
up to the TE. At higher rotational speed (CB and SL), a
similar distribution for the dissipation due to mean strains
can be observed. On the PS, the dissipation due to mean
strains is mainly produced close to the LE with a lower am-
plitude compared to the SS. On the OGV SS, the TKE pro-
duction starts to increase downstream of the enclosed recir-
culation zone where the boundary layer reattaches and be-
comes turbulent at around x/Cx,OGV = 0.5. This contribution
starts to increase at mid-chord, reaches a maximum value at
x/Cx,OGV = 0.8 and decreases to become negligible at the
TE. Indeed, the turbulent boundary layer doesn’t stop pro-
ducing turbulence near the TE, the boundary layer separates
slightly upstream of the TE and the boundary layer detec-
tion method predict a very thin boundary layer in this re-
gion close to the TE (see Fig. 24). The main consequence is
the TKE production related to that shear layer is transferred
to the remaining domain contribution. When the rotational
speed is increased, since the boundary layer becomes turbu-
lent slightly upstream on the SS, the level of Pk increases ear-
lier but with a maximum reached at around x/Cx,OGV = 0.8.
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Figure 31: Entropy loss coefficient due to mean strains dissipa-
tion � ((s∇u,mean)x→x+dx) (a) and TKE production � ((Pk)x→x+dx)
(b) on the LN OGV SS and PS at the different operating points
(integration along the span for each axial position)

On the PS, the TKEproduction is almost zero since the bound-
ary layer remains laminar except very close to the TE where
local separation and TEwake effects marginally induce TKE
production (see Fig. 31b).

The analysis was devoted to the study of losses for a fixed
OGV geometry (LN) at the different operating points. The
study is now devoted to the analysis of the different OGV
geometries to see how different OGV designs can alter loss
for different operating conditions. The analysis is first de-
voted to the losses generated in the OGV boundary layers
on the SS and PS. Figure 32 shows the entropy loss coef-
ficient due to mean strains dissipation and TKE production
integrated around a position x of axial length dx for the dif-
ferent OGV configurations (LC, LN, BA) at CB. The dissipa-
tion due to mean strains for the LC and BA OGV geometries
display the same trend compared to the LN OGV geome-
try with large mean strains dissipation occurring close to the
LE. The related losses are marginally higher close to the LE
for the BA OGV geometry. The TKE production for the BA
OGV geometry is initiated earlier compared to the LC and
LN OGV geometries since the separation bubble and reat-
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Figure 32: Entropy loss coefficient due to mean strains dissipa-
tion � ((s∇u,mean)x→x+dx) (a) and TKE production � ((Pk)x→x+dx)
(b) for the different OGV configurations (LC, LN, BA) at CB
(integration along the span for each axial position)

tachment were observed to occur earlier on the blade for the
BA geometry. Despite the three OGV geometries were de-
signed to conserve the total aerodynamic losses (the higher
chord length of the LC and LN OGV geometries compared
to the BAOGVgeometrywas compensated by a higher num-
ber of blades for the BA OGV (54) compared to the LC and
LNOGVs (26)), the adverse pressure gradient on the SSmay
be stronger on the BA OGV geometry promoting this early
separation and TKE production.

In order to investigate the influence of the OGV geom-
etry on the losses associated to the remaining domain, the
entropy loss coefficient corresponding to the mean strains
dissipation and TKE production integrated from the OGV
LE to 50% axial chord downstream of the OGV TE for the
different OGV geometries at CB is shown in Fig. 33. For the
dissipation due to mean strains, the losses increase linearly
until 80% of the OGV axial chord and increase more sharply
until the OGV TE. Along the OGV, these losses can be re-
lated to the hub and shroud passage vortices corresponding
to the main vortical structures mixing out gradually in the
passage. For the losses associated to the TKE production,
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Figure 33: Entropy loss coefficient due to mean strains
dissipation � ((s∇u,mean)OGV LE→x) (a) and TKE production
� ((Pk)OGV LE→x) (b) integrated from the OGV LE in the re-
maining domain for the different OGV configurations (LC, LN,
BA) at CB (integration along the span for each axial position)

the losses increase linearly along the OGV and a sudden in-
crease occurs close to the TE associated to the vortex shed-
ding process. The results indicate that the BA OGV induces
more dissipation due to mean strains and TKE production
compared to the LC and LN geometries. Despite the aero-
dynamic loading is spread over a higher number of blades,
the shorter azimuthal pitch of the BA OGV geometry com-
pared to the LC and LN geometries may promote a higher
blade-to-blade azimuthal pressure gradient providing more
energy to the hub and shroud passage vortices. Between the
LC and LNOGV, the sweeping of the LN OGV compared to
the LC OGV reduces the influence of the fan wake at shroud
due to the larger axial gap and alter the development of the
shroud passage vortex reducing the losses generated.

7. Conclusion
The numerical simulation of theNASASDT for the three

different operating points corresponding to approach, cut-
back and sideline and the three OGV geometries (baseline,
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low-count and low-noise) has been performed based on LES
with phase-lagged assumption and PODdata storage approach.
The simulations showed a good matching with the experi-
mental data: the performance quantities showed a maximum
discrepancy of around 1% and 5% for the velocity profiles
downstream of the fan.

At approach, the fan is characterized by a leading edge
separation bubble over the full span generating wide vor-
tices. Downstream of the recirculation zone, the boundary
layer reattaches and becomes turbulent. At cutback and side-
line, a leading edge shock followed by an expansion process
partially cancel the recirculation zone on the upper part of
the blade.

The analysis of the losses based on an entropy approach
shows that the hub and shroud boundary layers contribute
between 10 and 20% to the total loss generated depending
on the operating point. The fan boundary layer contributes
between 30 and 40% of total losses and between 10 and 15%
for the OGVs. On the fan blade, the dissipation due to mean
strains is mainly performed close to the leading edge on the
suction side. The turbulent kinetic energy productionmainly
occurs in the region of the recirculation zone and downstream
where the turbulent boundary layer develops. At approach,
larger losses are induced on the suction side compared to
the cutback and sideline operating points due to a larger tur-
bulent kinetic energy production. At cutback and sideline,
the losses associated to the shock waves are relatively weak
since the incident Mach number is only marginally higher
than unity.
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A. Derivation of the viscous irreversibility
Following Gibbs’equation for a 3-D non stationary flow,

the entropy variation (d(�s)∕dt) experienced by a fluid par-
ticle without heat source in the volume can be expressed as:

T
d(�s)
dt

= �ij
)ui
)xj

−
)qi
)xi

(11)

where q is the heat flux. The analysis of the losses in the
NASA SDT is here based on mean entropy flux variations
using long time averaged quantities. In addition, the ther-
mal contribution to entropy generation is expected to be low
compared to the viscous dissipation since thewalls are treated

as adiabatic and no large temperature inhomogeneities occur
in the flow. Following a statistical averaging approach, the
balance equation for the viscous contribution to the entropy
balance can be formulated as follows:
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In LES, the Reynolds stress tensor of the first term in the
right hand side of Eq.(12) contains the resolved and sub-grid
scale contributions:
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The resolved viscous stress tensor
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The sub-grid Reynolds stress tensor
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is modeled using a Boussinesq assumption:
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The dissipation due to mean strains can be then written as:
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The second term in the right hand side of Eq.(12) can be
obtained based on the equation for the budget of the turbulent
kinetic energy in compressible LES k =

⟨

�̄u′2i ∕2
⟩

[3]:

0 =− )
)xj

(1
2
⟨

�̄u′2i
⟩ [

uj
]

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Mean flow convection

−
⟨

�̄u′iu
′
j

⟩ )
[

ui
]

)xj
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

Production

−1
2
)
)xj

⟨

�̄u′2i u
′
j

⟩

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Turbulence diffusion

−

⟨

�̃ij
)u′i
)xj

⟩

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
dissipation

−
⟨

Tij
)u′i
)xj

⟩

+ )
)xij

⟨

u′i �̃ij
⟩

+ )
)xi

⟨

u′iTij
⟩

− )
)xi

⟨

p′u′i
⟩

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
Pressure diffusion

+

⟨

p′
)u′i
)xi

⟩

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
Pressure-dilatation term

−
⟨

u′i
⟩ )⟨p̄⟩

)xi

(17)

the main terms in the energy equation being underlined. The
diffusive-like terms in Eq.(17) cannot generate or consume
TKE, they just redistribute it. The dissipation term can be
then written as:

⟨

�̃ij
)u′i
)xj

⟩

= −
⟨

�u′iu
′
j

⟩ )
[

ui
]

)xj
−

⟨

Tij
)u′i
)xj

⟩

. (18)

The first term on the right hand side corresponds to resolved
the part of the turbulence production. The second term on
the right hand side of Eq.(18) corresponds to the modelled
Reynolds stresses that makes possible to account for the un-
resolved part of the turbulence production.
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Table 4
Repartition of losses (entropy loss coefficient �) for the differ-
ent operating points based on the LN configuration (relative
contribution to total losses between parenthesis)

Contribution AP CB SL

� Total

(s∇u)in→out 0.535 (100%) 0.501 (100%) 0.464 (100%)

(s∇u,m.)in→out 0.244 (45.6%) 0.230 (45.9%) 0.215 (46.4%)

(Pk )in→out 0.291 (54.4%) 0.271 (54.1%) 0.249 (53.6%)

Fan

(s∇u)in→out 0.225 (42.0%) 0.210 (41.9%) 0.187 (40.3%)

(s∇u,m.)in→out 0.093 (17.3%) 0.090 (17.9%) 0.090 (19.4%)

(Pk )in→out) 0.132 (24.7%) 0.120 (24.0%) 0.097 (20.9%)

Fan SS

(s∇u)in→out 0.187 (35.0%) 0.172 (34.3%) 0.140 (30.1%)

(s∇u,m.)in→out 0.068 (12.7%) 0.065 (13.0%) 0.060 (12.9%)

(Pk )in→out 0.119 (22.3%) 0.107 (21.3%) 0.080 (17.2%)

Fan PS

(s∇u)in→out 0.038 (7.0%) 0.038 (7.4%) 0.047 (10.1%)

(s∇u,m.)in→out 0.025 (4.6%) 0.025 (5.0%) 0.030 (6.5%)

(Pk )in→out 0.013 (2.4%) 0.013 (2.4%) 0.017 (3.6%)

OGV

(s∇u)in→out 0.085 (15.9%) 0.081 (16.2%) 0.076 (16.4%)

(s∇u,m.)in→out 0.046 (8.6%) 0.046 (9.2%) 0.044 (9.5%)

(Pk )in→out 0.039 (7.3%) 0.035 (7.0%) 0.032 (6.9%)

OGV SS

(s∇u)in→out 0.068 (12.7%) 0.067 (13.3%) 0.062 (13.4%)

(s∇u,m.)in→out 0.031 (5.8%) 0.033 (6.7%) 0.031 (6.7%)

(Pk )in→out 0.037 (6.9%) 0.034 (6.8%) 0.031 (6.7%)

OGV PS

(s∇u)in→out 0.017 (3.2%) 0.014 (2.9%) 0.014 (3.0%)

(s∇u,m.)in→out 0.015 (2.8%) 0.013 (2.6%) 0.013 (2.8%)

(Pk )in→out 0.002 (0.4%) 0.001 (0.2%) 0.001 (0.2%)

Shroud

(s∇u)in→out 0.055 (10.3%) 0.043 (8.7%) 0.050 (10.8%)

(s∇u,m.)in→out 0.024 (4.5%) 0.019 (3.8%) 0.021 (4.5%)
(Pk )in→out 0.031 (5.8%) 0.024 (4.8%) 0.029 (6.3%)

Hub

(s∇u)in→out 0.028 (5.2%) 0.026 (5.2%) 0.025 (5.4%)

(s∇u,m.)in→out 0.021 (3.9%) 0.018 (3.6%) 0.020 (4.3%)

(Pk )in→out 0.007 (1.3%) 0.008 (1.6%) 0.005 (1.1%)

Nacelle

(s∇u)in→out 0.005 (1.0%) 0.002 (0.4%) 0.0015 (0.3%)

(s∇u,m.)in→out 0.004 (0.7%) 0.0015 (0.3%) 0.0012 (0.2%)

(Pk )in→out 0.001 (0.3%) 0.0005 (0.1%) 0.0003 (0.1%)

Remaining domain

(s∇u)in→out 0.137 (25.8%) 0.135 (26.9%) 0.125 (26.9%)

(s∇u,m.)in→out 0.025 (6.7%) 0.051 (10.3%) 0.039 (8.4%)

(Pk )in→out 0.112 (18.9%) 0.084 (16.7%) 0.086 (18.5%)

Tip gap flow

(s∇u)in→out 0.0352 (6.6%) 0.0336 (6.7%) 0.0343 (7.4%)

(s∇u,m.)in→out 0.0116 (2.2%) 0.0129 (2.6%) 0.0124 (2.7%)

(Pk )in→out 0.0236 (4.4%) 0.0207 (4.1%) 0.0219 (4.7%)
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