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Abstract

Actuator and sensor placement for active control of high-Reynolds number flows is largely based on experi-
ence and trial-and-error because of the system’s large dimensionality and complexity. A novel strategy for
estimating how to select and place a linear feedback control system using co-located actuator(s)/sensor(s)
suitable for affecting the dynamics of compressible, viscous flows is developed. The methodology uses the
flow’s gain and receptivity information from the forward and adjoint global modes of the baseflow obtained
from direct/large eddy simulations. The baseflow can be an equilibrium (steady-state) or a time-averaged
solution of the compressible Navier-Stokes equations. The method uses structural sensitivity arguments to
determine regions of the flow-field with high dynamical sensitivity, and a search procedure determines effec-
tive actuator/sensor locations. The control algorithm is flexible, and different types of control and feedback
can be considered. The efficacy of the method is demonstrated with three different flow control problems:
flow stabilization in a Mach 0.65 diffuser, noise reduction of an axisymmetric Mach 1.5 jet, and noise reduc-
tion of a turbulent Mach 0.9 jet. For the diffuser, global stabilization is achieved for low Reynolds numbers
resulting in complete suppression of vortex shedding. For longer domains and higher Reynolds number flows
in the diffuser, although significant reduction in growth rates of the unstable modes was achieved, complete
stabilization could not be attained. For the axisymmetric Mach 1.5 jet, equilibrium and time-averaged con-
figurations are compared to examine the differences in global stability. The jet’s optimal transient response
that leads to the largest pressure fluctuations away from the jet is used to relate the global modes needed for
the control methodology to the radiated sound. The spectrum also contains modes that are hydrodynami-
cally bound to the jet, without significant sound field contributions. Direct numerical simulations using the
control show significant noise reduction, with additional reduction with increase in control gain. Eigenanal-
ysis of the controlled mean flows reveal fundamental changes in the spectrum at frequencies lower than that
used by the control, with the quieter flows having unstable eigenvalues that correspond to eigenfunctions
without significant support in the acoustic field. Analysis of the mean flow quantities shows that the control-
induced mean flow changes only become obvious beyond 15 radii from the nozzle. Reduced order analysis

using Proper Orthogonal Decomposition (POD) shows flow regularization in the quieter flows. The active
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control strategy is then applied to a Mach 0.9 turbulent jet. The global analysis of the time-and-azimuthal
averaged baseline flow showed that the flow supports acoustically efficient super-directive and multi-directive
global modes. Significant noise reduction was obtained and, similar to the axisymmetric case, the global
analysis of the time-and-azimuthal averaged flow for the quiet jet show the existence of an unstable mode
at a low Strouhal number, that lacks any significant sound-field support. The variation of mean quantities
at the centerline and the lipline for the loud and quiet jets also showed trends similar to the axisymmetric

case.
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Chapter 1

Introduction

Flow control is a rapidly evolving and active field of research that can have significant impact on aircraft
performance (by drag minimization, lift increase, mixing enhancement in combustors) and attractiveness
(by making them sufficiently quiet to satisfy regulations). Passive and active flow control strategies have
been developed and improved for a variety of flows. But developing efficient flow control strategies is not
straightforward. Rigorous testing of the strategies is iterative and involves labor and cost-intensive equipment
and experiments. Hence, computational tools are attractive for developing strategies for flow control. The
present work focusses on the development of an active control strategy for compressible flows.

Two different flow control problems are addressed in this dissertation: (1) flow stabilization in diffusers
and (2) noise reduction in compressible jets. Section 1.1 reviews the use of global modes. Section 1.2
summarize the use of adjoint methods for flow control. Numerical methods for large scale eigenvalue problem
computation are reviewed in Section 1.3. Section 1.4 and Section 1.5 summarize current understanding
and practice of flow control in diffusers and noise reduction in jets. Accomplishments are summarized in

Section 1.6, and the structure of the dissertation appears in Section 1.7.

1.1 Review of Global Modes

The term ‘global instability analysis’ was introduced by Joseph (1966) as a methodology that monitors
perturbation energy at all times and establishes bounds on its growth. Chomaz et al. (1988) used the
term ‘global instability’ to describe those flows where the disturbance remains at, or propagates upstream
and/or downstream, from its point of introduction. The development in time and space of small-amplitude
perturbations superposed upon a given flow can be described by the linearized Navier-Stokes, continuity,
and energy equations. The forward linearized disturbance equations, 0Q’/0t = LQ’, using the global mode
assumption Q' = @e‘“t gives rise to the eigenvalue problem (EVP) L@ = w@, where L is the linearized
Navier-Stokes operator. The solution of this EVP permits identification of global instability characteristics of

eigenmodes of a given basic state, such as temporal amplification rates and their frequency spatial structure.



A recent article by Theofilis (2011) reviews extensively global linear instability. As mentioned earlier
the term global instability analysis was introduced by Joseph (1966); it was used by Homsy (1973) and
Reddy & Voyé (1988) for 1D basic flows. A more general global instability approach evolved during the
1980s towards the analysis of two-dimensional basic states. Two and three dimensional instabilities of a
spatially periodic shear layer were studied by Pierrehumbert & Widnall (1982). Eriksson & Rizzi (1985)
introduced time-stepping and spectral transformation to the stability analysis of inhomogeneous steady and
time-periodic flows. Pierrehumbert (1986) investigated short-wavelength elliptic instability in inviscid vortex
flows. The first viscous global analysis were reported by Jackson (1987) and Zebib (1987), who studied the
instability of flow around a cylinder.

The distinction between convective and absolute (global) fluid dynamic instabilities was discussed by
Briggs (1964). Huerre & Monkewitz (1990) further discussed this approach for the hydrodynamic stability
theory of spatially developing flows pertaining to local and global instability concepts. They suggested the
concept of a self-excited, low-amplitude “wavemaker” region based on local instability, that acts as a source
for the downstream instability waves for spatially developing flows according to the Ginzburg-Landau model.
Using a Ginzburg-Landau model, Chomaz et al. (1988) showed that self-sustained resonances may appear
via a Hopf bifurcation when the system exhibits a region of local absolute instability that is sufficiently large.

In another annual review, Chomaz (2005) assessed stability analysis approaches to understand the dynam-
ics of open flows such as mixing layers, jets, wakes, separation bubbles and boundary layers. He emphasized
how the fully global theory accounts for the amplification of noise and the onset of a global mode. Theofilis
(2011) introduced the terms BiGlobal and TriGlobal analysis to describe the analysis of 2D and 3D basic
states. The first TriGlobal analysis — spheroid at an angle of attack by the solution of 3D EVP — was
done by Tezuka & Suzuki (2006). Bres & Colonius (2008) investigated the three dimensional instabilities
in compressible cavity flows for a range of conditions and cavity aspect ratios. The global stability of a
jet in cross-flow by Bagheri et al. (2009) constituted the first simulation-based global stability analysis of
a fully three-dimensional base flow. Rodriguez Alvarez & Theofilis (2010) studied the structural changes
in laminar separation bubbles in which the composite flow fields were reconstructed by linear superposi-
tion of a two-dimensional boundary layer flow with an embedded laminar separation bubble and its leading

three-dimensional global eigenmodes.



1.2 Adjoint-based Methods for Control

An obvious desire of flow control is to actuate a flow where the flow is most sensitive, or receptive, to small
disturbances. The solution of the adjoint problem LTC/Q\T = wC/Q\T provides information of the spatial location
of maximum receptivity of the system (Schmid & Henningson (2000)). However, the location of maximum
receptivity does not necessarily imply that the flow control will be effective. Adjoint-based methods that
involve a spatial overlap of the forward and adjoint global modes of the system have been used to obtain the
optimal location of control. Giannetti & Luchini (2007) defined a “wavemaker” region, defined as the part of

the domain D where ((z,y) = ”é(xfgl g?;éx’y)l| has a large magnitude, given a global mode @Q and adjoint

D

mode (/;)\Jf to show that, in this region, a change in the linearized operator L creates the largest possible change
in the corresponding eigenvalue w. The wavemaker region indicates a region of high dynamical sensitivity
(Chomaz (2005)), where an actuator could have powerful influence on the flow, and localized feedback may
be effective. Research in global mode-based flow control has been done for incompressible and compressible
regimes as discussed in the following sections.

Adjoint-based methods for flow control were used by Hill (1992) to suppress the vortex shedding from
a cylinder by placing a small cylinder in the wake of a larger one. Giannetti & Luchini (2007) used both
direct and adjoint global modes of an incompressible flow past a cylinder near the critical Reynolds numbers
to identify the spatial regions of the flow most sensitive to momentum forcing and mass injection. The
analysis showed that the maximum of the perturbation envelope amplitude was reached downstream of the
separation bubble, but the highest receptivity was attained in the near wake of the cylinder, close to the
cylinder. The large difference between the spatial structure of the direct and adjoint modes suggested that
the instability mechanism cannot be identified from the study of either eigenfunctions separately. Giannetti
et al. (2010) subsequently investigated the sensitivity of the three-dimensional secondary instability of a
circular-cylinder wake by identifying the region of maximum coupling between the velocity components was
localized by using the most unstable Floquet mode and its adjoint mode. Henningson & Akervik (2008)
used global modes to perform flow control for two-dimensional disturbances in the Blasius boundary layer
and a globally unstable boundary-layer flow along a shallow cavity. The global modes of the system were
shown to be a good starting point for reduced order models to control growing disturbances. Marquet et al.
(2008) used adjoint-based methods to study the sensitivity analysis of the unstable eigenmode responsible
for vortex shedding from a cylinder. They demonstrated how this can be used to identify regions of the
baseflow that contribute to the onset of vortex shedding. Chen & Rowley (2011) developed an Hy optimal

controller for the control of a supercritical, infinite-domain formulation of a system based on the linearized



complex Ginzburg-Landau equation (which is a model for the evolution of small fluid perturbations, such
as in a bluff body wake). Their optimal results were very close to those given by the “wavemaker” theory,
which utilizes the forward and adjoint global modes of a system for optimal actuator placement for their
model. Qadri et al. (2013) investigated the spiral mode which develops during vortex breakdown with a
linear global stability analysis around the steady bubble and its wake. The linear direct and adjoint global
modes of the linearized Navier-Stokes equations were overlapped to obtain the structural sensitivity of the
spiral mode, which identifies the wavemaker region. The concept of operator structural sensitivity was used
by Sipp et al. (2010) and applied to a variety of flows.

Relatively less research has been carried out in global instabilities and control of compressible fluids. Much
of the research has been devoted to understanding the underlying instability mechanisms and not control.
Open-loop control using adjoint based methods for compressible afterbody flows has been investigated by
Meliga et al. (2010). They evaluated the sensitivity of one particular eigenvalue to forcing by resolution
of adjoint equations and showed that the oscillating mode of the baseflow can be stabilized by a steady
blowing at the wall — the so-called base-bleed control. Meliga & Chomaz (2011) used adjoint global modes
and sensitivity analysis to identify the regions of an impinging jet suitable for different kinds of actuation,
and (passive) control of the flow is observed when a small airfoil is placed in the flow in the specific locations
identified by the analysis. Nichols & Lele (2011) performed global analysis of a cold supersonic jet and found
that in addition to Kelvin-Helmholtz modes, the jet supported upstream-propagating modes that could not
be resolved by previous analyses of parabolized stability equations (PSE). Continuous and discrete adjoint
methods in the low Mach number regime have been investigated by Chandler et al. (2012) for a low-density
jet. A low Mach number formulation was used, and they formulated a discrete adjoint method consistent
with the continuous adjoint method. The most unstable global mode calculated with the discrete-adjoint
had exactly the same eigenvalue as the corresponding forward global mode, but had numerical artifacts near
the inlet of the jet. The continuous-adjoint global mode showed no numerical artifacts but had a slightly

different eigenvalue.

1.3 Numerical Methods for Global Mode Computation

The computation of forward and adjoint global modes of the linearized Navier-Stokes equations involves
solving large eigenvalue problems. The size of the matrix is (N, x N,)?, where N, is the number of grid
points and N, is the number of variables per grid point. At present, there are open source libraries that

can solve such eigenvalue problems. In general, the aim is to recover the part of the eigenspectrum which



contains the most interesting dynamics from a physical point of view — here, the most unstable/least stable

global linear eigenmodes. The following two packages are popular among researchers:
e ARPACK (ARnoldi PACKage) by Lehoucq et al. (1997)
e SLEPc (Scalable Library for Eigenvalue Problem Computation) by Hernandez et al. (2005)

Eigenvalue algorithms like the Arnoldi method and its variants (Hernandez et al. (2007)) are widely used.
ARPACK uses the IRAM (Implicitly Restarted Arnoldi Method) but presents implementation challenges.
SLEPc, on the other hand, is more coding-friendly and has an implementation of the Krylov-Schur method,
which is IRAM with a very effective restarting technique. The computation of eigenvalues involves solving
linear systems of equations, using either direct solvers or iterative ones with Krylov subspace methods like
GMRES with preconditioners. Using an iterative linear solver makes the overall solution process less robust
but permits larger problem sizes. Direct solvers that involve an LU factorization are more accurate, and the
factorization needs to be done just once. MUMPS (MUltifrontal Massively Parallel Solver (Amestoy et al.

(2001)) is an open source package capable of LU factorization of large sparse matrices.

1.4 Flow Control in Diffusers

Curved subsonic diffusers are a common feature in tactical aircraft where it is advantageous to bury the
engine within the airframe to hide it from exterior view. One consequence of this approach is that the large
duct curvature and the adverse pressure gradient felt by the incoming boundary layers lead to unwanted
flow conditions caused by massive separation that induce performance loss (drag increase and total pressure
loss to the engine) and unsteady loads on the engine fan. Improving the flow quality at the engine fan face
through flow control enables more aggressive S-duct designs that may yield enhanced aircraft performance.

Previous experimental studies have shown that large adverse pressure gradients in a diffuser cause flow
separation. Reneau et al. (1967) categorized stall regimes for a planar diffuser geometry. Experimental
studies have shown that the control of the large scale vortex shedding can significantly improve the pressure
recovery in diffusers. For example, Rao (1971) used radial splitter vanes in conical diffusers to obtain a
steady exit flow in the diffuser. Steady mass injection using vortex generator jets was employed in conical
diffusers by Nishi et al. (1998) and Nicoll & Ramaprian (1970). Control was achieved in wide angled conical
diffusers using a star-tail pipe by Welsh (1976). Tennant (1973) used rotating cylinders to provide moving
walls for separation control. Active feedback control was used by Kwong & Dowling (1994), in which the air
supplied through the wall jets is modulated in response to the unsteady pressures within the diffuser. Seifert

et al. (1996) carried out experiments using periodic mass injection for airfoil stall delay. They found that
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the control flow depends on many parameters, such as the location of the blowing slot and the frequency
of imposed oscillations. Separation control in a two-dimensional serpentine duct was obtained by Amitay
et al. (2002) using an array of synthetic jets. Experiments using multiple frequency excitation to affect the
formation and interaction of large-scale vortices was used by Narayanan & Banaszuk (2003) for separation
control in planar diffuser geometries. Suzuki et al. (2004) developed a reduced-order model for large-scale
unsteadiness in a two-dimensional diffuser to show how periodic mass injection near the separation point

reduces stagnation pressure loss.

1.5 Noise Reduction in Compressible Jets

Noise levels in tactical jet aircraft have increased as the jet exit velocity and airflow from these engines have
increased to produce added thrust. Their noise levels can exceed 150 dB, which can lead to hearing loss,
and which are beyond the ability of currently-available hearing protection to attenuate the noise to safe
levels (Bowes et al., 2009). Noise reduction is also a major concern for the design of supersonic commercial
aircraft. Supersonic aircraft are typically powered by low-bypass turbofan engines so that noise reduction
techniques used in high-bypass subsonic commercial aircraft are not useful. Higher exit velocities and the
presence of shock cells in low-bypass engine exhausts cause jet noise to be the dominant component of the
overall aircraft noise.

Since the 1960s, there has been a continuous effort to describe the dynamics of far-field jet noise using
linear instability theory. The current thinking is that the noise producing modes identified using linear
analyses are, in general, best characterized as wavepackets, which are intermittent, advecting disturbances
correlated over distances that exceed the integral scales of turbulence. The earliest work that detected
wavepacket behavior in the acoustic fields of jets was by Mollo-Christensen (1963, 1967), who identified
long correlation distances for the large eddies in a turbulent jet and attempted to reconstruct the pressure
fluctuations with a model emitter, using simple functions which had similar behavior. Large-scale, coherent
structures were observed by Crow & Champagne (1971) for an incompressible turbulent jet. Similar large-
scale structures, which advect at nearly constant speed were identified in plane turbulent mixing layers by
Brown et al. (1974). Experiments on low-Reynolds-number axisymmetric supersonic jets by McLaughlin
et al. (1975) showed that acoustic radiation generated by the dominant instability was primarily due to
Mach waves. Moore (1977) found that a significant increase in jet noise can be produced by low amplitude
shear layer instability excitation at the nozzle at the correct Strouhal number. The acoustic measurements

of Morrison & McLaughlin (1979) and Troutt & McLaughlin (1982) showed that the major portion of the



sound radiated by low Reynolds number supersonic jets was produced by the saturation and disintegration of
the large-scale instability that occurs near the end of the potential core. Experiments on low-Mach-number
jets by Laufer & Yen (1983) showed that acoustic sources were associated with the nonlinear saturation
of the unstable wave amplitudes of the shear layer occurring at the vortex-pairing locations. The modal
distributions of coherent structures in the near-nozzle region of an axisymmetric jet were investigated by
Cohen & Wygnanski (1987), and a linear model was developed to predict the spectral distribution of the jet
velocity perturbations.

There were considerable theoretical efforts to describe noise generation in supersonic jets using instability
wave theory. Tam (1971) developed a theory based on instabilities of the shear layer at the boundary of the
jet close to the nozzle. Crighton & Gaster (1976) modelled coherent axisymmetric structures in a turbulent
jet as linear instability modes of the mean velocity profile. Michalke (1984) reviewed the theoretical results
for jet instability of axisymmetric jets including effects of nozzle-jet interactions. A mathematical model
for tone-excited jets was developed by Tam & Morris (1985), who described the excitation of the intrinsic
jet instabilities by the upstream tones and their interaction with the jet mean flow. The effects of these
instabilities on the broadband noise were also discussed. Tam & Hu (1989) analytically identified three
families of instability waves in high-speed jets, which had been experimentally observed by Oertel (1979).
Tam & Chen (1994) extended the instability wave solution of Tam & Burton (1984) and developed a
stochastic instability wave theory for turbulent mixing noise of supersonic jets. More recently, Goldstein &
Leib (2005) solved the relevant acoustic equations for a weakly non-parallel mean flow and demonstrated
that linear instability waves must be accounted for in order to construct a proper causal solution to the
jet noise problem. Other recent efforts in instability related noise generation include that by Samanta &
Freund (2008) in which a model was developed using the Wiener-Hopf method for the scattering of vortical
disturbances into upstream propagating acoustic modes at a shrouded-jet exit. Samanta & Freund (2015)
used a similar approach to quantify the far-field directivity to evaluate the acoustic efficiency of different
instability modes in a similar configuration.

Until the late 1990s, experiments were the major benchmark for confirming instability based jet noise
theories. Later, direct numerical simulations came into prominence enabling precise predictions of jet noise.
The sound field of a perfectly expanded, Mach 1.92 turbulent jet was computed by Freund et al. (2000) and
mechanisms of noise generation in a low Reynolds number Mach 0.9 jet were investigated by Freund (2001).
Bodony & Lele (2005) used large eddy simulations to predict jet noise from cold and heated turbulent jets.
Detailed reviews of both approaches in the context of jet noise are presented by Wang et al. (2006) and

Bodony & Lele (2008). Early attempts in computing the acoustic characteristics of instability waves include



those by Balakumar (1998) and Yen & Messersmith (1999), in which Parabolized Stability Equations (PSE)
were used to compute the instability waves inside the jet and computed the far-field noise radiated from these
jets. Linear and nonlinear evolution of disturbances in an axisymmetric, supersonic, low Reynolds number
jet were studied using the PSE method by Malik & Chang (2000), and good agreement was obtained with
the experimental data of Morrison & McLaughlin (1980). Piot et al. (2006) also used the PSE method for
supersonic axisymmetric jets and obtained good agreement for the levels of acoustic radiation with those
from large eddy simulations. Cheung et al. (2007) used a hybrid nonlinear PSE-acoustic analogy approach
and found that the method can capture the near-field hydrodynamics and the far-field acoustic radiation
for supersonic jets. Cheung & Lele (2009) used the PSE method to examine the effects of heating on
two-dimensional compressible mixing layers. Pressure fluctuations associated with large-scale structures are
modeled with the PSE method by Gudmundsson & Colonius (2009) for linear disturbances on heated and
unheated turbulent mean flows. This technique was extended by Sinha et al. (2014), in conjunction with
Proper Orthogonal Decomposition (POD) of the turbulent mean flow for prediction of far-field jet noise,
and the results suggested that linear wavepackets are responsible for the loudest portion of the acoustic
field. Cavalieri et al. (2011) modelled the sound field from direct numerical simulations using simplified
wavepacket models. PSE analysis has also been used to educe wavepackets in the velocity fields of high
Reynolds number, subsonic jets from time-resolved PIV measurements by Cavalieri et al. (2013).

For control, prior noise reduction work has been entirely experience-based. The most successful noise
reduction strategies to date are chevrons or vortex generators (Samimy et al., 1993) for passive control and
arc filament actuators (Samimy et al., 2007) for active control. Computationally, adjoint-based methods
have shown good promise in controlling far-field noise. Wei & Freund (2006) used an adjoint-based opti-
mization procedure and achieved 11 dB noise reduction of far-field sound with internal energy control for a
two-dimensional compressible shear layer. Using a similar approach, Kim et al. (2014) obtained a reduction
of ~ 3.5 dB for a Mach 1.3 turbulent jet. The suggested mechanism of control in their simulations was the
disruption of the coherence of acoustically efficient axisymmetric flow structures. Vishnampet et al. (2015)
demonstrated a discrete-adjoint based optimization procedure for aeroacoustic control of a turbulent mixing
layer. They showed that the continuous-adjoint suffers exponential error growth in (reverse) time and hence
could potentially affect the noise reduction obtained in past efforts. In the context of the wavepacket-based
description of jet noise, Jordan & Colonius (2013) reviewed the literature on wavepacket modelling of jet
noise using PSE, POD and global modes. The global modes are more reliable than PSE analysis as they
do not invoke any approximations of the flow field. Nichols & Lele (2011) used the global mode analysis to

obtain the optimal transient response of a cold, supersonic jet and identified upstream-propagating modes



which could not be resolved by the earlier PSE analyses. However, there have not been efforts directed
towards utilizing the information in the linear wavepackets, in the context of global modes, for developing

strategies for active jet noise control.

1.6 Contributions

The main contributions of this dissertation are the following:

1. A novel active control strategy based on global linear modes has been developed for designing effec-
tive co-located actuator(s)/sensor(s) for linear feedback control of compressible flows. The developed
methodology is generic and flexible. It can be used to determine effective actuator(s)/sensors(s) for

any combination of control and feedback variables.

2. The control strategy was successfully applied to stabilize a low Reynolds number separated boundary
layer in a Mach 0.65 diffuser. In certain cases, it was shown that the developed controller could attain
complete global stabilization and complete suppression of vortex shedding. For higher Reynolds num-
bers and longer domains, although complete stabilization could not be attained, significant reduction

in the growth rate (~ 50%) of the most unstable eigenvalue was observed.

3. The flow control strategy was successful in determining effective controllers for noise reduction in an
axisymmetric Mach 1.5 jet and a turbulent Mach 0.9 jet. For the axisymmetric jet, at the target
surface at /R = 15, a maximum reduction of ~ 4.5 dB was obtained at an angle of ~ 30°, and for
the turbulent jet, at the target surface at r/D = 7, a consistent reduction of 3-4 dB was obtained for

all angles > 40°, with a maximum reduction of approximately 4 dB at 90°.

4. In both the Mach 1.5 and Mach 0.9 jet noise reduction studies, the control action destabilized a very
low frequency global mode whose dynamical importance grew relative to the uncontrolled jet. Such a
mode does not appear to have been studied before and its importance to jet noise reduction warrants

future investigation.

1.7 Dissertation Structure

The thesis is organized as follows:



Chapter 2 describes the elements of the active control strategy we employ from a general point of view.

Flowcharts of the flow control procedure are provided and a general formulation is described.

Chapter 3 addresses flow stabilization of a separated boundary layer in a Mach 0.65 diffuser. The
governing equations and the formulation of the global eigenvalue problem in generalized coordinates is
described, and different test cases for the verification of the eigenvalue solver are detailed. The details

of the steady baseflow, control development, controlled simulations and analysis are presented.

Chapter 4 addresses noise reduction of an axisymmetric Mach 1.5 jet. The governing equations and
numerical methods are discussed, and the flow solutions (equilibrium and time-averaged) and their
eigenanalysis are presented. The control development, results and analysis of noise controlled flows are

described in detail.

Chapter 5 is devoted to noise reduction of a Mach 0.9 turbulent jet. The flow conditions and details of
the LES numerics for the baseflow computation are presented. The eigenanalysis of the baseline flow,

control development, results and analysis of controlled simulations are given in detail.

Chapter 6 discusses the conclusions and the shortcomings of the current strategy, and directions are

provided to overcome them.

Appendices A-G provide derivation of the linearized equations, test cases for verification, and details

of the numerical methods.
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Chapter 2

Flow Control Formulation

The simulation-based control approach has the five basic elements shown in Fig. 2.1. First, the to-be-
improved baseline flow is computed using direct numerical simulations, large eddy simulations, RANS etc.
We define a control objective (reduction of noise, drag, stagnation pressure loss) and a linear feedback
control strategy informed by structural sensitivity analysis is developed. Simulations are performed using
the control to assess its performance, and the baseline and controlled flows are analyzed to identify possible
mechanisms of control using flow visualization and other linear and non-linear methods of analysis.

In the present work, we focus on active flow control of compressible flows. The two major questions
posed by an active flow control strategy are: (1) where to sense and where to control? and (2) what to sense
and what to control?. We utilize the global (temporal) modes of the flow-field to answer the questions posed
in (1) and (2).

The general control strategy is described in this chapter. The detailed formulation specific to the govern-

ing equations employed are described in Chapter 3 (generalized coordinates) and Chapter 4 (axisymmetric

coordinates).
Control/Feedback
Location
Baseflow Control
Governing }—, Solution Objective ‘ Controlled ’_" Mechanism
Equations (DNS, LES, (drag, Simulations of Control
RANS etc.) noise etc.)

T

Control/Feedback
Type

Figure 2.1: Basic flowchart of an active flow control strategy.
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2.1 Baseflow Solution

In general, the discretized flow equations are written as

d .
)] (21)
where Q is the vector of unknowns and R is the discretized right hand side, including all boundary conditions.
Details of R are given in Chapters 3 and 4. Two types of baseflow solutions can be used to perform the
eigenanalysis — a true equilibrium flow (R(Q) — 0) and a time-average solution. For globally unstable
equilibrium solutions, the method of Selective Frequency Damping (Akervik et al. (2006)) may be used to
numerically converge on the baseflow. This involves adding a dissipative relaxation term proportional to the
high-frequency content of the fluctuations of the corresponding variable being solved for to the right hand

side of the NS equations,

@ N _

9 _ RQ-v@-@
dQ _

where @ is the temporally filtered solution. The filter width (A) and gain () are parameters to be chosen.
The equations are simultaneously advanced in time and a judicious choice of the parameters x and A will
force the solution (Q) and the filtered solution (Q) to a steady state solution of the Navier-Stokes equations.
As Q — Q, R(Q) — 0. The cut-off frequency w, = 1/A should be less than the lowest frequency of
instabilities at which the growth rate is expected and y ~ twice the growth rate of the dominant disturbance

(Akervik et al. (2006)). An eigenanalysis of the unsteady flow can be used to estimate the values of the SFD

parameters, y and A.

2.2 Global Eigenvalue Problem

2.2.1 Flow Equations

Linearization of (2.1) for small perturbation Q' to baseflow Q yields

Qo0
= - LQQ, (22)
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where L is the discrete right hand side operator evaluated about the baseflow Q. The eigenvalue problem

we consider is based on a modal decomposition of the form
Q'(z,1) = Q(z)e, (23)

where m is the azimuthal mode number, w is the eigenvalue and @ is the eigenmode. In general the equations

lead to a generalized eigenvalue problem
LQ =wMQ. (2.4)
The matrix M is diagonal but not invertible.

2.2.2 Adjoint Eigenvalue Problem

We have the forward eigenvalue problem given by (2.4)

wMQ = L(Q)Q,

where L(Q) is the linearized Navier-Stokes operator. The discrete adjoint formulation of Giannetti & Luchini

(2007) considers the left eigenvectors of L(Q) as the adjoint eigenmodes of the system, which is inconsistent
since it does not take into account the definition of the inner product to define the adjoint system for the
Navier-Stokes equations. We use the volume correction formulation as in Chandler et al. (2012), which is

consistent with the formulation of the continuous adjoint problem. The inner product is defined as
— 1 —H .
@.Q =5 ¢ Q" Quy,
%

—~H ~ o~k
where V is the volume of the domain. Qf Q = Y, Qf, Q; where “*’ denotes the complex conjugate and
where the superscript ‘H’ denotes a complex conjugate transpose. Using this definition of the inner product,

we have
—~H N ~H_
]{ Qf wMQdy = ]{ Qf L(Q)QdaV (2.5)
v v
Discretization of (2.5) using the trapezoidal rule gives

—~H ~ —~H ~
Q" wMDQ =Q' DLQ, (2.6)
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where D = diag(vy/V,v2/V,...,v,/V) is a diagonal matrix in which V is the volume of the domain, and v;

is the volume associated with the i" grid point. (2.6) can be rearranged to give

~

(w"MDQ"Q = (L"D"Qh"Q
Since the above is true for arbitrary @, we obtain the discrete adjoint eigenvalue problem as
w'MDQ' = LYDHQT, (2.7)
which can be written as
Ww*MQ'T = D 'LEDQ'.
Hence, the discrete adjoint matrix can be written as
L'=D'L"D,

since L is a real matrix and, hence, L = LT. Since this is a similarity transformation for LT, it can
be seen that the eigenspectrum of the forward eigenvalue problem (defined by (L, M)) and the discrete
adjoint eigenvalue problem (defined by (LT, M)) are exactly the same whereas the eigenmodes will differ,

and therefore, corresponding to every eigenvalue, we obtain a forward-adjoint pair of eigenmodes.

2.2.3 Eigenvalue Solver

The eigenvalue solver addresses the forward and adjoint systems (2.4) and (2.7). The solver uses PETSc
(Balay et al., 2012b,a, 1997) for the matrix construction and SLEPc¢ (Hernandez et al., 2005) to solve the
global eigenvalue problem. The Krylov-Schur implementation of the Implicitly Restarted Arnoldi Method
(IRAM), in conjunction with the shift-and-invert spectral transformation and MUMPS (Amestoy et al., 2001)
for the LU factorization of the linearized Navier-Stokes operator, is used to obtain the eigenvalues that are

closest to a specified target in absolute value in the complex plane and the corresponding eigenmodes.

2.2.4 Shift-and-Invert

A spectral transformation is used for computing internal eigenvalues and to obtain accelerated convergence.

It transforms the original problem by mapping the eigenvalues to a new position while eigenvectors remain
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unchanged. The shift-and-invert spectral transformation is used to accelerate the convergence of eigenvalues

in the neighborhood of a given target eigenvalue. Consider the standard eigenvalue problem,
Ax = \x. (2.8)
In the shift-and-invert case, with a target value of w, the method solves the following eigenvalue problem,
(A—wl) e =0z (2.9)

where 6 denotes the eigenvalues of the shifted operator (A — wZ)~!. The eigenvectors remain unchanged

and the relation between the eigenvalues of problems (2.8) and (2.9) is

1

2.2.5 Structural Sensitivity Analysis

We have the generalized forward eigenvalue problem given by,
LQ =wMQ
Now, let us perturb the equation with a change of operator given by JL,

(L +6L)(Q + 60) = (w + 6w)M(O + 6Q)

LQ + L5Q +6LQ + 5L5Q = wMQ + wMsQ + swMQ + swM5Q

Using the definitions of the forward eigenvalue problem, and ignoring higher order terms, we can simplify

as,

H.0.T

S _ R H.O.T
LG+ L6Q + 0LQ + 0E6Q = wMQ +wMoQ + 5wMQ + 80

L5Q +6LQ = wMsQ +swMQ
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Multiplying by the discrete adjoint, we get,
—~T ~ —~T ~ —~T —~ —~T ~
Q' DLiQ + Q' DSLQ = Q' DuMsQ +Qt wDMO.
Using the definition of the adjoint eigenvalue problem, we have Qf DL = wQt DM. This gives

—~T = —~T ~ —~T = —~T ~
QLDI5Q +QF DSLO = erQf SwDMQ

—~T ~ —~T A
Qf DSLQ = Qf swMDQ.
Hence, we obtain the discrete structural sensitivity as,

—~T ~
Q' DSLQ
ow = T
Qf DMQ

2.2.6 Linear Feedback Control

The framework developed for the global eigenanalysis is utilized to develop a control strategy using co-located
linear feedback, where the feedback sensing is based on the difference between the instantaneous value of
the flow variable from that of the baseflow. The Navier-Stokes equations with the control forcing terms is
given by,

D k@) +0C@- Q) (2.11)

Forcing F'(x,t)

where Q = (p, pu, pv, pw, pE), « is the control gain and the C is a Gaussian supported control matrix
designed to alter the eigensystem of the linearized operator. For example, for a pw (control) - pu (feedback)

pair, we have

_0 0 0 O O-
0 0 0 0 O
C=10 0 0 0 o xe @ 20/GE-(=y0)*/t;=(==20)*/€ (2.12)
0 1. 0 0 O
0 0 0 0 0
c
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where (zo, Yo, 20) is the center of the actuator and (¢,¢,,¢,) is the support in the z, y and z directions
respectively. For this linear system, the control gain « is a free parameter that can be varied to change the
strength of the control. A discrete structural sensitivity analysis gives the eigenspectrum shift due to the

control as

—T ~
Q! DCQ
N—F——.

ow = —— —
Q" DMQ

(2.13)
The objective we pursue is to optimize the movement of the chosen target eigenvalue. The optimization

seeks, for the case of stabilization, the solution

cr ¥ argmin Re(a™'éw), (2.14)
c.lic|=1

with respect to the parameters {{cij}?)jzl,:vo,yo,zo,ﬁm,fy,fz}. The optimization is performed using the
Trust-Region-Reflective algorithm (Han, 1977). Fig. 2.2 shows the complete flowchart for the active control

strategy and analysis.
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Figure 2.2: Flowchart of the present control strategy and analysis.
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Chapter 3

Control of a Separated Boundary
Layer in a Diffuser

The control strategy developed in Chapter 2 is applied to the control of a separated boundary layer in a Mach
0.65 diffuser. Section 3.1 describes the governing equations and the formulation of the global eigenvalue
problem in generalized coordinates. The verification of the eigenvalue solver with different test cases is
detailed in Section 3.2. The baseflow, control development and the controlled simulations and analysis for
the Mach 0.65 diffuser are given in Section 3.3. Section 3.4 gives the details of the formulation and results

of its application in stabilizing the flow within the diffuser.

3.1 Governing Equations

The compressible Navier-Stokes equations in physical coordinates are given by

op 0
ot + o2, (pu;) =0
dpu; 0
ot + %j(puiuj —|—p5ij —Tij) =0 (31)
opE 0
W + a—x] [(pE—i—p)uj +Qj — ’UJiTij] =0

where repeated indices are summed. We solve (3.1) on a non-uniform, non-orthogonal mesh defined by the
smooth mappings

x = X(&,t), with inverse & = E(x, 1)

where X ~! = E and Jacobian J = |0 X /OE|. It can be shown that (3.1) maps into an equivalent conservative
form in the computational variables £ (Vinokur (1974)). The time integration is performed using the
fourth order Runge-Kutta method. Finite differences are used to approximate the spatial derivatives in the
computational coordinates. We use the summation-by-parts operators (Strand (1994)) which, when coupled
to the simultaneous-approximation-term (SAT) boundary condition (Svérd et al. (2007), Svéird & Nordstrom

(2008)), yield a provably stable method which has been shown to be accurate (Bodony (2010)). The spatial
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approximation to 9/9¢ is P~1Q where @Q has the property that Q + Q7 = diag(—1,0,...,0,1). Sponge
zones (Colonius (2004)) are used to prevent spurious reflections from the boundaries and to maintain the
flow by using a specified target state, Qiarget- For the SAT formulation, which is a penalization approach,
a penalty term is added to the right-hand-side of the governing equations. Following the notation in Svérd

et al. (2007), the penalized equation with SAT and sponge terms is

%—? = R@Q) + 7P 'BiAT(Q — gi) + pEPTEAT(Q — gv) — Ak (Q — Quarsa) (32)

SAT inviscid SAT viscous Sponge zone

where o; and o, are the penalty parameters for the inviscid and viscous boundary conditions, respectively,
and E; = (1,0,...,0)T. Here R(Q) represents the divergence of the fluxes in the governing equations, A+

is a Roe matrix, and Z is the identity matrix. It is known that o; < —2 and
1 5
oy < ——— max (ﬂ, _,u) (3.3)

for stability. Also, A, is the amplitude of the sponge, ns, the spatial strength and k is the scaled coordinate
which ranges from 0 at the interior of the sponge to 1 at the exterior.
For the present work, the two-dimensional compressible Navier-Stokes equations in generalized coordi-

nates are solved,

0Q _ _,|0B OF| J[|0E, OF,
ot o0& On Re | 0 an
+ UiPilElTkAJer_l(I - gl(Q)) =+ %P_lEl (I - gv(Q)) - Asfins (Q - Qtargct) (34)

SAT inviscid Sponge Zone

SAT viscous

where J is the grid Jacobian, E and F are the inviscid fluxes and B, — %(@Ev + &, F,) and ﬁ, =

%(anv + 1y F,) are the viscous fluxes with

p 0 0
U Txx Txy
Q = ) E, = ) F, = s
pu Tzy Tyy
|PE | | fa | | 94 |
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and

Too = (204 N)(&atie + Moun) + A&yve + nyvy)
Toy =  (Eyue + nytn + Eave + 120y)
Tyy = AM&aue +naun) + (20 + A)(Eyve + nyvy)
fo = uTps+vTyy + ﬁ (£20¢a® + ny0ya?)
g4 = UTgy+ UTyy + ﬁ(@@g(f + 1y 0na?).

The non dimensional variables used in the formulation are

* * *

t* x} p u; P T T w A*
= 7e. s Yi=—FH pP= y Wi y P=—5" =T r o B= )
L*/coo L Poo YT e PooC2e (v—1)Tw oo Aoo

where ‘¥’

denotes the dimensional variables, L is an appropriate characteristic length scale of the problem
and the subscript ‘oo’ refers to the initial incoming freestream values of the variables.
To perform the linear stability analysis of the Navier-Stokes equations, we linearize (3.4) about a steady

solution, Q. The linearized equations with all the boundary terms included are,

0Q -0 B) 0A 9B J
= JA8€+JB +J8—€+J8—H—E

Inviscid

2¢ T on

— —
oOE, OF, ]

Viscous

— P EBTAYT (T - giQ) - PRI - gl(Q)+ A ]Q’—L(Q)Q’(?’ﬁ)

SAT inviscid Sponge Zone

SAT viscous

where Q' is the small perturbation to Q. The inviscid flux Jacobian matrices are given by

ki ke ky 0
1| —ub + kP ke 4+ 0 — (v — 2)kyu kyu — (v — 1)kgv (v — Dk,
Aor B= j )
—v0 + ky > kv — (v = Dkyu ke 4+ 60 — (v — 2)kyv (v — 1)k,
01207 = %] ko[y8 — @] — (v = Dub kylyE: — % — (v — 1wl 0+ ke |

where 0 = k,u + kyv and ¢? = 0.5(y — 1)(u? + v?) with k = £ for Aand k = n for B. The eigenvalues of A

and B are given by
Ag = [Up, Ur, Uy + c(k2 + k2)2, Uy — (k2 + k2)2],
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where k = £ or i for £ = constant or = constant boundaries, respectively, and Uy are the contravariant
velocities given by Ug = U = & + §,u+ &v and Uy = V = 1y + n,u + nyv. The linearization of the viscous

terms is given in Appendix B.

3.1.1 Boundary Conditions

This section gives a term-by-term description of all the boundary conditions used in the formulation as
shown in (3.5). The SAT rotation matrices, far-field boundary conditions (SAT and sponge zones), and

inviscid and viscous wall boundary treatment are described.

Rotation Matrices (SAT)

The rotation matrices for implementing the SAT boundary conditions in (3.5) are given by Pulliam &

Chaussee (1981) as,

I 1 0 o o ]
T, u kyp au + kyc) ou — kyc)
v —kup a(v + kyc) a(v — kyc)
_fjl p(kyu — kyv) a[%ﬁfi + cé] a[?jﬁ; - 9}
and
[ (1-%) (-1 (1-D& (=13
Tk_l _ —%(~yu — kgv) %l;:y —%l;:x 0 7
B(¢* —cl)  Blhee—(y=1u]  Blhye—(y=10]  Bly-1)
| B8P+l —BlRect (v =Du] —BlRye+ (v =1 By 1)

Far-Field Boundaries

The far-field boundary condition imposes zero perturbations for all the incoming characteristic variables.

Hence the penalty term is g;(Q) =0 in (3.5).
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Inviscid Wall

The inviscid wall boundary condition in the SAT treatment will have the following penalty term in two

dimensions,

p

pu(l —n2) — pvngn,

—pungny + po(1 —n?)

y—1 i pe — %(punIJ;p'uny)2 |
with the corresponding perturbation,
1 0 0 0
0 1 —n? —Npy 0
9:(Q) = :
0 —NzMy 1-— ni 0
L(ung +vny)?  —(ung +vny)ng  —(ung +vny)n, 1

where n, and n, are the components of the unit wall normal vector.

Viscous Wall

The viscous wall boundary condition in the SAT sense involves the addition of a corresponding viscous

penalty term. For an isothermal wall with temperature T, the target vector is given by

p
p
0
g'u(Q): y = )
PTw
v PTw
L~
with the corresponding perturbation,
1 0 00
, 0 0 0 O
9,(Q) =
0 0 0 O
Lo 0 0 0
L~ |
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Sponge Zones

For the treatment of the far field boundaries, where the perturbations decay to infinitesimal values, sponge
zones (Colonius (2004)) are effective. In the linearized Navier-Stokes equations, this consists of adding a
source term to the equations

d(g = L(Q)QI - ASK”S (QI - Qéargct%

where Qf,,ct 13 the target state for the sponge region. Since the target state is not dependent on the flow

solution, Qf,eer = 0.

3.2 Verification

To verify the implementation of the global eigenmode solver, we perform linear stability analyses for several
standard test cases and compare the results with the existing literature. The following section describes the
verification procedure. Inviscid and viscous test cases involving all boundary treatment terms are performed

to verify the code.

3.2.1 Test Case 1 - Compressible Inviscid Wall Bounded Mixing Layer

The test case considered here is the temporal inviscid stability analysis of a streamwise periodic bounded
compressible mixing layer with Au/c; = 1 as shown in Fig. 3.1(a). This test case verifies the inviscid terms
in the equations and the inviscid SAT wall boundary treatment. To compare the results, the problem is also
solved using a one-dimensional shooting method and the eigenvalues and eigenmodes obtained from the two
methods are compared. A growth rate comparison from the eigenvalue solution against that predicted by

the direct numerical simulation is also used for a test of consistency.

Baseflow Profiles

A hyperbolic tangent velocity profile is chosen and the temperature is obtained from the Crocco-Busemann

relation (Ragab & Wu (1989)). The pressure is assumed to be constant across the mixing layer and the
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Eigenvalue (w, + iw;)

Local Analysis

Global Analysis

Case  Wavenumber
o
1 3
2 4
3 8

1.0211 4 0.07642
1.3000 + 0.1007z
2.1334 + 0.1838¢

1.0234 + 0.07672
1.3061 + 0.1002:
2.1085 + 0.18501

Table 3.1: Comparison of eigenvalues from local and global analysis for wall bounded compressible shear
layer.

density is calculated from the ideal gas law. The baseflow profiles used in the present analysis are given by

a(y) = Mtanh(Qy)

i

() - T(ll‘_—Ug”) ' (Uﬁyj—;(]> = DM - U)(O) - U)
p

p(y) m7

where M = 0.5, T, = T1/T> = 0.7 and U, = U;/Us = —1.0, 6 = 0.05 and the nondimensional variables are

given by
p* ’U,* ’U* T* p*
pP= R U= R v = % = * 7 b= 9
P1 €1 €1 (v = DTy PTCTQ
where the “*’ denotes the dimensional variables.

Global 2D Analysis

The eigenmode analysis of the baseflow was performed using the global eigenvalue solver described and
the 1-D method in Appendix A. Table 3.1 shows the comparison of eigenvalues for 3 cases with different
streamwise wavenumbers («). Fig. 3.1(b)-(e) shows the comparison of the eigenmodes. A good quantitative

comparison verifies the inviscid terms in the formulation and the inviscid wall boundary conditions.

Growth Rate - Direct Numerical Simulation

The growth rate test checks for the consistency of the results obtained from the global stability analysis
and the nonlinear Navier-Stokes solver. The obtained perturbations from the global eigenmode solver are
added to the steady baseflow and provided as an initial condition to perform a DNS. The growth rate of
the perturbations obtained from the DNS are then compared with that obtained from the linear stability

analysis (w, = Re(w), the real part of the eigenvalue). In global stability analysis, the perturbations added

25



take the following form,

Q'(z,t) = Re{Q(z)e*'}
= Re{(Qr(x) +iQi(x))el T}

= evrt (C/Q\r () cos(w;t) — @(m) sin(wit)).
which is approximately,

Q'(x,t) ~ ' Q,,

for small times given by w;t < 1.

The initial perturbation corresponds to a given streamwise wavenumber (say «). Taking the Fourier

transform of the above equation and equating the Fourier amplitudes corresponding to «, we get

Qo) ~ e*'Qn(a)

wit + In(|Qn(@)]).

=X
Q
2
=
2

The above equation represents a straight line on a semilog plot for the perturbation amplitudes |Q’(«,t)|.
The validated unstable eigenmode found from the eigenvalue analysis was added to the baseflow and the
growth rate of the eigenmode was obtained from the in-house Navier-Stokes solver. Fig. 3.2 shows the growth
rate comparison. A good comparison of the growth rate shows the consistency of the global eigenmode solver

and the DNS.

Test Case 1 - Summary

This test case verifies the inviscid terms in the linearized equations and the inviscid boundary conditions.
Good quantitative agreement of the eigenvalues can be observed from the comparison in Table 3.1 and those

of the eigenmodes in Fig 3.1. The growth rate also matches well with the DNS as shown in Fig 3.2.
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Figure 3.1: (a) Schematic of the wall bounded mixing layer; comparison of the absolute value of eigenmodes
in the y direction for case 1: (b) p (¢) pu (d) pv and (e) pE (1D (solid line) and 2D (symbols)).
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3.2.2 Test Case 2 - Boundary Layer

This test case considers the global viscous instability of a streamwise periodic boundary layer. The baseflow
used a similarity solution of the compressible boundary layer equations. Test cases were done at two free
stream Mach numbers : 0.05 and 10.0. This test case verifies all the terms in the formulation with the
SAT wall boundary treatment and the SAT far-field boundary treatment. The comparison is done with
the eigenvalues and eigenmodes from Malik (1990). A growth rate comparison with DNS is also tested for

consistency.

Mach 0.05 Boundary Layer

The baseflow was obtained from the compressible similarity solution of the boundary layer equations at a
Reynolds number (based on displacement thickness) of Res« = 2000. Table 3.2 shows the comparison of
eigenvalues. The comparison of the eigenmodes is shown in Fig. 3.3, and Fig. 3.4 shows the growth from the

DNS.

Solver Wy + iw;
1D 2.0695 x 10~% —3.2991 x 10734
Global 2.0723 x 10~% — 3.2997 x 1034

Table 3.2: Comparison of eigenvalues for the 1D temporal solver and global solver for the case of M = 0.05
boundary layer.
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Growth Rate - Direct Numerical Simulation

The validated Tollmien-Schlichting unstable eigenmode found from the eigenvalue analysis was added to the
baseflow and the growth rate of the eigenmode was obtained from the in-house Navier-Stokes solver. The

growth rate comparison at y = 0.20* is shown in Fig. 3.4.

Mach 10.0 Boundary Layer

The baseflow was obtained from the compressible similarity solution of the boundary layer equations at
a Reynolds number (based on displacement thickness) of Res« = 31670. Table 3.3 shows the comparison
of eigenvalues for the Mach 10.0 spatially periodic boundary layer. The corresponding comparison of the
eigenmodes is shown in Fig. 3.5. A growth rate comparison is not done since the baseflow is not a steady

solution of the compressible boundary layer equations.

Solver Wy + iw;
1D 0.1030 — 36.70667
Global 0.1160 — 36.62413

Table 3.3: Comparison of the eigenvalue for the global solver with the result from Malik (1990) for the case
of M = 10.0 boundary layer.

Test Case 2 - Summary

All the terms of the solver (inviscid, viscous and boundary terms) are verified by this test case. Good
quantitative agreement of the eigenvalues and eigenmodes can be observed from the comparisons. The

growth rate also matches well with the DNS as shown in Fig 3.4.

3.3 Flow Control in a Mach 0.65 Diffuser

Flow separation can lead to significant stagnation pressure loss at the diffuser exit (fan inlet) and can lead
to considerable deterioration of engine performance. The vortex shedding in the diffuser also generates
undesirable unsteady loads on the fan. In this section, we apply the control strategy developed in Chapter

2 to control vortex shedding in a Mach 0.65 diffuser.

3.3.1 Domain, Boundary Conditions and Flow Conditions

Fig. 3.6(a) shows the computational domain drawn to scale (J, the boundary layer thickness of the incoming

boundary layer, is the chosen length scale). The grid size was (N¢, N,) = (1386, 200). The incoming flow is
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Figure 3.3: Comparison of eigenmodes for M = 0.05 boundary layer: 1D (solid lines) and global (symbols).
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Figure 3.5: Comparison of the real and imaginary parts of the temperature eigenmode for the M = 10.0 flat
plate boundary layer: —— global; — Malik (1990).

a Mach 0.65 boundary layer with To, = 300 K and po, = 1.225 kg/m? at a Reynolds number of co.6/v =
250. The core properties at the outflow were calculated using the isentropic quasi-steady 1D analysis of the
core flow from the inlet to the outlet. Similarity solution of the compressible boundary layer equations was
used to generate the boundary layer profiles at the inflow and outflow, and the solution within the diffuser
was obtained by a linear interpolation between the inflow and the outflow. The initial condition was such
that mass is conserved within the domain, ie. Miyfow & Moutfiow. Lable 3.4 shows the outflow-to-inflow ratio
of the flow properties. Fig. 3.6(b) shows the boundary conditions used in the simulations. SAT boundary
conditions were enforced on all boundaries. The lower wall is viscous and the upper wall is inviscid. The
inflow and outflow boundaries were treated as SAT far-field boundaries. Sponge (absorbing) zones were used

at the inflow and outflow to prevent spurious reflections of outgoing waves into the computational domain.

Outflow/Inflow  Ratio

As /A 1.436
T5/Ty 1.062
p2/p1 1.235
p2/p1 1.162

Table 3.4: Ratio of outflow to inflow properties (initial condition) from quasi-steady 1D analysis.
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Figure 3.6: (a) Computational domain (drawn to scale, § is the boundary layer thickness of the incoming
boundary layer). (b) Boundary conditions used in the simulation.
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3.3.2 Steady Baseflow for the Mach 0.65 Diffuser

The steady baseflow solution for the Mach 0.65 diffuser is computed using the Selective Frequency Damping
technique described in Section 2.1. Table 3.5 shows the values of the parameters used in the SFD analysis,
obtained from the eigenanalysis of an instantaneous snapshot of the unsteady flow. Fig. 3.7(a) shows the
Mach number contours for the equilibrium baseflow Q. for which the residual ||R(Q.)||s was reduced to
10~ over time Atco,/d = 10 000. Fig. 3.7(b) shows the time history of the L., norm of the right hand
side of the Navier-Stokes equations for the SFD analysis. Mesh independence was established by verifying
that the relevant portion of the global eigenspectrum for the steady baseflow showed very little change upon
refinement (e.g., the change in the growth rate of the most unstable eigenmode was less than 0.02% upon
increasing the number of grid points by a factor of 2). Further quantitative comparisons of the growth rate of
the global modes, those computed directly from the simulation, and those from the linear stability analysis

also showed that the simulation was well resolved (not shown).

Parameter Value
X (gain) 0.05
A (filter width)  20.0

Table 3.5: Parameters used for selective frequency damping.

3.3.3 Flow Control with Linear Feedback Forcing

This section describes the methodology for estimating the actuator type and location for flow control in high
subsonic diffusers utilizing the forward (Q) and adjoint global modes (C/Q\T ) of the Navier-Stokes equations.
We consider the case of a linear feedback forcing to affect flow control. The objective of the controller is to
control the growth rate of specific global modes of the baseflow to render them less unstable, thus reducing
the unsteady loads on the fan face. The verified eigenvalue solver developed can be used to compute the
forward and adjoint (discrete) modes of the compressible Navier-Stokes equations. The adjoint modes give
valuable information regarding the receptivity of the flow. The “wavemaker” theory uses the forward (@) and
adjoint global modes (@T) to obtain an estimate of the most effective location of the controller. We extend

the theory to estimate the most effective location and the shape of the controller for specific control-feedback

pairs.
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the change in the RHS of the Navier-Stokes equations : ————:
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3.3.4 Eigenspectrum, Eigenmodes and Wavemaker

The eigenanalysis of the steady baseflow was performed to find the unstable and least stable eigenvalues
and the forward and adjoint eigenmodes of the system using a shift-and-invert spectral transformation.
Different target eigenvalues for w, in the range {0.02,0.1} (along the real axis) were chosen to ensure
the independence of the most unstable portion of the eigenspectrum of the system. Fig. 3.8(a) shows the
eigenvalue spectrum with the target eigenvalue (w!aset, !*"#°")=(0.02, —0.1). Fig. 3.8(b) shows the unstable
region of the eigenspectrum for three different target eigenvalues. It can be seen that the unstable portion of
the eigenspectrum does not change with the change in the target, showing the independence of the desired
region of the spectrum with respect to the target eigenvalue.

The eigenmodes of the adjoint system differ from the forward problem and therefore, corresponding to
every eigenvalue, we obtain a forward-adjoint pair of eigenmodes. Using the forward and adjoint eigenmodes,

the wavemaker can be computed for any given eigenvalue of the system. Giannetti & Luchini (2007) define
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a wavemaker region as the region in space where a modification of the structure of the problem produces

the largest drift in the eigenvalue of the system. The wavemaker is defined as the region where

1Q(z, )| [|Q (z,y)|]
/ Q-Qids
D

C(z,y) (3.6)

attains ‘large’ values, where Q = {ﬁ,f)ﬁ,ﬁﬂ,p/E} and ({ff = {ﬁ,;ﬁ,m,ﬁf} The norm is defined by

Q|| = \/|Z)\|2 + |pu|? + [p9]2 + |pE|?. The results of the wavemaker analysis for the most unstable eigenvalue
for the diffuser are described in this section. Controller selection and placement for localized linear feedback
control requires the solution of the optimization problem (2.14), with C bounded, applied to a specific
eigenvalue. To demonstrate the method we target the most unstable eigenvalue in Fig. 3.9(a) whose forward
and adjoint global modes are shown in Fig. 3.9(b) and (c¢), and wavemaker ¢ in Fig. 3.9(d). Observe that the
wavemaker shown in Fig. 3.9(c) suggests that the separated flow may be efficiently affected by a controller
slightly downstream of the diffuser corner. However, it does not suggest which specific actuator(s)/sensor(s)
pair should be examined nor does it yield a spatially precise location for actuation that is specific to the

actuator(s)/sensor(s) pair.
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a)
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3.3.5 Optimization

To demonstrate the optimization procedure, we consider the case of mass control with the forcing based
on different feedbacks — density (p), streamwise momentum (pu), cross-stream momentum (pv) and total
energy (pE). The optimization is applied for control of the most unstable eigenmode. The objective of the
optimization procedure is to minimize Re(dw), thereby rendering the eigenmode less unstable. Figs. 3.10 (¢),
(d), (e) and (f) show the optimization history of the trust-region-reflective method for the different cases.
The optimization procedure converged to the same final result for different initial values of the parameters.
Figs. 3.10(a) and (b) show the shape and location of the actuation region for linear feedback forcing for
different control-feedback pairs. This means that depending on the type of control and the feedback variable
being sensed, the most effective location of actuating the flow will differ. Fig. 3.11 shows the control
effectiveness (maximal shift in Re(w)) based on the linear theory for different control-feedback pairs. It can
be seen that the control effectiveness is dependent on the specific control-feedback pair chosen. But these
quantities are predicted by the linear theory (omitting the effect of higher order terms) for unit amplitude
(a = 1) of control. For what range of control amplitudes the predictions are valid and how the higher order

terms affect the predictions of the linear theory are described in Section 3.3.10.

3.3.6 Global Stabilization

To study the effect of increased control gain on the system, consider p—p control-feedback, as specified via C

in (2.12). The global eigenanalysis of the closed loop system A + aC was performed with different values of
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the gain « to obtain the range of values for which the system was globally stabilized (Fig. 3.12). Although
the control was developed targeting the most unstable eigenvalue there is “parasitic” movement of other
eigenvalues as well. In general, such a parasitic movement of eigenvalues need not be favorable. Since the
estimate for the eigenvalue shift, dw, given by (2.13) is linear in the coefficients ¢;; (a result that follows from
assuming 0 A = aC' is suitably small so that products of perturbed quantities can be neglected), the actual
eigenvalue shift as A is perturbed to A + aC will begin to differ significantly from that obtained from the
first order structural sensitivity analysis of (2.13); namely, the spectrum of A+ aC' is approximated by the
spectrum of A plus a correction dw. It can be seen that for low values of control gain, the eigenspectrum
tends to shift towards the left hand plane (LHP) and for this flow achieves complete stabilization; for further
increase in a, some of the eigenvalues return to the right hand plane (RHP). Global stability is achieved
for 0.105 < agtaple < 0.108, whereas the linear estimate for the minimum control gain for stabilizing the
most unstable eigenvalue was o = 0.32. As a consequence of this reversal of the eigenspectrum shift, there
exists only a range of the control gain « for which global stabilization can be achieved even in just the linear
system.

It should be noted that there are numerous actuator-sensor combinations that include single as well as
multiple control(s)-feedback(s) that could be developed using the algorithm. For the present flow, other
feedback combinations using mass control were analyzed as well. The root-locus diagram for the cases p-
pu, p-pv and p-pE are shown in Figs. 3.13 (a), (b) and (c¢) respectively. In the linear regime of structural
sensitivity, the controller with maximum flexibility is the one that utilizes the full potential of the control
matrix C. Such an actuator can be obtained by performing an unconstrained optimization by optimizing
over all coefficients ¢;; of the control matrix C. For this case, we find that the estimated best actuator is,

to within a constant,

- -1 1 1 -1
Cunconstraincd = . (37)

The root-locus diagram for this controller is shown in Fig. 3.13(d). It can be seen that none of the above
combinations could globally stabilize the system. The eigenspectrum shift, due to non-linearity, pushes some
of the eigenvalues back into the unstable regime. The ‘x’ mark in Fig. 3.13, and all subsequent root-locus
diagrams, indicates the location in the eigenspace at which the error between the real parts of the predicted

(from structural sensitivity) and the actual computed eigenvalues for a given control gain «, reaches 1%, ie.
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Simulation ID « Global Stability

1 0.05 Unstable
2 0.105 Stable
3 0.3 Unstable

Table 3.6: Direct numerical simulations to study the effect of control on vortex shedding.

[(Wr)predicted - (Wr)computed]/(wr)predicted = 0017 where (Wr)predicted = (wr)uncontrolled + éwstructural sensitivity -

3.3.7 Control of Vortex Shedding

To confirm applicability to the actual, nonlinear flow, three different simulations were conducted with the
same initial condition: the equilibrium baseflow perturbed with the most unstable eigenmode with the
perturbation amplitude in the non-linear regime (~5% of maximum amplitude). The actuation used p — p

control-feedback. The control forcing term appears in the continuity equation as,

%0 = Ry(@) + et 0w G ) 3:8)
where p. is the steady baseflow density. The simulations performed and the observed system character
corresponding to the actuator are given in Table 3.6. We define the total perturbation kinetic energy
in the system as E(t) = & [},[u/(t)* + v'(t)?]dV. The control objective, E(t)/E(0), is used to quantify
the deviation of the system from the baseflow. Fig. 3.14 shows the eigenspectrum and the unsteadiness
quantification for the controlled flow for different values of the control gain. It can be seen that the control
gain within the global stabilization window (0.105 < o < 0.108) suppresses the vortex shedding downstream
of the diffuser completely, whereas actuation with a gain value outside the stabilization window amplifies
the initial perturbation energy of the system. The present Reynolds number was selected to illustrate this
fundamental change of behavior. It is noteworthy that other control-feedback methods can be developed

with the present algorithm; however, identifying all such combinations was not part of the present work.

3.3.8 More Challenging-to-control Configurations

The domain length and Reynolds number of the diffuser example were such that the control could completely
suppress instabilities and stabilize the flow as simulated in the corresponding DNS. Of course, such efficacy
is likely out of the question for higher Reynolds numbers and longer domains. Indeed the information
contained with the spectrum of A+ «aC| as a function of L, and Re, could be used to estimate the degree to

which complete stabilization could be achieved. We choose to demonstrate the effect of these parameters by
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performing flow control for the following two additional cases for comparison. In the first case the Reynolds
number is held fixed at Re = 250 but the domain length is increased 50% to L, = 1804. In the second case
the domain length remains at L, = 1200 but the Reynolds number is increased to 350. We further show

that the ability to rationally select actuator/sensor pairs, and locate them, is robust to these changes.

Longer Domain

To study the effect of the domain length, a steady baseflow was computed for the extended domain with
L,/6 = 180 at Re = 250, and the results were compared to those from the original domain with L, /§ = 120.
Fig. 3.16(a) shows that the unstable and least stable branch of the eigenspectrum is preserved for the short
and long domains, but the long domain, on account of having a longer shear layer, supports more unstable
modes (Fig. 3.17(a)). The controllability analysis for A + aC was performed for different values of the
control gain « for the long domain using the same control-feedback p-p type with which global stabilization
was observed for the short domain. Although the flow could not be globally stabilized for the longer
domain, a significant reduction of the growth rate was observed for the unstable eigenvalues (= 50% for
the most unstable eigenvalue) (Fig. 3.17(b)). It is well recognized that the global modes are sensitive to
the domain size (Nichols & Lele, 2011), so we anticipate the spectrum to have changed in this case, and
streamwise decorrelation makes control over the full domain by localized actuation a fundamentally more
challenging problem. Still the most unstable eigenvalue targeted by the control is suppressed and the overall
flow rendered less amplifying by the informed control. We note that the actuator placement is essentially
unchanged, as shown in Fig. 3.16(b). Hence, the type of localized feedback control for a real, physical flow
of this configuration may still depend on the type of outlet/length of the domain encountered by the flow

downstream of separation.

Higher Reynolds Number

A steady baseflow was computed at Re = 350 for the short domain and the results were compared with the
case at Re = 250. Fig. 3.18(a) shows the comparison of the eigenspectrum for the two baseflows. The effect
of increasing the Reynolds number is qualitatively similar to that of the long domain at Re = 250, with
more unstable eigenvalues and higher growth rates. Fig. 3.18(b) shows the effect of increase of the control
gain « for the p—p control-feedback where it can be seen that the flow cannot be globally stabilized, but a
significant reduction in the growth rate is obtained for all the unstable eigenvalues. The control was also
performed using the actuator developed by unconstrained optimization as described in Section 3.3.6. The

root-locus diagram (Fig. 3.19) shows that the reversal of the eigenspectrum shift occurs within a short range
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of the control gain (0 < o < 0.02) and hence global stabilization could not be achieved in this case as well.
The conclusion is that the complete suppression of instabilities is likely out of the question for higher
Reynolds numbers and longer domains. Still, the present technique provided informed actuation that sup-

presses the instabilities even in these cases, though the flow is not, of course, fully stabilized.

3.3.9 Verification of Growth Rate using DNS

In this section, we verify the consistency of the global eigenvalue solver with the DNS. The steady baseflow
obtained from the SFD technique was perturbed with the most unstable eigenmode of the system, and the
growth rate (w,) from the DNS was compared with that predicted by the linear stability analysis from the
eigenvalue solver. The amplitude of the initial perturbation was 1077 so as to make sure that the initial
growth is within the linear regime. At ¢ = 0, we have Q'(x,0) = @.(m) The initial condition for the

perturbed simulation is
Q(x,0) = Quteady () + Qr (). (3.9)

The simulation was carried out until nonlinear effects became significant and vortex shedding was observed
downstream of the diffuser. Fig. 3.20 shows the comparison of the initial growth rate for all the conservative
variables obtained from the DNS with that predicted by the linear stability analysis. The good quantitative
comparison shows the consistency of the eigenvalue solver and the DNS. Fig. 3.21 shows the growth rate
obtained from the DNS when nonlinear effects become significant. It can be seen that the system exhibits

a linear regime until perturbations reach ~ 1072,

41



T T T T T T T T
10f . 10f
L ppu PP .
;3 |
0 | -
51 . 51 -
c.e o ey by . o
0 5 10 15 20 25 0 5 10 15 20 25
x/d x/d
(a) (b)
T T T T T r
-0.0035
-0.0075 |- p=pr 4 F
H i -0.004 |
0.008 :_ _: -0.0045 ;
« [ « -0.005f
3. L 1 3 F
WS 00085 ] “O -0.0055 F
- -0.006
-0.009 - i
-0.0065 |
-0.0095 I -0.007 f
I 00075 |
001
0
(c) (d)
L T T T T 0014 T T ]
p— pv i p—pE ]
I 0.015| -
-0.0008 |- - H
. . 00161 .
3 3 3 r
 go0l - i .
-0.017 - ]
0018 .
-0.0012 |- -1 i ]
0019 .
TR [N NI R ST S R | I I 1 -
0 20 0 60, . 80 0 20 20, .
Iteration Iteration
(e) )

Figure 3.10: Shape and location of the wavemaker for p control for different control-feedback pairs: (a) p—p
and p — pu, (b) p— pv and p — pE. Optimization history for different control-feedback pairs: (¢) p — p, (d)

p—pu, (e) p—pv and (f) p— pE.

42



0.000

bk —0.010
WS
—0.015}

p pu pv pE
Feedback

Figure 3.11: Comparison of control effectiveness based on linear theory for mass control of the most unstable
eigenmode with different control-feedback pairs.

-0.025 T L‘_‘___‘D g T J:
-0.04 E -
Parasitic B ~—H )
I \ 3 Target s
§* -0.06 - . E -
: — ~—a)
B = 1
-0.08 | - i a 4
| —— i |
T ~———t :
Olfwg " T >-m--- -
L <-|-<E] i 1 N

-0.004 -0.002 0 0.002

Wr

Figure 3.12: The eigenspectrum shift as a function of the control gain a: --> show the locus of eigenvalues
that have unfavorable shift. The arrows point in the direction of increasing control gain from o = 0.0 to
0.108. The controlled eigenvalue is circled by ©O. The open symbols (O) show the uncontrolled eigenspectrum.

43



———— r —————— I : : —
-0.! 2_ I — - 1 -
0.0 O | ] 0.027 3 \ ]

i : -] 1 i : =) 1
-0.04} | S — - T -0.04F+ | 1
i 1 1 B 1 -0 1
i 1 ] i 1 ]
.« -0.06f ! D] oosl = 8
3 i | 1 ~ -0.06 |
[ X .‘/E ] 3 : ! - :
L I - L I 4
-0.08} I - — 4 0.08}- I Seg .
3 1 1 L \ i
r 1 P i I 1 [ = - 1
I o ]
01f - . 01f : 1
A . . I - :
L | i | 1 ]
o _0_12\\\'l\\\l\\\\l\\\\l\\
-0.001 0 0.001  0.002  0.003 20,001 0 0.001 0002  0.003
Wy Wy
(a) (b)
r T T T T = T
N L 1 i N
002 g ! . '
i : = ] -0.02f
-0.04 | . L
| v I a8 i i
[ P ® E -0.04f
[ | e 1 [
'3“’ 'O‘OGT | 4—.—.{.._'::;— T :-; |
[ N —& ] -0.06
L 1 /:. B B
-0.08} 1 B R — 8 - [
I L - i 008k
I ‘“*\1—13 E 0.08 i
L Ty i C
R ! E 0.1
L s ! ] o
| 1 ] |
Ol b L L ool L ]
-0.001 0 0.001  0.002  0.003 Yoot 0 000l 0002  0.003
r Wqp
(c) (d)

Figure 3.13: The eigenspectrum shift as a function of the control gain « for mass control with different
feedback combinations: (a) p— pu (b) p— pv (¢) p— pE, (d) unconstrained optimization. --> show the locus
of eigenvalues that have unfavorable shift. The arrows point in the direction of increasing control gain. The
controlled eigenvalue is circled by O. The open symbols (0O) show the uncontrolled eigenspectrum.

44



— ; :
orlf = = -
| <) ,
I ' mO 1 =
N - H . o
0'057 ! [ ]u] | E’ 30f
- :
3 3 H =0 b S~
| E =D | g 20
01 " 1 H o
L - " o E |
I - ' ] 0
| E i
- . : i
.0.15— T I { P I o
-0.01 -0.005 0 0.005 0.01 L L 1 1 T—
w 0 20 40 60 80 100
™
(a) a =0.05 (c)
— ! :
o-FEj m m : .
| . O ,
| O ,
| al o ,
I ! O 1 —~~ T T T
-0.05} " {1 o
. u] 1
s I ' 1 R
3 : " o { ~
n - ' o ] :.:
L = 1 ~ 05
. U R
0.1k an ]
| o | L
L O g | ] 0 2000 ¢ 4000 6000
3 Om ' 1 (e)
ol
-0.01 -0.005 0 0.005 0.01 \ L L i 1
Wy 0 20 40 60 80 100
(d) a=0.105 (f)
— ! :
o- M Hwok O : -
| o . ,
| ol . ,
| i o . ,
I ' 1 ~~ T T T
-0.05 : DD . 4 2 ot
s L ' [] 1 R
3 I H o n * >~ 40}
L : o ] =
: - =
01; » o . 1 R 20
L o E [ ] |
L o ' n ] 0 2000 4 4000 5000
- o 'm 1 (h)
L o - : 4
-0.15L— ot P .
-0.01 -0.005 0 0.005 0.01 \ ——— .,
” 0 20 40 60 80 100
(g) =03 @)

Figure 3.14: (a, d, g) Eigenspectrum: O uncontrolled and B controlled. (c, f, i) Contours of instantaneous
vorticity (b, e, h) E(t)/E(0) for different control gains.

45



T F T T T T
[ WL L AL, A
:f. iYW ‘.\,‘;‘-.I'./‘-j-l Vi WY

Ll

Ll

f(u/Q + ,012) dv

lIl LA S
~ 1 }t I »
Hlew 10 E_ i I“""\‘ _I.\‘ 'A"'l _E
F A T ]
5 vy ¥ ‘_‘l Y . ]
| [F N T ) S ]
B - . P ) 1
. [
10%k { Y ‘l ll pi V1 I«"\' ,’,‘ _|
3 5 1 U 1 '[ © 3 _l 4 ’rl'f
- (2 Y R
i 1 AT
i T
1 1 T
0 2000 4000 6000
tcoo/0
Figure 3.15: Total perturbation kinetic energy in the domain for the — baseline, —— controlled flow with «
=0.05, — - — a=0.105, and — - — a = 0.3.
0 ] T
] 10} .
-0.05 . 1
1 w 5 B Controller: Ly /8 = 120, 180 i
‘e — NG | 4
3 ] S | il
0.1 ] [ ]
| 0 -
015 - ! ]
5L i
L. 1 TR - TR - | c. oy
-0.06 -0.04 -0.02 0 5 10 15 20 25
Wr x/d
(a) (b)

Figure 3.16: (a) Eigenspectrum for the short and long domains at Re = 250: L,/é = 120 (O); L,/d = 180
(x). (b) The controller for the short and long domains almost overlap.

46



— T T T 0 T T T T

orHg o O ! — B : ]

| ﬂ X: i | X @ XE i

I o X b B ' T

| ' o i -0.02} @ x -

3 bopg X 1 : Py X il

-0.05} O X - | : Gy X i

I ' % i -0.04 - i c¥v X ]

- i ; = 1 - [ : ]

3 | - ] 3 L ; ov X i

: I 1 X 1

i =) ] -0.06 x>  © % .

X | hv/ X ]

-0.1F X0 - B i v ! > O § 1

L X ) ' | L ‘:V o O y |

L x o . ] 008 Vo O ]

[« O - ’ [ w0 |

_015_)(\ L u T I L i L TR I L ] -0.1_‘ L v i | T T .
-0.01 -0.005 0 0.005 0.01 -0.002 0 0.002 0.004 0.006

Wy Wy

(a) (b)

Figure 3.17: (a) Eigenspectrum for the short and long domains at Re = 250: L,/é = 120 (O); L,/ = 180
(x). (b) Effect of the control gain («) on the eigenspectrum with p — p control-feedback for the long domain
at Re = 250: Uncontrolled (x); a = 0.105 (v); o = 0.11 (¢) and oo = 0.12 (O).

T T T T
T T T I ]
orHg o O ; . -0.02F xO A .
I oo . 1 I 1
i =He 1 -0.04F < <; © « 6 .
i = e 1 i OA 1
i i o O ] 0.06f ¢ X A A
0057 : o O ] : % x O A
o I o O | 3 -0.08F o x O A
3 ' L o) ]
o : O O 1 0.1 o <> X A N
i = o T ox O A ]
or =K o ] 0.12F X0 A 3
! o o ] ; O A ]
i O ) | -0.14F O A .
I O : O 1 r OOA 1
015F g I() . -0.16 - 1 1 1 1 .
L T I ! ! TR RN ! L L L L L L L L L L
-0.01  -0.005 0 0.005 0.01 0 0.002 0.004 0.006 0.008 0.01
Wy Wy

(a) (b)

Figure 3.18: Eigenspectrum for the short domain at two different Reynolds numbers: Re = 250 (O); Re = 350
(O). (b) Effect of the control gain («) on the eigenspectrum with p — p control-feedback for the short domain
at Re = 350 : Uncontrolled (O); a = 0.05 (x); @« =0.10 (¢) and a = 0.20 (A).

47



T T T T T
- i
S 0 ]
L ]
- I‘/E] P
- = | -
0.05 - a ]
I -l
- [ Ay |
3 | : 4—.—:::::;_[;.\-_.-.7
- » |
0.1 I
B | -~ Dﬁ |
| 8 ]
I
B : .‘E i
B | “/E] 1
-0.15fFg | | -
[ O] . L1 L1 Ll
0 0.002 0.004 0.006 0.008

Wr

Figure 3.19: Effect of the control gain (a) on the eigenspectrum with for the unconstrained actuator for the
baseflow at Re = 350 (0 < o < 0.02). --~ show the locus of eigenvalues that have unfavorable shift. The
arrows point in the direction of increasing control gain. The controlled eigenvalue is circled by ©. The open
symbols (O) show the uncontrolled eigenspectrum.

48



B L F
L / 2.0E-04 |
1.0E-04 |- H r
3 /| -
L ;n 15E-04 |
5.0E-05 | 1.0E-04 | N H
- L 3 s 50805 1
l 2 F
0.0E+00 { : r
- 0.0E+00 .
- -5.0E-05 [ E
-5.0E-05 [ . r 1
- -1.0E-04 | .
-1.0E-04 ] -1.5E-04 | 4
T TR T - L L T TR - T TR
0 500 1000 1500 2000 0 500 1000 1500 2000
tCoo/(s tcoo/(s
(a) (b)
I T T T T ] F T T T z
i /] 2.0E-04 | £
1.0E-04 |- A4 F i
i ] 1.5E-04 [ A
B ] g ‘
5.0E-05 [ — 1.0E-04 |-
o - ] R soe05f ]
R 0.0E+00 8 < r
i 1 0.0E+00 {= B
-5.0E-05 1 -5.0€-05 |- 3
r -1.0E-04 |- 3
-1.0E-04 r ]
i -1.5E-04 | H E
L T TR T - ! 3 T T T !
0 500 1000 1500 2000 0 500 1000 1500 2000
tCoo /0 tCoo /0
(c) (d)
Figure 3.20: Comparison of linear theory with DNS : — linear theory, M DNS, — -- — envelope from linear

theory (w, = 0.00322).

3.3.10 Effect of Second Order Terms

Since (2.13) is linear, multiplying § L by a constant factor (say «) can effect a shift of o x dw in the eigenvalue.
This would mean that linear feedback forcing could be used to shift an eigenvalue to any desired location

in the complex plane by adjusting «, which is physically meaningless. Such an arbitrary movement of
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eigenvalues cannot be done since we obtained the eigenshift from

—~T ~ —~T ~
Qf V(5L —6wl)Q + Q' V(5L — swI)6Q = 0,

Second order term

by discarding the second order term. As a becomes large, the nonlinear term becomes more significant
and the linear analysis would no longer hold good. The actual eigenvalue, which is computed using the

eigenvalue solver, tends to differ from the predicted eigenvalue. Here we analyze the error in the predicted
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and computed eigenvalues to obtain an estimate of the maximum eigenshift that can be obtained for a given
eigenvalue. The analysis is done for the most unstable eigenmode for mass control and different control-
feedback pairs. To find the shifted eigenvalue from the eigensolver, a target eigenvalue of wiarget = w + adw
is used as the guess, and the solver converges to the eigenvalue closest to the specified target. Figs. 3.22(a)
and (b) show the percentage error (F) in the real and imaginary parts of the most unstable eigenvalue
for different control-feedback pairs. The E — « plot shows a power law relationship with slope ~ 2. The
error in the real part of the eigenvalue is larger compared to the imaginary part and also depends on the

control-feedback pair.
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Figure 3.22: Error in the predicted and computed eigenvalues with p control and different control-feedback
pairs for the most unstable eigenmode (— p — p, — — p— pu,—— p— pv, —— p—pE) for (a) w, = R(w)
and (b) w; = Z(w).

3.4 Optimal Transient Growth

For a globally stable system, it is possible to obtain perturbation growth for a finite period of time by a
particular superposition of the global modes. The basic idea behind optimal transient growth is to define a
measure of perturbation energy E(t) (Schmid & Henningson (2000), Nichols et al. (2009)) and to maximize
the ratio E(t)/E(t = 0). The initial condition that produces the optimal response at a given time ¢ can
also be obtained using this procedure. The non-normality of the linear operator, which means the global
modes of the system are non-orthogonal, allows us to find a set of coeflicients to obtain an optimal linear
superposition of the basis of the system, which is an optimal initial condition for obtaining transient growth

for a finite period of time. If the system is globally stable, the growth reaches a maximum and then decays
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with time.

3.4.1 Formulation

We define a measure of the perturbation energy of the system as
E(t)== /(ﬂ(t)a* (t) + 0(¢)v*(t)) dV (3.10)

ko

where “*” denotes the complex conjugate. In matrix form, this can be written as (N, is total number of grid

points, N, is the number of the global modes in the chosen basis)

- 4T _ -
ui (t) uy(t)
5 (1) (AzAy) ' ai(t)
us(t) (AzAy) U (t)
B=g | a0 Bt
(AzAy)n,
a0 L @Bty [, w0
63;79 (t)— 1x2N, -6N9 (t 42N, x1
(3.11)
Expanding the vectors in the above equation as a linear combination of the basis elements M1, M2,... MN,
with the corresponding coefficients ki, ks, ..., kny, we obtain
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Upria
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1 *
E = B kiewmit  foewmzt o b eWM Nt
1X N
~~x
UnN,1
%k
UnN,1
(AzAy),
(AzAy),
X
(AzAy)n,
i (AzAy)n,
UMT,1 Up21 ... UMN,N, UMN,N,
UM1,1 Um21 ... UMN,N, UMN,N,
X
umi,N, UM2,N, --- UMN,N, UMN,N,
Umi,N, VUM2N, --- VUMNN, UMN,N, ON AN
L 4 2Ngx N,

which can be written as

E=r"Q"WQ)x

A Cholesky decomposition of Q¥ WQ gives F such that

FEF =QRwWQ

which gives

E

(Fr)" (Fr)
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P
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(3.12)

Non x2N,

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)



Define G(t) to be the maximum amplification at time ¢ from any initial condition go

laoll*  |[Froll?
|| Fe™ kol
[|Frol[?
[|Fe!®F~1 Frol)?
|| FRol[?
— FeEEp

o) — maldO _IFROIF

. Then

(3.19)
(3.20)

(3.21)

(3.22)

This is the square of the largest singular eigenvalue of the matrix Fe!* F~1(N,, x N,,). The corresponding

eigenvector (N, x 1) will give the contribution of each of the global modes to the optimal initial condition

to produce a given transient response at a given time t.

3.4.2 Optimal Initial Condition

The optimal transient growth is given by

IFs@IP  IFs@I"Fa()
O =T FwolP = TF(0)[FFr(0)
(Fe™x(0))" (Fe'x(0))

(Fr(0)7 (Fr(0))
k(0)7 ()" FH Fet®x(0)
(Fr(0)7 (Fr(0))

(3.23)

(3.24)

(3.25)

Now, we need to find the initial condition which produces the optimal response at some chosen time, T'. The

corresponding w2 (T) = G(T). ie.
k(0)H (=) FH FeT ki (0)

) = = Fw(0) F (Fr(0))

From the definition of the singular eigenvalue problem, we have

(FeT*pHH (P2 X = w2 (T)X

max
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where X is the eigenvector corresponding to w2, (7).

If X = F'k(0), then

(Fe™*F D (P> F N Fr(0) = w2, (T)Fr(0) (3.28)
(3.29)
Multiplying by Fr(0)* on both sides, we get
(Fr(O)H (Fe* P~ Y (FTPF~ Y Fr(0) = G(T)(Fr(0)? Fr(0) (3.30)
k(OVAFH(F~1)H (T FHETSp=1g0) = G(T)(Fr(0)" Fr(0) (3.31)
/(0) (T2 FHRTER(0) = G(T)(Fr(0)H Fr(0) (3.32)
(3.33)
which gives
ﬁ(O)H(eTz)HFHFeTZKJ(O) 2 B
(FK(O))H(FK(O)) - max(T) - G(T) (334)
(3.35)
Hence, the coefficients x(0) = F~! X, where X is the eigenvector corresponding to w2, (T') gives [k1 ko ... kn]

to reconstruct the initial condition which gives the response G(T) at time t = T..

3.4.3 Optimal Transient Growth - Steady Baseflow at Re = 250

The optimal transient response is computed for the steady baseflow at Re = 250 for the uncontrolled and
controlled cases. The envelopes of the optimal transient response for the uncontrolled and controlled cases
are shown in Fig. 3.23(a). Since the chosen controller globally stabilizes the flow, the optimal transient
response decays after a finite period of time. Moreover, the optimal response of the controlled flow closely
follows that of the uncontrolled flow but does not amplify it further.

The initial condition to obtain the optimal response at ¢ = 270, which corresponds to the peak optimal
response, is computed. Figs. 3.23(b) and (c) show the envelope of optimal response and the response
for the chosen initial condition. Fig. 3.23(d) shows the contribution of the global modes to the optimal
initial condition. The radii of the circles are proportional to the energy contribution of the corresponding

global mode to the optimal initial condition. Fig. 3.24 shows the evolution of the optimal initial condition
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corresponding to the optimal transient response at ¢t = 270. It can be seen that the non-normal superposition

of the global modes (to obtain the optimal initial condition) grows into a convective instability which travels

downstream.
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Figure 3.23: (a) Envelopes of optimal transient response at Re = 250 for the baseline (—) and controlled
flow with & = 0.105 (— -- —); (b),(c) envelope (—) and optimal response (— -+ —) corresponding to ¢ = 100;
(d) eigenspectrum for the steady baseflow at Re = 250 with control (v = 0.105) showing the contribution of
different eigenmodes to the optimal initial condition to obtain optimal response at time ¢ = 270 (the radii of
the circles are proportional to the contribution of the corresponding eigenmode to the kinetic energy norm

at t =0).

56



2 12 04 04 12 2 28 36 4

Figure 3.24: Evolution of the optimal initial condition to produce the optimal transient response at t = 270.
Contours of logg [%(U’Q + v’z)} are shown — top to bottom: ¢t =0, t = 90, ¢ = 180, t = 270, ¢ = 360.



Chapter 4

Noise Reduction of an Axisymmetric

Mach 1.5 Jet

The active control strategy developed in Chapter 2 is now applied to reducing the noise of an axisym-

metric Mach 1.5 jet. Section 4.1 describes the governing equations. Numerical methods are discussed in

Section 4.2. The flow solutions and their eigenanalysis are detailed in Sections 4.3 and 4.4, respectively. Sec-

tion 4.5 describes the projection of the flow dynamics onto the global modes, and optimal transient growth

is described in Section 4.6. The controller development, results and analysis of noise controlled flows are

given in Section 4.7.

4.1 Governing Equations

The compressible-fluid Navier—Stokes equations governing density, velocity and temperature, are solved

in cylindrical polar coordinates with z, r and 6 representing the axial, radial and azimuthal directions,

respectively. The equations are non-dimensionalized with the nozzle radius R, the fluid density and temper-

ature with the free-stream values, p,, and T, respectively and the velocities with the free-stream speed of

sound, ¢ following a common approach (Salgado & Sandham, 2007). The Reynolds number is defined as

Re = coR/v. The governing equations are

oT oT VpoT
PE +p<Vr—+—0—+V

5)_T
or r 00 * 0z

viov, v

ViV

r

>+(7—1)pT<
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Figure 4.1: Computational domain and boundary conditions.

Sy, So, S, and St include all viscous and heat transfer effects (see Appendix D). A standard power law
describes the temperature dependence of the fluid viscosity, @, and thermal conductivity, kK as p = k =
T?/3. The bulk viscosity is ugp = \ + 2/3u = 0.6p, where A is the second coeflicient of viscosity and
the Prandtl number Pr = pC,/k = 0.72, where C, is the specific heat at constant pressure. For this

nondimensionalization, the equation of state is p = pT" and has been used in (4.1).

4.2 Numerical Methods

4.2.1 Nonlinear Flow Solver

The computational domain and the boundary conditions are shown in Fig. 4.1. The nozzle length and wall
thickness are Lpozze/R = 6 and thoze/R = 0.05, respectively. The domain is discretized on a stretched,
orthogonal mesh with (N,, N,) = (4400, 640) points in the axial and radial directions. Derivatives are
computed using 4-2 summation-by-parts finite-difference operators (Strand, 1994; Mattsson et al., 2008),
and fourth-order Runge-Kutta is used for temporal integration. To capture the weak shocks corresponding
to slight deviations of perfect expansion due to the boundary layer in the nozzle, a shock-capturing scheme
is implemented that adds dissipation via the normal transport coefficients p, A, and « (Kawai et al., 2010)
(see Appendix F). Sponge zones (Freund, 1997; Bodony, 2006) are used at the domain boundaries to
prevent spurious reflections into the domain. Navier—Stokes characteristic boundary conditions are used for

the isothermal nozzle walls and non-reflecting boundary conditions using the Simultaneous-Approximation-
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Term approach (Svérd et al., 2007; Svird & Nordstrom, 2008; Bodony, 2010) at the end of the sponge zones.
The centerline singularity is treated by deriving conditions using symmetry and regularity conditions (Lewis

& Bellan, 1990); see also Appendix D.2.

Eigenvalue Solver

The governing equations are linearized about the baseflow Q, and we assume a modal decomposition of the

form
0,V Vo, VLT = {5, Vi, Vo, Va, TH(r, 2)e ™00,

We obtain the discretized global eigenvalue problem as

LOED  ond 1 [ 060 . md ., O
{or + Lgeoe " varan T wep L g.0c  Lrgran T L=t ga
8€z 8 82 v 8777« 8 82

Ly a¢ SZac LY P L . It~ L? zlr
+ (2)zz 855 ag + @)rr'lr 8772 + 2)rr (Q)n n (Q)T] + zr§ n 65677

+ Lpase| + PTLEAT,AFT My, + P_lEszAsz_lgz}@ — 0, (4.2)

where the Ls denote the discrete matrix operators and the superscripts ‘4’ and ‘v’ are used to differentiate
the inviscid and the viscous operators respectively. Ly,se is the part of the global operator that does not
contain any derivative operator. The linearization of the equations is done in a modular manner for the
inviscid and viscous terms of each of the five equations separately and added to get the complete linearized
Navier-Stokes operator. The terms in each of the coefficient matrices (Ls) are given in Table E.1-E.5 for
the inviscid terms and in Table E.6—-E.9 for the viscous terms. The verification of the eigenvalue solver for

inviscid and viscous cases is given in Appendix C.

4.3 Baseflow Solution

The jet considered has Re = 2,000, M; = U;/¢c; = 1.5, and T;/Toc = 0.6. The momentum thickness of
the nozzle exit boundary layer is §/R = 0.01 and the nozzle-wall temperature is Thozle/To = 1. Flow
simulations provide two different solutions—an equilibrium and time-average— for Q.

For the equilibrium solution, which satisfies R(Qe) = 0, we use a parallel shear layer as an initial condition
and Selective Frequency Damping (SFD) (Akervik et al., 2006) to suppress the absolute instabilities so that
the equilibrium solution satisfies ||R(Q.)|lcc < 107, Figs. 4.2(a) and (b) show its axial velocity and

temperature. The spreading rate of the equilibrium jet is slow, contains weak shock cells, and lacks a
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potential core.

The equilibrium baseflow solution was used as the initial condition for a time-resolved calculation and
the flow-field was averaged over a period of Atc,, /R ~ 600 to obtain an alternate Q. Fig. 4.3(a) and 4.3(b)
show the contours of the average axial velocity and temperature. Fig. 4.3(c) shows the r = 0 axial velocity
for both flows. The time-averaged flow spreads faster than the equilibrium solution and has a weak, yet

distinct shock-cell structure.
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Figure 4.2: Equilibrium solution: (a) axial velocity and (b) temperature.

4.4 Global Modes

To construct the eigenvalue problems in (2.4) and (2.7), the baseflow is linearly interpolated onto a reduced
mesh of size (N,, N,) = (1100, 300). To focus effort on relevant Strouhal numbers (St = w;D/27U;), target
eigenvalues (Wyiarget, Strarget) (Marked x’ in Fig. 4.4(a) and Fig. 4.5(a)) were used with wy¢arge; = 0.10 and
Stiarget in the range 0.05 — 0.65, with a spacing of AStiarget = 0.05. For each, 30 eigenmodes were obtained

(based on the convergence criterion ||LQ — wQ||/||w@Q|| ~ 10~19).

4.4.1 Equilibrium Q

Fig. 4.4(a) shows the eigenspectrum for the equilibrium Q. As might be expected, the w, > 0 values show that
the equilibrium solution is globally unstable over a wide range of Strouhal numbers (St ~ 0.15—0.75), which
contrasts with the parameterized but stable baseflow used by Nichols & Lele (2011). Figs. 4.4(b)—(e) show

selected eigenmodes at different Strouhal numbers. Modes Bf 5 at lower Strouhal numbers (St ~ 0.2 —0.6)
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Figure 4.3: Time-averaged Q: (a) axial velocity, (b) temperature and (c) axial velocity along the centerline
for — steady and — time-averaged baseflows.
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are predominantly type B (Nichols & Lele, 2011), characterized by upstream-propagating structures. At
higher Strouhal numbers (St ~ 0.7) the modes have a weak downstream-propagating component with a
correspondingly weak acoustic footprint. The adjoint global mode for the most unstable eigenvalue Bf is
shown in Fig. 4.4(f) with corresponding lipline variation in Fig 4.4(g). We see that the adjoint mode is
localized close to the nozzle, with a distinct peak value appearing very close to the nozzle lip, suggesting

localized high sensitivity.

4.4.2 Time-average Q

Fig. 4.5(a) shows the eigenspectrum of the time-average Q, which is globally stable. Unlike the equilibrium
baseflow, this flow supports both downstream-propagating (type A) and upstream-propagating (type B)
modes (Nichols & Lele, 2011). Figs. 4.5(b)-(e) show the type A modes for eigenvalues at different Strouhal
numbers (A} — AY) in Fig. 4.5(a). These modes have a predominantly downstream-propagating wavepacket
structure with a strong acoustic footprint, which supports a connection to the far-field noise radiation.
Figs. 4.5(f) and (g) show type B modes. Unlike type A modes, these have a strong upstream-propagating
component. They have support localized closer to the jet axis. The spectrum also contains hydrodynamically
bound modes, identified as Hf , in Fig. 4.5(a), which are acoustically inefficient (Figs. 4.5(h) and (i)). A
spatial overlap of the forward-adjoint pair corresponding to a given eigenvalue defines a localized region in
space called the wavemaker, and the eigenspectrum is most sensitive to modifications of the baseflow within

this region (Chomaz, 2005). Following Giannetti & Luchini (2007), the wavemaker is

—~T ~
t DOL
W(Z, ’f') = Q/\Ti/\cg, (43)
QT MQ
where 0L is the perturbation to the linearized operator L. For a case with [|[0L|| = 1, the wavemaker region

for the forward-adjoint pairs corresponding to the eigenvalues A} through A} are shown in Figs. 4.6(a)-(d).
Peak values of the wavemaker close to the nozzle lip indicate high dynamical receptivity to localized changes

in the baseflow.

4.5 Projection of the Dynamics Onto the Global Modes

The content of the global modes in the nonlinear flow can be computed by projecting the instantaneous
perturbation flow-field onto the modes. The global modes form a basis for the linear flow perturbations, and

hence the perturbed flow at any time instant can be expressed as a linear combination of the global modes
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Figure 4.6: Wavemaker region defined by (4.3) for modes: (a) AY, (b) A%, (¢) A} and (d) AY.

as

N
Q=3 culn, (4.4)

m=1

where Q,, and Q' are expressed as column vectors, and the projection coefficients ¢, are complex valued.

From (2.4) and (2.7), we have the following orthogonality condition,
—T /\T
Q. MDQ) =0 for w, # wn, (4.5)

where @ and Q}, correspond to the eigenvalues wy, and w,. A vector inner product (dot product) of Q'

with é\L, yields
— N - —
(@MDQ}) = <( > chm)MDQL> : (4.6)
m=1

Using (4.5), we have

QT"MDQ} = ¢,QT MDQJ},
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Figure 4.7: Projection of the flow perturbations onto the global modes as given by (4.7) for all the eigenvalues
in Fig. 4.5(a).

which gives the projection of the global mode Qn onto Q' as

 QTMDQ)},

— =, (4.7)
QIMDQ)},

which quantifies the content of the mode @n to the perturbed flow-field Q’. Fig. 4.7 shows the result of
the projection of the flow perturbations onto the global modes for the time-averaged baseflow for all the
eigenvalues shown in Fig. 4.5(a). It is observed that there are no modes which have a clear prominence over

others in the flow-field.

4.6 Optimal Transient Growth

As a consequence of the non-normality of the linearized operator, for a globally stable system, it is possible
to obtain perturbation growth for a finite period of time by a particular superposition of the basis for the
linear system, namely the global modes (Schmid & Henningson, 2000). Optimal transient growth represents
the maximum growth for the linear system in terms of the amplification of the defined disturbance energy
norm. Since the long-term motivation of this work is noise control, a pressure perturbation-based energy

semi-norm defined as

~, ~ * 1 ~ -~ *

B =5 [ 5050 av =5 [ 5op) rdrds. (48)
% \%

would be instructive as an alternative to the energy-based norm used by Nichols & Lele (2011). Optimal

transient growth is the envelope of the worst case scenario for all ¢ and is given by

el

G(t) = max 5
QO
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where Q(0) and Q(t) are the initial condition and its response, respectively. A singular-value decomposition
problem is formulated to solve for G(t), and the optimal initial condition Q,p:(0) to obtain the transient
response at any given time ¢ can be computed (Nichols et al., 2009). Fig. 4.8(a) shows the optimal transient
response for the eigenspectrum of the time-average baseflow for the m = 0 and m = 1 modes. The contri-
bution of the modes to the optimal initial condition is shown in Figs. 4.8(b) and (c). It is observed that the
optimal transient response is predominantly due to the superposition of type A global modes in the range
St ~ 0.45 — 0.65. The optimal transient growth is associated with a propagating aerodynamic wavepacket
which emits an acoustic wavepacket into the far-field (Figs. 4.8(d)—(i)), which is a potential mechanism for

jet noise production and propagation (Nichols & Lele (2011)), as well as a control objective.

4.6.1 Controller Development

The baseline flow is the uncontrolled time-average Q shown in Figs. 4.3(a) and (b). Fig. 4.8(b) shows that
the contribution to the optimal initial condition is maximal in the range St ~ 0.50 — 0.60. An eigenmode
was chosen in this range as the target for developing the controller (Fig. 4.9) with a view of reducing
transient growth. From Lighthill’s U® law (Lighthill, 1952), we know that the noise intensity varies as a
high power of the jet velocity. Hence, the axial jet velocity V. is a natural choice for the control variable
and a feedback based on the radial velocity V; was chosen. Figs. 4.10(a) and (b) show the contours of the
forward and adjoint eigenmodes corresponding to the target eigenvalue. The adjoint eigenmode and the
wavemaker defined by Re(dw) (Fig. 4.10(c)) have a strong growth along the shear layer close to the nozzle
lip indicating high sensitivity and hence is the region most viable for flow control (Chomaz, 2005). In the
range St ~ 0.50 — 0.60, the acoustically efficient global modes do not have peak values close to the outflow.
Since the wavemaker region as shown in Fig. 4.6(d) is controlled mostly by the adjoint mode (Fig. 4.10(b))
which is confined very close to the nozzle, our control strategy is not dependent on the mode shapes far
downstream of the jet exit. Using the procedure described in Section 2.2.6, a co-located V, (control) — V.

(feedback) controller was developed, and Fig. 4.10(d) shows the control region.

4.7 Controlled Jet Simulations

To assess the performance of the control on the far-field sound of the baseline jet (Flow A), direct numerical
simulations were carried out with the controller developed in Section 4.6.1 with three different gains: Flow
B with @ = 2.0, Flow C with « = 4.0 and Flow D with o« = —2.0. Table 4.1 summarizes the flows and their

effect on far-field noise relative to the uncontrolled flow.
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Evolution of the optimal initial condition for m = 0 modes. Color levels in (d)—(i) show the real part of

perturbation pressure.
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(d) the co-located actuator/sensor region for V, — V. control-feedback.

Simulation Control Effect on
gain(a) far-field noise
Flow A 0.0 Uncontrolled flow
Flow B 2.0 Quieter
Flow C 4.0 Quieter
Flow D —-2.0 Louder

Table 4.1: Direct numerical simulations to study the effect of control on far-field sound.
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Noise Control

The target surface to quantify the radiated noise is a cylindrical region  at /R = 15 (Fig. 4.1) and the

objective function is

Toelt) = /Q (p(. 1) — plz))? dO (4.10)

Fig. 4.11 shows the contours of vorticity and pressure perturbation at tc../R = 870 for all the cases. The
pressure perturbation contours clearly suggest the radiated sound is much higher for Flow D. Fig. 4.12 shows
an instantaneous snapshot of vorticity for all the cases. For the quieter flows B and C, the vortex pairing is
less vigorous and is delayed further downstream by the control. Figs. 4.13(a), (b) and (c) show the objective
function Z,eise(t) for all the flows. A specific trend of the far-field noise as a function of the control gain «
is observed, the flow becoming quieter with the increase in gain. The trend can be observed in Fig. 4.13(d)
as well, which shows the Overall Sound Pressure Level (OASPL) along the target surface 2. Figs. 4.14(a)
and (b) show the z — ¢ diagram for the pressure perturbation (p’ = p — p) along the lipline /R = 1 for the
quieter flow C and the louder flow D. The louder flow has vigorous and frequent vortex pairing events which

are less frequent in the quieter flow.

Global Eigenanalysis of Controlled Flows

A global eigenanalysis was performed for the time-averaged flows for all the cases to identify changes in
the spectrum and mode shapes. From Figs. 4.15(b) and (c), a fundamental change can be observed in the
eigenspectrum for the quieter flows B and C. An unstable global mode is present for the quieter flows but
the louder flow D (Fig. 4.15(d)) and the uncontrolled flow (Fig. 4.15(a)) have very similar eigenstructure.
Figs. 4.16(c) and (d) show the eigenmode corresponding to the unstable eigenvalue for the quieter flows B
and C. These modes do not have significant support in the acoustic field, in comparison to the stable modes

which do (Figs. 4.16(a) and (b)).

Projection Onto Global Modes for the Controlled Flows

Using the method outlined in Section 4.5, the projection of the flow perturbations onto the global modes
for the uncontrolled and controlled flows were computed. Figs. 4.17(a) and (b) show the amplification for
the louder flows A and D. It is observed that none of the modes have a clear prominence over others in the
flow-field, whereas for the quieter flows B and C (Figs. 4.17(c) and (d)), it can be seen that the unstable

modes have a much higher amplification, reach a limit cycle and continue to be more prominent in the
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Figure 4.11: Contour plot of vorticity and pressure perturbation at tcoo/R = 870: (a) @ = 4.0, (b) a = 2.0
, (¢) No control, and (d) o = —2.0.
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a=2.0

No Control

a=-—2.0 .

Figure 4.12: Visualization of vorticity at tc../R = 880.
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Figure 4.14: z — ¢ diagram of pressure perturbation along the lipline /R = 1 for (a) flow C and (b) flow D.

flow-field throughout the control time period. Hence the unstable modes, which do not have any significant

acoustic footprint, are more prominent in the flow-field than the acoustically efficient stable modes.

Mean Flow Alterations

Time-averaged flow quantities are computed for all the flows to analyze the changes due to control. Fig. 4.18
shows the axial variation of jet half-width, momentum thickness and centerline axial velocity. It can be seen
that all the flows have the same initial mean flow development until ~ 15 jet radii, and changes are apparent
only further downstream. There is a specific trend of the mean flow quantities as a function of the control
gain. Changes in the half-width (Fig. 4.18(a)) become significant at the axial location where the vortex
shedding begins, sand the quieter flows have lower spreading rate downstream. The momentum thickness
(Fig. 4.18(b)) also shows a similar trend as the flow becomes quieter. Fig. 4.18(c) shows that the quieter

flows have a slower rate of decay of the centerline axial velocity.

Proper Orthogonal Decomposition

A Proper Orthogonal Decomposition (POD) of the flow-field is performed to quantify changes to the energetic
perturbations caused by the control (see Appendix G). The analysis is carried out using snapshots of the

flow-field that span the whole time interval in Fig. 4.13 for the flows A and B, using a pressure based inner
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Figure 4.16: Visualization of flow eignmodes: (a), (b) stable modes marked in Fig. 4.16(a); (c), (d) eigenmode
corresponding to the unstable eigenvalue for o = 2.0 and o = 4.0.

(©)

Figure 4.17: Projection of the flow perturbations onto the global modes as given by (4.7) for all the flows
for the eigenvalues shown in Fig. 4.15: (a) a = —2.0, (b) no control, (c) @ = 2.0 and (d) a = 4.0.

76



25—
T 2T
g :
[ Quieter
15} ]
1™ 15 20 25 30 35 40 45 50 55
z/R
(a)
02} :
0.15¢f ]
] i ]
< [
01f ]
i Quieter ]
0.05 } .
10 15 20 25 30 35 40 45 50 55
z/R
(b)
(12 ]
< Quieter
> -
1.1}
10 15 20 25 30 35 40 45 50 55
z/R
(c)
Figure 4.18: Time-averaged flow quantities: —— uncontrolled; — a = 2.0; — o = 4.0; — a = —2.0 (a)

jet half-width, (b) momentum thickness, and (c) centerline axial velocity.
7



product norm defined by
(Qiy Qj)p = / pi(z,m)p)(z,7) rdz dr, (4.11)
v

where ¢ and j refer to two instantaneous snapshots of the flow field Q. Fig. 4.19(a) shows the POD
eigenspectrum for all the flows. A semilog plot of the same is shown in Fig. 4.19(b). The reconstructed
pressure perturbation field was observed to converge using 23 modes. It can be seen that, in the chosen
norm, there is a continuous decrease in the eigenspectrum as the flow gets quieter. Fig. 4.13(a) shows that
the sound at the target surface is characterized by intermittent peaks separated by periods of quietness. We
use POD to anlayze the change in flow behavior by performing a time-localized POD for a time interval

isolating a loud event E in Flow A that was quiet in Flow B. A kinetic energy norm was used defined as

(Qi, Qi) ke = / (Wi‘/}/j —|—Vz’i1/'z’j)rdzdr. (4.12)
174

Fig. 4.19(a) shows a comparison of the eigenspectrum for Flows A and B. The first two energetic modes
for the uncontrolled flow are shown in Figs. 4.20(c) and (d) and those of the quieter flow B are shown in
Figs. 4.20(e) and (f) respectively. Pairing of the most energetic modes can be observed for the quiet flow B.

The radial velocity field was reconstructed using the modes as
V=Y aniE, (4.13)

where yXE denotes the n™® POD mode. Phase plots of the POD coefficients a;(t) and ax(t) of the first two
energetic modes for flows A and B are shown in Figs. 4.21(a) and (b) respectively. The plots show that the
quieter flow B is more regularized during this time interval compared to flow A, which has been observed in

a noise-controlled mixing layer (Wei & Freund, 2006).
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Chapter 5

Noise Reduction of a Turbulent Jet

This chapter is devoted to the noise reduction of a Mach 0.9 turbulent jet. The control strategy of Chapter 4
is utilized to develop the controller for a Mach 0.9 jet baseflow computed using large eddy simulation (LES).
Section 5.1 gives the details of the numerics and flow conditions. The eigenanalysis of the baseline flow is

given in Section 5.2 and the results and analysis of controlled simulations are given in Section 5.3.

5.1 Large Eddy Simulation

Fig. 5.1(a) shows the domain for the LES of a turbulent jet issuing from a cylindrical nozzle with cen-
terline Mach number M; = U;/¢; = 0.9 at a Reynolds number of Re = p;U;D/u; = 88000. The cen-
terline temperature ratio is T;/Ts = 0.86. The incoming boundary layer has a momentum thickness of
0/D = 0.03 at the nozzle exit. The nozzle is isothermal with a wall temperature of Tyan/Too = 1 and
the nozzle length and wall thickness are L/D = 3 and tpogme/D = 0.025, respectively. An overset grid
approach is used for the simulations with 5.81 million grid points. The grid consists of a cartesian core grid
(Ly, Ly, L) = (0.25,0.25,30) of dimensions ((Ng, Ny, N,) = (50,50, 459) and an outer annular cylindrical
grid (Fmin, "max, Lz) = (0.25,12.5,30) of dimensions (N,, Ng, N,) = (318,32, 459). Derivatives are computed
using 4-2 summation-by-parts finite-difference operators (Strand (1994)), and fourth-order Runge-Kutta is
used for temporal integration. Data are interpolated between the overset grids using linear interpolation.
The LES uses a dynamic Smagorinsky model (Moin et al., 1991) with a 7-point explicit least squares test
filter (Fig. 5.1(b)). The flow solution is also filtered using a tridiagonal implicit filter (Fig. 5.1(b)) with
ay = 0.49. Navier-Stokes characteristic boundary conditions are used for the isothermal nozzle walls and
sponge zones (Freund (1997), Bodony (2006)) are used at the domain boundaries to prevent spurious reflec-
tions into the domain while non-reflecting boundary conditions with the Simultaneous-Approximation-Term
approach (Svéird et al. (2007)) are used at the end of the sponge zones. The target surface 2 for the

computation of the near-field sound is cylindrical with r¢arges/D = 7.
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5.2 Eigenanalyis of the Baseline Flow

The baseflow for the eigenanalaysis is the time-and-azimuthal averaged flow averaged over Atcs,/D ~ 300.
Figs. 5.2(a) and (b) show the contours of axial velocity and temperature for the time-and-azimuthal averaged
baseflow. Fig. 5.2(c) shows a comparison of the centerline axial velocity with the result of Bodony (2005),
who did an LES of the jet at the same conditions. It is understood that the m = 0 modes are an important
component of even high-Reynolds-number turbulent jets (Cavalieri et al., 2013), and previous studies of jet
noise control suggest that disruption of the coherence of acoustically efficient axisymmetric flow structures
is a possible mechanism (Kim et al., 2014). Hence we focus on the axisymmetric modes for noise control
in the present work. The eigenspectrum for the time-and-azimuthal averaged flow for a wide range of
Strouhal numbers (St ~ 0.05 —1.70) is shown in Fig. 5.3(a). For the modes shown, at low Strouhal numbers
(St ~ 0.05 — 0.30) the acoustically-active modes do not exhibit a directive pattern (Fig. 5.3(b)) but, as the
Strouhal number increases (> St ~ 0.40), the modes begin to exhibit super-directive (Figs. 5.3(c) and (d))
and multi-directive modes (St > 1.4) (Fig. 5.3(e)), as has been observed by Schmidt et al. (2016).

5.2.1 Optimal Transient Growth

The jet’s optimal transient growth is associated with a propagating aerodynamic wavepacket that emits an
acoustic wavepacket into the far-field, which is a potential mechanism for jet noise propagation (Nichols &
Lele (2011)), as well as a control objective. Since the motivation of this chapter is noise reduction, a pressure

perturbation based energy semi-norm defined as

S5
=
Il
N |
)
=
=)
N
*
ISH
<
I
N =

/ﬁ(t)ﬁ(t)* rdrdz, (5.1)
%

is used as an alternative to the energy-based norm used by Nichols & Lele (2011). Fig. 5.3(f) shows the
optimal transient response for the eigenspectrum of the time-average baseflow for the m = 0 modes. The
contribution of the modes to the optimal initial condition is shown in Fig. 5.4(a). It is observed that
the optimal transient response is predominantly due to the superposition of multi-directive global modes
(Figs. 5.4(b) and (c)) in the range St ~ 0.45—0.65. We target mode O1 which has the maximum contribution
to the optimal initial condition. The adjoint of mode O1 is shown in Fig. 5.4(d). Fig. 5.4(e) shows a close-up
view of the adjoint at the nozzle lip, and it is observed that the adjoint has a peak value at the lower nozzle
lip. The discrete-adjoint formulation used is not dual consistent, and hence, close to the nozzle-lip, the
adjoint is found to exhibit an oscillatory behavior. Similar behavior with the same formulation has been

observed by Chandler et al. (2012) in low-Mach number jets. Hicken & Zingg (2011) have shown that a dual
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consistent formulation gives physically relevant adjoint fields.

5.3 Noise Controlled Simulation

Using the control strategy in Section 2.2.6, we develop a V,, (control)-V; (feedback) controller (Fig. 5.4(f)). To
assess the performance of the control on the radiated sound of the baseline jet (T1), a LES was performed with
a control gain of o« = 2.0 (T2). To ensure consistency, a forcing term consistent with the applied momentum
forcing appears in the total energy equation. Hence the governing equations for the z-momentum and the

total energy equation with the forcing terms are

OV Ry, + ap(Vy — Voo oo /2-(r=ra)*/22, 5.2
ot PV p
Fsz
OpFE -
% = RPE + Fsz‘/Z' (53)

Figs. 5.5(a) and (b) show the instantaneous contours of vorticity-dilatation at tce/D = 163 for the
baseline and T2. The dilatation contours are less intense at the target surface for T2, which is indicative
of its quieter nature. A near-nozzle view of the vorticity contours (Figs. 5.5(c) and (d)) show that, for the
quieter flow, there is an enhancement of vorticity close to the nozzle lip. To analyze the effect of the radiated

sound, we compute the noise objective function defined as

Thoise(t) = /Q(p(:c,t) — p(x))? dQ, (5.4)

where  is the cylindrical target surface at ryarget/D = 7 and the overall sound pressure level (OASPL)
defined as

P2

ms)
pie/’

ref

OASPL (dB) = 1010g10(

where pref = 20puPa. Fig. 5.6(a) shows the comparison of the noise objective function Z(t) for the baseline
and controlled flows. For the quieter jet, the controller has been effective in reducing the noise over a control
horizon of ~ Ates, /D = 350. Fig. 5.6(b) shows the time-and-azimuthal averaged OASPL for the baseline
and controlled flows at the target surface 2. The angle 0 is measured from the downstream jet axis along
a line connecting the nozzle exit to the target surface. The quieter flow shows a consistent reduction of 3-4

dB for all angles > 40" with a maximum reduction of approximately 4 dB at 90°.
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Figure 5.5: Vorticity-dilatation contours for (a) baseline T1 and the (b) controlled flow T2 at tco /D = 163;
near-nozzle view of vorticity contours for (c) baseline and (d) controlled flows at tco /D = 163.
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5.3.1 Global Eigenanalysis of Controlled Flows

Global eigenanalysis was performed for the time-and-azimuthal averaged flows for all the cases to identify
changes in the spectrum and mode shapes. From Fig. 5.7(a), a fundamental change can be observed in the
eigenspectrum for the quieter flows T2. Similar to what was observed in the axisymmetric case (Section 4.7),
the stable modes have significant acoustic support in the far-field whereas the unstable global mode has a

non-radiating pattern (Fig. 5.7(b)) with no acoustic footprint.

5.3.2 Mean Flow Alterations

Time-and-azimuthal averaged flow quantities are computed for all the flows to analyze the changes due

to control. Fig. 5.8 shows the variation of the time-and-azimuthal averaged quantities for the turbulent
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Figure 5.8: Comparison of time-averaged quantities for the baseline and controlled flows (turbulent jet (left)
and axisymmetric jet(right)): (a) jet half-width (b) momentum thickness (c) centerline axial velocity for the

baseline (-) and T2 (-) flows.

baseline and controlled jets and the time-averaged quantities for the axisymmetric jet for comparison. The
axial variation of jet half-width (Fig. 5.8(a)), momentum thickness (Fig. 5.8(c)) and centerline axial velocity
(Fig. 5.8(e)) show the same trends as in the axisymmetric case (Fig. 5.8(b), (d) and (f)).
azimuthal averaged root mean square axial velocity for the baseline and controlled cases (Fig. 5.9(a) and
(b)) show that the quieter jets have significantly reduced turbulence intensities. Fig. 5.9(c) shows the lipline

variation of the mean square axial velocity for the baseline and controlled turbulent jets and has the same

trend as the axisymmetric case (Fig. 5.9(d)).
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A rational approach for co-located actuator(s)/sensor(s) selection and placement for linear feedback control
of compressible flows has been developed. The strategy is flexible, and different types of control and feedback
can be obtained. The control strategy was applied to three different flow control scenarios, the conclusions

of which are given in this section.

6.1.1 Flow Control in a Mach 0.65 Diffuser

The method was first applied to control a separated boundary layer within an asymmetric diffuser at Mach
0.65. The shape and location of the co-located actuator(s)/sensor(s) region was found to be dependent on
the specific control-feedback pair chosen for optimization. Complete global stabilization was achieved at
Re = 250 for shorter diffusers (L/d = 120) for control gains within the stabilization window (0.105 < a <
0.108), but complete stabilization could not be achieved for a higher Reynolds number, Re = 350 or longer
domains (L/§ = 180). The globally stabilizing control was found to be effective in complete suppression of
vortex shedding for Re = 250. An error analysis of the predicted and computed eigenspectrum as a function

of the control gain gave quantitative estimates of the extent to which the linear theory is valid.

6.1.2 Noise Reduction of an Axisymmetric Mach 1.5 Jet

A framework was developed to compute the global modes of axisymmetric jet flows. Direct numerical sim-
ulations were performed to obtain the equilibrium and time-averaged baseflows for an axisymmetric, Mach
1.5 jet, and the forward and adjoint global modes were computed for both baseflows. The equilibrium base-
flow, characterized by an extended potential core region with weak shock cells, supported unstable global
modes whose acoustic radiation was predominantly in the upstream direction. The time-averaged baseflow
was absolutely stable and contained modes whose acoustic radiation was directed in both the upstream and

downstream directions. Further analysis of the time-averaged baseflow case showed a wavemaker localized
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near the nozzle exit, but with a spatial footprint that depended on the mode type. Projection of the nonlin-
ear dynamics onto the modes did not indicate any particular modal dominance. The framework identified
a co-located sensor and actuator for linear feedback control of supersonic jet noise. Direct numerical sim-
ulations of the controlled flows show a monotonic reduction of the radiated noise with increasing control
gain. A global eigenanalysis showed that the quieter flows were characterized by an unstable mode that
has little support in the acoustic field, whereas the louder flows had an eigenstructure very similar to the
uncontrolled flow. Projecting the flow-field perturbations onto the global modes showed that for the quieter
flows, acoustically inefficient unstable modes were highly amplified by the control and were more prominent
in the flow-field than the acoustically efficient stable modes. The vortex pairing in the quieter flows was
delayed further downstream and appears less vigorous than in the corresponding louder flows. The axial
mean flow variations remained the same for the uncontrolled baseline as well as the controlled flows for ~15
jet radii downstream of the nozzle beyond which changes became significant. A monotonic trend is observed
in the downstream mean flow quantities (jet half-width, momentum thickness and centerline axial velocity)
as a function of the control gain. A phase plot of the POD coefficients for the flows showed that the quieter

flows were more regularized during the time interval spanning an uncontrolled loud event.

6.1.3 Noise Reduction of a Turbulent Mach 0.9 Jet

The active control strategy developed for the axisymmetric case was applied to reducing the noise of a
Mach 0.9 turbulent jet. The baseline and controlled flows were computed using large eddy simulations.
The global analysis of the time-and-azimuthal averaged baseline flow showed that at low Strouhal numbers
(St ~ 0.05 — 0.35) the acoustically efficient global modes do not have a directive pattern, but with an
increase in Strouhal number, the modes begin to exhibit acoustically efficient super-directive (St ~ 0.40)
and multi-directive (St ~ 1.40) patterns. The transient growth was found to be dominated by multi-directive
global modes at St ~ 0.65 — 0.75. The control was effective in reducing the noise. At the target surface at
r/D = 7, a consistent reduction of 3-4 dB was obtained for all angles > 40", with a maximum reduction
of approximately 4 dB at 90°. The global analysis of the time-and-azimuthal averaged flow for the quiet
jet revealed the existence of an unstable mode without any significant acoustic footprint at St ~ 0.05.
The variation of mean quantities (jet half-width, momentum thickness and centerline axial velocity) at the
centerline, as a function of the control gain, for the loud and quiet jets, also showed trends similar to the

axisymmetric case. The quieter jet was found to have reduced turbulence intensities.
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6.2 Future Work

The developed active control strategy has been shown to be effective in different flow control scenarios over
a range of Mach numbers and Reynolds numbers. However, at present, the control procedure is purely
computational in nature and demands additional work to extend it to develop experimentally realizable

actuators. The major hurdles that we need to overcome are:

1. Sensing measurable quantities — To keep things simple, we currently restrict ourselves to utilizing
a single control and a single feedback variable. Quantities such as density (as was done in the case of
the Mach 0.65 diffuser) are not easily measurable. The control needs to be developed using physically
realizable control and feedback variables. The current formulation is flexible in using any combination
of control and feedback variables, but the efficacy of such actuators can be judged only after rigorous

testing.

2. Separate the control and actuation regions — Co-located actuator/sensors are not realizable and
we need to separate the control and actuator regions. We need to determine effective locations for
both feedback and control, and this could lead to a more complex optimization problem with a larger

parametric space.

3. Control at the surface — The present control strategy uses a forcing term in the right hand side of
the Navier-Stokes equations, which means that the control is effective over a volume in space, which is
difficult to realize in practice. We need to develop active control strategies for surface control techniques
such as blowing/suction by incorporating the control through the boundary conditions. This can be
done through the SAT based boundary condition approach which implements the boundary conditions
using source terms in the governing equations, similar to how the control forcing is implemented

currently.

4. Time-delay in feedback systems — There is always a delay between the time when a variable is
sensed and when it is fedback to the controller. This has not been considered in the present case and

might be critical in developing physically implementable feedback control systems.

Another aspect that deserves special attention is the discrete-adjoint method. The current formulation
leads to unphysical oscillations in the adjoint field, in particular, close to boundaries. Such oscillations
can adversely affect the actuator placement strategy. This can be overcome by using a dual-consistent

formulation which has been shown to have physically meaningful adjoint fields (Hicken & Zingg, 2011).
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Appendix A

Eigenvalue Solver for Inviscid Parallel
Flows in Cartesian Coordinates

This appendix describes the shooting method to obtain the eigenvalues and eigenmodes for parallel flows
in cartesian coordinates. The specific case considered is that of a compressible wall bounded shear layer in

Section 3.2.1.
The Euler equations for compressible flow are linearized about the mean flow, and the following form is

assumed for the perturbation of the primitive variables.

{p/’ u/71}/7pl} — {ﬁ(y),ﬁ(y), ﬁ(y)’ﬁ(y)}ei(am—o’t)

The resulting system of equations can be rearranged to give the following single ordinary differential equation

for the pressure perturbation eigenfunction (Tam & Burton, 1984),

d?p 20dU  1dp\ dp 9 9
— 4+ | =)= - —pw)p=0 Al
with & = w — aU and the boundary conditions
op
— =0 at =+1.
Jy wy

Knowing p, the other perturbation eigenmodes can be obtained from Sandham (1989)

iap B

(- —-op0)

i = L
i(aU —w)

X —Dp
= ——

ip(aU — o)
. (pliaci+ Dv) +0Dp)
P= i(alU — w) '

In regions 1 and 2, above and below the shear layer respectively, we have % =0, Z—Z = 0. The Rayleigh
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equation (A.1) reduces to

which has the following exact solution for p above and below the shear layer Greenough et al. (1989)

A cosh(A(1 —y)) above the shear layer

’E)
I

B cosh(A(1 +y)) below the shear layer ,

where A\ = {a2 — plw — aU)2}1/2 and @ = w — aU. The Rayleigh equation (A.1) is then solved using a
shooting method. An initial guess for the eigenvalue w = w, + iw; is the input. The analytical solution is
used below the shear layer and integration is performed using the fourth-order Runge-Kutta method from
y = —0.25 to y = 40.25 to find the solution within the shear layer. The difference in the slopes between
the solution obtained and the exact solution at y = 40.25 is used to correct the guessed eigenvalue in a

Newton-Raphson iteration procedure.
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Appendix B

Linearization of the Viscous Terms in
2D Generalized Coordinates

The term-by-term linearization of the viscous terms in the linearized compressible Navier-Stokes equations

are given in this appendix.

9
Linearizing the viscous term G_EEU’
0 nl - 0 E / 596 / 0 gy / £y8 /
aelr = ag(J)E et §(J)F ol
E, = (ES+E)

= Ef 8@ + E5,Q + E!

n 13 n
e vlaQJrEsz +E5,Q + E),Q

= EﬁlggQ +E315Q+(E£ +ElL+E5, +E])Q
B,
O 9 & 9 9 9
v _ ¢ B
B3 avala£Q+ ”18§2Q+8§( @)+ g PnQ + Puge
9 ¢ 0 9 P 9, 0\ D
= < - IR B - v ’
agEvlag+E”265+Evl a§2+ag( up )+65E“2 @
OB, 0.0 2, 9
v _— Z(E¢
o o (5, 569) + 550 5 5@ E " 5n 5 "o E”Q By
(¢ 0 9 9., 0 ? 9
~ |2 (g 2 Oy O
a5 5 )+ By + P g+ Bl + 3y | @
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Similarly,

OF! o /n Ny O o /n 1y O
vo_ x El _w_El _(_’U)FI _U_F/
o 877(J) o T\ ) Tt
[ 0 0 0 o |
(2p + )‘)gmup + A&yvp (2p + )‘)gmupu Ay Vpv 0
ES =
vy
1(&yup + Eavp) 18y U pu 1€z Vpy 0
ux(2,1)+vx(3,1) ux(2,2)+vx(3,2) ux(23)+vx(33)
+ Pt et Pt et trtnéet Pt el
0 0 0 0
(2M + A)gwupg + )\gyvpg (2/1' + )‘)gwupus )‘gyvpvs 0
B (&ytipe + Eavpe ) Py Upue 8V pve 0
vo T
ux(2,1)4+vx(31) ux(2,2)4+vx(32) ux(2,3)4+vx(3,3)
up((20 + Mg + Ayve)  Upu((20 + A)Erug + Ayve)
110 (§yue + Exve) 110po (§yue + Eave)
+PT(571)€10%5 +PT(:*1)€zal2’“§ +Pr(:*1)§xal2w§ PT(:*l)gza?’BE_
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FS =

/L(fyup + fmvp) /Lfyupu /Lgmvpv 0

(Aot + (20 + A)Eyvp AoUpu (20 + A)Eyvpw 0

ux (2,1)+vx(3,1) ux(2,2)+vx(3,2) ux(2,3)+vx(33)

+ot= s +r D v + v Py =17 Su e |
0 0 0 0
/L(fyupg + fzvpg) ,Ugyupug /Lgmvpvg 0
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P (Eytie + Exve) i (Eyue + Exve)
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and

We have

/L(%fmué - %gyvé)

p(&yue + Epve)

up($3Epue — 75€yve)+
pv(Eyue + Exve )+
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where n = 0.666. Linearizing gives,

A x n(a?)"1a?

2yn—1,2
. Axn(a®)" ta

pu

Efu or FfM =
B x n(a?)""ta?

2yn—1,2
: B xn(a*)""ta

pu

ux(2,1)+vx(3,1) ux(22)+vx(32)

C x n(a®)" a2

2yn—1,2
i 5 C xn(a®)" ta

pu

where for ESM

p/
/
u

a2 a2 P
pv pe ,
pU
pe’

0

A xn(a®)"" a2,

B xn(a®)" a2,

ux (2,3)+vx (3,3)

C xn(a®)"ta?,

B = (§ue+ &ve)
C = ﬁégﬁgaz
and for F§M
A = (§ue + Save)
B = (— 1—15§mu§ + %éyva)
C = ﬁgyaﬁ
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with

0 0 0 0

- S
(0, u,v,a?)
d(p, pu, pv, pe)

_wv 0 1 0

p p

U2 Uz u v
e -D( -5+ EED) i -D2 v -D2 (- D]

E) CED L E)

V2T v T v2”

Replacing ¢ by 7 in the above matrices, we get E!

vy

Hence the linearized viscous terms are given by

_J
Re

2”4_&” —_i
67" O Y| Re

J J (&) O J [n.\ 0
_ 4 B _ 2=\ L _ L) L
J J [& 0 J [n 0
_ = F’ _ [ X F _ 2 )= F
We know from the transformation invariants that the first two terms are zero. Hence, we have,
1 0 1 0
o I___IE/ o 1___lal
{ Re§ o0& ”}+{ Re' on ”}+

1 o _, 1 a _,
{ Regy(?{Fv}—’—{ Renyaan}

J

Re

0 nl 0 nl
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Appendix C

Verification of Global Eigenvlaue
Solver for Axisymmetric
Configurations

C.1 Inviscid Test Case: Axisymmetric Parallel Free Shear Layer

The inviscid terms of the global eigenmode solver is validated using the standard test case for the inviscid
instability of a parallel free shear layer. The baseflow uses a hyyperbolic tangent profile for the axial velocity
at constant pressure and the baseflow density profile obtained using Crooco Busemann relations (Panickar

& Raman (2009)). Figure C.1 show the baseflow profiles used for the verification.

~ 1
V, = = 1—|—tanh{a<——r>} (C.1)
T
-1
_ 1 - e o T -
po= |30 = DVEA=VO)MF+ Ve + (1= V2) (C.2)
J
where a is a free parameter. Using eigenmodes of the form [V, V), V], p'] = [f/:, V., V;,ﬁ]ei(‘“‘me_“’” in the
15F p -
v, |
T .
| | | |
4 6 8 10

Figure C.1: Baseflow profiles.
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inviscid governing equations, we obtain the Rayleigh equation for the pressure perturbation as

p |1 1dp 20 dV, | dp R - BN
- £ L7 = olw—aV,)? — = — =0. C.3
dr? [T pdr  w—aV, dr dr+ plw—alz) 2 Y|P (C3)
P T} U

Asr%O,p——J:—J,ﬁ:—J
Poo  Too Coo

which has the solution

Poo
andasr - o0, p=—=1,4=0.
Poo

2p  1dp
priry

has the solution
plr - o00) = BHWY [(\/ w? — 042)4 .

A one-dimensional code based on the shooting method was developed to solve for the pressure eigenfunction.

All the eigenfunctions can be derived from the pressure eigenfunction using the following relations

— 1 dp
Vi = - —
ip(w—aVy) dr
V =
’ plw—aVo)r
- op Ve av.
V. = —
plw —aVy) + i(w—aly) dr
5.V do T dp
po= a2+i(w—aVZ) dr_pp+i(w—a‘/z) dr
~ T3
7 _ w=Tp
p
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Azimuthal Mode Wavenumber Eigenvalue (w, + iw;)

n Q@ Shooting Global
0.1815—0.8709¢ 0.1813 — 0.8708¢
0.2686 — 0.7447¢  0.2684 — 0.74461
0.2093 — 0.6903¢  0.2096 — 0.6907¢

0
1
2

—_ =

Table C.1: Comparison of eigenvalues from shooting method and global solver.
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Figure C.2: n = 0 : Comparison of eigenmodes : Shooting method (Symbols), Global eigenmode solver
(Lines) (a) Real (b) Imaginary.

Three cases with different azimuthal mode numbers n = 0, 1, 2 were done to verify all possible axis condition
scenarios. Table C.1 shows the comparison of the eigenvalues for the shooting method and the global
eigenmode solver. Figs. C.2, C.3 and C.4 show the comparison of the real and imaginary parts of the

eigenmodes for the three cases. Good quantitative comparison is obtained.

C.2 Viscous Test Case: Steady Axisymmetric Jet

An axisymmetric baseflow at Re = 2000 was computed using the Selective Frequency Damping technique.
The eigenaanalysis was done to compute the global modes. One of stable modes were superposed on the
steady baseflow, and the time evolution of the mode was obtained from the direct numerical simulations.
Fig. C.5(a) shows the domain, the probe locations are shown in Fig. C.5(b), and the perturbation growth

at the probe locations are shown in Figs. C.5(c) and (d).
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Figure C.3: n = 1 : Comparison of eigenmodes : Shooting method (Symbols), Global eigenmode solver
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r T T ——— -
I — Re(p) | a2 3
| Re(Vy) | 012p ]

004} Re(Vy) 4 01f 3
H Re(V:) A r ]

f Re(T) { 0% -
002} - 0.06 ;’ '
I i 004 3

| ] 002f 3

0 r ]

i oF .

i 002 1

-0.02 B ]
. -0.04f 3
L -0.06 ]
0 05 1 15 2 0 2

r r
(a) (b)

Figure C.4: n = 2 : Comparison of eigenmodes : Shooting method (Symbols), Global eigenmode solver
(Lines) (a) Real (b) Imaginary.
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Figure C.5: (a) Computational domain showing the sponge zones, (b) probe locations, and comparison of
linear stability analysis (lines) and DNS (symbols): (c) at probe 1 (d) at probe 2.
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Appendix D

Axisymmetric Jet: Terms in
Governing Equations and Boundary
Conditions

D.1 Viscous terms

The viscous terms on the right hand side of (4.1) are given by

S, = — oy D) BV L (V1 () VIV () AV 1oV
"T Re |t w) or? wlr or w)rorod w) 0z0r  r?2 062
A 10V, 02V, A V.
B <3+;>T—2W+az2 “Ta)e
4 % 24_3 8V7+iz+il%+iavz
r wl] or  ur our 09w oz
ou 10V 10V, V ou [ OV, IV,
* 7(2?*72 26 ‘ﬁ)*&(az * m)
1 92V, A\ 162V, A\ 1 92V, A 10V,
S P i 14+ —]= o4 | =2 =
So Re M<6r2 + <+,u r898r+ +u r2692+ 3+,u r2 00
I PR S RV A R T 1
w)robdz  9z2  r Or  r?
Lo 1ov v
r r r 00 r
Loy 1o ety Avev. Ao,
0 w) r? 06 w2 opr dr  opr 0z
ou [ OV 10V,
* 7(7*2;)9)
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D.2 Additional Boundary Condition Details

D.2.1 Centerline treatment

The governing equations in cylindrical coordinates have a singularity at the centerline (r = 0) and should be
treated appropriately. To obtain the modified governing equations at the centerline, the Fourier expansion
of the flow variables is used and physical constraints on the Fourier coefficients are derived imposing the
properties of symmetry and regularity in physical space (Lewis & Bellan, 1990). Since the flow under
consideration is axisymmetric, we obtain a set of conditions at the centerline which the flow variables should
satisfy. Depending on how the variables transform under coordinate transformation, they are classified as
scalar-like or vector-like. The variables p, V, and T are scalar-like and V;. and Vj are vector-like. This section

outlines the centerline treatment of both these classes of variables.
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For a scalar-like quantity f(r,6), consider the Fourier expansion

f(r,0) = Z fon (r)e™?.

m=—oo

The symmetry condition f(r,0) = f(—r, 6 + 7) imposes a condition on the Fourier coefficients given by

fm(r) = (=1)" fin (=), (D.1)

and the regularity condition gives the least restrictive form of f,,(r) as
Fon(r) ~ ™, (D.2)

Combining the symmetry and regularity conditions, we obtain the centerline conditions for a scalar as

on
fm = 0 m=#£0. (D.3)

Now, for the vector-like quantities, V,. and Vjp, consider the Fourier expansions

oo
Vi = Y Vige™?,

Vo = 3 Vime™. (D.4)

m=—0o0

The symmetry and regularity conditions for the cartesian velocities V, and V), give the conditions as

‘/7“():‘/‘90:0 m:(),

Vem  OVom
= = = 1
or or 0 |m|
Vim =Vom =0 |m| >2 (D.5)

Using (D.3) and (D.5), we get the centerline conditions for axisymmetric flow as (Salgado & Sandham,
2007)
Op ov, oT

P
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D.2.2 Far-field Simultaneous Approximation Term (SAT) treatment

The SAT treatment is based on a weak enforcement of the boundary conditions with the boundary source
terms in (4.1) that are active only at the boundaries. Following the notation in Svérd et al. (2007), the

governing equations with the SAT boundary terms are given by

0 _ _ _ _
8_? = R(Q) + P lElTT'Aj_Tr lnT(Q - Qtarget) + P lEszAsz lgz(Q - Qtarget)a (D6)
where R(Q) is the Navier-Stokes right hand side and £, = % and n, = % are the grid metrics in the
¢ and n directions, respectively. The rotation matrices and eigenvalue matrices in the axial and radial
directions for the SAT treatment are given in (D.7)-(D.10). The eigenvalue matrix, A, ensures that the

boundary conditions are applied only on the incoming characteristics. For example, in the z-direction,

At = (AL +|Az)/20n 2z =0 and A} = (A, —|A;|)/2 on z = zpax. The diagonal and rotation matrices

are,
o .
V.
A; = V. (D.7)
(V. —VT)
I (V. +VT)]
__ﬁ P P 1 __(v—l)T 1 1
r 00 oo Goor 7 00 0 5
0 0 1 0 0 0 0 1 0 0
T.=|0 1 0 0 0 and T;'= 0 10 0 0 (D.8)
1 1 (y=1T _(=D)VT  (v—1)
0 00 757 Goovr 2vp 00 2 2y
—-1)T — VT -1
1 00 1 . e e =
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Vr
Vr
A, = V. (D.9)
(V. =VT)
i (Ve +VT)
__g P o | __(7—1)T 1 |
r 00 &y -7 - 0 00 =
1 1
0 00 (VT (v =1)VT 0 0 01 0
T.=|10 0 1 0 0 and T, '= 0 0 10 0 (D.10)
0 10 0 0 G-UT _=IVT g g G2l
(=T (=T (y—1)
1 00 1 1 By L 00 4|

D.2.3 Nozzle Wall Treatment

Since the SAT approach does a weak enforcement of the boundary conditions, the no-slip and isothermal wall
conditions are not strictly satisfied at the nozzle walls. This may lead to spurious oscillations in the global
eigenmodes. Hence, a characteristic based treatment is used to strictly enforce the boundary conditions for
the no-slip (V;, = Vp = V, = 0), isothermal (T' = 1) nozzle walls. Hence, on the nozzle walls, only the
continuity equation, with the modified characteristic terms, is solved. For the nozzle wall with the wall

normal in the +2z direction, the equations reduce to

%_'—(‘/’I"_T‘J’_—_)_'—

oQ
T. AT 1= =0, D.11
0z )p,wall(Jrz) ( )

(o + 55+

where the z derivative terms in the continuity equation have been replaced with the characteristic terms in

that direction. The relation between the incoming and outgoing wave amplitudes to impose V, = 0 on the
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wall is

AT 129 A T—l—aQ
0z , CUETE ,
incoming outgoing
This gives
> VT T
(TA T 8Q) :pal__@_La_.
0z / p,wall(+z) 0z Y 0z VT 0z

Similarly, for the wall normal in the r direction, we have

ot (o V) o5+ 52) (BT, e

For the wall normal in the +r direction, we get

10Q
T.A, T =
( T Or )p,wall(JrT) P or Y or ’y\/T or’

and for the wall normal in the —r direction, we get

_10Q VT p p 0T
T.-A,T, = .
( T Or )p,wall(—r) p 87’ + vy 87’ + ’}/\/T or
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Appendix E

Linearization of the Equations in
Axisymmetric Coordinates

The tables for the construction of the matrices for the inviscid terms of the linearized operator are given in

this section.

| | o | v v [V [T
0
o v, p 0o lo0]o0
0
5 V. 0 0| plo

Vo OV, V. OV.|Op p| . p| Op
Base | ot S T e ety | a2 | O

Table E.1: Inviscid terms for the continuity equation.

The tables for the construction of the matrices for the viscous terms of the linearized operator are given

in this section. -momentum equation

| |/ [ Vi [ Vg [V T ]
0
T 1
o z v, 0 0 1
9 0 V. 0 0 0
0z *
T 0p | . Vp OV, Vo | OV, 1 0p
Base | ——— | in— —2— —
yp2 Or r  Or r 0z | ypor

Table E.2: Inviscid terms for the r-momentum equation.
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| | [ v [ vy [ V[T

0 0 0 Vi 0 0
or "
0 0 0 V. 0 0
0z &
T | OVg Vo | Vo V.| OVy| in
Base | in— | —+ — | in—+ — | — | —
ypr | Or r r r 0z | ~r

Table E.3: Inviscid terms for the § momentum equation.

T v v T
0 0 0 0 V, 0
or "

0
T 1
22 | 010 Va g
T 0p | OV, Vo OV, 1 0p
Base | —— 2 0 | in— —_r
ase vp20z | Or e + 0z | vypOz

Table E.4: Inviscid terms for the z momentum equation.

[ /] v [ vi | VI ] T

9 |y (y—1)T 0 0 1%

or Y r

9 1y 0 0 (y—1)T V.

0z 7 ?
5 .| or Ay N oT W NI
ase E—k(v— )? in(y — )? % zn7+(7— ) > Tt

Table E.5: Inviscid terms for the energy equation.
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Terml

Term?2

Term3

Term4

I 022
M. AV
wl or ur
LoV Ve
r2 90 12
ov.
or
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| ¢ | v/ | Vi [ V] r

61T

0 1 ou A in ou
= 2 S N - s TP=1 x Term2
or 0 (M+A)r+8r< +,u> (u+/\)r 0z b oo
0 ou A0
— - M =1 o« T
s 0 ER 0 Lo pT x Term4
32
— 2
52 0 (2u+ ) 0 0 0
32
92 0 I 0 0 0
82
1 ou n? A\ 1 1, B 0 B
Base | ——|pTerml 4+ —Term2 | p| — —=— |2+ = | = —(Bu+ N)—=in 0 pTP~1 x Terml + —pTP~! x Term2
p or r2 wlr? r2 or
0 O | Al o | A1 0
—|——MTerm4 da e ar ——in +——pTP~! x Term4
0z or|ur or |ur 0z

Table E.6: Viscous terms for the r-momentum equation.




f-momentum equation

82V, A\ 10%V, A\ 1 0%, AN 1 oV,
Teml = 2204 (142|220 (o222 i iads
e or? +< +,u r698r+ +,u r2 002 + 3+u r2 00
L LYV Ve 10V TV
wlrdbdz  0z2  r or 12
oVy 10V, E

fomz = 5t T
A Qu+ Ny A A
Term3 = 24+ — i% 7E _laVT _l@VZ
wjr2 o0 w o r2 o oupr or  opr 0z
oVy 10V,
Termd = — 4 —
erm 9. 700
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1¢T

; v v; [ V. T
0 m 1 Ju
—_ _ a4 = p—1
o 0 (L+ M) pot g 0 pTP~1 x Term?2
0 ou in
— - — p—1
P 0 0 P (L+ M) pTP~1 x Term4
32
— 0 0 0 0
or? a
32
— 0 0 0 0
022 a
62
0 0 0 0 0
oroz
ou 1. inou A\ n? 1 10u inou o1 0 o1
Base —_— /,LTeI'ml + ETeer (3/1 + )\)T—21n + 75 ny — 2 —+ ; 'r‘_2 — ﬁ — ;E 7& pT X Terml + EpT X Term2
ou 0 )
+—Term4 +—pTP~* x Term4
0z 0z

Table E.7: Viscous terms for the § momentum equation.




z-momentum equation

Terml =

Term2 =

Term3 =

Term4

02V,

e + 12+

2 56

182 A

— 82‘/Z
W) 022

1+i laVT_F 1+i l%
wlr 0z w) rohoz

oV,
or

oV,

0z
190V, 1%

2 00 ' r 0z

2y )0
) 0z

o
wor
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AV,
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€cl

p | v/ Vi V. T
0 Ao o o
_ - o, F p—1
o 0 1107 0 -t pT X Term?2
0 1 " in  Oul A\ Op
— -+ — — 4 —- 24 — | =— TP~! x Term4
0z 0 (M+)\)r+8r (H+)\)r+f‘)9r < +,u>(‘)z b X remm
32
— 0 0 0 0
or? a
o 0 0 0 2+ A 0
022 1 K
(92
ou Alou Aindu n? . 0 .
Base | ——|pTerml + —Term?2 —— —_ —— pTP~ x Terml + —pTP~" x Term?2
p or wr oz wr 0z r2 or
ou 0
+—Term4 +——pTP~! x Term4
0z 0z

Table E.8: Viscous terms for the z momentum equation.




Energy equation

Terml

Term?2

Term3

Term4

Termb

Termo6

Term7

Term&

Term9

Term10

Termll

o1t 1or o
or?  rOr 1?2002 0z2

oV, Vi 10Vy oV,
(2#4‘/\) 67‘ +/\7+)\;W+)\az
o, My Vi
00 or r

Mo 10V V.
or r 00 r
Lo, | V.
r 00 r
10V, Vi
oVy 10V,
- + —
0z r 00
oVy 10V,
- + —
0z r 00
oV, oV, V,
(2u+A)

5Vr+aVz
0z or

oV, n oV,
or 0z

oV, + )\aVZ
or 0z

1ot
r 00

124



I Vi | Ve | Ve | T

r

gcl

0 A\ OV, ok 1 oT &k
— 0 Foul|l2+ — | —=+ Term2 Fsp[Term3 + Termd4] F5p[Term10 + Term11] F|—+pTP 1 —+4 —
or wjl or or or r
A A0V,
+—Termb5 + —
I p Oz
0 A0V, A Ok 0T
— 0 Fop[Term10 + Term11] Fyu[Term7 + Term§] Fou|— + —Termb | —+pI?P " —
0z wor 0z 0z
A\ OV,
+|12+ — | =+ Term9
ul 0z
82
w 0 0 0 0 Fl:‘ﬂ?
82
@ 0 0 0 0 Fl:‘ﬂ?
32
— 0 0 0 0 0
oroz
Fi Al mn 1 Ain 1 n mn 1 n?
Base | ——| ... Fou|—+ Term3| — — — Fou| — — —Term4 Fou | —Term7 + —Term8 Fy|pT?~" x Terml — —~
p wr roor wr o or r r r
Fop . A\ 1 1 A\ in OpTP~1oT OpIP~1oT
e inTermd + | 24 — | -Termb | ——Term4 + | 2 + — | —Termb —+ —
p wlr r wlr or Or dz 0z
1 A10V, 1 Al10V, 1
Term6—+ — Term6— + — +Fy X pIP~™
T our 0z T our 0z

Table E.9: Viscous terms for the energy momentum equation. F; = Pl and Fy = v(y —1).
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Appendix F

Shock Capturing Scheme for
Axisymmetric Configurations

Supersonic jets have a shock cell pattern in the core flow. To appropriately capture the shock cell formation, a
shock capturing scheme is implemented. The artificial transport coefficients are computed using the method
described in Kawai and Lele (Kawai et al., 2010). The idea behind shock capturing schemes is to enhance the
dissipation to smoothen out the high gradient shock regions. A metric based on the grid and the strain-rate
tensor identifies the shocks and is used to compute the localized artificial transport coefficients u*, k*, 5*,

which are updated as

poo= pt
g = B+p
K = k4K~

where

€\ * pag o\ o1
— ) EP A6 ) Z2 A6
o Cup <5)z> a¢i Az6 + o 8174AT

o\ a5 o (00\"ors
B = Capfsw 5 —6§4AZ+ o —8774AT x Re
Pl (96" our on\ " gar
*= | — ] = A6 | ZZ A6
K e <Bz> 8§4AZ + Ee 5)774AT x RePr
(V- u)?
fsw = H(=V-u)x

(V-u)2+(Vxu)?+e
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where H is the Heaviside function, S is the magnitude of the strain-rate tensor and (-) denotes a Gaussian

filtering operation. The coefficients are C,, = 0.002, Cs = 1.75, C; = 0.01.

S11 Sz Si3
S=[S21 So Sa3

S31 S32 S33
aV, 1
Sy, = 2x_1
1 or 3v
1,0V, 0V,
Si3 = S31= 5( 92 + or )
ov, 1
Sys — _1
33 0z 3V
Sz = 821 =523 =2953=2.533=0

and the magnitude of the strain-rate tensor is defined by

3
s = lsll=>_5}
ij=1
A nine-point truncated-Gaussian filter is implemented for the filtering operation. The filter is of the form
4
Central fo= Z Cifi

i=—4

11
Boundary fr = Z By fi

i=1
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C_y4 = 107/103680, C_3z3=149/12960, C_32=1997/25920, C_;1 = 3091/12960,

Cy = 3565/10368.

By = 0.085777408970000, Bgy = 0.722371828476000, B3 = 0.356848072173000,
Byy = —0.223119093072000, Bss = 0.057347064865000, Bos = 0.000747264596000,
Byr = 0.000027453993000.

Bs1 = -0.032649010764000, B3 = 0.143339502575000, B3z = 0.726678822020000,
B3y = 0.294622121167000, Bss = —0.186711738069000, Bss = 0.062038376258000,
Bs; = —0.007318073189000.

By = 0.000054596010000, By = —0.042124772446000, B4s = 0.173103107841000,
Byy = 0.700384128648000, Bys = 0.276543612935000, Bss = —0.131223506571000,
By7 = 0.023424966418000, Byg = —0.013937561779000 Bag = 0.024565095706000
Byso = —0.013098287852000, B411 = 0.002308621090000.
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Appendix G

Proper Orthogonal Decomposition

Suppose that we have an ensemble {u*} of real scalar fields, each being a function of u = u(z,r) defined on
the domain 0 < z < 1. We want to find a basis {¢(z,7)}52, € L* that is optimal for the data set in the sense

that finite dimensional representations of the form

N
un(z,r) = Zajqﬁj(z,r) (G.1)
Jj=1

describe typical members of the ensemble better than representations of the same dimension in any other
basis Holmes et al. (1998). The mathematical statement of optimality is that we should choose ¢ to maximize

the averaged projection of u onto ¢ suitably normalized.

(10n, &) 2

max —_—
¢eL2(0,1])  ||9|[2

where
(u,¢) = /u(z,r)gb(z,r)rdrdz
Qq
and | - | denotes the modulus and || - || is the L?-norm :
1
Il = (f, f)>

G.1 The Formulation

The corresponding cost functional for the problem is

J[0] = {|(u. &*)I) = Adll¢l]* — 1) (G-3)
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and a necessary condition for the extrema is that the functional derivative vanish for all variations ¢ + dy €

£2([0,1]), § € R:

D116+ 68)l5-0 = 0 (G.4)

L6+ 50llo=o = %[<<u,¢+6w><¢+6w,u>>—A<¢+6w,¢+6w>]lazo

= (5 6+ )6+ 5000) + (s + 50) (6 + 50, ) g

— A[(556+60). 6+ 50) + ((6+ 60), <¢+5w>)}|azo

= (s 0) (0 + 0vw) + (u, 6+ 69) (1, w) ][50

— A0+ 0v) + (6 +6),)] ls—o

= [ 9)(@.w) + (@, 0) ()| = A[(w,0) + (6, )]

= 2[((u,¥)(é W) = A6,0)] =0 (G-5)

The above quantity can be written as

1 1 1
u(z, r)(z,r)rdrdz | ¢(z rdrdz - [ oz (z,7)rdrdz =
[ [ [
11
/ [/(u(z,r)u(z/,r/)M(ZI,r/)rdrdz/ - AqS(z,r)}w(z,r)rdrdz =0 (G.6)
0 0

Since 1 is an arbitrary variation, the above condition reduces to

1
/(u(z,r)u(z,,r,)>¢(2/,r,)rd7"dz/ = Ag(z,7) (G.7)
0

Thus the optimal basis is given by the eigenfunctions of the {¢;} of the integral equation (7) whose kernel is
the averaged autocorrelation function R(z,r, Z, r/) = (u(z, T)U(Z/, r/)>. They are called empirical eigenfuc-
tions. The Hilbert-Schmidt theory shows that the eigenfunctions form a complete orthogognal set and the

reconstruction of the field is given by

N
N= a®(zr)
k=1

Multiplying both sides by ¢*)(z,r), integrating over the domain and using the fact that the ¢®s are
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mutually orthogonal, we obtain

ar = (¢(k)7u)

The coefficients are uncorrelated and their mean square values are the eigenvalues themselves
<a(")a(m)) = 5 A ™

Hence the eigenvalues are all non-negative. The turbulent kinetic energy is the sum of the n eigenvalues.

E = /(uiuiﬁ"drdz = Z A

n=1
The above equation gives us the idea that the eigenmode corresponding to the largest eigenvalue will con-

tribute the maximum to the total energy and that the contributions of the eigenmodes decrease with the

corresponding decrease in the eigenvalue.

G.2 The Method of Snapshots

The method of snapshots (Sirovich (1991), Smith et al. (2005)) formulates the computation of POD modes
as an Np X Np eigenvalue problem, where Np is the total number of snapshots in the ensemble. The

formulation is described for scalar functions wu (). Equation (7) can be written as

1 Al ro ro ’
N ];)uuc)(zw)l uy (2, m)ulz 7 )p(z ,r )rdrdz o(z,7) (G.8)

Define
¢ = /u(j)(z,,r,)(b(z,,r,)rdrdzl

Qg
Then equation (8) can be written as
1 &

N, Z cjugjy(z,m) = Ap(z, 1) (G.9)

k=1
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ie. the eigenfunctions are expressed as linear combinations of the observations or snapshots. Multiplying

both sides by u(;) and integrating yields

Nt
1
N—Tch/u(i)(z,r)u(j)(z,r)rdrdz = /\/u(i)(z,r)(b(z,r)rdrdz (G.10)
=g, Qo

Defining

QAij = /U(i)(Z,T)U(j)(Z,T)Tdez
Qy

equation (10) can be written in matrix form as

ail N A1Np C1 C1
= : (G.11)
AN 1 v+« QNpNp CNp CNp
The eigenvectors of the above Ny x Np matrix eigenvalue problem are denoted by ¢ = [c] .. .C?\’]T]T and

t

the eigenvalues by A". From (9), it can be seen that the n'" eigenfunction of the original problem can be

reconstructed from the coeflicients c;? via

1 T
gb(") (z,7) = — Z cnu(j)(z, T) (G.12)
A Np = J
or in matrix form,
u(1)(z,7)
n 1 n n N

o )(z,r) = NN, [c] ... ) : (G.13)

UNp (ZaT>

Fig. G.1 shows the reconstruction of the solution using 10, 25, 50 and 220 (all) modes for the pressure

perturbation at a given radial location for the uncontrolled axisymmetric jet.
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Figure G.1: Reconstruction of far-field pressure using POD modes (a) 10 modes (b) 25 modes (c¢) 50 modes

(d) 220 modes (all).
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