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The Free Form Deformation method was applied to an S-duct geometry to reduce total
pressure losses and flow distortion. The deformation method was coupled with a multi-
objective genetic algorithm to optimize the shape of a diffusing S-duct, which was numerically
and experimentally investigated in previous works. During the optimization process, 200
deformed shapes were tested with steady-state CFD simulations and the performances were
evaluated both in terms of total pressure losses and swirl angle at the outlet. It was obtained a
Pareto front with a maximum total pressure losses reduction of 20% and a maximum swirl
reduction of 10%. The two extreme points of the Pareto front were further investigated by
unsteady Detached Eddy Simulations to assess also the impact of the optimization on the flow
instability. Surprisingly, one of the solutions showed stable and stationary vortical structures.
This is in strong contrast with the previous investigations of the flow field time history of the
baseline configuration, which outlined strong oscillations of the flow field combined with a
high increase of the distortion parameters in comparison with the time-averaged flow field.

Nomenclature

Subscripts

Ci = wall shear-stress coefficient, t/(p0. — Per)

Cp = static pressure coefficient, (p — pc1)/ (PO — Per)
Cwo = total pressure coefficient, (p0 — p.)/ @0 — Do)
D = diameter

p = static pressure

Po = total pressure

r = cross section radius

max = maximum value of a temporal distribution

min = minimum value of a temporal distribution

S = S-duct curvilinear coordinate along the axis

tc = convective time = Lg/Win

u,v,w = velocity vector components

Vo = tangential velocity
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XY, Z = system of reference coordinates

Ls = S-Duct length measured along the centreline
Ma = Mach number

PR = pressure recovery, p0/p0;,

R = S-duct curvature radius

Re = diameter-based Reynolds humber

a = swirl angle, tan™ vg/w

At = unsteady simulation time step

Ar* = non-dimensional time step = At/tc

Azout = distance downstream the S-Duct outlet along the z-axis
] = angular position on the AIP

Tx,Ty,tz = Wwall shear-stress vector

D = S-duct angular position

ox,0y,0; = Vvorticity vector

Acronyms

AIP = Aerodynamics interface plane

DDES = Delayed-DES

DES = Detached Eddy Simulations

FFD = free form deformation

RANS = Reynolds-averaged Navier Stokes
Subscripts

AIP = aerodynamic interface plane

cl = centerline point

in = inlet boundary conditions

o = tangential direction

<p0> = referred to the time-averaged distribution of p0
<a> = referred to the time-averaged distribution of a
Operators

() = time-average

- = area-average

o = standard deviation

I. Introduction

loser coupling between engine and airframe is expected in future aircraft configurations for its advantages in

terms of drag and noise reduction. A propulsion system embedded in the aircraft fuselage requires the installation
of a curve intake to convey the air from the ambient to the compressor. A highly convoluted duct is usually a source
of increased aerodynamic losses, vortical structures and flow distortion.

Previous experimental [1] [2] and numerical studies [3] demonstrated the presence of counter-rotating vortices and
localized total pressure deficit at the outlet of diffusing S-ducts. This distortion of the flow field is an effect of the
flow separation and the interaction between the boundary layer at the inlet and the static pressure radial gradient
generated by the curvature of the centerline [4]. It is known that a non-uniform total pressure at the inlet of a
compression system is a source of mechanical vibration, loss in performance and unexpected surge [5]. Axial vortexes
(swirl) are also a source of loss in performance for turbomachinery since the angle of attack to the blade is modified
[4] and previous experiments have shown loss in surge margin up to 30% with respect to the normal operative
conditions [6]. The loss increase when the ingested vortex is located close to the compressor hub [7]. Therefore, both
total pressure distortion and swirl must be taken into account during the evaluation of the performance of a curved
intake and the assessment of the compatibility with the compression system.

Experimental studies based on broadband probe measurements underlined strong total pressure oscillation in the
separated flow through S-Ducts [8] [9] [10]. More recent measurements based on particle image velocimetry showed
strong oscillation of the vortices of the secondary flow [11] [12]. These fluctuations of the flow field were also
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observed through numerical analysis based on detached eddy simulation (DES) [13] [14]. These studies showed that
the unsteadiness of the flow field is dominated by lateral and vertical oscillations propagating from the separation
bubble. In the time history of the flow field it was observed level of flow distortion of to 5 times the distortion
calculated from the time-averaged flow field. It was previously experimentally observed that surge of the compressor
system can be triggered also by a single event of peak of distortion [15].

Several flow control methods were implemented to reduce flow distortion and losses like mechanical vortex
generation [8] [16] and pulsed jets [9] [10]. While the tests demonstrated a substantial reduction of flow distortion and
losses, the installation of flow control devices introduces complexity and cost in the design of the S-Duct. Other
studies, mostly numerical, focused in proper optimization of the shape of the S-Duct [17, 18, 19]. The optimization
studies focused mostly on steady-state total pressure distortion. The impact of the optimization on the unsteadiness of
the flow field is not yet investigated.

In this work, a shape optimization is conducted combining RANS simulations, free form deformations (FFD) and
a conventional multi-objective genetic algorithm to obtain a reduction of pressure losses and stream-wise vorticity.
The S-duct configuration experimentally studied in [1, 12, 8] was selected as datum. The impact of the shape-
optimization of the unsteadiness of the flow field is assessed by means of Delayed-Detached Eddy Simulations applied
to the Datum and two optimal configurations. To visualize the dominant modes of the flow fluctuations, proper
orthogonal decomposition (POD) is applied the times history of the flow field using the snapshot method described in
[14]. POD is applied separately to the total pressure and velocity vectors fields. The results suggests that significant
variation of steady-state and unsteady flow field can be obtained by small modification of the S-Duct geometry.

Il. Methodology

A. Baseline configuration

Figure 1 presents a schematic representation of the S-duct configurations simulated and the key geometrical
parameters are defined. The S-ducts are characterized by a curved centreline made of two opposite circular arcs with
radius R=0.665 m and angular extension ®ma/2, where @ is the angular position along the S-duct centreline. The
maximum angular extension is set to 60°, therefore ®<30° refers to the first arc of the S-duct centreline, while ®>30
refers to the second arc. The inlet diameter is set to 0.133m, while the offset is set to H,/D;, = 1.34. The flow
distortion parameters are evaluated at a cross-sectional plane, named aerodynamic interface plane (AIP), which is
located at an axial distance Az,;p = d;;,/2 downstream of the S-duct outlet. The S-ducts have a diffusing round shape
with area ratio 1.52, and internal radius r; increasing along the centreline as a cubic function of the centreline position,
as defined in Wellborn et al [1]. A Cartesian coordinate system is defined in Figure 1, with z-axis parallel to the
centreline at the inlet, y-axis oriented along the vertical direction, and x-axis oriented perpendicular to the plane of
view.

This configuration was previously experimentally investigated in [1, 8, 11, 12] and numerically analysed in
MacManus et al [14, 13]. A structured mesh was created using the blocking strategy (Figure 2). The mesh used in the
optimization loop has 1 million of nodes and include only half geometry. The unsteady analysis includes the whole
geometry and a mesh of 6 million of nodes.

B. S-Duct Performance metrics for the optimization
The performance parameters of the S-Duct are based of the definitions of pressure recovery and swirl angle. The
pressure recovery PR, the ratio between point-wise p0 and the inlet total pressure:

_p0
PR = o (1)

The swirl angle is defined as the ratio between the tangential and the axial components of the velocity vector [4] and
represent the change of angle of attach to a compressor blade:

a=tan™! (uf) )
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A multi-objective optimization is conducted. Two objective functions are defined. The first quantifies the pressure
losses through the S-Duct and is defined as the area-averaged pressure recovery (Equation 1) at the AlP:

Objective1 =1—PR (3)

The second objective function quantifies the area-averaged swirl angle at the AIP

Objective 2 = |a| 4

For both of the objective functions the area-average is based on the whole mesh in the AIP section. These parameters
are used to quantify the S-Duct performance during the optimization process.

C. Optimization method

To minimize losses and swirl angle it is implemented an optimization loop which include three-dimensional free
form deformation method [20] and an optimization method based on the Non-dominated Sorted Genetic Algorithm
[21]. The distribution of the FFD control points is outlined in Figure 3. The Datum geometry is modified by moving
the control points. The Inlet and the outlet straight duct of the domain are not modified so the control points of the
FFD are located only around the S-Duct, as shown in Figure 3, and are distributed in 7 rectangular sections of four
points each. The points first two and the last two sections are kept fixed to preserve the derivative at inlet and outlet
section of the S-duct. The points of the symmetry plane are moving vertically, while the external points move both
vertically and horizontally. The maximum movement of the control points is set to +0.3Diy.

The optimization loop was run for 5 generations. The population of each generation is set to 40 individuals. Hence,
a total of 200 configurations have been simulated. For each configuration, the algorithm produces a solution vector X
of 18 elements that represents the displacements of the FFD control points. The new geometry is created by means of
the FFD algorithm [20], which is used also to modify the mesh blocks. A structured mesh is generated with the
software ICEM through a blocking strategy. The CFD software Fluent is used to simulate the flow field of each
configuration and the performance are calculated with the same methodology used in [13, 14]. For each generation
the best solutions are selected to create new configurations.

D. Computational method

During the optimization loop, the objective functions of each S-Duct configurations are calculated using the results of
steady-state RANS simulations. The number of iterations is set to 7000 to obtain residuals lower the 1076 for all of the
configurations. The k- SST configuration was selected as turbulence model for its capability to represents the flow
physics of curved ducts [13] [22] [23]. In the optimization loop only half geometry is simulated to reduce the
computational time because of the symmetric nature the time-averaged flow field.

In order to assess the impact of the shape optimization also on the flow fluctuations, an unsteady simulation based
on Detached Eddy Simulation is conducted for the most interesting configuration. The Delayed version of the DES
(DDES) [24] is used to prevent grid-induced separation problems as reported in previous versions of DES [25, 26]. In
contrast with the steady-state analysis in the optimization loop, in the unsteady analysis the whole geometry is
simulated. In this current work the k- SST turbulence model was chosen for the closure of the RANS equations. A
pressure-based solver was selected with a segregated PISO scheme [27]. A second-order spatial interpolation scheme
was used for the pressure equations and the third order MUSCL scheme for momentum, energy and turbulence. A
bounded second order scheme [27] was used for temporal discretization with iterative time advancement with 20 sub-
iterations per time step. The DDES calculations were initialized from converged RANS simulations with residuals of
an order of magnitude of 1077. Each time step was calculated using 20 sub iterations which typically resulted in
residuals in the order of 10 for continuity equation and 107 for momentum, energy, k and ® equations, with a
reduction of at least three orders of magnitude of all the residuals from start to end of the time step sub iterations. The
time step was set to 6 ps, which corresponds to a non-dimensional time step At* of 0.002. Grid sensitivity study and
validation of this numerical set-up are provided in [14] for steady and unsteady simulations of S-ducts.
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I1l. Results

A. Results from the optimization process

The values of the objective functions of the best configurations are outlined in Figure 4. The Datum configuration
is also indicated (black dot). The current Pareto front has 4 elements. The solution with minimal total pressure losses
(Objective 1) is named “Opt 17 and has a reduction of 20% of the losses in comparison with the Datum configuration.
The configuration with minimal swirl (Objective 2) is named “Opt 2” and has a reduction of the area-averaged swirl
of 10% of the value of the Datum. Both of these optimal configurations “dominates” the Datum.

Figure 5 illustrates the AIP distribution of PR (top) and swirl angle (bottom) for the optimal configurations and
the Datum. In the PR contour is evident a reduction of the losses and total pressure distortion as a shrink of the pressure
deficit area. The reduction of intensity of the total pressure drop is also evident. A reduction of the swirl intensity is
evident from the swirl angle distribution of both of the optimal configuration (Figure 5, b). On the other end, the
secondary flow characteristics of the secondary flow at the AIP of the optimal configurations remains similar to the
datum configuration, with a couple of twin-vortices on the lower part of the section (Figure 6), which is generated
from the interaction between the curvature of the S-duct and the inlet boundary layer [1, 4].

The main geometrical characteristics of the optimal configurations are illustrated in Figure 7. Comparing the shape
of the symmetry plane (Figure 7a), some difference between Datum and Opt 1 configuration is observed in the first
part. It is observed an upward shift of the upper-line of the Opt 1 configuration in comparison with the Datum, while
the bottom lines of the two S-ducts are almost coincident. Conversely, the Opt 2 configuration is characterizes by a
downward shift of the centerline in comparison with the Datum (Figure 7a). Figure 7b illustrates the distribution of
the area of the cross-sections (normalized with the inlet-section area) along the centerline as a function of the angular
coordinate @ defined in Figure 1, where ®=0° is the inlet section and ®=60° is the outlet section of the S-duct.
Remarkable difference is observed between Optl and the Datum configurations. The area-ratio of the Datum S-duct
datum configuration has a monotonic increase towards the outlet (Figure 7b, left), which follows the cubic function
defined in Wellborn et al [1]. Conversely, the Opt 1 configuration has a more abrupt increase of the area-ratio in the
first part, followed by a decrease around the middle of the S-duct, and another abrupt increase close to the outlet
(©>45°). The Opt 2 configuration has a monotonic trend of the area-ratio (Figure 7b, left) with an abrupt in increase
in the first part, while the second part follow more closely the area-ratio distribution of the Datum. All of the
configurations converge to A/Ain=1.52 at the outlet, since inlet and outlet sections are not modified by FFDs in the
optimization process. The distribution of the “shape-factor” a/b of the sections is illustrated in Figure 7b, right, which
is defined as the ratio between the width “a” and height “b”. The width “a” of is defined as the difference between the
minimum and the maximum x-coordinates of the section, while the height “b” is the Euclidean distance between the
highest and the lowest point of the section in the symmetry plane. The shape factor of the Datum is fixed to a/b=1.0
since its cross-section is always round. The shape of the Opt 1 configuration is ranges from 1.02 to 0.87, that is, its
sections are vertically stretched, in particular in the second half of the S-duct. Conversely, the Opt 2 configuration is
horizontally stretched in the first part.

Figure 8 illustrates the streak-lines calculated from the shear stress vectors on the wall. From the side view (Figure
8, left), it is observed for all of the configurations that the boundary layer is pushed towards the bottom wall in the
first part of the duct as an effect of the pressure gradient between upper and lower walls. The trace-lines from the left
and right side of the duct clash of the lower part of the S-duct and generates a recirculation area with two spiral points
(Figure 8, right), which represents the origin of the twin vortices observed at the AIP in Figure 6. In the second half
the S-ducts the boundary layer is pushed towards the upper wall, since the direction of the pressure gradient is inverted.
This effects were previously experimentally observed in Wellborn et al [1, 2]. It is noteworthy the dramatic reduction
of the size of the recirculation region in the Opt 1 configuration in comparison with the Datum, which becomes almost
negligible in comparison with the Datum. Previous studies suggest that a large separation bubble is the major source
of instability [9] [10] [14] [13]. Therefore a reduction of the separation bubble is expected to produce a substantial
reduction of the flow fluctuations. Conversely, the size of the separation bubble of the Opt 2 configuration is still
comparable with the Datum configuration.

The significant shrinking of the separation bubble in the Opt 1 configuration is also evident from the axial velocity
distribution and streamlines on the symmetry plane (Figure 9, right). Whilst an area of recirculation with negative
velocity is evident in the Datum (blue signature in the lower side), in the Opt 1 configuration is only observed a
reduction of axial velocity in the lower side of the section without any significant recirculation. A modest reduction
in size of the recirculation region is observed for the Opt 2 configuration in comparison with the Datum. Overall, for
all of the configurations the static pressure gradient has little effect of the mainstream flow in the symmetry plane
(Figure 9), in contrast with the boundary layer flow direction observed in Figure 8. The size of the separation bubble
is quantified from the centerline distribution of the z-component of the wall shear stress on the lower side of the

5
American Institute of Aeronautics and Astronautics



symmetry plane (Figure 10, left). The length of the recirculation region in calculated as the angular extension A® with
negative shear stress. For the Datum the separation extends for A®=22.5°, which corresponds to a centerline length
of RA®=0.261m (1.96Din), while the separation in the Opt 2 configuration extends for A®=19° with a length of
approximately 0.220m (1.65Din). Hence, there is a reduction of approximately 15% of the length of the separation
bubble from the Datum to the Opt 2 configuration. On the other end, the separation region in Opt extends for only
0.17Din. Moreover, the magnitude of the negative wall shear-stress coefficient of Opt 1 is much smaller in comparison
with the other two configurations. In the centerline distribution of the static pressure on the lower wall it is observed
that the Opt 1 configuration is also characterized by less abrupt variations of C, along the duct in comparison with
Opt 2 and Datum.

B. Unsteady simulations and dynamic distortion analysis

In this section the unsteady flow and dynamic distortion are analyzed through DDES simulations. The dominant
characteristics of the flow unsteadiness are described through proper orthogonal decomposition (POD). Dynamic
distortion is analyzed using the standard flow distortion descriptors defined in [5, 4, 14]. The first part is focused on
the Datum configuration. This extends the previous analyses provided in [13, 14, 12]. In the second part the
unsteadiness characteristics of the Datum configuration is compared with the optimal configurations Opt 1 and 2
defined in the previous section.

1. Datum configuration

The unsteady flow field of the Datum configuration is characterized by significant oscillations, which are mostly
generated in the second part of the duct from the lower wall, as seen from a Q-criterion snapshot in Figure 11a. This
unsteadiness produces strong fluctuations of both total pressure (Figure 11a, left) and swirl (Figure 11a, right) at the
outlet section of the S-duct. It is noteworthy a signature of swirl oscillation in the middle of the lower part of the AIP
with a standard deviation 20°, which is twice the mean-value of swirl observed in the average flow field in Figure 5.

Figure 12a illustrates the most dominant modes of the fluctuations of total pressure on the AIP. The modes are
sorted according to their energy content. Mode 1, represents a lateral, out-of-phase oscillation of total pressure. On
the other end, modes 2 and 3 combines together to reproduces a vertical oscillation of total pressure. This two modes
are approximately symmetric around the symmetry plane z-y. Modes 4 adds a further orthogonal component the lateral
oscillations from Mode 1. A combination of lateral and vertical oscillation of total pressure distribution was also
experimentally observed in Delot et al [8] though coherence-phase analysis of unsteady total pressure measurements
at the AIP. The decomposition of the velocity vector field (Figure 12b) shows that a bulk vortex with switching
direction of rotation in the middle of the lower region of the AIP. This mode is associated with a continuous breaking
of the symmetry of the mean field characterized by symmetric twin vortices in Figure 6. This behavior was also
experimentally observed in Zachos et al [12] by means of PIV measurements. The secondary flow trace-lines and y-
velocity contour in modes 2-3 clearly show a vertical oscillation of the flow field (Figure 12b). Mode 4 encompasses
the bulk vortex of mode 4 with orthogonal oscillations.

To track the origin of the oscillations on the AIP, POD was also applied to the velocity field in the symmetry plane
(Figure 13a). Modes 1-2 reproduces a stream-wise propagation of lateral oscillation from the lower wall in the middle
of the S-duct, where the separation region in the mean flow field is located (Figure 13). From the trace-lines and the
contour of x-vorticity of Modes 3-4 it is observed that the vertical oscillation at the AIP are associated with a trail of
vortices propagating from the separation. The shear stress vector field on the lower wall of the duct Figure 13 show
that the separation region in the mean flow (mode 0) has a behavior similar to a bluff body.

To gain more insight into the relation between the total pressure and the velocity field, a coherence analysis is
conducted between the time-history lateral velocity on the lower wall of the AIP (P3 in Figure 14), where the swirl
fluctuations are higher (Figure 11b) and the total pressure in two lateral points (P1 and P2 in Figure 14), where the
total pressure fluctuations are higher. As expected, it is observed a peak of coherence of almost 1.0 at non-dimensional
frequency S=0.4, which is the same oscillation frequency of the POD coefficient of Mode 1 [14] (in this graph the
frequency is normalized with inlet diameter and area-averaged AIP velocity). At this frequency, the x-velocity in P1
is out-of-phase with the total pressure in P2, that is, when the flow in P1 is directed to the right, the total pressure in
the right region of the AIP reduces. The opposite is observed for P3. This is interpreted as a transport of low moment
flow from the boundary layer in the lower wall towards the sides of the S-duct as an effect of the switching bulk vortex
observed in mode 1 in Figure 12b.
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2. Optimal configuration

The interesting flow field of the Opt 1 configuration is tested also with DDES-based unsteady simulations. To test
the stability of the flow of the optimal configuration, the unsteady simulation of Opt 1 was initialized with highly
distorted instant of the baseline configuration. Figure 15 compares the time history of the total pressure (top) and swirl
(bottom) coefficients defined in [14] of the Datum and the Opt 1 configurations. It is evident the high reduction of the
fluctuations in the optimal configuration with remarkable reduction of peak values of distortion and time-averaged
values, in particular for swirl. The distribution of the DDES blending function fq [28] in Figure 16 (left) show that the
LES part of the simulation is correctly activated after the separation in both the Datum and the Opt 1 configuration.
The increase of fq towards 1.0 produces a dramatic reduction of the of the turbulent viscosity which allowed the
development of significant oscillation in the flow field of the Datum configuration. However, very small oscillations
are observed in the Opt 1 configuration, which suggests a much more stable flow field as a result of the highly reduced
size of the recirculation region (Figure 8 and Figure 9) and a less abrupt variation of static pressure along the centerline
(Figure 10).

The improvement of the performance is also observed from the distortion maps in Figure 17. The red dot in the
maps indicate the distortion calculated from the time-averaged mean field (static distortion). The distortion parameters
in Figure 17 are defined in [5] [4] [14], and are calculated from a conventional equal-area 8x5 rake defined in [5, 14].
The datum is characterized by strong oscillation of the distortion metrics, with circumferential distortion oscillating
from 0.01 to 0.05, with a peak value 2.5 times higher the static distortion (red dot). Even more dramatic is the
oscillation of the swirl parameters SD-SI in the Datum. The mean flow (red dot) has a swirl directivity SD=0.0, which
means that the secondary flow is substantially symmetric (see Figure 6). However, the map of Figure 17a (left) shows
that unsteady flow field oscillates from SD=1.0 to -1.0, that is, the twin vortices in the mean field (Figure 6) are
periodically switched to a bulk vortex with alternate rotation of direction. This switch is associated with a dramatic
increase of the swirl intensity Sl [4], which represents the area-averaged swirl over an 8x5 rake [14], with peak values
approximately five times the static value. It is of note that the swirl directivity of Opt 1 (Figure 17b) remains zero
instead of oscillating between -1 and 1, which suggests that the lateral oscillation of the Datum configuration described
in [14] [11] [12], associated with an increase of distortion, are absent in the Opt 1 configuration. An increased stability
of the flow is important because it was previously observed that a compressor surge can be trigger also by
instantaneous peaks of distortion [15].

The reduction of the dynamic distortion in the Opt 2 is less remarkable (Figure 17c). However, the POD analysis
of the flow oscillations (Figure 18) provides interesting information. It is observed that the AIP flow field fluctuations
of the Opt 2 configuration are mostly dominated by vertical oscillations (Mode 1-2 in Figure 18), in contrast with the
Datum configuration which is dominated by lateral oscillations a vorticity (Mode 1 in Figure 12). The lateral
oscillation is located in Mode 3 for the Opt 2 configuration, that is, it is less dominant. Another interesting
characteristics is observed from the spectral distribution of the POD coefficient the Modes 1-4. Indeed, in Figure 18c,
left, the lateral oscillation mode of the Opt 2 configuration is shifted-up in frequency of about 15% in comparison with
the lateral model of the Datum (Figure 18c, left). Indeed, the Strouhal number Sy in the left of Figure 18c is simply
based of the inlet diameter Di, and the inlet axial velocity we, which are identical for both of the configurations. It is
surmised that this increased in frequency from Datum to Opt 2 is related to the reduction 15% of the length of the
separation region quantified in section I11.A. Indeed, replacing the inlet diameter with the length of the separation
region in each configuration in the Strouhal number definition, the non-dimensional frequencies of the lateral
oscillation become approximately coincident (Figure 18c, right). A more remarkable shift in frequency is observed
for the vertical modes, where the frequency of the vertical Modes 1-2 in the Opt 2 configuration is approximately 50%
higher than the corresponding vertical modes 2-3 of the Datum.

IVV. Conclusion

In this work it is conducted a shape optimization of an S-Duct by means of free form deformation coupled with a
genetic algorithm. Currently the optimization has produced a Pareto front of 4 points. One extreme point of the front
has a reduction of the total pressure losses of the 20% while the other has a reduction of the area-averaged swirl of
10%. Further reduction is expected increasing the range of variation of the control points.

The unsteadiness of the flow field was also tested by means of Delayed-Detached Eddy Simulations. Surprisingly
the configuration with minimal losses was characterized by a very stable flow with a huge reduction of the flow
fluctuations which produces a strong reduction of the flow distortion.
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Figure 1 Geometrical representation of the Datum S-Duct.
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Figure 2 Structured mesh for the Datum S-Duct: a) side view, b) front view at the outlet
of the S-Duct.
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Figure 3 Control points distribution around the Datum configuration: a) side view, b)
front view at the outlet of the S-Duct.
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the Datum configuration (black dot).
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Figure 5 Comparison between Datum and optimal S-Ducts at the AIP: a) pressure
recovery, b) swirl angle (degrees).
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Figure 6 AIP distribution of z-verticity o: (out-of-plane) with trace-lines of the secondary
flow; comparison between Datum (left) and Opt 1 (right) configurations.
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Figure 7 Main geometrical characteristics of the datum (black), Opt 1 (red) and Opt 2 (green)
configurations: a) symmetry plane, b) centerline distribution of area-ratio (left) and shape-factor
(right).
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Figure 8 Comparison of wall streak-lines and static pressure contour between a) Datum,
b) Opt 1, and c) Opt 2 configurations.
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Figure 9 Comparison of the symmetry plane static pressure (left) and z-velocity (right)
between a) Datum, b) Opt 1, and c) Opt 2 configurations.
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Figure 10 Centerline distribution of A) z-component of the skin friction coefficient Ctz on
the lower wall, and b) static pressure coefficient Cp on the lower wall.
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Figure 11 Flow field unsteadiness of the Datum configuration: a) Three-dimensional Q-
criterion iso-surfaces from a snapshot of the DDES simulation, b) AIP distribution of the
standard deviation of pressure recovery (left) and swirl angle (right). Adapted from MacManus
et al [14].
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Figure 12 POD modes on the AIP from DDES of the Datum configuration.
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Figure 13 POD modes from DDES simulation of the Datum configuration: a) velocity
vector field on the symmetry plane, b) wall shear-stress vector.
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Figure 14 Coherence and phase on the AIP between time-history of lateral velocity at the
point P3 and total pressure at the points P1 (top) and P2 (bottom).
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Figure 15 Comparison of time-history of total pressure distortion coefficient (top) and
swirl coefficient (bottom) between Datum (left) and Opt 1 configurations (right).
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Figure 16 Symmetry plane distribution of the DDES blending function fq [28] (left) and
turbulent viscosity (right).
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Figure 17 Maps of instantaneous flow distortion at the AIP: a) radial against
circumferential total pressure distortion, b) swirl directivity against swirl intensity.
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Figure 18 POD modes on the Opt 2 configuration.
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