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Abstract: A continuous adjoint-based aeroacoustic optimization, based on a hybrid model including
the Ffowcs Williams-Hawkings (FW-H) acoustic analogy, to account for the multidisciplinary design
of aero-engine intakes with an axisymmetric geometry, is presented. To optimize such an intake, the
generatrix of its lips is parameterized using B-Splines, and the energy contained in the sound pressure
spectrum, at the blade passing frequency at receivers located axisymmetrically around the axis of
the engine, is minimized. The engine is not included in the optimization and manifests its presence
through an independently computed time-series of static pressure over the annular boundary of the
simulation domain that corresponds to the inlet to the fan. Taking advantage of the case axisymmetry,
the steady 3D RANS equations are solved in the rotating frame of reference and post-processed to
compute the flow quantities” time-series required by the FW-H analogy. The numerical solution of
the unsteady flow equations and the otherwise excessive overall cost of the optimization are, thus,
avoided. The objective function gradient is computed using the continuous adjoint method, coupled
with the analytical differentiation of the FW-H analogy. The adjoint equations are also solved in the
rotating frame via steady solver.

Keywords: aeroacoustics design; aerodynamic design; shape optimization; continuous adjoint;
FW-H analogy; aero-engine intake

1. Introduction

Exposure of human beings to noise is not only injurious to the auditory system but
also linked with sleep disturbances, impaired cognitive performance and cardiovascular
diseases [1]. Although traffic noise is the main source of noise in an urban environment,
aviation plays an important role, particularly in areas close to airports [2]. For these
reasons, governments and aviation regulatory bodies around the world are imposing tight
regulations regarding noise pollution from aircrafts. For example, the Flightpath 2050
report [3] of the European Commission sets the target to reduce the perceived noise of
flying aircraft, compared with 2000, by 65% by the year 2050.

Regarding aircrafts, one may distinguish between air-frame and engine noise. The
former includes the noise emitted by the landing gear [4], wings and high-lift devices [5,6].
In high by-pass ratio turbofans, the fan blade tips constitute an important source of engine
noise. The intake design plays a critical role as this is responsible for air supply to the
engine and, also, regulates the fan noise propagation towards the far field.

Therefore, it is essential for the aeroacoustic community to develop and utilize efficient
noise reduction strategies for the engine noise, over and above those used for air-frame
noise. For these applications, various tools to propagate noise from its source(s) to the far
field are available in the literature; the next step is their incorporation into an optimization
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loop, dealing with aeroacoustic and aerodynamic objective functions. This paper presents a
hybrid method (CFD for the near-field flow simulation combined with the FW-H acoustic
analogy for noise propagation) to evaluate the noise generated by axisymmetric aero-engine
intakes. This is based on the solution of the steady Reynolds-Averaged Navier—Stokes
(RANS) equations in a rotating frame of reference. Then, a gradient-based optimization loop
is set-up; the gradient of the objective function with respect to (w.r.t.) the (design) variables
controlling the shape of the air-intake lips is computed using the continuous adjoint method
to the CFD tool, including the analytical differentiation of the FW-H analogy.

The adjoint method [7] has well-known advantages as a tool to compute gradients at a
cost that does not depend on the number of design variables. In case of unsteady flow, the
optimization becomes quite expensive as the adjoint equations are integrated backwards in
time and the corresponding instantaneous flow fields should be available at each time step.
Although different techniques such as check-pointing [8] and data compression [9] are
proposed to overcome this issue, gradient-based optimization based on unsteady adjoint
remains expensive. Thus, it is not surprising that adjoint methods have a much stronger
background in aerodynamic [7,10-14], rather than aeroacoustic, shape optimization since
the latter, by nature, requires unsteady simulations. Among them, [15] implements discrete
adjoint to an Unsteady RANS (URANS) equations’ solver and the FW-H analogy for
blunt trailing edge noise reduction in turbulent flows. In [16,17], a URANS/FW-H based
aeroacoustic optimization framework assisted by algorithmic differentiation is developed
to minimize the noise emitted by a pitching airfoil in a transonic inviscid flow and a 2D
jet-flap interaction in a turbulent flow. Applications of discrete adjoint to the aeroacoustic
shape optimization of the helicopter rotors [18], propellers and rotor-crafts [19] can also
be found.

Regarding the continuous adjoint that this paper is dealing with, optimization of jet
and mixing layer noise can be found in [20,21]. The unsteady continuous adjoint to a
hybrid solver including an improved Delayed DES incompressible flow solver and the
Kirchhoff integral, for automotive applications, is presented in [22]. A hybrid URANS/FW-
H analogy in the frequency domain solver for compressible fluids is presented by the group
of authors in [23] for inviscid flows and was, then, extended to turbulent flows in [24], by
including the adjoint to the Spalart-Allmaras turbulence model.

Finally, focusing on the applications that this paper is dealing with, the design of
optimal axisymmetric intake geometries to control fan noise appears in [25], where an
optimization tool is coupled with an in-house CFD code and a commercial computational
aeroacoustics (CAA) solver to reduce the engine noise. Also, refs. [26,27] use the discrete
adjoint to the Helmholtz and linearized full potential equations to acoustically optimize an
intake. The continuous adjoint to the linearized Euler equations was used in [28,29] for the
aeroacoustic optimization of an engine intake geometry. For a similar application, in [30],
the continuous adjoint to a hybrid RANS/FW-H analogy noise prediction tool was used,
which resulted in noise reduction only in a certain direction, without an extra aerodynamic
performance criterion. Regarding the design of intake geometries, the interested reader may
refer to [31-34]. In [31], a method for optimizing subsonic inlet design, involving iterative
geometry refinement based on critical operating conditions, is outlined. The authors in [32]
investigate the impact of selected geometric parameters on axisymmetric aero-engine inlets’
performance in transonic/supersonic civil aviation, suggesting that optimizing inlet length
has substantial drag reduction potential at supersonic conditions. In [33], a multi-objective
optimization is presented for compact engine intakes at Mach 0.9, using axisymmetric
RANS simulations. Adapting the nacelle shape to optimize the performance under varying
flight conditions is proposed in [34].

In this article, the in-house GPU-enabled CFD/CAA code PUMA [24] is used as the
background CFD code together with its continuous adjoint solver. For axisymmetric intake
geometries (such as that of Figure 1) with a spatially repetitive pressure distribution at the
compressor fan inlet, the 3D steady flow and adjoint equations can be solved in a rotating
frame of reference in a sector corresponding to a single blade passage of the fan. By doing
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so, the cost is much less than that of an unsteady simulation. The use of the FW-H analogy
requires, though, unsteady flow fields. These are generated by rotating the computed
steady (in the rotating frame) flow fields, i.e., through a transformation to the absolute
frame.

This paper optimizes the intake shape twice by, separately imposing aerodynamic
and aeroacoustic criteria, with the same starting geometry and the same inlet pressure
distribution and compares their outcome. The former aims at minimizing the noise at sets
of axisymmetrically located receivers, at the compressor blade passing frequency (BPF),
and the latter the total pressure losses within the intake.

Figure 1. Perspective view of the aero-engine intake with a snapshot of the static pressure distribution,
normalized via the far-field pressure, at the engine inlet.

2. The Hybrid Noise Prediction Tool

A hybrid noise prediction method involves two steps, namely source computation and
sound propagation. The first step solves the flow equations in the CFD domain, defined
close to the solid bodies without extending it to the receivers, and computes time-series
of noise sources on a properly defined surface (FW-H surface) close to the bodies. In the
next step, the sound signal is propagated to the receivers through integral equations at a
much lower computational cost than any CFD solver running on a fine grid extended to
the receivers’ locations. Here, this is carried out using the permeable version of the FW-H
analogy [35]. The FW-H surface must be located within the CFD domain and enclose all
noise sources; it should not be close to the CFD far-field boundary to avoid inaccuracies
originating from the implementation of the CFD far-field conditions (Figure 2).

CFD domain

f=0, FW-H surface

—1 :
Receiver W --------

Figure 2. A 2D sketch (not in scale) of the FW-H surface around an aero-engine. R is the fan inlet
radius.
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2.1. Flow Simulation

The relative to the rotating fan flow is simulated by iteratively solving the RANS
equations of a compressible fluid together with the Spalart-Allmaras turbulence model [36]
using the in-house GPU-accelerated software PUMA [37]. These equations are solved in a
frame rotating with the engine speed, for U = [0 puy puy pus pE], where p, ii = [uy up u3)]
and E are the fluid density, the absolute velocity vector and the energy per unit mass,
respectively. PUMA uses the vertex-centered finite volume technique on unstructured
grids. A second-order accurate Roe’s approximate Riemann solver is used to discretize the
convection fluxes. The discretized equations are solved on a cluster of GPUs, using CUDA
as well as the MPI protocol for communications among different computational nodes.
On GPUs, high performance is achieved by using mixed-precision arithmetics, according
to which the left-hand-side coefficients are computed in double—though stored in single
precision. This speeds up the computations and reduces GPU memory requirements
without affecting accuracy.

In the examined case, the fluid at the far field is still, whereas the static pressure
distribution is imposed across the fan inlet. The aerodynamic performance of each intake
design is assessed by computing total pressure losses as

It = p? —pi! (1)
where p° and pf! are the total pressure at the far field (index co) and the mass-averaged
total pressure at the fan inlet (index FI). Since p;® is fixed, minimizing J,; is equivalent to
maximizing p}.

2.2. Noise Propagation to Far Field

The FW-H analogy [35] is the most general form of acoustic analogies and can be
formulated in either the time or frequency domain. The present method is based on
the convected FW-H equation, written in the frequency domain, as proposed in [38]. It
computes the acoustic pressure at location X, and frequency w using the formula

P (0 /f o Jg;xs, 9 (F, ¥y w) 1o / fw 0%, )G (T, T w)dS ()
Si
=0

where the hat * symbol indicates quantities written in the frequency domain. H(f), i and
X are the Heaviside function, the unit complex number and the position vectors of nodes
located on the FW-H surface. As shown in Figure 2, f is a signed distance, with f = 0
on the FW-H surface enclosing all noise sources. Positive values of f correspond to the
domain part outside the FW-H surface, towards the far field. It is convenient to have the
FW-H surface formed via an ensemble of CFD grid element faces, not displaced during the
optimization. Q and F; are known as the monopole and dipole source terms computed on
the FW-H surface (quadrupole terms are neglected in Equation (2)) given by

Q = (ou; — p™ui”)mi"

oo w0, 0o, 00 ®G)
Fi= [p(ui = 2u)uj + p™uus + pbij — vij|n
where 7™ is the unit vector normal to the FW-H surface pointing towards the far field
and p, u;,p and T;; are the static pressure, absolute velocity components, density and the
viscous/turbulent stresses, respectively. In Equation (2), G is the Green function for 3D
subsonic flows, in the frequency domain,

exp(—ikr™)

G(X,, ¥, w) = — o
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with

v - 1 - 2 -2 — — -
= (=M= .74+71"), 1 = (M”-r) +|F7BE, F=3% —Xs
M® =i®/c®, k=w/c®, B= 1—|]\7I°°|2

where c is the speed of sound.

To compute the time-series of Q and F; in the absolute frame of reference, the flow
field time-series on the FW-H surface nodes are obtained by rotating the steady (w.r.t.
the rotating frame of reference) field of flow quantities computed on the FW-H surface.
Afterwards, Q and F; are transformed into the frequency domain and, the sound pressure
at each receiver is computed using Equation (2) for each value of frequency w. The
aeroacoustic performance of each intake design is expressed by the sum of the energy
contained in the sound spectrum at a single frequency (BPF) over all receivers (N;, in total),
namely

p' (Xy,,w = BPF) 4)

where p’ results from Equation (2).

3. Development of the Continuous Adjoint Method

The aerodynamic and aeroacoustic objective functions are defined in Equation (1)
and (4), respectively. The formulation of the continuous adjoint is quite similar for both
objective functions. To do so, the augmented objective function is introduced as s, =
Jac/pt + f (YuRy + 7Ry + AuRA)dQ, where ¥, (n = 1,...,5), 73, A; and Q are the mean

flow adjgint variables, the adjoint turbulence model variable, the adjoint distance variable
and the CFD domain, respectively. R, and Rj are the residuals of the flow and Spalart-
Allmaras turbulence model equations. Ry is the residual of the Eikonal equation, which
is a PDE for computing distances from the walls [39] required by the turbulence model.
By differentiating J;,¢ w.r.t. design variable b, (¢ = 1,..., N with N being the number of
design variables controlling the intake geometry), volume and surface integrals containing
derivatives of the flow variables w.r.t. b, arise. This lengthy mathematical development
can be found in [40] and is, thus, omitted in the interest of space. Finally, by setting the
multipliers of the aforesaid derivatives to zero, the adjoint mean-flow equations and their
boundary conditions result as follows:

dj i
aum axk axk axk 8Um axk aum (5)

ouy, op d]
+ EqékTqHPWé@ + Eqék‘?wlwﬁuk@ - aua;5(f> =0

where T, W, €, and ””’ are the temperature, engine rotation vector, Levi-Civita symbol

and inviscid fluxes, respectlvely. Note that adjoint equations and boundary conditions are
presented in a generalized form; therefore, aerodynamic or aeroacoustic specific terms are
active only for the relevant application. The adjoint stresses and heat flux are given by

ud]_(

ptpt)

Muir Wi 9¥s N5 2 (¥ IYs
e o o o 30 oy Ty v

adi _, (W pt\9¥s
L _CP<P1‘ + Prt> o0x

where Pr and Pr; are the Prandtl and turbulent Prandtl numbers and p and p; are the bulk
and turbulent dynamic viscosities. The last term in Equation (5), defined only along the
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FW-H surface, exists only in the aeroacoustic optimization. For the differentiation of this
term, one should refer to [24]. The adjoint boundary conditions along the solid walls are
Yu=0(m=2,34). Also, qad] wall — () ig imposed along the adiabatic walls (herein, all
solid walls are adiabatic). In contrast to Jac that affects the field adjoint equations, J,; affects
the adjoint boundary conditions along the far-field and fan inlet that read

oy, adj ouy adj oT 91
II'nz‘lnmknkw + (T im — TSTkmnm)W + gy ”kW + W]F}

=0 (o

inv

)
where A, = a&k is the inviscid flux Jacobian matrix. V=/FI denotes flow quantities

extrapolated at the far-field (velocity magnitude) and fan inlet (outgoing Riemann variables)
boundaries from the interior of (). In a similar way, the adjoint to the Spalart—Allmaras
model and Eikonal equations result, but this is skipped and the interested reader may find
this in [39,41], respectively.

Similar to the flow equations, Equation (5) is expressed and solved in a rotating frame
of reference. After eliminating the computationally expensive terms resulting from the
differentiation of s, the remaining terms contribute to the sensitivity derivatives as

_ 0 mz; %) ws adj Oy adj 0T | 0 [ 6x; Ny
—‘Z [‘1’( o, ox; )+T’”kaxi Ie ax,}axk<(5be)d0+/ ‘*’quab a5 @)

where the grid sensitivities ( 57-) over the parameterized surface (herein, the air intake
generatrix) are computed by dlfferentlatmg the shape parameterization tool. These are

propagated to () using the Inverse Distance Weighted method [42]. Once the steady flow
]m:/ pl

and adjoint solutions are available, Equation (7) can be used to compute . These are
then used to update the design variables and, thus, the geometry, using steepest descent
with a constant step size. These tasks complete an optimization cycle. The workflow of an
aeroacoustic shape optimization cycle is presented in Figure 3.

[ Baseline geometry ]

)

[ Steady—etate flow solution in [ Update geometry and grid ]

the relative frame of reference

( Rotate the flow fields and )
compute time series of Q [ Update the design variables ]

L & F; on the FW-H surface )
r Transform O & 7, into 2 Compute objective func-

i st Gl tion gradient w.r.t. the de-
L * J sign variables, Equation (7)
f Compute the FW-H ) Steady-state adjoint solution in
L integral, Equation (2) ) the relative frame of reference
( Compute the objective ) Compute I ac on
L function J;c, Equation (4) the FW-H surface

Figure 3. Workflow of a single aeroacoustic optimization cycle. Primal and adjoint are shown in
green and blue, respectively.
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4. The Axisymmetric Aero-Engine Analysis and Optimization

A perspective view of the geometry studied herein can be seen in Figure 1, and the
grid is shown in Figure 4a. The intake geometry was provided by Rolls-Royce plc. The
engine manifests its presence through a known (periodic) static pressure profile imposed
at the compressor fan inlet section; this profile is provided by the Institute of Sound and
Vibration Research of the University of Southampton (ISVR).

To reduce the computational cost, given that the intake geometry is axisymmetric,
a sector corresponding to a single blade passage of the compressor fan (discretized with
~ 3.7M nodes, being the synthesis of 100 identical 2D grids, over 100 meridional planes
covering this passage) with appropriate periodicity conditions is defined and used for the
CFD simulation. The computed pressure contours on the air intake and mid-plane of the
engine intake are plotted in Figure 4b. First, the hybrid noise prediction tool is verified and,
then, optimization results are presented.

| Fan-inlet
'd

(b)

(a)

Figure 4. (a) Entire and close—up views of the 3D CFD domain and the grid on one of the periodic

boundaries. The parameterized part of the air intake is colored in red. (b) Isobar areas on the air
intake, mid-plane and engine inlet.

4.1. Verification of the Hybrid CFD/CAA Method

The FW-H surface, illustrated in Figure 5, includes 16,000 nodes. To compute the
FW-H integral of Equation (2), the FW-H surface should cover the full circumference (360°).
This is carried out by rotating the receivers instead of the FW-H surface and superimposing
pressure signals from each rotated receiver. To verify the aeroacoustic results of the case,
the acoustic pressure computed using the hybrid model is compared with that of a pure
CFD run at three receivers located within the CFD domain close to the FW-H surface
(Figure 5). To compute the pure CFD-based pressure time-series, the receivers are rotated
instead of rotating the spatial flow field computed in the relative frame. Figure 6 compares
the pressure time series within a period computed using the two methods, which shows
that the agreement between the two methods is very good, with some small deviations for
receiver 3A.
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2l Receiver 1A
. @Receiver 24

FWH surface

.
Receiver 3A

o sartly'y+z'z)/R

Figure 5. (a) A close—up perspective view of the location of the FW-H surface, in blue, and three
rows of receivers, used for code verification, within the CFD domain. Streamlines are colored based
on pressure values. (b) A 2D view of the FW-H surface and receivers on the meridional plane. The
locations of receivers on the meridional plane in terms of r and 6 (distance from the center of the
engine inlet area and angle w.r.t. the X axis, both defined in Figure 8) for receivers 1A, 2A and 3A are
(2.05R,118°), (1.8R,98°) and (1.6R,120°), respectively.

Receiver 1A Receiver 2A
0.015 . . 0.08 . . -
= - 0.06 |- N
0.01 |- (U)RANS+FW-H —— N 004 (U)RANS+FW-H —— N
.04 | S
— 0.005 U)RANS - - - — L U)RANS - -
= < o) 5 002 ) / .
£ 0 2 0
2 _0.005 \ / a -002
N -0.04
_ N
0.01 T ~0.06 X >
-0.015 -0.08 —
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time/period time/period
(a) (b)
Receiver 3A
0.015 . .
0.01 Fa (U)RANS+FW-H ———
5 0005 . (URANS - - - g
2 0 > -
- A -
2 _0.005 2D >
~0.01 Tanl
-0.015
0 0.2 0.4 0.6 08 1
time/period
()

Figure 6. Comparison of the sound pressure within a period computed using the hybrid method and
pure CFD at three different locations of receivers (a) 1A, (b) 2A and (c) 3A.

4.2. Aeroacoustic and Aerodynamic Optimizations

For the shape optimization of the air intake, part of the air intake generatrix (marked
in red in Figure 4a) is parameterized using a NURBS curve with 15 control points, 13 of
which are allowed to vary in both the axial and radial directions, resulting to 2 x 13 =26
design variables, Figure 7.

Nacelle generatrix
Active CPs  ®

Figure 7. Distribution of the NURBS control points for the parameterization of the air intake genera-
trix. The first and last control points (in black) are fixed during the optimization.
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Separate aeroacoustic (min J,c) and aerodynamic (min J,;) shape optimization runs
are performed. The aeroacoustic objective function of Equation (4) is defined based on a
continuous circumferential distribution of receivers at given radial and axial positions. A
first aeroacoustic optimization (see results published in [30]), using a single circumferential
row of receivers, resulted in a considerable reduction in the noise in the area close to the
receivers (located at the angle of 90° on the meridional plane, Figure 8) with a higher
noise, though, in other directions. Therefore, in order to achieve a smooth noise reduction
pattern for a wide range of directions, the objective function is defined based on three
circumferential rows of receivers; therefore, in the remainder of this paper, aeroacoustic
optimization results are based on the so-defined objective function. These receivers are
located at the same distance r from the center of the engine inlet area on the meridional
plane but different angles of § = 90°, 105° and 120° w.r.t. the X axis (Figure 8).

Receiver»2 ’Rece!mver 1
Y o 0,=90
y - 6,=105 A
8;=120 :
Receiver 3 :
r=8.8 R
. A
Center of E< ER
engine inlet area T s\e '
\V_ \ v X

Figure 8. Schematic of the receivers’ locations (on a meridional plane) used in the definition of the
aeroacoustic objective function (intake shape and receiver locations are not in scale). The three rows
of receivers are located at the same distance of r from the center of the engine inlet area, with R being
the fan inlet radius. Angle 6 is measured on the meridional plane w.r.t. the X axis.

The convergence history of the aeroacoustic objective function is presented in Figure 9a.
The objective value is reduced by 20% after 12 optimization cycles. This reduction is also
reflected in Figure 9b—d comparing pressure fluctuations at one of the receivers from each
circumferential row in the baseline and the optimized geometries. It is worth noting that
receivers located at different angular positions on the same circumference around the
intake axis have similar sound pressure signals with different phases though; therefore, it
is enough to compare the pressure signal at one of them only. Directivity plots of the sound
pressure level (SPL) at the BPF and radius of r = 8.8R at different 6 angles resulted from
the aeroacoustically optimized geometry and the baseline one are presented in Figure 10.
The SPL values are normalized via the maximum SPL value corresponding to the baseline
geometry, and this is why the normalized SPL of the latter at 8 = 90° is a unit. Compared
with the optimization for a single row of receivers which reduces noise only at § = 90°,
the optimization for three rows of receivers resulted to an almost omni-directional noise
reduction. The optimized shape yields lower total pressure losses (by 0.12%) compared
with the baseline one, though such an objective was not included during the aeroacoustic
optimization run.

Regarding the aerodynamic optimization, the target is to minimize the total pressure
losses or to equivalently maximize the total pressure at the fan inlet. The convergence
history of the aerodynamic objective function in Figure 11a shows that the total pressure
at the fan inlet is increased by 0.24%, after 12 optimization cycles. This improvement
appears to be small but this is due to (a) the fact that a well-designed intake is likely used to
start the optimization loop and (b) the potential for improvement depends on the selected
parameterization. The reader should keep in mind that the purpose of this paper is mostly
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to present the optimization method as a whole, rather than optimizing this particular
intake shape. The results from both the aerodynamic and aeroacoustic optimizations are
compared in Figure 11b. As seen, the aerodynamic performance of the two optimized
solutions are close to each other, while the aeroacoustic results are different. In either study,
the optimized geometries have improved aerodynamic and aeroacoustic performance

compared with the baseline one.

! T Noi ‘b' i j 0.012 ! TReceiver 1 \
° 095 ;\ oise objective —e— 0.008 Bgsqline N
4 . \\ Optimized ------- \~
o . N
g . _ 0004 - %
: o ~ g L /.
= . = 2
T 085 o S
E T -0.004 < /;
(=} h a4
2 0.8 -0.008 \/ /
0.75 -0.012
4 6 8 10 12 14 0.2 0.4 0.6 0.8 1.0
Optimization cycle time/period
(a) (b)
0.012 J TReceiver 2 0.008 TReceiver 37
0.008 Baseline X Baseline
0.004 s Optimized -=--=-=: 0.004 -, Optimized -------
© X © e Pe
e 0 > /i = 0 < o
0.004 / el /
/ -0.004 b
-0.008 = 2
-0.012 -0.008
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
time/period time/period
(0) (d)

Figure 9. Aeroacoustic optimization results. (a) Convergence history of J,c, normalized via its initial
value. (b—d) Comparisons of the time—series of pressure fluctuations, within a period, at receivers
located at each of the three circumferential row locations.

Initial -----
Optimized for a single row of receiver
Optimized for three rows of receivers

150

210

270
Normalized SPL

Figure 10. Aeroacoustic optimization results. Comparison of the directivity plot of the SPL normal-
ized via the initial SPL value at § = 90° at the BPF, for receivers located at ¥ = 8.8R. Angle 0 is
defined in Figure 8.
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1.0025
1.0025
>
& " 002
& 1.002 T L
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8 e S 10015 =
= 1.0015 7 o
E / % 1.001
S tool / E  1.o00s
P4
1.0005 |-/ 1
0.9995
1 075 0.8 085 09 095 1 1.05
2 4 6 8 10 12 14

Normalized J,
Optimization cycle

(a) (b)

Figure 11. Results after 12 aerodynamic optimization cycles. (a) Convergence of the total pressure at

fan inlet, normalized via its initial value. (b) Comparison of the results from the aerodynamic and
aeroacoustic optimizations.

Figure 12 compares air intake generatrices and 3D views of the optimized and baseline
geometries. As seen, in both optimization runs, the most noticeable change in shape occurs
at the air intake lip which is pushed towards the fan inlet. The two optimization runs led to

quite similar geometries; however, some small differences are enough to cause pronounced
differences in aeroacoustic performance.

Baseline

Aeroacoustic optimization

Aerodynamic optimization ------

T Optimized

/Opt\mized /

Baseline
Baseline
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/

Baseline

Baseline

Figure 12. Comparison of the generatrices of the baseline and two optimized geometries of the

parameterized part of the air intake (top). The baseline along with the aeroacoustically (middle), and
aerodynamically (bottom) optimized geometries.
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5. Conclusions

This paper presented a hybrid method (a RANS solver coupled with the FW-H
analogy) to perform the aeroacoustic (and aerodynamic) shape optimization of a 3D aero-
engine intake at an affordable computational cost. To do so, the analysis and continuous
adjoint-based optimization tool of the in-house CFD solver PUMA, enhanced with the
differentiation of the FW-H analogy, was used. The major working hypothesis was that
the compressor geometry is fixed and so are the pressure conditions at the fan inlet. Due
to the axisymmetric shape of the engine intake, the 3D flow and adjoint equations were
solved in the rotating frame of reference in a domain corresponding to a single blade
passage of the compressor fan, resulting in a significant reduction in memory footprint
and solution time. The rotation of flow and adjoint fields to generate the corresponding
unsteady fields required for computing the FW-H integral was needed. It was shown that
the proposed method can provide aeroacoustic results that agree with those computed
via pure CFD. Aeroacoustic and aerodynamic optimizations were performed separately,
targeting minimum noise at the blade passing frequency or minimum total pressure losses,
respectively. The results showed that, by incorporating more rows of receivers in the
definition of the aeroacoustic objective function, the noise was successfully reduced in
a wider range than with a single row of receivers. In both optimizations, the optimized
geometries demonstrated enhanced aerodynamic and aeroacoustic performance compared
with the baseline configuration. In addition, the aerodynamic optimization showed limited
impact compared with the aeroacoustic optimization, likely due to the use of an already
aerodynamically optimized geometry.
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