
Towards Adjoint-based Sensitivity Analysis for
Supersonic Jet Noise

Enrico Fabiano ∗ Zhi Yang † Dimitri Mavriplis ‡

Scientific Simulations, LLC, Laramie, WY 82072-5007.

Asitav Mishra §

National Institute of Aerospace, Hampton, VA 23666.

This paper presents a formulation for the sensitivity analysis of supersonic jet noise. Using an acoustic-
analogy approach, an unstructured, steady-state, Reynolds-Averaged Navier-Stokes (RANS) solution is used
to assemble the jet’s acoustic sources and compute the far-field spectra for observers at right angles to the
jet. Both forward and adjoint formulations are derived that correspond to analogues of the aeroacoustic
analysis problem. Adjoint-based shape optimization is used to minimize the farfield acoustic signature of
the jet, without compromising the aeropropulsive performance of the nozzle.

I. Introduction

Commercial supersonic flight has experienced renewed interest in recent years and promises to significantly re-
duce travel time, particularly for international trips. Before entering service, however, the next generation of supersonic
commercial aircraft will have to comply with ever more stringent noise regulations. While many research efforts have
focused on understanding sonic boom generation,1 its prediction,2–4 and its mitigation,5, 6 the noise generated by air-
craft configuration at take-off and landing has received less attention. During these flight phases the acoustic signature
of the aircraft is dominated by airframe, fan and jet noise. Jet noise is of particular interest because of its dominant
contribution to the noise radiated from the aircraft at take-off. The design of a supersonic engine nozzle is a challeng-
ing multidisciplinary problem since compliance with noise regulations at low subsonic speeds must not compromise
the thrust required to sustain commercial supersonic flight.
The nozzle shape design problem has traditionally been treated with low-fidelity empirical models, often focusing
on either the aeroacoustic or the aerodynamic performance individually. Although eddy-resolving CFD methods for
computing high-speed jet noise are now available,7, 8 such methods are computationally expensive and are considered
impractical for use in a design optimization environment. On the other hand, the prediction of turbulence generated
noise using the steady-state RANS equations provides a less accurate but more cost-effective approach for practical
design problems. Using an acoustic-analogy formulation, the jet noise sources are extracted from a near-field steady
RANS solution and propagated to the far-field observer. Recently, these hybrid CFD-CAA approaches have been
used for the computation of the aerodynamic and acoustic performance metric of the nozzle,9 and have been shown
to successfully predict the variation of the aeroacoustic performance metric in response to a geometric variation of
the nozzle shape.10 However, while cheaper than eddy-resolving methods, these acoustic-analogy approaches are
significantly more expensive than traditional empirical models, and their application to large-scale multidisciplinary
design problems requires the use of efficient numerical optimization techniques. Gradient-based methods can be used
to solve these large-scale design problems provided that the sensitivity of the objective to the design variables can
be efficiently computed. The use of adjoint-based approaches allows for the computation of the objective function’s
sensitivities at a cost independent of the number of design variables, enabling the use of gradient-based methods for
multidisciplinary design problems. Originally developed for aerodynamic design problems,11 adjoint-based methods
have been extended to treat aerostructural,12–14 aeroacoustic5, 15–17 and aero-structural-acoustic18 problems. However,
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application of adjoint methods to jet noise problems has been scarce. This paper presents the development and ap-
plication of an adjoint-based sensitivity analysis for jet noise minimization based on a simplified acoustic-analogy
approach. An unstructured steady RANS solution around the nozzle is used to assemble the jet acoustic sources and
compute the far-field noise spectra of the jet, following a similar approach to that described in the work by Bridges.19

The forward and adjoint linearizations of the aeroacoustic problem are derived by hand differentiation of the coupled
CFD-CAA approach, and the adjoint linearization is used by a gradient-based optimization algorithm to minimize the
noise of the jet without compromising the nozzle aeropropulsive performance. The paper is structured as follows:
section II introduces the steady RANS flow solver used in this work and its discrete adjoint sensitivity formulation,
while section III discusses the simplified acoustic-analogy approach used for jet noise prediction. Section IV presents
the geometry parameterization used for optimization of the nozzle shape. Section V presents jet noise optimization
results. Furthermore, the noise reductions identified with the acoustic-analogy approach proposed in this work are
evaluated using NASA’s JeNo code9, 20, 21 as part of an ongoing development effort to develop an adjoint-based jet
noise design optimization capability using JeNo. Finally, section VI draws conclusion and highlights future work.

II. Aerodynamic Analysis and Sensitivity Formulation

A. Flow Solver Analysis Formulation

The base flow solver used in this work is the NSU3D unstructured mesh Reynolds-averaged Navier-Stokes solver.
NSU3D has been extensively applied to steady-state and time-dependent flows and contains a discrete tangent and
adjoint sensitivity capability. Hence, only a concise description of these formulations will be given in this paper, with
additional details available in previous references.13, 22–24 The flow solver is based on the conservative form of the
Navier-Stokes equations which may be written as:

∂U(x, t)
∂t

+∇ ·F(U) = 0 (1)

where the state vector U consists of the conserved variables and the Cartesian flux vector F= (Fx,Fy,Fz) contains both
inviscid and viscous fluxes. The equations are closed with the perfect gas equation of state and the k−ω turbulence
model for all cases presented in this work. The solver uses a vertex-centered median dual control volume formulation
that is second-order accurate, where the flux integral around a closed control volume is discretized as:

R(U) =
∫

dB(t)
[F(U)] ·ndB =

nedge

∑
i=1

F⊥ei
(U,nei)Bei = 0 (2)

where Be is the face area, ne is the unit normal of the face, and F⊥e is the normal flux across the face. The normal
flux across the edge is computed using the second-order accurate matrix dissipation scheme25 as the sum of a central
difference and an artificial dissipation For the case of steady-state flows considered in this work, the time derivative
term in equation (1) represents a pseudo-time term used to facilitate convergence to the steady-state solution. After the
residual vector R is linearized with respect to the unknown flow solution vector U, the system of nonlinear equations (2)
is solved for using Newton’s method as: [

∂Rk

∂Uk

]
δUk =−Rk (3)

Uk+1 = Uk +δUk

δUk→ 0,Un = Uk

The Jacobian matrix is inverted iteratively using a line-implicit agglomeration multigrid scheme that is applied as a
preconditioner for a GMRES Krylov solver.26

The flow around the SMC006 nozzle27 is used to validate the NSU3D flow solver for jet-flow applications. The nozzle
is axisymmetric and is augmented with 6 triangular chevrons. The flow conditions correspond to Set Point 7 from
the Tanna Matrix.28 The nozzle pressure ratio is p0/p∞ = 1.861, the temperature ratio T0/T∞ = 1 and the jet Mach
number is M j = 0.985. A freestream Mach number M∞ = 0.01 is imposed as a freestream boundary condition to
facilitate the convergence of the flow solver29 and the Reynolds number based on the freestream Mach number and
the 2in nozzle diameter is Re = 5789.0/in. The unstructured CFD mesh used to simulate the flow around the nozzle is
shown in Fig. 1(a). The mesh consists of approximately 2.34 million nodes and is refined near the nozzle exit to better
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(a) Unstructured CFD mesh (b) Computed streamwise velocity contours

Figure 1. Unstructured CFD mesh around the SMC006 nozzle geometry and streamwise velocity contours for the κ−ω RANS solution

resolve the jet shear layer. Figure 1(b) shows the nozzle jet plume computed with the κ−ω turbulence model, while a
comparison between computed and experimental27 contours of total pressure coefficient at several streamwise stations
is shown in Fig. 2. The good agreement between the computed and experimental flowfields validates our aerodynamic

(a) Contours of computed total pressure coefficient at different
streamwise stations

(b) Contours of experimental total pressure coefficient at different
streamwise stations27

Figure 2. Validation of the NSU3D κ−ω computations for the SMC006 nozzle geometry

analysis and is essential for the accurate prediction of the noise generated by the nozzle.

B. Mesh deformation capability

In order to apply the optimal shape changes computed by the optimization algorithm, a mesh deformation strategy
must be employed. In this approach, the mesh is modeled as a linear elastic solid with a variable modulus of elasticity
that can be prescribed either as inversely proportional to cell volume or to the distance of each cell from the nearest
wall.30, 31 The resulting equations are discretized and solved on the mesh in its original undeformed configuration
in response to surface displacements using a line-implicit multigrid algorithm analogous to that used for the flow
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equations. The governing equations for mesh deformation can be written symbolically as:

G(x,xsurf(D)) = 0 (4)

where x denotes the interior mesh coordinates and xsurf(D) are the surface mesh coordinates that depend on the shape
parameters that define the surface geometry.

C. Aerodynamic Sensitivity Analysis Formulation

The sensitivity analysis implementation follows the strategy developed in references.22, 23 The objective function L is
evaluated using the steady flow and mesh solution, U and x respectively, as:

L = L(U,x) (5)

Assuming that the state variables, i.e., U,x, are dependent on some input design parameters D, the total sensitivity
of the objective function L to a design variable D can be expressed as the inner product between the vector of state
sensitivities to the design input and the vector of objective sensitivities to the state variables as:

dL
dD

=

[
∂L
∂x

∂L
∂U

]
dx
dD

dU
dD

 (6)

The non-linear flow residual operator and the linear elasticity mesh residual operator described earlier provide the
constraints for the sensitivity analysis:

G(x,D) = 0
R(U,x) = 0 (7)

and their linearization with respect to the design variable yields:
∂G
∂x

0

∂R
∂x

∂R
∂U




dx
dD

dU
dD

=

 −∂G
∂D

0

 (8)

Upon solution of the forward sensitivity equation (8), the mesh and flow sensitivity vectors can be substituted into
equation (6) to obtain the complete sensitivity of the objective L with respect to the design variable D. Hence, the
forward sensitivity approach requires a new solution of equation (8) for each design parameter D. On the other hand,
the adjoint approach can obtain the sensitivities for any number of design inputs D at a cost approximately independent
of the number of design variables. The adjoint formulation can be obtained by transposing the tangent linearization in
equation (8), resulting in equation (9)

∂G
∂x

T
∂R
∂x

T

0
∂R
∂U

T


 Λx

ΛU

=


∂L
∂x

T

∂L
∂U

T

 (9)

where ΛU and Λx are the flow and mesh adjoint variables respectively. The final objective sensitivities can then be
obtained as:

dL
dD

T
=

[
∂G
∂D

T

0

] Λx

Λu

 (10)

A more detailed description of the complete formulation is presented in reference.22
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III. Aeroacoustic model: Analysis and Sensitivity Formulation

Despite the continuous increase in computational resources, jet noise design optimization strategies based on scale-
resolving acoustic-analogy approaches are still infeasible. A viable approach to nozzle design optimization is the use
of RANS-based hybrid methods that have been developed over the years and are now fairly well established.10, 19, 32–34

These hybrid methods use a finely resolved near-field steady RANS solution to predict the noise radiated from the jet
to a given observer using an acoustic-analogy formulation.
The acoustic formulation proposed in this work uses a steady RANS solution to assemble the noise sources and
computes an approximate far-field noise spectra for observers at right angles to the jet. The RANS solution is computed
using a two-equation turbulence model in the NSU3D flow solver and the acoustic sources are derived following
the approach described in.20, 21, 33 For gradient-based shape optimization, the linearization of the proposed acoustic
formulation is coupled to the linearization of the flow solver to compute of sensitivity of the acoustic objective function
with respect to the full vector of design variables.
The acoustic analogy proposed in this work lays the foundation for the implementation of an efficient nozzle design
optimization strategy based on the JeNo33, 35 jet noise prediction software.

A. Acoustic analysis formulation

In the proposed acoustic-analogy approach, the turbulent flow field around the nozzle is computed by the unstructured
NSU3D RANS solver using the κ−ω turbulence closure. The steady RANS solution around the nozzle is used to
compute the axial component of the two-point fourth-order velocity correlations20, 21, 33 at each CFD volume mesh
node as:

I1111(ω
s) = Amκ

7/2 τ4
0

1+(ωsτo/2)2 N(k`) (11)

where κ is the acoustic source turbulent kinetic energy as computed by the turbulence model, τ0 is the source turbulent
timescale, N(k`) is the source non-compactness factor and ωs is the source frequency. The acoustic source time and
length scale are derived by the κ−ω RANS solution as:

τo = cτ/
(
β
+

ω
)

`= c`κ1/2/ω (12)

The terms Am, cτ and c` are calibration constants in the two-point, fourth-order velocity coorrelation, while β+ = 0.09
is a calibration constant in the κ−ω turbulence model. The source non-compactness factor 20, 33 is computed as:

N(k`) = exp(−k2`2

8π
) (13)

Here k is the acoustic wave number defined as k = Ω/c∞, where Ω is the observer frequency and c∞ is the freestream
speed of sound. The source and observer frequencies are related through the Doppler factor ωs = Ω(1−Mccosθ),
where Mc is the convective Mach number. In the present work the acoustic observer is located at a polar angle of
θ = 90deg from the streamwise jet axis, so that Ω = ωs. The noise source term in equation (11) is then integrated over
the jet volume that radiates directly to the far field for every observer frequency of interest:

PSD(ωs) =
∫

Jet Vol
I1111(ω

s)dVol (14)

The integration volume in equation (14) is cylindrical in shape and extends from the nozzle exit to 20 jet diameters
downstream, with a radius of 1.5 jet diameters. Every CFD node in this region is an acoustic source, and the nodal
turbulent solution is used to assemble equation (11) for the desired observer frequency. The approximate acoustic
spectra at the observer, equation (14), is integrated over multiple frequencies in the range of jet Strouhal number
St = 0.1−10 to form the acoustic objective that will be targeted during the nozzle design optimization as:

Lacou = ∑
ωs

PSD(ωs) (15)

Figure 3 shows the approximate noise spectra for the SMC006 nozzle27 predicted with the proposed acoustic-analogy
approach, highlighting the agreement between the computed and expected decay at the higher frequencies.33
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Figure 3. Approximate noise spectra for the baseline SMC006 nozzle geometry

Upon successful implementation of the proposed acoustic-analogy approach, the discrete tangent and adjoint lin-
earizations of equations (11-15) have been implemented in order to enable the adjoint-based multidisciplinary shape
optimization of the nozzle. Both tangent and adjoint linearizations are performed through exact hand differentiation
of the acoustic source term and objective. Verification of the tangent linearization with respect to the complex-step
differentiation36 is presented in Table 1, showing machine precision agreement between these two approaches. The

Table 1. Verification of tangent sensitivity of equation (11) by complex step differentiation

Complex 1.0642623294695777E+05
Tangent 1.0642623294695780E+05

adjoint implementation has been verified by the duality relation22 to the tangent approach as shown in Table 2.

Table 2. Verification of the adjoint sensitivity by duality relation with tangent linearization

Tangent 3.72684239789964E+09
Adjoint 3.72684239789963E+09

IV. Geometry Parametrization

To perform shape optimization of the nozzle geometry, the geometry shape parameters used are essentially of three
kinds: chevron radial penetration (Drad), chevron twist (Dφ) in nozzle azimuthal plane, and chevron length (Dl). Both
axisymmetric and asymmetric twist types are incorporated. The radial penetration design parameter, Dradi = αi, is
essentially the coefficient of a monomial function of i’th degree for a penetration in the radial direction (êr). The twist
design variable, Dφ, is defined by the angle (∆φ) by which the chevrons are twisted about the nozzle axis. The length
design variable, Dl , corresponds to the relative change of the chevron base geometry (∆l) along the nozzle axis (êa).
The combined deformation of a generic point (~x) due to all the design variables is given as:

~xde f −~xmin = αi [max((~x−~xmin) · êa, 0.0)]i êr (16)

+
[
R(∆φ

′
)
]
(~x−~xmin) (17)

+ [(βl(~x)∆l)] êa (18)

where,
[
R(∆φ

′
)
]

is the rigid rotation matrix for an angle of ∆φ
′
= [βφ(~x)][γφ(~x)]∆φ. The analytic function βφ ∈ [0,1]

ensures smooth twist along chevron length and the analytic function γφ ∈ [0,1] introduces asymmetric twist along
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the nozzle azimuth. Similarly, the analytic function βl(~x) ensures smooth nozzle length deformations. The nozzle
deformations corresponding to each of the design variables are shown in Fig. 4.

(a) Chevron penetration (b) Chevron twist (c) Nozzle length

Figure 4. Nozzle design variables; Blue: baseline, Orange: deformed

V. Optimization Results

The goal of the present work is to reduce the noise signature of the baseline SMC006 nozzle without compromising
its aerodynamic performance. The discrete adjoint linearization of the acoustic-analogy approach presented in Sec. III
is harnessed by the SNOPT gradient-based optimization method37 to minimize the noise signature of the nozzle. The
design variables used for the optimizations are the penetration and twist of the chevrons as well as the length of
the nozzle, as discussed in Sec. IV. Three different design optimization studies are presented next. An aerodynamic
optimization aims at maximizing the aerodynamic performance of the nozzle and the design optimization problem is

min
D

Laero (19)

where Laero = C2
d . Although the aerodynamic performance of the nozzle is more accurately determined by the thrust

produced, directly computing thrust for a chevron nozzle is complicated by the choice of an exit plane of integration.
An alternative approach consists of performing an axial momentum control volume analysis, where the change in mo-
mentum is equated to the force on the nozzle. If the inlet momentum and pressure forces are known, and the drag force
on the nozzle is computed by surface integration, the thrust force can be obtained by the momentum balance. In the
current approach, using the drag coefficient as a surrogate for nozzle performance or thrust is equivalent to assuming
no changes occur at the inlet plane of the nozzle. In future work, a more consistent thrust objective will be constructed
based on the axial momentum control volume analysis approach.
The aerodynamic performance of the resulting nozzle represents the maximum performance achievable with the cur-
rent design variables, but it will come at the expense of an increased jet noise signature. Conversely, an acoustic
optimization aims at identifying the maximum noise reduction that can be realized in the current optimization frame-
work at the expense of the aerodynamic performance. The nozzle acoustic design optimization problem can be stated
as

min
D

Lacou (20)

where Lacou is the acoustic objective function described in equation (15). Finally, an aeroacoustic optimization aims
at reducing the noise of the nozzle while limiting the degradation of its aerodynamic performance. The aerodynamic
constraint is enforced using a penalty function approach and the optimization problem is

min
D

Ltot (21)

where Ltot = Lacou +ωaeroLaero. The acoustic objective function Lacou is described in equation (15) while the aerody-
namic constraint is

Laero = (Cd−Cdbaseline)
2 (22)
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where Cdbaseline is the drag coefficient of the baseline SMC006 nozzle and ωaero = 1.0× 10−6 is an optimization
weight used to enforce the aerodynamic constraint. For each optimization, one design cycle corresponds to one flow
solution and one adjoint solution and takes approximately 30 minutes of wall-clock time on 128 cores.
Convergence of the aerodynamic optimization, equation (19), is shown in Fig. 5. Optimality, a measure of the gra-
dients of the optimization objective function as computed by the optimizer SNOPT,37 is reduced by more than three
orders of magnitude in 20 design cycles, while the drag coefficient is reduced by 2.7% after just 5 design cycles.
However, this aerodynamic improvement comes at a significant acoustic penalty, as shown in Fig. 5(c), suggesting
that aerodynamic and noise objectives have opposing design requirements. Figure 6 summarizes the optimized nozzle
shape. The chevrons are bent radially outward from the nozzle axis, while chevron twist and length play a minor role
in the optimization.

(a) Optimality (b) Objective (c) Noise

Figure 5. Unconstrained aerodynamic optimization convergence and noise penalty

(a) Deformed geometry (b) Deformed geometry - top view (c) Deformed geometry - side view

Figure 6. Aerodynamic optimization deformations; Blue: original, Red: optimized

The results for the acoustic optimization described by equation (20), are presented next. Convergence of the optimiza-
tion is shown in Fig. 7. After 7 design cycles, optimality is reduced 3 orders of magnitude, with the acoustic objective
function that experiences its most significant reduction in only two design cycles. The noise source term spectra for the
baseline and optimized nozzles are shown in Fig. 8, highlighting the significant noise reduction at the lower frequencies
with only a marginal noise increase at the higher frequencies. Figure 9 shows that the noise reduction is achieved with
increased chevron penetration in agreement with previous experimental and computational design studies,27, 38 while
chevron twist and nozzle length again play a minimal role in the optimization. These results represent the maximum
noise reduction achievable with the current design variables for the SMC006 nozzle and demonstrate the feasibility
of the aeroacoustic adjoint approach and its ability to capture the correct acoustic design sensitivities. However, the
achieved noise reduction compromises the aerodynamic performance of the nozzle resulting in a 3.3% increase in drag
coefficient, confirming that acoustic and aerodynamic objectives have conflicting design requirements.
Finally, results for the aeroacoustic design optimization, equation (21), are presented next. Convergence of the op-

timization problem is shown in Fig. 10 and is achieved after 25 design cycles, with the objective function that settles
after only 2 design cycles. Figure 10(c) compares the noise spectral densities for the baseline nozzle to the spectra
from the aerodynamic optimization, the acoustic optimization, and the aeroacoustic optimization. The introduction
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(a) Optimality (b) Objective function

Figure 7. Acoustic optimization convergence: a) Optimality as computed by SNOPT and b) optimization objective as function of design
cycles

Figure 8. Spectra of the baseline and optimized nozzle

(a) Deformed geometry (b) Deformed geometry - top view (c) Deformed geometry - side view

Figure 9. Nozzle shapes for the baseline and acoustically optimized nozzles.

of the aerodynamic constraint results in a less effective noise minimization compared to the acoustic optimization.
However, the drag coefficient of the nozzle increases by only 1.9% with respect to the baseline nozzle, as summarized
in Table 3. The shape of the optimized nozzle is presented in Fig. 11 and is characterized by enhanced penetration of
the nozzle with no significant chevron twist or length variation.
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(a) Optimality (b) Function/Adjoint evaluations (c) Noise

Figure 10. Aero-acoustic optimization convergence and noise signatures.

Table 3. Drag comparison from optimizations

Cases ∆Cd

Baseline (BL) –
Aerodynamic Opt -2.7 %

Acoustic Opt +3.3 %
Aero-acoustic Opt +1.9 %

(a) Deformed geometry (b) Deformed geometry - top view (c) Deformed geometry - side view

Figure 11. Baseline and aeroacoustically optimized nozzles

These optimization results show the conflicting design requirements for nozzle noise reduction and aerodynamic per-
formance and highlight the need for a multidisciplinary design optimization methodology capable of rapidly identify-
ing the optimal shape of the nozzle.

A. Jet Noise Predictions with JeNo

The simplified acoustic analogy proposed in this work has been shown to be capable of capturing the noise design
trends identified in previous experimental campaigns.27 However, as part of an ongoing effort to develop an adjoint-
based sensitivity analysis capability for NASA’s JeNo software,33, 35 the noise reductions computed with the proposed
acoustic approach have been verified by computing the far-field noise levels of the optimized nozzles using the JeNo
code. Based on Lilley’s acoustic analogy, the JeNo code assembles the acoustic source term described in equation (11)
using a steady RANS solution on a structured mesh that extends downstream of the nozzle exit. Propagation of the
nozzles’ noise signatures to the far-field observer is accomplished using a Green’s function approach.
The unstructured RANS solutions computed with the NSU3D flow solver are interpolated onto JeNo’s structured mesh
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using the TIOGA overset domain connectivity algorithm.39, 40 Upon interpolation, the JeNo code propagates the noise
spectra to a 90-degree observer at a distance of 40 equivalent jet diameters from the nozzle.27 Figure 12 compares the
1/3-octave spectrum computed with JeNo with the noise spectrum measured in the acoustic experiment for the baseline
SMC006 nozzle.27 There is reasonable agreement between computed and measured spectra, establishing confidence

Figure 12. Comparison between measured and computed 1/3-octave unattenuated spectra for the baseline SMC006 chevron nozzle.

in both the NSU3D CFD solution and the ’NSU3D-TIOGA-JeNo’ noise prediction strategy. Figure 13 compares
the narrow-band spectra for the baseline SMC006 and the three optimized nozzles. The JeNo noise spectra confirm
the results of the optimizations and demonstrate the ability of the proposed acoustic-analogy approach to capture the
correct jet noise design trends for 90-degree observers.

Figure 13. Narrow-band spectra computed with JeNo for the baseline and the three optimized nozzles.

VI. Conclusions and Future Work

A simplified acoustic analogy approach for supersonic jet noise has been implemented in this work. The proposed
acoustic analogy has been enhanced with a discrete adjoint linearization to enable efficient multidisciplinary nozzle
design optimization. The new adjoint formulation has been applied to the noise minimization of the SMC006 nozzle
with minimal aerodynamic performance penalty. The optimization results demonstrate the feasibility of using an
acoustic-analogy formulation to optimize nozzle jet noise using an adjoint-enabled gradient-based method. Future
work will focus on replacing the simplified acoustic-analogy approach proposed in this work with the formulation
available in the JeNo acoustic software, and on the implementation of the corresponding discrete adjoint operator.
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