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A new multimodel computational framework for optimal control of aeroacoustic noise is presented using a near-
field compressible Navier—Stokes solver coupled with a far-field linearized Euler solver, both based on a
discontinuous Galerkin formulation. In this approach, the coupling of near- and far-field domains is achieved by
weakly enforcing continuity of normal fluxes across a coupling surface that encloses all nonlinearities and noise
sources. For optimal control, gradient information is obtained by the solution of an appropriate adjoint problem that
involves the propagation of adjoint information from the far field to the near field. This computational framework is
applied to study optimal boundary control of blade-vortex interaction, which is a significant noise source for
helicopters on approach to landing. In the prototype problem presented here, the noise propagated toward the
ground is reduced by 12 dB, demonstrating the potential of an optimization-based approach to blade-vortex-

interaction noise control.

Nomenclature

inviscid flux vector

viscous flux vector

control defined on the rotor blade

objective functional

freestream Mach number

pressure fluctuations in the observation region
auxiliary variables in the far-field domain
conservative flow variables in the near-field domain
primitive flow variables in the near-field domain
mean-flow primitive variables

fluctuations in the primitive variables in the far-field
domain

coupling boundary between two subdomains
control region

adjoint variables in the near-field domain

adjoint variables in the far-field domain

far-field domain

near-field domain

observation region
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Introduction

HE coupling of accurate computational fluid dynamics analysis
with optimal control theory has the potential to advance active
flow control for complex flows, including flows involving
aeroacoustic noise generation. In this paper, we report on progress
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in extending our previous work [1,2] on aeroacoustic control by
using a multimodel approach for optimal control of aeroacoustics.
Our goal is to develop effective numerical methods to investigate the
feasibility of using wall-normal actuation for controlling blade—
vortex interaction (BVI). Rotorcraft blade—vortex interaction
typically occurs at low-speed descending flight conditions (such as
on approach to landing) and produces high-amplitude impulsive
noise that often dominates other noise sources [3—16]. Reduction of
BVI noise may alleviate restrictions on civil rotorcraft use near city
centers and thereby enhance community acceptance.

We have developed an optimal control framework for
aeroacoustic applications that can help to identify novel strategies
for controlling BVI noise in a systematic manner. The main purpose
of aeroacoustic computations is to determine the sound intensity and
directivity far away from the noise source. However, the
computational cost of using a high-fidelity flow-physics model
across such a large domain is usually prohibitive and most
researchers have resorted to some form of multiphysics domain-
decomposition method [17]. For example, in Fig. 1 the near field is
obtained by numerical solution of the Navier—Stokes equations,
whereas far away from the noise source, where the effects of
nonlinearities are negligible, the linearized Euler equations or
isentropic wave equations can be used to model the propagating
acoustic waves. The interface between the near-field and far-field
regions can be accomplished by using a Kirchhoff-type method
[18,19], Lighthill theory and its derivatives [20,21], or by a direct
solution of the linearized Euler equations [22-25]. In this paper, our
focus is on the formulation and implementation of multimodel/
multidomain methods for adjoint-based optimal control of
aeroacoustics with specific application to BVI noise control.

Problem Formulation

Our previous research has included adjoint-based optimal control
of the unsteady compressible Navier—Stokes and Euler equations
[1,26-29], as well as optimal control of unsteady flows discretized
using the discontinuous Galerkin (DG) method [2]. Here, we present
a multidomain/multimodel formulation based on DG discretizations
for both the state and adjoint, for use in optimal control. In this
approach, the coupling of multidomains (near field and far field) and
multimodels is achieved by weakly enforcing continuity of normal
fluxes across a coupling surface using a discontinuous Galerkin
approach. The goal of multidomain/multimodel simulation is to
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Fig. 1 Blade-vortex interaction.

reduce the overall computational cost of flow simulation by using
locally less expensive and more computationally efficient physical
models without sacrificing the global fidelity of the simulation. Our
objective is to develop multimodel simulations using a discontinuous
Galerkin spatial discretization for the state and adjoint equations and
to use this method within gradient-based optimization algorithms to
obtain optimal temporal and spatial distributions of boundary
actuation so as to minimize far-field sound.

The control objective for the problems presented here targets
acoustic waves that are typically several orders of magnitude smaller
than the mean flow. This makes linearized methods, such as the
linearized Euler equations or the wave equation, appropriate
methods for acoustic propagation in the far field. Because we
specifically focus on blowing and suction on the surface of the rotor
blade, which may introduce vorticity at the blade surface, we use the
Navier—Stokes equations in the near field to capture this potentially
viscous phenomenon.? However, the use of Navier—Stokes in the
near-field limits our current computations to relatively low Reynolds
numbers for idealized two-dimensional BVI model problems; our
future work will focus on extending these methods toward more
realistic BVI scenarios.

We begin in the following subsection by discussing details of the
state and adjoint coupling for this multidomain/multimodel system,
and the remainder of the current section focuses on the formulation
for the state, optimal control problem, and resulting adjoint
equations. To simplify the presentation, the discussion is limited to a
system that has only two subdomains (i.e., near field and far field),
where the Navier—Stokes equations are solved in the near field and
the linearized Euler equations are solved in the far field. However,
both our formulation and implementation allow for an arbitrary
number of subdomains with a variety of physical models, including
Navier-Stokes, Euler, linearized Navier—Stokes, linearized Euler,
and wave equations, and the interested reader should consult [30].

State Equations

The computational domain €2 is divided into two subdomains:
Q ear in the near field and 2y, in the far field. The coupling boundary
between these two subdomains is referred to as I, In the near field,
the flow is modeled using the compressible Navier—Stokes equations
in conservative form, which are given by

U, (Y)+F;(Y)-F/(Y.VY)=0 (la)
in (f, t;) X 2, With boundary conditions

B (Y, 8) =0 on (ty, 1) X 0Qpeq (1b)
where B, includes the coupling between near- and far-field

*Once the control is computed, we evaluate whether the control is primarily
inviscid or viscous in nature. However, for this initial study, we do not want to
a priori constrain the control to be inviscid.

subdomains, as well as the transpiration boundary condition on the
rotor blade, and g is the control variable that is selected here to be the
wall-normal velocity on the rotor blade. The initial conditions in the
near field are

Y (t07 X) = YO(X) in Qnear (IC)

where Y| is typically a steady-state solution of the Navier—Stokes
equations over the rotor blade, with a superimposed vortex upstream
of the blade, as shown schematically in Fig. 1. In Eq. (1), Y =
(0, uy,u,, T)T is the vector of primitive flow variables, and the
conservative variables, expressed as functions of the primitive
variables, are given by U(Y) = (p, pu,, pu,, pE)7 .

The far-field flow in g, is modeled using the linearized Euler
equations. We assume that Y =Y +y, where Y are mean-flow
primitive variables and y are fluctuations in the primitive variables.
With this notation, the linearized Euler equations are

My, + (AiMY),i =0 in (t,t5) X QL 2)
where
my = Am=T0
0y |y 0U |y,

to discretize this equation using the discontinuous Galerkin method,
we introduce the variables Q(y;Y) = M(Y)y and recast the
linearized Euler equations in the form

Q.(y)+F,;(y) =0 in (1,17) X Qe (3)

where the flux is given by Fi(y) = A.0(®y). Equation (3a) is solved
subject to boundary conditions of the form

Bfar(Y) =0 on (tﬂv t/') X anar (3b)

For the problems presented here, the far-field equations are not
explicitly dependent on the control variable g, which lives on the
rotor blade surface. However, B, does represent the coupling
between the near- and far-field subdomains, as well as nonreflecting
boundary conditions on the outer, far-field, boundary. Initial
conditions for the far-field problem are of the form

Y (t9, X) = Yo(x) in Qg (3o)

where Yy, is typically zero and Y is the steady-state solution of the
Navier—Stokes equations over the rotor blade. In the following, we
suppress the explicit dependence of far-field quantities on Y, unless
necessary for clarity.

Given the similarity of Eqs. (1) and (3), we are able to solve these
equations in a unified discontinuous Galerkin framework that is
particularly convenient for multimodel simulation and optimization.

Optimal Control Problem

In our optimal control formulation, we seek to minimize the
following objective function:

a [u 1 [t
J(y, 8 =§/ L (p')? dxdt+§[ /r g*dldr (4
Io obs T g

where p’(x) are pressure fluctuations in the observation region and
the penalty factor o = 10° for the problems considered here.§ The
objective is to minimize the acoustic pressure intensity in 2, C
2y, within the time horizons #, and ;. Recall that the control g is
chosen to be the time- and position-dependent wall-normal velocity
on the surface of the rotor blade I',.

SIn practice, the selection of « is based on engineering judgment
concerning the relative cost of the control, and in our model problems, this
parameter was set based on numerical experimentation to obtain sufficient
control authority with modest control power input.
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Fig. 2 Schematic of DG discretization, the solution and weighting
functions are discontinuous across element interfaces.

Adjoint Equations

We use a gradient-based optimization procedure to solve the
optimal control problem represented by minimizing Eq. (4) subject to
state equation (1) in the near field and state equation (3) in the far
field. The gradient is computed using a continuous adjoint method
(i.e., the optimize-then-discretize approach), as introduced by Joslin
etal. [31]. Because of space limitations, we only present a summary
of the formulation here and the interested reader should consult [30]
for more details.

We begin by introducing the adjoint variables A for the near-field
Navier—Stokes equations and & for the linearized Euler equations in
the far field. We then define an augmented Lagrangian as

[$)]

y
o

'
[$)]

L
o

b)

LOUY). Q). gh &) =J(.8) + [i Jo A (U, +F;

1
~rpaxas [1 5@ Eaxar )
o JQpur

The optimality equations are obtained by taking appropriate
variations of the Lagrangian. For example, variations with respect to
Y lead to the adjoint Navier—Stokes equation in the near field:

—A,—(ATA), + (DIA), — (K[A ), = ATA
+ ]A)ITIA' in (t()’ tf) X Qnear (6)

whereas variations of Eq. (5) with y yield the adjoint linearized Euler
equation in the far field:

—&,—ATE, =S in (1,1)) x Qg ©)

where S depends on the variation of the objective functional with y
and

Fig. 3 Acoustic scattering from a circular cylinder: a) incident and scattered pressure on the full domain, b) incident and scattered pressure contour
near the cylinder with minimum 7.9225, maximum 7.9460, and 12 contour levels, and c) scattered pressure contour near the cylinder with minimum
—0.005816, maximum 0.003180, and 19 contour levels; the irregular solid line denotes the interface between the Euler region in the near field and the

wave-equation region in the far field.



CHEN AND COLLIS 1893

oF, 5 _F

.. OFY
=1 . K =_—
oou’ YU’

770,

The interested reader is encouraged to refer to [30] for more details.

The adjoint equations (6) and (7) are solved subject to appropriate
boundary and final-time conditions, and the reader should consult
[27,28,30] for details regarding the adjoint boundary conditions on
the control surface as well as the resulting gradient equations. Our
focus here is primarily on the multidomain/multimodel coupling of
the state and adjoint systems. In our formulation, this coupling is
achieved naturally by enforcement of weak boundary conditions
within a discontinuous Galerkin spatial discretization, as discussed
in the next section.

Numerical Implementation

Both the state and adjoint equations are discretized in time with a
fourth-order-accurate explicit Runge—Kutta method that is
symmetric and therefore well suited for optimal control problems
[32]. A high-order-accurate discontinuous Galerkin method is used
for the spatial discretization. The discontinuous Galerkin method can
be thought of as a hybrid of finite volume and finite element methods
that has a number of potential advantages, including high-order
accuracy on unstructured meshes, local hp refinement, weak
imposition of boundary conditions, local conservation, and
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Fig. 4 Acoustic scattering from a circular cylinder; comparison of rms
pressure along a) ray § = = and b) radius r = 10 (that is, outside the
coupling interface); theory (solid lines) and Euler/wave (dashed lines).

orthogonal hierarchical bases that support multiscale and
multiphysics modeling. References [33-35] indicate that, compared
with other numerical methods, the discontinuous Galerkin method
offers clear advantages in terms of high accuracy and spectrally small
phase and dissipation errors when applied to acoustic problems.
Bismuti and Kopriva [36] also show that the discontinuous Galerkin
method is efficient for aeroacoustic simulation with long-distance
wave propagation. For a recent update on the status of discontinuous
Galerkin, the interested reader can refer to [37]. For our current
purpose, the local conservation property and weak boundary-
condition enforcement capabilities of DG method are leveraged to
simplify the implementation of the multimodel/multidomain
approach.

Weak Formulation

The DG method for the near field is obtained by starting from the
strong form of the compressible Navier—Stokes equations (la).
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Fig. 5 Optimal control of BVI noise: problem setup.
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Consider a single element K,, multiply by a weighting function W
that is continuous in K, integrate the flux terms by parts, replace the
actual flux terms by appropriate numerical fluxes, and sum over all
elements K € Q... Doing so results in the discontinuous Galerkin
weak form:

N
Z{/ (W-U,,+W.l--(F;f—F,-))dx+[ W (F,(U~,U")
e=1 K. K,

—F)(U~, VU, U*, VUY)) ds} =0 )

where the Ut and U~ states are defined in Fig. 2. For an element edge
on the subdomain boundary 02 ,.,,, UT = U, for an edge coincident
with a prescribed boundary condltlon or, in the case of the coupling
boundary between ., and Q,,, Ut = U(Y + y) on T, where Y is
the mean field and y is the far-field (perturbation) solution at that
edge. Likewise, for interelement boundaries, Ut comes from the
neighboring element. Thus, all interface and boundary conditions are
set through the numerical fluxes. A Lax—Friedrichs flux is chosen for
the inviscid flux f‘n [38] and we use the method of Bassi and Rebay
[39] for the numerical viscous flux k"I

The far-field linearized Euler equaitons (3a) are also discretized in
space using the discontinuous Galerkin method, with the weighting
function on element K, denoted by V. This leads to the DG weak
form:

M
V-Q,-V,;-AQ)dx +
A, !

vﬁ;(ytyﬂds} =0
lop

®

where, again, all interface and boundary conditions are set through
the numerical flux and we use a Lax—Friedrichs flux for ]A?'n (y.y").
For the outer far-field boundary, y* = 0, which is a first-order
nonreflecting boundary condition. On the coupling boundary I',,
y" =Y(U) —Y, where Y(U) is the primitive solution vector
corresponding to the conservative state vector U at the near-field
edge.

Similar DG spatial discretizations are used for the adjoint
equations (6) and (7), and the resulting weak forms can be found in
[30]. As in the preceding state-equation coupling presented, the
adjoint Navier—Stokes and adjoint linearized Euler equations are
coupled through the numerical fluxes along I',.

Optimization

To solve the optimization problem, the multimodel state is first
solved forward in time from ¢, to 7, and the state (both near field and
far field) is stored for use in the adjoint computation. The multimodel
adjointis then solved backward in time from ¢, to #,, and the resulting
adjoint solution is used to evaluate the gradient of the objective
function with respect to the control. This gradient is used in a
nonlinear conjugate-gradient optimization algorithm with line-
search globalization. This approach is widely used in [1,27,29,40—
42]. For the BVI problem presented here, we solve the optimization
problem to a fairly loose tolerance (such that the change in
subsequent values of J is less than about 10~3). This degree of
convergence is found to be sufficient for engineering purposes
because the control distributions and control effectiveness do not
significantly change with additional iterations.

State Validation

As validation of our multimodel state solver, we consider the
classical acoustics benchmark problem of planar acoustic wave

IAlthough a Lax—Friedrichs flux is typically too dissipative for low-order
methods, when used in DG with relatively high polynomial representations
on each element p > 3, the choice of flux becomes less important and we
found a simple Lax—Friedrichs to be sufficient for the high-order simulations
reported here.
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Fig. 7 Contours of scattered pressure p — p, at instants t = 5.92, 6.32,
6.72, and 7.12 for no-control (left) and optimal control (right) with
minimum —0.14906, maximum 0.03548, and 36 contour levels; positive
pressure (solid lines) and negative pressure (dashed lines).

scattering from a circular cylinder. We solve this problem using our
multimodel approach with the Euler equations in the near field
coupled to the wave equations in the far field, and the numerical
solutions are compared with the analytical result [43]. For this
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Fig. 8 Time history of pressure fluctuations at different stations; no control (solid line) and optimal control (dashed line).

calculation, the reference length is the cylinder radius, the reference
velocity is the far-field sound speed, and all other reference values are
based on far-field values. The incident plane wave is expressed as
pi = Pyexplik(x — ct)], where the direction of propagation is along
the positive x axis, and P, = 0.01 is the incident pressure amplitude.
Under these conditions, the scattered pressure wave is expressed by
the following Bessel function expansion [43]:

P, éAm cos(m@)[J,,(kr) + iN,, (kr)]e !

where r and @ are the usual cylindrical coordinates, w = 27c/A,
A,, = —¢&,,Pyi"* e sin(y,,)

and tan(yp) = —J, (k)/N, (k).

The simulation is conducted for an incident acoustic wave with
spatial wave number k=12.5. The domain € is large
[—30,30] x [-30, 30], with a sponge layer enforced around the
perimeter of the domain to approximate a nonreflecting boundary
[44]. As for the mesh resolution, a block structured mesh using 6832
quadrilaterals was generated using a special-purpose grid generator
[45], and each quadrilateral had polynomial order p = 7. From
Fig. 3, it can be seen that an arbitrary interface (coincident with
interelement boundaries) is selected that separates the Euler domain
in the near field from the wave-equation domain in the far field.

Figure 3 shows contours of the instantaneous pressure field from
the simulation. It is worth observing that smooth solutions are
obtained near the coupling surface. In Fig. 4, the rms pressure from
the scattered wave is compared with the analytical solution from
inviscid theory and the rms pressure agrees with the theoretical
results, with no indication of inaccuracies near the coupling interface.
This test case demonstrates that our multimodel approach can
accurately predict the intensity and directionality of acoustic wave
scattered from a solid body. This and other validation cases reported
in [30] provide confidence in the multimodel formulation.

BVI Model Problem

This section presents results for the optimal control of noise
produced by the interaction of a vortex with a Bell AH1 rotor blade in
a uniform freestream. For this BVI problem, as shown in Fig. 5, the
computational domain is decomposed into three parts. In the middle
region, the Navier—Stokes equations are used to model the non-
linear interaction between the vortex and rotor blade. In the upper
and lower regions, the linearized Euler equations are used to
capture the scattered acoustics. This domain is discretized with 4608
quadrilateral elements. Taking advantage of the local & p-refinement
capabilities of the DG method, we use different polynomial orders in
the near-field viscous region, and in the far-field linear acoustic
region, with p = 5 used along the vortex trajectory and p = 3 used
elsewhere, as shown in Fig. 6. Such local #p refinement not only
gives more accurate representation of the localized phenomena, such
as the vortex and boundary layer, but also improves the overall
computational efficiency compared with a uniform polynomial order
(see the subsequent discussion for more details on computational
savings).

In the following, the freestream velocity and the chord length of
the Bell AH1 rotor blade are used for nondimensionalization, which
leads to the blade Reynolds number Re = 1000. The initial condition
is computed by superimposing a relatively strong Oseen vortex of
circulation —0.5 and core radius R, = 0.15 on the steady-state
solution of the Navier—Stokes equations for a uniform flow of
freestream Mach number M, = 0.3 over the Bell AH1 rotor blade.
The vortex is advected downstream by the freestream and interacts
with the rotor blade in its path, leading to a BVI-type noise source. To
allow the initial transient acoustic waves to leave the domain, we
advance the solution for 5.52 time units and define this as our initial
condition for optimization (7, = 5.52).

Recall that the control objective (4) is to minimize the acoustic
pressure intensity in the rectangular area depicted in Fig. 5. Moti-
vated by the success of Collis et al. [29] using transpiration boundary
for the optimal control of aeroacoustic noise generated by a vortex
interacting with a circular cylinder, we use the time- and space-
dependent distribution of surface normal velocity (suction/blowing)
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over the entire rotor surface as our control mechanism. Nakamura’s
work [46] indicates that the leading edge of the rotor blade plays a
very important role in the interaction process. Likewise, through
numerical simulation, Morvant [47] also shows that BVIis primarily
a leading-edge phenomenon and the compressibility waves that
propagate upstream above and below the rotor are generated from the
large flow deflections at the leading edge. These cited studies justify
the use of transpiration as our control mechanism. Although the
previous studies indicate that transpiration near the leading edge is
most important, we allow for transpiration over the entire blade
surface and allow the optimization procedure to determine where the
control is most effective.

Based on these observations, we define our optimization time
window to capture only the leading-edge acoustics, to reduce
computational cost. Thus, the optimization time window consists of
20,000 uniform time steps, with At = 8 x 107> from time ¢, = 5.52
to ¢, = 7.12. Four measurement stations are placed above and below
the rotor blade to record the time history of pressure fluctuations (see
Fig. 5).

Stations P, and P, are located in the linearized Euler subdomain
above the blade to capture the upward traveling acoustic waves, and
stations P; and P, are located inside the observation region €2 ,.
Contours of scattered pressure at different time instants are shown in
Fig. 7, both with and without control. With control, the intensity of
acoustic pressure inside the observation region is reduced
dramatically. Quantitatively, the value of the objective function J
is reduced from 0.91 to 0.06, and the sound pressure level in the
observation region is reduced by approximately 12 dB.

However, the sound pressure level above the rotor blade upstream
is slightly strengthened, as seen in Fig. 7, and this is consistent with
previous results for a circular cylinder [29]. The changes in sound
pressure levels are more clearly observed in Fig. 8, which plots the
history of pressure fluctuations at stations P,, P,, P;, and P,.
Compared with the uncontrolled pressure fluctuations at those four
stations, the amplitude at P; and P, inside the observation region
Qps 1s noticeably reduced. Near the end of the time interval at P,
there is a slight increase in the amplitude of the pressure fluctuations
that is associated with acoustic waves generated as the vortex passes
over the trailing edge of the rotor blade. Comparing the pressure
fluctuations for uncontrolled and controlled flow in Fig. 8 shows that
there is a delayed effect of the control observed at all stations, due to
the finite sound speed.

In analyzing the space—time control distributions, we find that the
control distribution is, in fact, nonzero over much of the airfoil
surface, including near the trailing edge at early times. However, the
most active control region is near the leading edge and the maximum

transpiration amplitude is only 1% of the freestream velocity, which
is considerably smaller than reported by Collis et al. [29], in which
control was limited to a small region near the leading edge for a
cylinder—vortex interaction problem. Our current optimization
methodology provides a framework to explore many other control
options, including limiting the spatial extent of the control and
exploring different control mechanisms (synthetic jets, wall-tangent
control, etc.).

Adjoint Analysis

To better understand the effect of wall-transpiration control, the
evolution of adjoint variable A4 (in the near field) and &, in the far
field, which contributes to the gradient information for the control
update, is shown in Fig. 9. This adjoint quantity is associated with an
adjoint acoustic wave generated by pressure fluctuations in the
observation region. As the adjoint wave moves outward from the
observation region, it interacts with the rotor blade, leading a nonzero
adjoint field on the blade surface that corresponds to the gradient of
the objective function with respect to the control. Given this
qualitative behavior of the adjoint solution, such interaction between
the control and the flowfield alters the far-field acoustics delicately by
changing the near-field acoustic source. Figure 9 also shows that the
adjoint solution around the coupling surface is quite smooth,
indicating that our coupling approach for the adjoint equation is
working properly.

Discussion

To understand the underlying mechanism of noise reduction, we
consider the effect of the control on several important BVI
parameters. Interestingly, two important parameters for BVI noise,
vortex strength and miss distance, are not significantly changed.
Without control, the vortex strength changes from —5.01 to —4.13
after passing the blade. With control, the vortex strength changes
from —5.01 to —4.11 and the path is nearly identical, as shown in
Fig. 10. Thus, the control appears to have a negligible effect on both
the vortex trajectory and vortex strength.

Considering the direct relation between the strength of BVI noise
levels and temporal pressure gradients near the leading edge [48], we
now explore the effect of control on the transient drag and lift
histories. Figure 11 shows that the drag coefficient C, is slightly
decreased during the first half of the optimization interval, which
appears to be associated with the change in viscous stress due to the
control on the rotor blade surface. During the second half of the
optimization time interval, there are only slight changes in the drag,
because the control is relatively weaker. This result suggests that the

= = =
6F 6F 6F
5F o 5F S 5F SR
F Adjoint Linearized Euler F Adjoint Linearized Euler F Adjoint Linearized Euler
af af -
3F 3F F
2F 2F =
1F 1E =
FAdjoint Navier-Stokes FA ﬁ/
oF P oF t',-'
1E E E
2F 2F -
F = o
3F 3F b
-4F F
-5 2 Adjoint Linearized Euler 2 Adjoint Linearized Euler
6F -
4 A FETTY FUUEY FRUEY FAREE NN P PR FUUTT PO I 4 ST UUEY RN FRNE P P SUUTY RUT] e I S AT
6 5 4 3 2 14 0 1 2 3 6 -5 -4 -3 -1 0 1 2 3 6 5 4 3 2 1 0 1 2 3
a) b) )

Fig. 9 Adjoint variable A 4 in the near field and &, in the far field; time goes backward in the adjoint solutions a) # = 7.12, b) t = 6.32, and ¢) t = 5.56;
contour increments are +0.17253; positive (solid lines) and negative (dashed lines).
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Fig. 10 Vortex trajectories: a) without control and b) with control.

primary BVI control mechanism targeted by the optimal control is
largely inviscid. Although this fact is perhaps not surprising, given
the largely inviscid nature of BVIsound generation, it is reassuring to
know that given the possibility of a vortical control mechanism (such
as generation of a counter-rotating vortex), the optimal control
mechanism is, in fact, inviscid in nature.

The largely inviscid nature of both BVI noise and the resulting
optimal control are clearly observed in the section lift coefficient C;,
which is primarily due to pressure differences on the blade surface.
As observed by Peake and Crighton [49], the reduction of unsteady
lift on the blade during a BVI event should, at least at low Mach
numbers, lead to reduced sound generation. This observation has led
to the use of oscillating trailing-edge flaps [50-52], as well as
suction/blowing on the blade surface [53,54], to reduce the unsteady
lift on rotor blades. Figure 12 shows that unsteady lift is noticeably
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Fig. 11 Time history of drag coefficient C,;; no control (solid line) and

optimal control (dashed line).
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Fig. 12 Time history of lift coefficient C;; no control (solid line) and

optimal control (dashed line).

reduced due to the optimal control. Figure 12 also shows that the
temporal gradient of C, is reduced from approximately 0.3151 to
0.2148, which is directly related to the strength of BVI sound [48]
due to the inviscid mechanism and is consistent with the results
shown in Fig. 8.

We conclude with a few remarks regarding the efficiency of the
multimodel/multidomain approach introduced here. For the BVI
model problem considered here, approximately 40% of the elements
are solved using the Navier—Stokes equations, whereas the remain-
ing 60% are solved using the linearized Euler equations. The compu-
tational cost of the linearized Euler equations is approximately 50%
of the cost associated with the Navier—Stokes equations, although the
actual cost depends on the polynomial order of each element. Based
on this, for the BVI proof-of-concept problem presented here (with
variable element order as used in this problem), we expect an ideal
savings of 27.5%. In practice, we obtain a 24% savings in
computational time, where the additional 3.5% is due to the modest
overhead incurred in the multimodel coupling. In the future, we plan
to apply this approach to problems with much larger far-field regions,
including three-dimensional problems. In these problems, the ratio of
element in the near field to those in the far field will be smaller,
asymptotically leading to a 50% savings. It is also important to
remember that the storage required for transient optimization scales
with the size of the nonlinear near field, and so the multimodel
approach also dramatically reduces storage requirements for the
adjoint solve. Reference [30] presents a far-field approach using a
wave equation that is roughly 25% of the expense of a Navier—Stokes
solve, leading to additional computational savings that we plan to
exploit in future work. In addition, because of the high resolution
required to resolve the viscous boundary layer near the blade in the
near field and the associated small time steps with current explicit
advancement scheme, the blade Reynolds number is limited to
approximately 10* for a two-dimensional BVI control problem with
a reasonable optimization time window. More realistic BVI control
problems at higher Reynolds numbers will require some form of
near-field turbulence model (or an inviscid approximation when
appropriate) along with implicit time advancement.

Conclusions

To the best of our knowledge, we believe that this work is the first
model-based effort using optimal control theory to construct controls
that reduce blade—vortex-interaction (BVI) noise on a (relatively)
realistic BVI configuration. Our solutions are obtained using an
efficient and novel multidomain and multimodel method based on a
high-order-accurate discontinuous Galerkin spatial discretization.
This approach works well for both state and adjoint computations
and leads to BVI control results that are quite promising. In
particular, it is shown that optimal distributions of wall-normal
suction and blowing can be obtained that significantly reduce
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downward-radiated BVInoise. For the conditions studied here, a 12-
dB reduction in sound pressure level is obtained when the objective
function targets downward-radiated BVI sound. Although the
optimal control has negligible effect on both the vortex strength and
trajectory, it does alter the interaction of the vortical and potential
fields, which is the source of BVI noise. Although this results in a
slight decrease in drag, there is a significant reduction in the temporal
gradient of lift, leading to a reduction in BVI sound levels.
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